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In recent years, wind turbines are becoming larger, which will exacerbate the
complexity of loads Complex load change affect the output power quality and
wind turbine service life so that must be studied. Pitch control is usually used to
reduce wind turbine load. In this paper, based on the Light Detection and Ranging
(LiDAR) technology and incremental feedforward control theory, an incremental
feedforward collective pitch controller is proposed. The controller can be directly
superimposed on the traditional collective pitch controller so that the incremental
pitch angle can fully compensate wind influence. The effectiveness of the controller
is verified by multi-software platform joint simulation and hardware-in-the-loop
experiment. The results show that the controller can effectively reduce the wind
turbine power and load fluctuation when the variation trend of wind speed in the
rotor plane estimate by LiDAR data is the same as the actual wind speed.
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1 Introduction

With the deepening of wind power research, it has been found that the complex load
changes of wind turbines caused by wind fluctuations and turbulence characteristics will
adversely affect the output power quality and service life of wind turbines (Yuan et al., 2020).
Currently, a wind turbine usually uses pitch control to reduce the load on the blades and
ensure a smooth output of power. Therefore, in order to cope with these problems, it is
necessary to optimize the control of the pitch angle and rotational speed of the wind turbine.

The application of Light Detection and Ranging (LiDAR) introduced wind speed
information about reaching the plane to the wind turbine control system. Scholbrock et al.
(2016) believed that by introducing this input quantity, the controller control performance could
be optimized, and it might also reduce the load of the wind turbine and increase the power
generation of the wind turbine. Khaniki et al. (2018) found that LiDAR-assisted feedforward
control was better than pseudo-feedforward control. In summary, the collective pitch control
technology based on the LiDAR wind measurement can be considered to reduce speed
fluctuations and structural loads in the full-load area of wind turbines. It has been proposed
that the LiDAR-predicted wind speed can be combined with pitch control to reduce the load of
the wind turbine and extend the life of the wind turbine by 6–8 years by some researchers
(Mikkelsen, 2014). However, some researchers have pointed out that the excessive pursuit of
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reducing load and increasing life faces the problem of reducing the net
annual energy produced in wind energy (Mathur et al., 2017).

For the moment, the collective pitch control technology based on
the LiDAR wind measurement currently has two mainstream research
directions, one of which is to completely replace the traditional feedback
control technology of the wind turbine. The collective pitch signal has
been completely processed using the corresponding algorithm of the
wind data measured by LiDAR, such as LiDAR-assisted control (David
and Steffen, 2016), collective feedforward pitch control (Haizmann
et al., 2015), model predictive control (Bottasso et al., 2014), radial basis
function neural network control (Han et al., 2018a), and fuzzy control
(Van et al., 2015).

Another research direction has been to keep the original controller
unchanged and superimpose a feedforward pitch controller, such as the
wind turbine feedforward-feedback H2 optimal control based on the
LiDAR wind measurement (Dunne and Pao, 2016), the LiDAR wind
measurement feedforward pitch control combined with the cabin
acceleration feedback (Yamaguchi et al., 2020), the joint control
mode of the baseline feedback control enhanced by gain scheduling
feedforward control based on the pseudo-LiDAR wind measurement
(Bao et al., 2018), feedforward controller based on neural network
catenary data weights (Han et al., 2018b), and the feedforward control
carried out by looking up the static pitch angle curve table after using the
LiDAR wind speed to estimate the effective wind speed of the rotor
plane (Schlipf et al., 2015).

Through the experiments of different scholars, the positive effect of
LiDAR on wind turbines has been proved. For example, the
experimental results under different turbulence conditions show that
the adaptive control method, that is, the radial basis neural network
combined with the finite impulse response filter (RBFNNFIR) based on
the LIDAR wind measurement (Jia et al., 2021), can effectively reduce
the fluctuation of the generator speed and the maximum value of the
load moment at the beginning of the blade. The optimal control of the
prediction algorithm combining the linear wind turbine model and
LiDAR-simulated wind disturbance can be applied to the non-linear
wind turbine model, which can effectively improve the control
performance, reduce the fluctuation of generator speed, and meet
the pitch activity control limitation (Bao and Yue, 2022).

In this paper, the incremental feedforward collective pitch control
method is used to calculate the increment of the pitch angle using the
wind speed disturbance increment measured by LiDAR to reduce the
impact of wind on the feedback given. This control method can realize
the smooth transition of the pitch angle in the feedforward cut-out
process. Furthermore, the wind turbine state change caused by the
wind speed change is offset by the feedforward incremental pitch
angle, which reduces the impact of the wind speed change on the wind
turbine. The effectiveness of the proposed method is verified through
joint simulation and hardware-in-the-loop experiment.

2 Incremental feedforward collective
pitch controller

2.1 Design the incremental feedforward
collective pitch control scheme

By using the LiDAR wind measurement technology, the wind
speed time series of the rotor plane can be estimated according to the

wind information measured by LiDAR, that is, the dynamic change
of the wind can be measured. Therefore, the dynamic wind
information measured by LiDAR can be used to calculate the
feedforward pitch angle to compensate for the change in the load
of the wind turbine caused by the wind change.

This paper proposes a wind turbine incremental feedforward
collective pitch control method based on LiDAR prediction wind
information. In this method, the calculated value is a given value,
without artificially adjusting the proportion of the feedforward given
in the total pitch angle. So, the controller designed using this control
method can be directly added to the original collective pitch
controller as a module. The specific steps are described as
follows: first, the dynamic model of the wind turbine is
established according to the dynamic characteristics. Then, based
on the wind information measured by LiDAR, the wind disturbance
increment signal about to reach the rotor plane is estimated. Finally,
the wind signal in the wind turbine aerodynamic torque model is
linearized to design the controller.

The collective pitch control of the wind turbine is shown in
Figure 1. The input pitch angle Δθ is the superposition value of Δθfb
and Δθff. Δθfb is the feedback pitch angle given by the baseline
controller, and Δθff is the feedforward pitch angle given by the
incremental feedforward collective pitch controller.

Eq. 1 represents the overall equation of the pitch controller.

Δθ � KPNGearΔΩ + KI∫t

0
NGearΔΩdt + KDNGearΔ _Ω︸�������������������︷︷�������������������︸
Δθf b

+Δθf f , (1)

where KP, KI, and KD are feedback control parameters of the
collective pitch setting of the wind turbine;NGear is the gear ratio of
the wind turbine; and ΔΩ is the generator speed difference.

Considering the short sampling interval, the four-order of Δv
can be regarded as the higher-order infinitesimal term. The
incremental feedforward pitch angle Δθff can be obtained as
shown in Eq. 2.

Δθf f � -
∂P
∂v( )
∂P
∂θ( )

1
3!
Δv3 + 1

2!
Δv2 + Δv( ), (2)

where Δv is the wind speed increments and Δv � v1 − v2 ( where v1
is the current time wind speed value of the rotor plane estimated
from the wind speed measured by LiDAR; and v2 is the wind speed
value at the next sampling time, which is equivalent to linearization
at time tv1); ∂P/∂v is the sensitivity of power to wind speed; and
∂P/∂β is the sensitivity of power to changes in the pitch angle.

The following section will consider the FAST 5-MWwind turbine
in FAST software as an example to provide the derivation method of
this incremental feedforward collective pitch controller.

2.2 Theoretical derivation of incremental
feedforward controllers

2.2.1 Onshore wind turbine baseline collective
pitch controller

The baseline collective pitch controller is derived from the
dynamic model of the wind turbine. Finally, the variable
proportional gain PI feedback controller (Jonkman et al., 2009a)
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is obtained to control the constant speed of the generator. The
dynamic model of the wind turbine wind turbine rotor can be
expressed as

TAreo − NGearTGen � IRoter + N2
GearIGen( ) d

dt
Ω0 + ΔΩ( )

� IDrivertrainΔ _Ω, (3)
where TAreo is the aerodynamic torque captured by the wind turbine
rotor in the wind field; Ngear is the gear ratio of the wind turbine;
TGen is the generator torque; IRotor is the equivalent moment of
inertia of the wind turbine rotor; IGen is the equivalent moment of
inertia of the generator;Ω0 is the stable speed of the generator; ΔΩ is
the generator speed increment; and IDrivertrain is the equivalent
moment of inertia of the drive chain.

Generator torque can be expressed as

TGen NGearΩ( ) � P0

NGearΩ
, (4)

where Ω is the generator speed and P0 is the generator rated
power.

The aerodynamic torque of the wind turbine can be expressed as

TAreo θ( ) � P θ,Ω0( )
Ω0

, (5)

where θ is the current pitch angle of the three blades of the wind
turbine and the capture power of the wind turbine rotor P(θ,Ω0) is
the function of its pitch angle and the generator speed.

The linearization equation of generator torque and the wind
turbine rotor at the rated speed can be expressed as

TGen ≈
P0

NGearΩ0
− P0

NGearΩ
2
0

ΔΩ, (6)

TAreo ≈
P0

Ω0
+ 1
Ω0

∂P
∂θ

( )Δθf b, (7)

where Δθfb is the small disturbance in the pitch angle of the blades
due to feedback control near the operating point.

For PID control, the feedback pitch angle Δθfb is related to the
disturbance of the wind turbine rotor speed. So, the baseline
collective pitch controller of the wind turbine can be expressed as

Δθf b � KpNGearΔΩ + KI∫t

0
NGearΔΩdt + KDNGearΔ _Ω, (8)

where KP, KI, and KD are feedback control parameters for
traditional collective pitch settings of the wind turbine. The
specific parameter derivation process has been expounded by
Jonkman et al. (2009b).

2.2.2 Theoretical derivation of the incremental
feedforward collective pitch controller

The wind turbine rotor dynamic model of the FAST’s 5-MW
wind turbine is obtained under stable wind speed. The incremental
feedforward collective pitch controller can be derived. First of all,
wind speed in Eq. 5 is to be substituted by the effective rotor plane
wind speed measured by LiDAR. Therefore, Eq. 9 can be obtained.

TAreo θ( ) � P θ,Ω0, v( )
Ω0

. (9)

The wind speed signal in Eq. 9 is linearized at the working point,
and the high-order infinitesimal term of the wind speed change is
ignored. Simulating Eqs 3, 7, 9, we can obtain the following equation:

P0

Ω0
+ 1
Ω0

∂P
∂θ

( )Δθf b + 1
Ω0

∂P
∂v

( ) 1
3!
Δv3 + 1

Ω0

∂P
∂v

( ) 1
2!
Δv2 + 1

Ω0

∂P
∂v

( )Δv( )−

NGear
P0

NGearΩ0
− P0

NGearΩ
2
0

ΔΩ( ) � IDrivertrainΔ _Ω. (10)

The incremental feedforward collective pitch controller can be
obtained using Eq. 10. Before that, some assumptions need to be
made:

The speed of the wind turbine has been stabilized through the
feedback pitch angle Δθfb, that is, the speed increment of the wind
turbine is zero, and the speed increment derivative is zero.

In this steady state, the change in the rotor speed caused by the
wind speed disturbance is completely offset by the feedforward pitch
angle Δθff.

(1) The LiDAR measurement sampling time is small enough, and
the sampling time can be aligned with the sampling time of the
wind turbine’s own sampling system.

FIGURE 1
Incremental feedforward control assisted collective pitch baseline controller.
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(2) The effective rotor plane wind speed estimated by the wind
speed measured by LiDAR is exactly the same as the actual wind
speed.

(3) The wind energy utilization coefficient model of the wind
turbine is a collective and common mathematical
simplification model.

On the basis of the assumption condition (1), that is,
ΔΩ � Δ _Ω� 0, Eq. 11 can be obtained from Eq. 10.

1
Ω0

∂P
∂θ

( )Δθf f + 1
Ω0

∂P
∂v

( ) 1
3!
Δv3 + 1

Ω0

∂P
∂v

( ) 1
2!
Δv2 + 1

Ω0

∂P
∂v

( )Δv
� 0.

(11)
According to the assumptions, Eq. 11 can be used to obtain the

incremental pitch angle (2). This controller can be added as a
module to the traditional collective pitch controller to obtain Eq.
1, the incremental feedforward collective pitch controller.
Furthermore, the calculated value is the given value, without
artificially adjusting the proportion.

2.3 LiDAR wind measurement data pre-
processing

LiDAR can only measure the wind information at a certain
distance in front of the wind turbine rotor. However, for the wind
turbine control, the best predicted wind information is the wind
information that will arrive at the rotor plane exactly in the time
required by the wind turbine pitch mechanism. Therefore, the
LiDAR measurement needs to be processed accordingly (as
shown in Figure 2). Then, the pitch control is made in
advance using the wind information time series estimated in
the rotor plane.

Under the condition that LiDAR has built in the line-of-sight
wind speed and wind field reconstruction method, the main aim is to

estimate the effective rotor plane wind speed by inverting the wind
speed at the measurement point by processing the wind frequency,
amplitude, and phase.

First, the filter is used to deal with the wind speed frequency
measured by LiDAR so that the frequency unrelated to the wind
speed of the rotor plane can be filtered (Schlipf, 2015). The filtering
expression is shown in Eq. 12.

Gf ilter z( ) � b0 + b1z−1

a0 + a1z−1
. (12)

Schlipf (2015) proposed a method for determining constants,
b0,b1, a0, and a1.

Second, the wind speed amplitude of the rotor plane is estimated
using the wind speed attenuation model of the induction area of the
wind turbine (Zhang et al., 2021). Specific details are shown in
Eq. 13.

v
v∞

�
1.004 1 − 1

3
1 + k 1 + k2( )−1

2( )[ ]k ≤−1.4,

1 − 6.0
v∞

1
3

1 + k 1 + k2( )−1
2( )( ) − 1.4< k ≤ 0,

⎧⎪⎪⎪⎨⎪⎪⎪⎩ (13)

where v is the effective wind speed of the rotor plane, v∞ is the free-
flow wind speed, κ is the relative distance, and κ � x/R (x is the
distance from the rotor plane, and x is positive for the upstream of
the wind turbine rotor and negative for downstream; R is the radius
of the rotor plane).

Finally, the wind speed phase estimation in the rotor plane
mainly refers to the time when LiDAR measures the wind speed to
reach the rotor plane. Its calculation method contains the use of Eq.
13 and differential equations for separable variables.

∫0

x0
G′ x( )dx � v∞tmov , (14)

where x0 is the distance between the LiDAR measurement point
and the rotor plane; G(x) is the analytical solution of distance and
time information function of the wind speed attenuation model,

FIGURE 2
Diagram of LiDAR wind data preprocessing.

Frontiers in Energy Research frontiersin.org04

Wang et al. 10.3389/fenrg.2023.1326248

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2023.1326248


G′(x) � v∞/v; and tmov is the time required for the wind speed at the
LiDAR measurement point to move to the rotor plane.

The rotor plane effective wind time series is estimated using the
above method (Zhang et al., 2022), as follows:

tori + tmov − tf ilter , 1 −m( )v∞ t( )[ ], (15)

where tori is the LiDAR measurement at the time point, tfilter is
the time delay caused by the filter filtering process, andm is the wind
speed attenuation coefficient calculated according to Eq. 13.

3 FAST/Simulink joint simulation

3.1 Simulation platform

As shown in Figure 3, FAST [an open-source software tool from
the U.S. Department of Energy’s National Renewable Energy
Laboratory (NREL)] provides mathematical models and kinetic
operations for a 5-MW onshore wind turbine, and TurbSim to
simulate the wind farm, while FAST and Simulink are connected to

exchange data via interfaces. After the control system built in
Simulink takes the input signal from FAST, the control module
calculates the control target which is fed into the FAST 5-MW wind
turbine model. The wind turbine makes corresponding actions
accordingly. The parameters of the 5-MW wind turbine are
shown in Table 1.

3.2 Simulation results under ideal estimation
of the rotor plane wind speed

During the simulation, it is assumed that the rotor plane wind
speed estimated by LiDAR is the same as the actual wind speed of
the rotor plane. In the application of feedforward controllers, the
given signal increments are corrected so that the given paddle
pitch angle signal of the feedforward controller has the least
impact on the baseline feedback controller. Two correction
methods are considered during the simulation. One is to limit
the amplitude of the feedforward signal, and the other is to
consider the correction coefficient method in the baseline
collective pitch controller (Zhang et al., 2022).

FIGURE 3
FAST/Simulink joint simulation diagram.

TABLE 1 Parameters of the 5-MW wind turbine.

Item Description

Rated power 5 MW

Number of blades 3

Rotor direction Upwind

Drive chain Multistage gearbox

Transmission ratio 97

Diameter of the rotor 126 m

Diameter of the hub 3 m

Height of the engine room 90 m

Cut-in wind speed, rated wind speed, and cut-out wind speed 3 m/s, 11.4 m/s, and 25 m/s

Starting speed and rated speed of the rotor 6.9 r/min and 12.1 r/min

Collective pitch controller time constant τ 0.11 s
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The amplitude limiting method is used to increase the amplitude
limitation for the feedforward signal and observe whether the
control presetting of the baseline feedback controller has enough
stiffness to quickly restore the stability after the feedforward control
gives a small perturbation. When a step wind speed is given as 12 m/
s–15 m/s, the incremental feedforward controller limitation is,
respectively, set as 0.025 rad, 0.050 rad, 0.075 rad, and 0.1 rad,

and the system response is shown in Figure 4. The overall control
effect of the wind turbine with limiting is better than the state
without limitation. The generator speed fluctuation performance is
the best in amplitude limitation being 0.1 rad. The turbine power
and edgewise moment are in good condition in a limitation of
0.050 rad. Fore-aft moment and fore-aft shear force have the most
pronounced volatility improvement in a limitation of 0.075 rad.
With comprehensive consideration, the limitation is determined to
be 0.075 rad.

When the given step wind speed is 12–18 m/s, it can be seen
from Figure 5 that the pitch angle has a relatively large fluctuation
under feedforward control with the correction factor or unlimited
amplitude. However, the pitch angle has a relatively gentle
variation with the 0.075-rad amplitude limitation. Therefore, in
the process of adding the incremental feedforward controller into
the wind turbine baseline collective pitch, it needs to limit the given
incremental feedforward pitch angle amplitude to the range of
0.075 rad.

Referring to the IEC Standard, the given gust signal and wind
turbine response are shown in Figure 6. The LiDAR gust warning
function is also added to the incremental feedforward controller,

FIGURE 4
Wind turbine response with different limit values.

FIGURE 5
Wind turbine response under step wind speed.
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that is, when the wind speed measured by LiDAR is greater than the
cut-in wind speed 3 m/s, or less than the rated wind speed 11.4 m/s,
the pitch angle of the wind turbine is directly set to 0+, and when
v< 3 m/s or v≥ 25 m/s, the pitch angle is directly set to 90+.

It can be seen from Figure 6 that the generator speed fluctuation
decreases by 39.42%, and the peak decreases by 182.216 r/min.
Generator power fluctuations are reduced by 46.82% and peaks
reduced by 231.82 kW. The range of edgewise moment fluctuation
decreases by 51.70%. However, the range of flap-wise moment
fluctuation increases by 4.5%. The fore-aft moment fluctuation
decreases by 51.91%, and the fore-aft shear force fluctuation
range decreases by 56.59%.

In summary, even if it has a slight enhancement effect on the
flap-wise moment fluctuation, the incremental feedforward and gust
warning can effectively reduce the load of the wind turbine system,
improving the performance of the wind turbine, diminishing the

speed and power fluctuation of the generator, and reducing the
moment and force fluctuation of the fore-aft load.

4 Experimental result analysis

The model of the wind turbine in the previous theoretical and
simulation study uses NWTC’s open-source simulation software FAST
5-MWonshore wind turbine. It can be called through an interface to be
a module in Simulink. The Beckhoff PLC of the current new version
supports Simulink programming and the real-time data interaction.
The structure of the hardware-in-the-loop experiment system is shown
in Figure 7. The LiDAR in the experimental system has no physical
object, so it uses the real experimental data collected by the LiDAR of
Molas NL in the wind farm. Since Molas NL can simultaneously
measure the wind speed and wind direction information at

FIGURE 6
Wind turbine response under IEC gust input.
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10 distances in front of the wind turbine rotor, LiDAR is used to
measure the wind data at 250 m in front of the wind turbine rotor as the
LiDAR prediction wind data to input Beckhoff Embedded PLC-
CX5130, and the wind data at 50 m in front of the wind turbine
rotor as the real data on the rotor plane is input into the rotor plane
wind speed file of the wind turbine simulation model.

The selected software and hardware models are shown in
Table 2. The sensor interface of the wind turbine in practical
applications is not used during the hardware-in-the-loop
experiment. During the application process, the Beckhoff
Embedded PLC, which is a scalable PLC system, can add the
corresponding interface to the sensor data, according to the
sensor type to achieve control applications. For example, Molas
NL wind-measuring LiDAR supports a variety of communication
protocols, and the version of the early LiDAR communication
protocol has PROFIBUS and CANopen, which can be ordered
based on needs, while the communication protocol interface of
the Beckhoff Embedded PLC master control system can also be
expanded as needed so that the two can communicate normally and
effectively. In summary, the final communication mode is

determined according to the overall selection of the components
of the wind turbine.

In the hardware-in-the-loop experiment, the real data measured
by LiDAR are used to estimate the rotor plane wind speed for control
research. This paper collected the data measured by LiDAR that is
higher than 11.4 m/s from after 19 May 2019, 2:00 a.m. In this file,
special step wind speeds, gusts, and continuously varying winds are
selected to observe the system response with estimation errors.

As shown in Figure 8, the effective wind speed of the rotor plane is
estimated using the wind speed measured by LiDAR at 250 m in front
of the wind turbine rotor. In the time period of 16 s–25 s, the wind
speed estimated by the step wind deviates greatly from the actual wind
speed. At 20 s, the difference between the estimated wind speed and the
actual wind speed is −1.34 m/s. At 24 s, the difference between the
estimated wind speed and the actual wind speed is 1.35 m/s. Although
the difference between the estimated wind speed and the actual wind
speed is large, over this time period, the trend of the estimated wind
speed remains basically the same as the actual wind. On the basis of
wind speed estimation, comparing the effect of feedforward with no
feedforward, the generator speed fluctuation is reduced by 17.13% and
the peak by 21.52 r/min; generator power fluctuations decreased by
6.8%, and peaks, by 0.024 kW; and the swinging torque fluctuation
decreased by 35.09% and the peak by 823.36 kN·m. However, the step
wind speed estimated by the wind turbine at approximately 40 s has a
significant lag, so the performance of the wind turbine does not improve
due to wrong time estimation. However, at approximately 50 s, due to
the large errors in estimating the wind speed trend, the wind turbine
pitch angle is mishandled, which results in larger power fluctuations of
the wind turbine. The above analysis shows that the incremental
feedforward control works only when the wind speed estimated by
LiDAR has the same change time and trend of the actual wind speed.

During the process, it is found that the wind turbine
operation process had a great influence on the wind speed
measurement at 50 m in front of the wind turbine rotor for
the rotor movement. As shown in Figure 8A, at the moment of
the wind step, the measurement trend of LiDAR measuring in

FIGURE 7
Frame of the hydraulic-mechanical transmission test rig.

TABLE 2 Semi-physical simulation experiment software and hardware system
selection.

Model Product description

CX5130-0125 Embedded PLC

CX2900-0038 Memory card (40G)

TC1220-0240 PLC/C++/MATLAB/Simulink, Performance
Class 40

EL3008 Bus module

EL4008 Bus module

FASTv8.16.00.a-bjj Wind turbine simulation software

MATLAB/Simulink R2016a Visual simulation software
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250 m is consistent with 50 m, but the degree of attenuation is
significantly different. On the one hand, the closer the wind speed
point of the LiDAR measurement to the rotor plane, the greater
the error. On the other hand, the control action of the wind
turbine after the gust reaches the rotor plane affects the wind
speed movement and attenuation form in front of the wind
turbine rotor.

In the same day, this paper selects a period of continuously
varying wind speeds with a better estimated trend. Since it is
hard to directly obtain the rotor plane wind speed, the wind
speed at a distance of 50 m upstream is considered the rotor
plane actual speed. Furthermore, we used the wind speed of
250 m upstream to estimate the 50 m position wind speed at the
same time. As shown in Figure 9A, at approximately 20 s, the
wind speed measured by LiDAR at 250 m is inconsistent with the
wind speed trend at 50 m, that is, the estimated wind speed curve

is inconsistent with the actual wind speed curve trend of 50 m. It
results in the incremental feedforward control misoperation.
Moreover, it causes the rotational speed, power, and load in the
incremental feedforward control have a greater fluctuation and
peak than that in the non-incremental feedforward controller.
Before 10 s and after 25 s, the trend of the estimated wind speed
is consistent with the actual wind speed. It can be observed in
Figure 9 that the generator speed fluctuation is reduced by
1.86%, the generator power fluctuation by 18.5%, the edge-
wise moment fluctuation by 2.02%, and the fore-aft shear
force fluctuation by 11.13%. The estimated wind speed of
approximately 30 s is relatively close to the actual wind speed,
so when the feedforward is active, the generator speed amplitude
is reduced by 12.11 r/min, the generator power amplitude by
0.054 kW, the edge-wise moment amplitude by 417.85 kN·m,
and the fore-aft shear force amplitude by 71.13 kN.

FIGURE 8
Experimental results of step wind speed.
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From the above hardware-in-the-loop experiment, it can be seen
that the incremental feedforward collective pitch controller based on
LiDAR proposed in this paper can reduce the fluctuation range of
the generator speed, power, and load. The precondition for the
controller to play a role is that the estimated effective wind speed of
the rotor plane should conform to the actual wind speed, and the
specific values that complete consistency are not required; however,
the trend should be consistent. This makes the specific requirements
for wind speed estimation.

5 Conclusion

This paper derives the incremental feedforward collective pitch
controller, which is superimposed on the baseline collective pitch
controller to offset the impact of wind speed changes on the wind
turbine. The joint simulation model of the FAST/Simulink 5-MW
wind turbine is designed and established, and the incremental

feedforward controller is simulated and verified under the input
conditions of step wind and gust. The simulation results show that
it can effectively reduce the unit load when the controller is with a
limit range of 0.075 rad. For example, the load fluctuation range of
gust conditions can be reduced by approximately 50%. The hardware-
in-the-loop experiment results show that the incremental feedforward
controller can achieve load reduction when the trend of the estimated
wind speed is the same as the actual wind speed with no delay. The
incremental feedforward controller is a pitch angle increment
calculated by predicting wind disturbances, so it can be added as a
module to the traditional collective pitch controller to reduce the
system load. The modularity is suitable for commercial applications.

Data availability statement
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made available by the authors, without undue reservation.

FIGURE 9
Experimental results of continuously varying wind speed.
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