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Abstract: Two novel approaches to data-driven wind farm control via Koopman model
predictive control are presented, both combining thrust and yaw control for yield optimization
and power reference tracking. The Koopman framework is used to build prediction models to
predict wake effects of upwind on downwind turbines. This paper extends previous work by
using yaw in addition to thrust control. The test case is a wind farm consisting of two turbines
and wind with constant speed and direction parallel to the main axis of the farm. In closed-
loop simulation, the two Koopman model predictive control designs reduce the tracking error
considerably with regards to a previously published baseline controller, which used solely axial
induction control. It is also demonstrated that this can be achieved with relatively small yaw
angles, avoiding mechanical loads acting on turbines operating misaligned to the wind, making
this a promising approach for further investigations in 3D medium and high fidelity simulation
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1. INTRODUCTION

Wind farm control is a challenging task due to aerody-
namic interactions between turbines. Wake effects from
upwind turbines can considerably reduce power yield from
downwind turbines. Two types of wake control strategies
have been demonstrated to maximize farm yield:

For wake redirection control (WRC) upstream wind tur-
bines are misaligned from incoming flow to deflect the
wake so that downstream wind turbines are less affected
by wakes. This can be achieved by tilting (Cutler et al.
(2021); Fleming et al. (2014, 2015)) or yawing (Cassamo
and van Wingerden (2021)). WRC field test results based
on yaw misalignment are reported in Fleming et al. (2019,
2020); Simley et al. (2022).

Axial induction control (AIC) varies generator torque and
blade pitch angles from individual optimal settings to
change the thrust by changing the axial induction factor.
This decreases the power from upwind turbines, but in-
creases the overall farm output (Bossanyi et al. (2022);
Pedersen and Larsen (2020)).

In Boersma et al. (2017) the two approaches are combined
to maximize power output as well as guarantee good refer-
ence tracking. In this work, two model predictive controller
(MPC) designs are explored:

(1) Koopman MPC based on wind estimations from ex-
tended direct mode decomposition (EDMD): As de-
scribed in Boersma et al. (2017), the upstream tur-
bine’s yaw angle for maximal power yield is calculated
analytically in a first step. In a second step, the
two turbines’ thrust control signals are calculated

via quasi linear parameter varying MPC (qLMPC)
to minimize power tracking error and thrust changes,
both based on estimated effective wind speeds. The
effective wind speeds are derived via a Koopman
model based on EDMD, identified from open loop
WFSim data with the control signals as inputs and
the two effective wind speeds as outputs.

(2) Koopman MPC based on farm power estimation
from extended input output DMD (EIODMD): The
upstream turbine’s yaw angle and the thrust control
signals are calculated via linear MPC to minimize
tracking error, thrust and yaw changes, based directly
on estimated total farm power. The total farm power
is derived via an Koopman model based on EIODMD,
identified with the same inputs as the EDMD model,
but with total wind farm power as the output.

Koopman-based MPC for a wind farm of two turbines
has been recently proposed for AIC (Cassamo and van
Wingerden (2021)) and WRC (Cassamo and van Winger-
den (2020)). We designed physically motivated Koop-
man lifting functions for real-time MPC designs, for non-
adaptive (Sharan et al. (2022)) and adaptive (Dittmer
et al. (2022)) AIC farm control. This work investigates
the potential of including yaw control in the previously
proposed algorithms that leveraged thrust changes only.
This paper is organized as follows: After an overview of
EIODMD based on the Koopman framework in section
2, we provide a description of the wind farm simulation
and underlying physical models in section 3. The MPC
algorithms are presented in section 4, results are given in
section 5, and a conclusion in section 6.
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2. KOOPMAN-BASED IDENTIFICATION

The Koopman framework allows the representation of a
finite dimensional nonlinear system as an infinite dimen-
sional linear system, see for details Kaiser et al. (2020) and
Proctor et al. (2018). EDMD, see Sharan et al. (2022),
and EIODMD are used in this work for a finite matrix
approximation of the infinite dimensional Koopman oper-
ator. Below is a short description of EIODMD. For more
details as well as another application to partial differential
equations, we refer to Arbabi et al. (2018).
A discrete-time nonlinear dynamical system can be given
as

Tpr1 = Fzg, wr), yp = G(xk, wi) (1)
with states x € R™= inputs w € R™ outputs y € R™ and
nonlinear functions F' : R™ x R™ — R™ and G : R™ X
R™ — R™v. Lifting functions g : R™* — R"s are defined as
nonlinear combinations of the original states . We define
a new state ( € R™s based on the lifting function as

¢=g(z)
and a finite linear approximation of the nonlinear system
given in equation (1) as
Chy1 = A + Brwy, 9r = CpCr + Dpwy,
where ) is the vector of predicted output y, A, € R"s*"s
Bf( c Rng><nu7 Cf( c Rnyxng’ Df( c R Xnu
For EIODMD, data of n,, samples containing the measured
state, input and output vectors is collected and two data
sets are assembled. One data set consists of states and
inputs as
T ’rLo—l
b= {[az;‘:,wg] }k:1 ’
and the other data set contains the state samples shifted
by one and the outputs as

D, = {[I£+1aylz}T}k:1

The matrices Ay, By, Cf, and Dy can be obtained by
solving the optimization problem:

m}énngl {9(2@;1)] _ & [ggf:)}

with the Koopman matrix

no—1

2

(2)

2

o AK’ BR’ (ng+ny) X (ng+nu)
K_[CRDIJER- < ‘

The lifting functions are applied to data from the sets D
and D to design two matrices:

L, = |:g(331> g(‘rnol)] € R(mgtnu)x(no—1)
wy T Wnep—1
L+ _ g(.%'g) g(xno) c R(ng+ny)x(no—1)
yl e yno—l
and reformulate the optimization problem (2) as
. 2
mjn‘ L. — KL,
K

where ||| denotes the Frobenius norm. The analytical
solution to this linear least square problem is obtained as

K=L,L}
where T denotes the Moore-Penrose pseudoinverse. The
wind farm simulation as well as the test case used to

generate data sets D and D, are described in the next
section.

8421

3. WIND FARM SIMULATION

Open loop data as well as closed-loop results are obtained
with the wind farm simulation environment WFSim, see
Boersma et al. (2017). This section gives an overview of
WESim as well as the wake and wind turbine models of this
simulation. The design of test cases for the Koopman sys-
tem identification is also described. The code is available
in Dittmer et al. (2023). Figure 1 shows a block diagram
of the underlying concept for the control strategy for the
wind farm of two wind turbines. The signals are

- the free-stream wind V.., which is kept constant at
8ms~! and aligned perpendicular to the turbines for
all simulations presented in this work,

- the farm power reference P ¢

- the measured wind V; in front of turbine WT1, used as
an input to the controller as in Dittmer et al. (2022)

- the thrust control signal C/.; and yaw v; of WT1,

- effective wind speed U, 1, the mean wind speed over the
rotor disk of WT1,

- the power P; of turbine WT1,

- and the same input and output signals at turbine WT2.

The selected layout of the farm and the turbine parameters
are the same as in Sharan et al. (2022). The thrust controls,
controlling the energy amount harvested by a turbine, are
fictitious inputs used as substitutes for generator torque
and blade pitch to avoid the need for a complex turbine
model. For EDMD, estimates U,; can be calculated from
P;, assuming a known power coefficient c,,.

Wake effects on the air pressure and speed are modelled

Pref) Cpy 1o Ur:E
! Farm C’;"l 7 Un WT2 e |
. ) Control WTI Wake L Us |p
42—: " V 1 Upl Pl : ” 1 :
] T ] |

Fig. 1. Block diagram wind farm control

with 2D Navier-Stokes equations (NSE):

%; + (uVy)u+Vym +Vegp—f =0, Vyu= %
where u = [u,v]T with u and v as wind components in
z and y directions respectively, partial derivative Vg =
[0/0z,0/0y]T and p = p(x, vy, 21,) as a normalized pressure
with air density p at hub height. 73, is the subgrid stress
tensor in horizontal direction of turbulence model and f
denotes the effect of turbines on flow. Spatio-temporal
discretization and detailed derivation of the 2D NSE can
be found in Boersma et al. (2018).

The continuous-time wind turbine model for power and
force of the i*" turbine in the farm is:

Uzs

1
Uri(7i) = cos(mi), | = > (2 +02)
Gt

Pi(7i, CF,) = 0.5pArcp (Uri(1:))>Ch, = Cp(Uri(:))Crp,
Fi(7i, C1,) = 0.5pArcr (Upi(11))*Cr, = Cr(Uri(7:))Cr,
7Ol = —Ch + Cl
(3)
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with effective wind speed U,; calculated as the mean speed
of n, blade segments, rotor area A,., with force and power
coefficient cg and cp and time constant 7.

As in Boersma et al. (2018), the three turbine states power
P;, force F;, and the filtered thrust control signal C’T are
used to describe the turbine dynamics. The control mputs
are the yaw v; and the thrust control C7,. The functions
Cr and Cp depend on U,; and hence on ’yl As in Boersma
et al. (2018), the power and force derivatives are calculated
as the difference between current power and force and the
same states as a result of the inputs, see quation (3), with
first order dynamics with time constant 7:

twri = Awritwri + Bwri(Uri(7))Cr,

with the state vector zwr; = [F; P; é’T]T
system and input matriceS'

and the

1 )
AWTi - *;[SX%BWTZ' - [CF( rz(rYZ))aCP(Uri(rYi))a I]T

The single turbine modelb above are concatenated into
one wind farm model, with wind U, at and yaw ~ of all
turbines:

iwr = Awrtwr + Bwr (U (7))Cr,- (4)
The qLPV system is defined by block diagonal system
and input matrices Ay r € R37X377 and By r(U,(7)) €
R3"T X" with turbine system and input matrices on their
diagonals, n, control inputs for the farm, and farm state
TWr € R3"7 .
In past publication based on WFSim (Boersma et al.
(2017); Doekemeijer et al. (2018); Sharan et al. (2022)),
the thrust control signals C7. were used for axial induction
control, resulting in n, = np control inputs for a farm
of ny turbines. But WFSim also allows setting the yaw
angle v, which we apply in this work for wake redirection
for power optimization. This would result in 2ny control
inputs. For this simple proof of concept with constant wind
we made the decision to only change the yaw angle of the
first turbine, as the optimal angle of the second turbine is
perpendicular to the wind with ~, = 0°.
In all simulations in this paper, one sample k corresponds
to one second, the WFSim default. An open loop simula-
tion is run for np = 28000 samples for acquiring the sets
D and Dy. The thrust control signals C7. and C7, are
set as noise signals, constructed from white noise with the
values kept constant for 5 samples, a signal mean of 1.7,
variance of 0.3 and lower and upper limit of 0.2 and 2.
The yaw control signal ; is changed every 4000 samples
in steps of 5° from 0° to 30° and augmented with a band-
limited noise signal, constructed similarly to the thrust
control signals, but with zero mean and a variance of 0.5°.
These signals are chosen to retrieve data at all relevant
frequencies for all relevant combinations of control inputs.
The yaw angle of the second turbine is fixed to v, = 0° for
perfect perpendicular alignment with the wind.
The resulting WFSim simulation signals are then used to
calculate two Koopman matrices, K 1 from EDMD and K 2
from EIODMD, as bases for the two MPC designs. The
system dynamics of the identified systems are of 6" order
with

- lifted states of U,; at both turbines, their square and
cubic terms, i.e. ¢ = [z, 22, 23T with 2 = [U,1, U,2]7,
reflecting the relationship between wind, force and

power,
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- inputs wg, as controls Cfy, Ch,, and wind V3, inputs
wgo as all inputs wgy and additional input 7,

- outputs of the EDMD wind estimation model as effective
wind speeds, i.e. yx1 =« = [Uy1, U]

- and outputs of the EIODMD power estimation model as
farm power yxo = Pr = P; + Ps.

The matrix K; € R6*% can be split in the matrices
Ap, € R6*6 and By, € R6*3. For this EDMD model,
there is Cg, = [I?*?,02%4] and Dy, = 02%3. The values

in the matrix Ky € R7%10 are reordered to find the
optimal three control inputs given measured wind V; and a
power reference, both constant over the prediction horizon.
Hence, there is one additional disturbance state and three
control inputs, resulting in matrices Az, € R™", By, €
R7X3, CKQ S R1X7, and Df(Q € RI*3,

The qLMPC and the linear Koopman MPC that leverage
K, and Ko respectively are described in section 4.

4. CONTROLLER DESIGN

The objective of wind farm controllers is to achieve good
power reference tracking with minimal changes in control
inputs, as discussed in previous publications, e.g Vali et al.
(2019), and our previous works, Sharan et al. (2022);
Dittmer et al. (2022). We extend our previous work by
including the yaw of the first turbine as an additional
control input, in addition to the already previously used
thrust control signals. The benefits of this will be provided
in the results section 5. In this section, the cost function
to be optimized is given and the two MPC designs based
on the Koopman matrices Kl and f(g from section 3 are
discussed.

The cost function J(U) is formulated based on the tra-
jectories of tracking error E and of input differences AU,
the changes in control input U, for nj, sample steps of the
preceding horizon

J(U)=ET'QE + AUTRAU = Jo(U) + Jr(U)  (5)
with the weighting matrices set in this work based on
the scalar weights @ and R as Q = QI™*"™» and
R = R-diag(Ru1, Ruz, ..., Rn, ) @ I > The future error
trajectory is

E =[Ey,Bs,...,E,,]" € R™
where the power reference tracking error in time step k£ on

farm level is calculated as Ej = Prey i — Pro.
The change in control inputs is calculated as

AU = [UF =T uf —uf,...,uT Ul 1" e mom
with the vector U containing all control inputs for all
turbines at time step k and C = Uj as the previous time
step controls. For the two turbines considered and the
default WFSim setting n; = 10, this results in AUk, €
R?°. Yaw ~; as a third control input gives AUk, € R3Y.
For both designs, the cost function summands of equation
(5) can be written as

Jo(U) = (Pres = (Lao + SU) Q(Prey — (Lag + SU))
Jr(U) = AUTRAU
where the initial state o € R3"7 is the state from the
last sample and the matrices L € R™*3"T and § €

R™rxmamuwwhich calculate the expected future trajectory
of the farm power Pr. They are derived from the Toeplitz
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matrices A and S, which give the expected future states
for the preceding horizon trajectory. These matrices are
different for the EDMD and EIODMD designs, as they
are constructed from the Koopman matrices.

In the EDMD approach with K; the qLPV farm model
from equation (4) is used to calculate the power at farm
level. This algorithm differs from the controller design that
we presented in Sharan et al. (2022) only by setting the
yaw of the first turbine to an optimal setting i instead of
v1 = 0°. The optimal yaw is calculated for the Gaussian
wake model from Bastankhah and Porté-Agel (2016) which
was used to make our results comparable to the results
from Boersma et al. (2019). We refer to Sharan et al.

(2022) for the calculation of the matrices Lz, Az, Siq
and Sg,, which are calculated from Awr and Bwras
well as for a description of the qLMPC design with the

estimated wind speeds as scheduling parameters.

In the EIODMD approach based on Ky the power Pr
is estimated directly. The result is a linear MPC as this
omits the effective wind speeds as scheduling parameters.
For this second control algorithm, the stacked Toeplitz
matrices Az, and Sy, are based on the matrices Ap,,
By, Cgy and Dy, as

Aga = [C};? (Cf(zAfm)T T (CfmA;(’;il)T] ’ ’
Sk2 =
Dy 0 0
CioBia Dg, 0
: : 0
Cf<2AnKh2'723K2 CKZA;LA{};istQ o Dgsy

For EIODMD Pr is estimated directly, so there is Ly, =
Af(2 and Sf(2 = Sf(Q'

The next section presents the simulation results obtained
in WFSim in open-loop and in closed-loop with an AIC
MPC baseline controller and the two presented MPC
controller designs.

5. RESULTS

Open-loop simulations are used to investigate the po-
tential power increase from WRC as well as to confirm
the similarity between the results from 2D NSE and the
Gaussian wake model. Closed-loop simulations are used to
investigate power reference tracking performance.
Open-loop WFSim simulation results are obtained for
a step-sweep of the yaw angle v; from 0° to 35° with
consecutive increases by 5° after 500 samples. Figure 2
visualizes the simulated longitudinal wind. The WFSim
simulation results are overlaid with the Gaussian wake
model from Bastankhah and Porté-Agel (2016) with the
centerline plotted as a blue dotted line and the far field
wake expansion as a blue dashed dotted line. The match
of the wake expansion at the rotor disc is reasonable. The
angle of the Gaussian wake model in the far wake region
is slightly smaller than the one of the 2D NSE model.
However, the main area of speed deficit is nearly identical
between the two models. Note that the centerline of the
wake of a yawed turbine is curled in the near-wake region
and hence the modelling of the centerline as a straight
line in this region necessarily leads to discrepancies. This
is addressed in more recent wake models like the Gaussian-
Curl-Hybrid model from King et al. (2020). Nevertheless,
we decided to use the Gaussian wake model for its sim-
plicity and to be comparable to Boersma et al. (2019).
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Figure 3 shows the power Pr as a function of the yaw
angle v; from the WFSim simulation as well as from the
Gaussian wake model. The upstream turbine’s power,
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Fig. 2. WFSim wind fields, longitudinal wind for yaw ~;
at 0° and at 20°, Gaussian wake centerline ¢ and
expansion oy as blue dashed and dashed-dotted lines
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Fig. 3. Power vs. yaw angle, WFSim simulation (circles)
and Gaussian wake model (squares)

plotted in blue, decreases, due to the smaller area facing
the wind as well as to turbines being less efficient when
yawed, see for a comparison of different models Sant and
Cuschieri (2016) and for a recent field test evaluation Huls-
man et al. (2022). The WFSim code operates by default
with a power coefficient constant over all yaw angles, which
is an unrealistic assumption. Hence, we used the values
given in Sant and Cuschieri (2016) to reduce the power at
higher angles to more realistic values. It can be seen that
the simulation results of the first wind turbine’s power
still exceeds the calculations based on the Gaussian wake
model for the range of 10° to 30°. However, the power
curves are still relatively close. Both models predict a
maximum farm yield, shown in black, around 20° yaw. The
simulated power output thus confirms that the Gaussian
wake model is a reasonable approximation of the 2D NSE.
The farm power increase due to WRC is 10% for the 2D
NSE simulation, and 6% according to the Gaussian model.
Closed-loop simulations are run with the baseline MPC
AIC design and the two MPC designs from section 4 using
combined yaw and thrust control. The controller perfor-
mance is evaluated for a power reference signal designed
as a sum of a constant power and a stochastic variation
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Fig. 4. Thrust control MPC based on Koopman matrix
K;, yaw control signal v; = 0°

Pref,k = (aconst + a56Pk)Pgreedya

where Pyrcedy is the total farm power generated by operat-
ing both turbines with maximum thrust and the turbines
aligned perpendicular to the wind. The currently used
signal is adapted from a signal from Sharan et al. (2022).
In that work, we set aconst t0 0.8 and ag to 0.35, but kept
the original values of §P. In this work, these values were
reset to deonst to 0.9 and ag to 0.2. Moreover, the vector
0P was resampled to change only at every second time
step. The evaluation starts at sample & = 240 to exclude
all initialization artefacts.

The closed-loop performances are quantitatively compared
via the tracking error (TE) and the change in control
inputs, the actuator activity (AA), the criteria used in the
weighted sum from equation (5). The scalar weights @ and
R are provided in the caption of figures 4, 5 and 6. The
additional weighting of the three inputs is R,; = Ry2 =1
for ACk, and AC%, and R,3 = 0.1 for Avyps.

Figure 4 shows the closed loop performance of the baseline
controller with the yaw angle constantly set to zero to
align both turbines with the wind. Figure 5 displays results
obtained with the first Koopman MPC control algorithm
based on estimated effective wind speeds with an opti-
mal yaw angle from the Gaussian wake model. Figure
6 displays results of the second Koopman MPC control
algorithm based on estimated power outputs. The first
plot shows the power yield on wind farm level, with the
power reference signal depicted as a solid black line, the
power yield as a dashed purple line. The power Pyrcedy
is depicted as a green, dashed line. Note in figure 4 that
using the thrust coefficient as the only actuator the power
yield exceeds the greedy power output if the reference
demands so at first, but falls back to the greedy power
once the wind speed deficit that comes from setting the
maximal thrust coefficient of the first turbine reaches the
second wind turbine. In figure 5 the yaw is increased if
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Fig. 5. Thrust control MPC based on Koopman matrix
K4, yaw control 47 = 18° from Gaussian wake model
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Fig. 6. Thrust and yaw control MPC based on Koopman
matrix Ko

the reference power exceeds greedy power, reducing the
tracking error by a factor of 1.8. In figure 6 the tracking
error is further reduced from 117 to 32 kW, with yaw
angle included as a third control input. The actuator
activity is further slightly increased, as the overall yaw rate
increases. However, the control actuators of the Koopman
MPC based on EIODMD result in both smaller thrust
coefficients and a smaller yaw angle. This is desirable as it
also decreases the forces acting on tower and blades.
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6. CONCLUSION

Two Koopman MPC designs using a combination of thrust
and yaw control for power yield maximization and refer-
ence tracking were presented. An open-loop simulation in
WFSim showed a farm yield increase by 10% due to yaw
misalignment. Closed-loop simulation with the two MPC
algorithms showed that the tracking error is decreased 1.8
and 3.6 times, respectively, when including yaw control.
Future work will include testing in 3D medium fidelity
simulation environments that provide the possibilities to
include forces and moments as objective criteria and in-
crease the number of turbines as well as use more realistic
wind test cases.
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