
Similarly, following Ref.[1], the cross-spectrum for Kaimal
model is

S RL( f ) = F {uRR}F
∗{uLL}

=
1

nbnR cos β cos φ

nR∑
i=1

nb∑
j=1

F {ui}F
∗{vlos, j},

(22)350

with ui the ith longitudinal wind component in the rotor swept
area. See Ref.[][4D]. for detailed derivation of the Fourier
transform of vlos, j, where the main algorithm is to loop over
the Fourier transform of all velocity components included in ui

and vlos, j.355

3.4. Lidar measurement correlation

In LAC application, the more interesting indication of how
well the lidar predict the REWS is by the following transfer
function [1, 34]

GRL( f ) =

∣∣∣∣∣S RL( f )
S LL( f )

∣∣∣∣∣ . (23)360

If a filter is designed to have the gain GRL( f ), it turns out be
be an optimal Wiener filter [34, 35]. For certain frequency, the
larger gain means that less information needs to be damped out
before the signal is used. Thus, it indicates how much informa-
tion measured by the lidar is usable for feedforward control.365

The transfer functions for the selected lidar system, see Ta-
ble 2 for the detail configuration, and the IEA 3.4 MW refer-
ence wind turbine are shown in Figure 4. It can be seen that
more stable atmospheric condition or smaller Mann turbulence
scale [13] results in smaller correlation, as can been seen by370

the less area under the transfer function. On the other side,
stronger evolution condition (larger ax) reduces the correlation
obviously. And the reduction caused by the turbulence scale is
not as significant as that caused by wind evolution.

With the fitted Kaimal spectra [36] based on Mann model375

[13], we did not observe a significant difference in the measure-
ment transfer function GRL( f ). The main difference between
the fitted Kaimal spectra and Mann spectral tensor is that the
Mann model [13] additionally includes the distortion in turbu-
lence structure, the single point uw cross-correlation, and the380

spatial correlation of different v and w components in the turbu-
lent field. While, Kaimal model [36] is purely statistical model
and only the spatial correlation of the u component is included.
The correlation model used in this work shows that these ad-
ditional considerations in Mann model [13] does not influence385

GRL( f ) very significantly, which is in accordance with the ob-
servation by Ref. [5].

4. Turbine modeling and control

In this section, we first derived a simplified low-order wind
turbine model and a baseline wind turbine controller extended390

with pitch forward control loop.

Table 2: Configuration for the selected lidar system.

number of beams 4
beam azimuth-angles φ [◦] 15.0, 15.0, -15.0, -15.0
beam elevation-angles β [◦] 12.5, -12.5, -12.5, 12.5
measurement distance in x [m] 120
full scan time 1 s
pulse width at half maximum zR 30 m

Figure 3: The coordinate system of the studied lidar system. P denotes one of
the lidar focused positions.

4.1. Wind turbine model
We use the reduced wind turbine model [1] that represents

the overall dynamic and the main motions of wind turbines [37].
It includes the aerodynamics, drive-train dynamics, pitch actu-395

ator dynamics and tower fore-aft dynamics. The reduced model
is often used for turbine controller design since it is simpler to
calculate and reproduces reliably the overall dynamic behavior
of the system [1].

4.1.1. Aerodynamics400

The aerodynamics are modeled by:

Ma =
1
2
ρπR2 cP(λ, θ)

Ωr
v3

rel, (24)

Fa =
1
2
ρπR2cT(λ, θ)v2

rel, (25)

λ =
ΩrR
vrel

, (26)

vrel = uRR − ẋT, (27)405

where Ma and Fa are the aerodynamic torque and thrust force,
respectively, ρ is the air density, R is the rotor radius, Ωr is the
rotor side rotational speed, and cP and cT are the power and
thrust coefficients determined by the tip speed ratio λ and pitch
angle θ. The relative rotor equivalent wind speed vrel is simplify410

calculated by superposition of the rotor effective wind speed
uRR and the tower top speed ẋT.

4.1.2. Drivetrain dynamics
The three degree-of-freedom (DOFs) drive-train model used

here was based on a two coupled mass-spring-damper systems415

[38, 39] modeling the dynamics of the rotor speed Ωr, the gen-
erator speed Ωg, and the shaft torsional angle φT:

JrΩ̇r = Ma − Mr (28)
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