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Abstract:   A gain-scheduled feedforward controller, based on pseudo-LIDAR (light detection and ranging) wind speed measurement,
is designed to augment the baseline feedback controller for wind turbine′s load reduction in above rated operation. The pseudo-LIDAR
measurement  data  are  generated  from  a  commercial  software  �  Bladed  using  a  designed  sampling  strategy.  The  nonlinear  wind  turbine
model has been simplified and linearised at a set of equilibrium operating points. The feedforward controller is firstly developed based on
a  linearised  model  at  an  above  rated  wind  speed,  and  then  expanded  to  the  full  above  rated  operational  envelope  by  employing  gain
scheduling  strategy.  The  combined  feedforward  and  baseline  feedback  control  is  simulated  on  a  5 MW  industrial  wind  turbine  model.
Simulation studies demonstrate that the proposed control strategy can improve the rotor and tower load reduction performance for large
wind turbines.

Keywords:    Wind  turbine  control,  light  detection  and  ranging  (LIDAR)  measurement,  feedforward  control,  load  reduction,  gain
scheduling, disturbance rejection.

 

1   Introduction

1.1   Wind turbine load rejection strategies

With  the  increase  of  installed  wind  power  capacity

over  the  past  few  years,  operation  and  maintenance  of

wind  energy  production  becomes  a  critical  issue  in  wind

industry. Conventional wind turbine control systems em-

ploy  feedback  control  schemes  involving  proportional-in-

tegral-derivative/proportional  integral  (PI/PID)  control-

lers[1].  The  main  control  objectives  are  to  maximise  the

energy capture in below rated operation and maintain the

power output at its rated level in above rated operation.

As the size of  wind turbines has increased,  the demands

on  controller  have  increased  especially  on  reduction  of

structural loads. It is always a challenging task to achieve

good  load  reduction  without  compromising  energy  cap-

ture performance.

The  mechanical  loads  on  a  wind  turbine  are  mainly

caused  by  the  interaction  between  the  turbine  and  the

wind  field  experienced  by  the  turbine.  It  includes  the

structural loads which are due to impacts from the wind

to the turbine structure, and the drive-train loads which

are the loads that propagate down to the drive-train com-

ponents[2, 3]. The structural loads mainly include loads on

tower,  blades,  hub,  etc.  The  usual  approach  to  reduce

tower loads is to augment the pitch demand by an addit-

ive adjustment in response to a measurement of the tower

head  fore-and-aft  velocity  or  acceleration.  Options  in-

clude  introducing  a  tower  feedback  loop[4,  5],  or  the  co-

ordinated  control  strategy  that  combines  pitch  and

torque  demand  in  above  rated  conditions[6,  7].  In  large

wind turbines, each blade has its own actuator capable of

adjusting  the  blade  to  the  demanded  pitch  angle.  The

standard  collective  pitch  control  provides  the  same  de-

mand  on  all  three  blades  which  cannot  reduce  unbal-

anced loads on the rotor. To deal with this unbalance in

loads, each blade must be pitched independently. For this

purpose,  individual  pitch  control  and  individual  blade

control  have  been  developed[8, 9],  both  providing  additive

adjustment  to  the  demanded  pitch  angle  from the  basic

speed controller.

With  the  above  load  reduction  approaches  based  on

feedback control scheme, the loads can only be controlled

once their influences on the turbine are induced. In other

words,  there  is  always  a  delay  between  the  load  impact

and  the  controller  response.  A  possible  solution  to  this

problem is  to  employ the incoming wind disturbance in-

formation into the control system in advance so that the

controller can respond to the disturbance and thereby al-

leviate the induced loads timely. This method depends on

direct  and  accurate  wind  measurement  to  estimate  the

disturbance.

In  traditional  wind  measurement  for  individual  tur-

bines,  a  wind anemometer  is  mounted on top of  the na-
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celle.  This  measurement  of  wind  speed  cannot  be  used

directly in wind turbine control because it only indicates

a  point  wind  speed  at  a  fixed  position.  A  more  recent

measurement  technology,  light  detection  and  ranging

(LIDAR), has been developed to measure wind speed over

a distance and covering a wide space, which makes it pos-

sible  to  exploit  the  incoming  wind  speed  information  in

the turbine control system.

The main benefits from LIDAR include the following.

1) Preview and accurate wind speed measurement

For individual wind turbine, either a wind anemomet-

er  or  a  LIDAR  device  is  generally  mounted  on  the  na-

celle.  The  wind  anemometer  can  only  measure  the  wind

at its own position which is normally behind the turbine

rotor.  In this  case,  the wind has already interacted with

the  turbine  before  it  is  measured  by  the  anemometer.

This wind speed information is therefore “delayed” and is

not  suitable  for  controller  design.  Moreover,  the  incom-

ing  wind  field  would  be  significantly  affected  after  it  is

experienced  by  the  rotating  rotor  blades,  known  as  the

wake effect, which will reduce the measurement accuracy

of the anemometer.

Comparing to the wind anemometer, a LIDAR device

can  emit  laser  beams  to  the  front  of  the  turbine  and

therefore  measure  and  provide  the  incoming  wind  speed

information before the wind reaches the turbine. This al-

lows extra time for the controller to make a response.

2) Spatial distributional wind speed measurement

Instead  of  the  conventional  single  point  wind  speed

measurement,  LIDAR  can  measure  the  incoming  wind

field over a spatial distribution through its scanning pat-

tern.  This  is  particularly  significant  for  large  wind  tur-

bines. The rotor diameters of modern large wind turbines

are  generally  at  a  hundred-meter  level.  Consideration  of

wind  speed  distribution  across  such  a  large  rotor  plane

area is  necessary to  evaluate  the wind-induced rotor  dy-

namics on the wind turbine.

Information on LIDAR basics  can be found in recent

literature,  for  example,  LIDAR  configurations  and  tur-

bine-mounted  options[10,  11],  data  analyses  from  LIDAR

measurement[12], field testing studies[11, 13].

1.2   LIDAR  measurement  in  wind  turbine
control

LIDAR-based  feedforward  control  has  been  proposed

as complementary to the baseline control system so as to

enhance  the  above  rated  pitch  control  performance.  The

initial  attempts focus on the design of independent feed-

forward controllers which enable the wind information as

an  input  to  the  controllers  and  thereby  compensate  the

wind  disturbances  in  the  control  system.  The  proposed

methods include the use of basic feedforward schemes for

collective pitch control[14–16] and individual pitch control[17],

in which the wind speed measurement is provided or sup-

posed  to  be  provided  by  LIDAR,  and  some  advanced

feedforward  control  algorithms  such  as  feedforward  con-

trol  with  non-causal  series  expansion  approximation[18],

H-infinity  preview  control[19],  and  adaptive  control[20]

have  been  developed.  Potential  improvements  on  redu-

cing the turbine loads and pitch control actions in above

rated operation have been discussed on these LIDAR as-

sisted feedforward control strategies.

Advanced control techniques such as model-based pre-

dictive  control  (MPC)  employing  wind  speed  measure-

ment  has  also  been  investigated,  in  which  the  future

events  of  the  wind  turbine  based  on  the  preview  wind

measurement are predicted for a better wind disturbance

rejection  response  of  the  controller.  Both  linear

methods[21,  22]  and  nonlinear  algorithms[23]  are  applied.

Field testing studies have been presented for both feedfor-

ward control[24, 25] and MPC[26].

Apart from the work on load reduction in above rated

condition  by  LIDAR-assisted  control  design,  the  energy

capture  performance  in  below  rated  conditions[27,  28]  and

the  consideration  of  LIDAR  measurement  in  controlling

the yaw movements[29] are also investigated. However, the

results  suggest  that  LIDAR-assisted  control  has  limited

improvements  in  energy  capture  and  yaw  control  per-

formances  in  below  rated  operation,  but  requires  more

control actions. Therefore, applying LIDAR measurements

for above rated pitch control could be more beneficial.

To make effective use of LIDAR information for con-

trol  system  development,  it  is  important  to  implement

LIDAR measurement and process  LIDAR data properly.

In an analysis of the raw LIDAR measurement data, sev-

eral  types  of  LIDAR measurement  errors  are  introduced

and the methods to exclude part of these errors are also

suggested[30]. While modelling of wind evolution process is

a  topic  of  most  interest[31–34],  other  aspects  of  LIDAR

measurement  errors/inaccuracies  are  also  discussed  and

investigated[35–37].

Motivated  by  the  recent  development  of  LIDAR  in

wind  turbine  control,  in  this  work,  a  LIDAR-assisted

feedforward  controller  is  developed  for  nonlinear  large-

scale  wind  turbines  with  the  aim  to  reduce  load  effect-

ively. Different from a preliminary design[38], in this work,

the  controller  is  developed  based  on  a  set  of  linearised

models,  which  allows  control  in  above  rated  operation

and also the transition region, i.e., the region between be-

low-rated and above-rated. A stable inversion of the tur-

bine dynamics is  included in the controller design to en-

sure the system stability when dealing with the unstable

zeros  in  the  turbine  model.  Control  implementations  in

the  transition  region  and  at  high  wind  speed  are  simu-

lated with realistic turbulent wind speeds. The rest of the

paper  is  organised  as  follows.  In  Section  2,  the  pseudo-

LIDAR  data  production  with  a  designed  sampling

strategy  is  introduced.  Linearised  models  are  developed

and  validated  for  the  controller  design.  Section  3  gives

the design details on the gain-scheduling feedforward con-

trol  method.  Simulation studies  on a  5 MW machine are

presented  in  Section  4,  and  conclusions  are  given  in

Section 5.
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2   Generation  of  LIDAR  data  and  wind
turbine modelling

2.1   Pseudo-LIDAR data generation

In  this  work,  the  LIDAR measurement  data  used for

simulation are produced from the commercial  software –

Bladed. This powerful tool can model a three-dimension-

al turbulent wind field. The cubic structure consists of a

number  of  points  that  are  uniformly  distributed  inside

the model, as depicted in Fig. 1. Each point in the model

contains wind speed information including the longitudin-

al,  lateral  and  vertical  components.  To  simplify  the  ter-

minology, we use X, Y and Z to denote these three com-

ponents respectively. Thus, the model is defined in an X-

Y-Z coordinate system.

In  the  model  as  shown  in  Fig. 1,  wind  speed  vari-

ations for the points along the X axis are regarded as the

time variations of wind speed in a fixed position. There-

fore, all the point wind speed time variations at the Y-Z

plane  can  be  obtained  by  the  point  wind  speed  spatial

variations  along  the  X  axis.  Since  the  Y-Z  plane  covers

the area of the turbine rotor, this plane can be defined as

the rotor  plane.  Consequently,  all  the point wind speeds

at the rotor plane can be obtained.

In  Bladed,  the  wind  model  is  generated  using  Veers

method[39], in which the turbulence structure is isotropic.

In  this  structure,  the  correlations  between  each  point

along the three components are identical and thereby one

of the three components can be represented by the other

two components. Based on this property, a new sampling

strategy is designed to reconstruct the wind model. With

the default settings in Bladed, the X axis is defined as the

time  axis  and  also  the  wind  field  incoming  direction,

which is perpendicular to the turbine rotor plane. In the

newly designed strategy, the time axis is still represented

by the  X  axis,  but  the  wind incoming direction is  selec-

ted  to  be  defined  on  the  Y  axis.  As  a  result,  the  X-Z

planes  in  the  cubic  structure  represent  the  planes  which

are parallel to the rotor plane, as shown in Fig. 2.

In Fig. 2, the leftmost X-Z plane is defined as the ro-

tor plane, thus the other X-Z planes selected along the Y

axis are defined as the LIDAR scanning planes with dif-

ferent  distances  to  the  rotor  plane,  which  can  thereby

provide  the  incoming  wind  profile  information  at  differ-

ent positions. Therefore, in this reconstructed wind mod-

el,  the  points  along  the  Y  axis  represent  the  positions

with  some  distances  to  the  turbine  rotor,  and  the  wind

speed  variations  in  time  domain  are  represented  by  the

point  speeds  along  the  X  axis.  The  spatial  interval

between the points along the X axis is defined as the time

intervals.  If  a  set  of  points  are  selected  from  each  X-Z

plane,  i.e.,  the  rotor  plane  and  LIDAR  measurement

plane, the wind speed time series data for each point will

be different. This is to reflect the wind evolution from the

measurement location to the turbine.

Using  the  above  sampling  method  to  create  pseudo-

LIDAR measurement data, eight X-Z planes are selected

along the Y axis with equal distance between each other.

The first plane represents the rotor plane, the other sev-

en  planes  represent  the  LIDAR  measurement  planes  at

distances of 14.285 7 m, 28.571 4 m, 42.857 1 m, 57.142 8 m,

71.428 5 m,  85.714 2 m  and  100 m,  respectively,  from  the

rotor  plane.  The  point  wind  speeds  distributed  over  the

plane are  averaged to  represent  the  effective  wind speed

at that plane position. In this way, the rotor wind speed

data and the LIDAR measurement data can be obtained.

In  order  to  present  the  wind  evolution  property,  the

correlations  between  rotor  wind  speed  and  each  LIDAR

measurement are firstly examined. Figs. 3 and 4 illustrate

the auto-spectrum of the wind speed data series for each

LIDAR  measurement  plane  and  the  cross-spectrum

between  the  rotor  wind  speed  and  the  other  seven  LID-

AR wind speed series. The wind speed is generated with a

mean value of 20 m/s and a turbulence intensity of 5% in

this  simulation.  Auto-spectrum  and  cross-spectrum  will

be used to approximate the wind evolution model later on.

It should be noted that the pseudo-LIDAR data used

in  this  work  is  taken  as  perfect  measurement  of  the  in-

coming  wind  field.  With  real  LIDAR  measurement,  the
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Fig. 1     Wind field construction in Bladed settings
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Fig. 2     Reconstructed  wind  speed  sampling  model  with
pseudo-LIDAR measurement
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measured  wind  speed  data  contain  measurement  errors.

For example, a LIDAR device emits laser beams to scan

the small particles in the wind field in front of the wind

turbine. These laser beams will then be backscattered and

received by the LIDAR device. According to the Doppler

frequency  shift  between  the  emitted  and  backscattered

laser  beams,  the  moving  speed  of  the  small  particles,

which is believed to be equivalent to the wind speed, can

thereby  be  calculated.  However,  due  to  the  line-of-sight

(LOS)  measurement  of  LIDAR,  this  wind speed  is  actu-

ally  the  wind  speed  component  in  the  direction  of  the

laser beam, rather than the wind speed perpendicular to

the wind turbine rotor plane. Therefore, this error caused

by the LIDAR LOS measurement must be processed. An-

other assumption to avoid such error is to use more LID-

AR devices to scan the same focus point simultaneously.

This would help to obtain more information of the incom-

ing wind field and hence the correct wind speed.

2.2   Baseline wind turbine model

A  5 MW  Supergen  exemplar  wind  turbine  model  de-

veloped at  Strathclyde University in Simulink is  used as

the baseline  model  for  controller  design and simulations.

The basic turbine parameters are:

1) Rotor radius: 63 m
2) Hub height: 90 m
3) Gearbox ratio: 97

4) Minimum generator speed: 70 rad/s

5) Maximum generator speed: 120 rad/s

6) Cut-in wind speed: 4 m/s

7) Cut-out wind speed: 25 m/s

8) Rated wind speed: 11.9 m/s

9) Rated power: 5 MW.

This is a nonlinear model with fully established aero-

dynamics,  drive-train  dynamics  and  power  generation

unit dynamics. Details can be found in [40].

2.3   Linearisation of wind turbine model

The controller design in this work is based on linear-

ised models  at  above rated wind speed operating points.

A simplified wind turbine model includes the turbine dy-

namics  briefed  as  follows.  The  relationship  between  the

rotor speed and the torques is defined in (1).

IΩ̇+BΩ = Tf − Te (1)

Ω BΩ
Tf

Te

where I is the total inertia and  is the rotor speed. 

is the total viscous damping in the drive-train.  is the

aerodynamic  torque  and   is  the  generator  reaction

torque.  The  aerodynamic  torque  is  affected  by  the  wind

speed, rotor speed and the pitch angle, as shown in (2).

Tf =
1

2
ρπV 2R3Cp (λ, β)

λ
(2)

Cp

β

λ λ =
ΩR

V

where ρ is the air density, R is the rotor radius, V is the

wind  speed  and   is  the  power  coefficient  that  is

determined by the blade pitch angle  and the tip-speed

ratio . The tip-speed ratio is then defined by .

Ω Tf

Te

The transfer functions linking the generator speed ωg,

the  rotor  speed  ,  the  aerodynamic  torque  ,  and  the

generator reaction torque , are defined in (3).

[
Ω
ωg

]
=

[
A(s) B(s)
C(s) D(s)

] [
Tf

Te

]
(3)

B(s)

N

C(s)

N

D(s)

N2
where  A(s),  – ,  ,  –  are  reduced  to  (4)  by

ignoring the intermediate and high frequency components.

1

Is+B
(4)

where N is the gearbox ratio, I is the total inertia and B

is the total viscous damping coefficient of the system.

Based  on  the  nonlinear  model  provided  above,  the

wind turbine model is linearised at the wind speed oper-
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Fig. 3     Auto-spectrums for each LIDAR measurement
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Fig. 4     Cross-spectrums  between  rotor  and  each  LIDAR
measurement
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ating  points  of  12 m/s,  14 m/s,  16 m/s,  18 m/s,  20 m/s,

and  22 m/s,  respectively.  The  inputs  for  the  linearised

model  are  the  generator  torque,  the  wind speed and the

pitch angle demand, the output is the generator speed.

2.4   Validation of linearised models

The  linearised  models  from  Simulink  are  compared

with the linearised models generated by Bladed using the

complex wind turbine model in Section 2.2. Figs. 5 and 6

present  the  frequency  responses  of  the  two  linearised

models,  for  transfer  functions  (TFs)  from  pitch  demand

to  generator  speed  (subscript  “pg”  used  in  all  figures),

and from wind speed  to  generator  speed  (subscript  “wg”

used in all figures), respectively. The selected wind oper-

ating point is 12 m/s in Fig. 5, which is a wind speed close

to the rated wind speed, and 20 m/s in Fig. 6, which is a

high wind speed. It can be seen that the frequency responses

from the two models match well in the frequency range of

operating  relevance.  The  Bladed  linearised  models  have

up to 20th order. Our simplified models have a lower or-

der  number  of  7,  which  are  less  complex.  These  simpli-

fied linear models will be used for the controller design.

3   Feedforward control design

3.1   Baseline control system

A previously  developed  5 MW wind  turbine  model  is

used for simulation study. The baseline control system in-

cluded  in  the  model  consists  of  several  main  parts:  the

main speed controller including a below rated component

of  torque  controller  and  an  above  rated  component  of

pitch controller, the drive-train filter and the tower filter.

1) Below rated torque controller

A torque controller  controlling the generator  reaction

torque in response to the generator speed is employed in

CP − λbelow  rated  operation,  to  follow  the  designed  

tracking  curve.  The  controller  is  designed  to  provide  a

bandwidth  of  at  least  1 rad/s  and  has  good  high  fre-

quency roll off through loop shaping.

2) Above rated pitch controller

In  above  rated  region,  a  pitch  controller  is  employed

to control the blade pitch angle in response to the gener-

ator  speed.  The  pitch  controller  aims  to  maintain  the

power output at its rated level.

The aerodynamics  of  the  wind turbine  is  highly  non-

linear  in  above  rated  condition.  When  using  linearised

models  obtained  at  equilibrium  operating  points,  gain

scheduling is employed based on the use of the separabil-

ity  characteristics  of  wind  turbines.  According  to  the

separability  theory,  the  nonlinear  aerodynamics  of  the

wind turbine  can be  divided  into  two independent  parts

as presented below.

T (β,Ω, V ) = h(β,Ω)− g(V ). (5)

β,Ω

β,Ω

β Ω

In (5), , V denote the pitch angle, generator speed

and  the  wind  speed,  respectively.  T  is  the  aerodynamic

torque which is determined by  and V, which can be

divided into two parts:  the function h(·) that is depend-

ent  on   and  ,  and  the  function  g(·)  that  is  only  de-

pendent on V. In this way, the wind speed is taken as a

separate  disturbance  term that  does  not  affect  the  aero-

dynamic  torque.  A  global  gain  scheduling  technique  is

thus made possible. More details can be found in [41].

3) Drive-train filter

In  addition  to  the  main  speed  feedback  controller,  a

drive-train filter is used to damp the drive-train mode at

the drive-train frequency, as shown in Fig. 7.
The following band-pass filter is taken:

F (s) =
k × s

s2 + 2η × ωdtrs+ ω2
dtr

(6)
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Fig. 5     Bode plot comparisons between the Bladed linearised
model  and  the  simplified  linearised  model.  TFs  from  pitch
demand  to  generator  speed  and  from  wind  speed  to  generator
speed, at the wind speed operating point of 12 m/s.
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Fig. 6     Bode plot comparisons between the Bladed linearised
models  and  the  simplified  linearised  models.  TFs  from  pitch
demand  to  generator  speed  and  from  wind  speed  to  generator
speed, at the wind speed operating point of 20 m/s.
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η

where ωdtr is the drive-train frequency at which we aim to

design the filter  to remove spikes in spectral  response,  

is a damping ratio that can be chosen at the value of 0.6.

With  this  band-pass  filter  design,  the  drive-train  mode

damping can be achieved.

4) Tower filter

Similar to the drive-train filter, a tower feedback loop

is  added  in  response  to  the  tower  fore-aft  acceleration

which  can  be  measured  by  an  accelerometer  in  the  na-

celle  (see  Fig. 8).  The  filter  is  employed  in  above  rated

operation,  which  is  designed  to  damp  the  first  tower

mode  by  adjusting  the  pitch  angle.  A  typical  transfer

function for the tower filter is similar to (6). The tuning

parameters are set up to increase tower motion damping

at the first tower fore-aft mode.

3.2   Feedforward controller design

In  this  work,  a  feedforward  channel  is  added  to  the

baseline speed controller, as shown in Fig. 9. The baseline

controller  includes  all  of  the  components  described  in

Section 3.1. A feedforward controller is then developed to

compensate the wind disturbance with the use of pseudo-

LIDAR measurement.

ωo

ωo

ωset

In order to design the feedforward controller, the wind

turbine model is firstly linearised at an above rated wind

speed operating point as  introduced in Section 2.  Fig. 10

illustrates  the  block  diagram  of  such  a  linear  control

scheme.  The  linearised  turbine  model  consists  of  two

components, denoted by G1 and G2 in the diagram. G1 is

the transfer function from the wind speed V, to the gen-

erator speed , and G2 is the transfer function from the

pitch demand β, to the generator speed . The transfer

functions of the feedback pitch controller and the feedfor-

ward controller are represented by GFB and GFF, respect-

ively.  is the generator speed setpoint. GL denotes the

transfer  function  of  LIDAR  measurement  and  GE  de-

notes  the  wind  evolution  process  from  the  LIDAR sens-

ing  position  to  the  turbine  rotor.  Thus,  for  the  system

shown in Fig. 10, the relationship between the input and

output can be described as

ωo =
GFBG2

1 +GFBG2
ωset +

GEG1 +GLGFFG2

1 +GFBG2
V. (7)

Subsequently, to compensate the effect from the meas-

ured wind disturbance to the generator speed, the feedfor-

ward  controller  is  designed  to  make  the  disturbance

transfer function as 0, which requires

GFF = −G1GE

G2GL
. (8)

Finally,  the  transfer  function  of  the  feedforward  con-

troller is obtained as shown in (9). G1 and G2 are known

directly  from the  linearised  turbine  model.  However,  GE

and GL are hard to be modelled, especially GE which rep-

resents a very complex wind evolution process. Neverthe-

less,  a  transfer  function  representing  the  relationship

between GE  and GL  can  be  estimated by a  filter,  which

employs the auto-spectrum of the LIDAR wind speed SA,

and the cross-spectrum between the rotor wind speed and

the  LIDAR wind  speed  SC
[25].  This  can  be  derived  from

the results in Section 2.1.
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Fig. 7     Baseline speed feedback control with drive-train filter
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GE

GL
= GEL =

SC

SA
. (9)

In  addition,  since  the  feedforward  controller  is  de-

signed  mainly  for  load  reduction  in  above  rated  condi-

tions,  the  implementation  in  the  transition  region

between the below rated and above rated should be taken

into account to avoid redundant pitch actuation in below

rated operation.

A switching scheme is developed to ensure the smooth

switching in the transition region, as shown in Fig. 11.

3.3   Stable  inversion  of  the  turbine  dy-
namics

As presented in the previous section, the calculation of

the  feedforward  controller  for  any  linearised  models  re-

quires  the  inversion  of  the  wind  turbine  dynamics,  i.e.,

the inversion of the linearised turbine model G2, from the

pitch  demand  input  to  the  generator  speed  output.

However,  G2  contains  positive  zeros  in  the  right  half

plane  (RHP),  known  as  the  non-minimum  phase  zeros.

When  conducting  the  inverse  calculation,  these  zeros

would become RHP poles leading to an unstable system.

In  this  section,  a  zero  phase  error  tracking  control

(ZPETC) method[42]  is  used  to  obtain  a  stable  inversion

of the model. The method was originally developed based

on a discrete-time control algorithm, while in this work, it

is  converted  to  a  continuous-time  version  for  the  estab-

lished turbine model and controller.

Denote the transfer function G2 as shown in (10).

G2(s) =
Bs(s)Bu(s)

A(s)
(10)

where  A(s)  represents  the  denominator,  Bu(s)  is  the

numerator which contains all the unstable zeros and Bs(s)

contains all the stable zeros.

Ideally  the  wind disturbance  can be  compensated ac-

cording  to  (7)  and  (8)  where  G2G2
–1=1.  However,  this

cannot be directly achieved due to the unstable  zeros  in

G2.  By applying  the  ZPETC method in  continuous-time

domain, a stable approximation of the inversed G2 can be

obtained,

G2
−1(s)∗ =

A (s)Bu (−s)

Bs (s) [Bu (0)]2
. (11)

Again the new result of G2G2
–1* will not have an ima-

ginary  part,  thus,  there  is  no  phase  shift  at  all  frequen-

cies.

3.4   Gain scheduling

To handle the nonlinearities of the wind turbine mod-

el  over  the above rated operating range,  gain scheduling

is  employed  in  developing  the  feedforward  controller.

Conventional  gain  scheduling  methods  include  methods

such  as  sliding  mode  control[43,  44]  and  linear  parameter

varying (LPV) control[45]. For convenience, a simple method

is used instead in this feedforward controller design. For

this  turbine  model,  the  rated  wind  speed  is  11.9 m/s.

Therefore, we design the feedforward controller at a giv-

en speed as discussed above, and then calculate the feed-

forward gain for  each wind speed from 12 m/s to 22 m/s

with  an  interval  of  2 m/s.  These  feedforward  gains  are

scheduled by applying a lookup table in implementation.

4   Simulation studies

The designed gain scheduling feedforward controller is

applied  to  the  5 MW  Supergen  nonlinear  wind  turbine

model.  Simulations  are  conducted  with  Simulink.  The

combined  feedforward  control  and  the  baseline  feedback

control is compared with the baseline controller. The con-

trol performance on the pitch actuator, rotor loads, tower

loads and power output are assessed by relevant measures.

In the reference wind turbine model, the rotor blades

are modelled as a whole,  instead of  being modelled indi-

vidually for each blade. Therefore, in the simulation, the

averaged blade root flapwise bending moment of the three

blades,  known as the out-of-plane rotor  torque,  is  evalu-

ated instead of the root bending moment on each blade.

Similarly,  the averaged blade root edgewise bending mo-

ment is evaluated, known as the in-plane rotor torque.

There  are  two  sets  of  simulations,  one  employs  a

12 m/s  turbulent  wind  speed  which  corresponds  to  the

transition region between the below and above rated op-

eration,  the  other  one  employs  a  20 m/s  turbulent  wind

speed which represents the high wind speed region.

4.1   Transition region

A turbulent wind with mean wind speed of 12 m/s and

turbulence  intensity  of  5%  is  used  in  the  simulation,  as

shown in Fig. 12. The results are generated both in time

domain  and  in  frequency  domain  taking  the  measure  of

power spectral density (PSD).

In Fig. 13, reduction in the pitch rate can be observed

from  the  results  using  the  combined  feedforward  and

feedback  control.  The  reduction  of  pitch  control  actions

implies an improvement for energy saving and lifetime ex-
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Fig. 11     Switching scheme in the transition region
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tension  of  the  pitch  actuator.  Switching  from  the  above

rated wind condition to the below rated condition can be

observed  in  Fig. 13.  In  below rated  operation,  the  pitch-

ing is fixed, thus the pitch rate is 0.

With the proposed method, the reduction in the rotor

torque  and  the  tower  acceleration  are  presented  in

Figs. 14–19.

Fig. 14 shows the alleviation of  the out-of-plane rotor

torque  fluctuations,  and  the  reduction  in  the  frequency

domain can be seen in Fig. 15. These demonstrate the im-

provements  on  rotor  load  reduction  in  the  out-of-plane

direction. Similar results on in-plane rotor load reduction

are shown in Figs. 16 and 17.

The considerable reductions in Figs. 18 and 19 represent

a much smaller tower movements in the fore-aft direction.

As a significant part of wind turbine performance, the

effect on the power output is also examined. As shown in

Fig. 20,  the  power  fluctuations  are  slightly  reduced,  but

not  much  affected  by  the  LIDAR-assisted  feedforward

channel.

4.2   High wind speed region

A turbulent wind with mean wind speed of 20 m/s and
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Fig. 12     Wind  speed  profile  used  in  the  transition  region
(mean wind 12 m/s, turbulence intensity 5%)
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Fig. 13     Comparison of the pitch activity (mean wind 12 m/s,
the dotted line represents the baseline feedback (FB) controller,
the solid line represents the combined feedforward (FF) and FB
controller).
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Fig. 14     Comparison of the out of plane rotor torque (mean
wind 12 m/s)
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Fig. 15     PSD  of  the  out  of  plane  rotor  torque  (mean  wind
12 m/s)
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Fig. 16     Comparison of the in-plane rotor torque (mean wind
12 m/s)
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turbulence intensity of 5% is selected representing a high

wind speed region, as shown in Fig. 21.

Simulation results in high wind speed region shown in

Figs. 22–28  also  demonstrate  the  reduction  in  the  pitch

variations,  the rotor loads and the tower loads when us-

ing the proposed method.

The  out-of-plane  rotor  torque  is  shown  in  Fig. 23,

where the load reduction performance is not as obvious as

that in the transition region. But the reduction on rotor

loads  can  still  be  observed  in  Fig. 24  at  specific  peaks.
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Fig. 17     PSD of the in-plane rotor torque (mean wind 12 m/s)
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Fig. 18     Comparison of the tower fore-aft acceleration (mean
wind 12 m/s)
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Fig. 19     PSD  of  the  tower  fore-aft  acceleration  (mean  wind
12 m/s)
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Fig. 20     Comparison of the power output (mean wind 12 m/s)
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Fig. 21     Wind speed used in the high wind speed region (mean
wind 20 m/s, turbulence intensity 5%)
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Fig. 22     Comparison of the pitch rate (mean wind 20 m/s)
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Similarly,  results  on  tower  load  reduction  are  shown  in

Figs. 25–28.  The  results  of  the  combined  feedforward/

feedback controller do not show apparent differences com-

pared with the baseline feedback controller  in high wind

speed region. Only small improvements on both rotor and

tower load reductions can be observed.

Finally,  Fig. 29  shows  the  results  on  power  output,

from  which  it  is  validated  that  the  added  feedforward

channel does not affect the power generation as expected.
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Fig. 23     Comparison of the out of plane rotor torque (mean
wind 20 m/s)
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Fig. 24     PSD  of  the  out  of  plane  rotor  torque  (mean  wind
20 m/s)
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Fig. 25     Comparison of the tower fore-aft acceleration (mean
wind 20 m/s)
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Fig. 26     PSD  of  the  tower  fore-aft  acceleration  (mean  wind
20 m/s)
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Fig. 27     Comparison  of  the  tower  side-to-side  acceleration
(mean wind 20 m/s)
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Fig. 28     PSD  of  the  tower  side-to-side  acceleration  (mean
wind 20 m/s)
 

10 International Journal of Automation and Computing

 



5   Conclusions

In  this  work,  the  information  of  LIDAR  wind  meas-

urement  is  explored  in  controller  design  for  large  wind

turbine systems with a focus on reducing structural loads

on  rotor  and  tower.  A  combined  feedforward/feedback

controller is established in which the feedforward channel

is  designed based on the  preview wind information from

pseudo-LIDAR measurement.

The original baseline control system has its own load

reduction design, i.e., the drive-train filter for drive train

load  reduction,  and  the  tower  feedback  loop  for  tower

load reduction. With the augmented feedforward control,

further  load  reductions  on  rotor  and  tower  can  be

achieved.  These  improvements  could  also  influence  the

drive-train components, since the rotor loads will propag-

ate down to the drive-train. As a result, the fatigue loads

on the wind turbine could be reduced leading to an exten-

ded lifetime and reduced maintenance cost. Moreover, the

reduction on pitch variations is also achieved indicating a

less  aggressive  pitch  actuator  activity.  Finally,  it  can be

observed  that  the  power  generation  performance  is  not

much  affected  by  the  proposed  control  method.  Com-

pared to the results in high wind speed region, the com-

bined  controller  shows  more  clear  improvements,  in  the

transition  region,  on  pitch  activities  and  load  reduction

performance.

The  modern  measurement  technique  of  LIDAR

provides  comprehensive  and  more  accurate  information

on  wind  speed  in  a  wide  changing  wind  field.  From the

controller  design  point  of  view,  this  improved  measure-

ment provides the opportunity of taking preview wind in-

formation into the controller  design.  The performance of

the  developed  control  system  largely  depends  on  the

proper use of such preview wind information. It is there-

fore  crucial  to  develop  a  working  model  of  wind  evolu-

tion  using  the  LIDAR measurement,  which  is  a  challen-

ging  task  due  to  the  complex  and  changing  behavior  of

wind. Another vital factor is how to extract reliable wind

speed  information  from  the  real  LIDAR  measurement.

This can perhaps be progressed through more systematic

data processing of the collected multi-channel data.

Appendix

Gvω

In the simulation study, there are six operating points

selected in the wind speed region of [12, 22] m/s with an

interval  of  2 m/s.  The  transfer  functions  between  the

wind speed and the generator speed, , at the six selec-

ted operating points are given as follows.

 

 

Gvω12 =
0.000 178 7s7 + 0.012 59s6 + 1.17s5 + 147.2s4 + 36.01s3 + 4441s2+183.8s+ 1.17× 104

s7 + 4.722s6 + 110.2s5 + 366.6s4 + 2241s3 + 1566s2 + 5620s+ 353.9

Gvω14 =
0.000 187 7s7 + 0.011 61s6 + 1.039s5 + 130.2s4 + 36.3s3 + 4631s2+193.1s+ 1.24× 104

s7 + 4.572s6 + 110.1s5 + 354.9s4 + 2244s3 + 1609s2 + 5619s+ 623.9

Gvω16 =
0.000 206 3s7 + 0.011 78s6 + 1.019s5 + 127.3s4 + 39.06s3 + 5027s2+211.6s+ 1.358× 104

s7 + 4.563s6 + 110.2s5 + 355.4s4 + 2260s3 + 1729s2 + 5662s+ 979.8

Gvω18 =
0.000 230 3s7 + 0.012 48s6 + 1.047s5 + 130.5s4 + 42.65s3 + 5531s2+233.9s+ 1.502× 104

s7 + 4.604s6 + 110.4s5 + 360.6s4 + 2281s3 + 1893s2 + 5724s+ 1414

Gvω20 =
0.000 255 2s7 + 0.013 28s6 + 1.085s5 + 135.2s4 + 45.83s3 + 6013s2+254.2s+ 1.639× 104

s7 + 4.609s6 + 110.6s5 + 362.8s4 + 2305s3 + 2057s2 + 5798s+ 1882

Gvω22 =
0.000 28s7 + 0.014 09s6 + 1.125s5 + 140.2s4 + 48.61s3 + 6465s2+272.5s+ 1.767× 104

s7 + 4.598s6 + 110.8s5 + 363.8s4 + 2332s3 + 2225s2 + 5879s+ 2379
.

Gβω

The transfer functions between the pitch demand and

generator speed , at the six operating points are giv-

en as follows.
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Fig. 29     Comparison of the power output (mean wind 20 m/s)
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Gβω12 =
−0.65s7 − 116.4s6 + 466.9s5 − 5 082s4 + 1.4× 104s3 − 8.53× 104s2+6.46× 104s− 2.09× 105

s7 + 4.702s6 + 110.6s5 + 365.2s4 + 2275s3 + 1563s2 + 5710s+ 359.6

Gβω14 =
−0.539 6s7 − 90.7s6 − 370s5 − 5 362s4 + 9570s3 − 1.419× 105s2+4.451× 104s− 3.714× 105

s7 + 4.55s6 + 110.2s5 + 353s4 + 2254s3 + 1602s2 + 5642s+ 626.6

Gβω16 =
−0.467 7s7 − 77.47s6 − 327.1s5 − 5 748s4 + 7390s3 − 1.864× 105s2+3.446× 104s− 4.973× 105

s7 + 4.545s6 + 110.2s5 + 353.9s4 + 2264s3 + 1723s2 + 5671s+ 981.6

Gβω18 =
−0.418s7 − 68.78s6 − 304.3s5 − 6 343s4 + 5822s3 − 2.324× 105s2+2.721× 104s− 6.263× 105

s7 + 4.59s6 + 110.4s5 + 359.4s4 + 2283s3 + 1888s2 + 5728s+ 1415

Gβω20 =
−0.383s7 − 62.57s6 − 287.6s5 − 6 943s4 + 4499s3 − 2.744× 105s2+2.109× 104s− 7.435× 105

s7 + 4.598s6 + 110.6s5 + 361.8s4 + 2307s3 + 2053s2 + 5799s+ 1883

Gβω22 =
−0.356 7s7 − 57.83s6 − 275.5s5 − 7 591s4 + 3394s3 − 3.166× 105s2+1.592× 104s− 8.609× 105

s7 + 4.589s6 + 110.8s5 + 363s4 + 2333s3 + 2222s2 + 5878s+ 2380
.

The feedforward controllers developed at these operat-

ing  points  are  described  by  a  set  of  6th-order  transfer

function models.

 

GFF12 =
1.334s4 + 56.7− 3s3 + 40.14s2+0.78s+ 105.6

s6 + 4.09s5 + 45.09s4 − 126s3 + 758.3s2 − 580.3s+ 1860

GFF14 =
1.5s4 − 0.01s3 + 53.32s2+1.02s+ 142.5

s6 + 3.94s5 + 61.69s4 − 118.9s3 + 1627s2 − 534.5s+ 4252

GFF16 =
1.72s4 − 0.02s3 + 67.59s2+1.3s+ 182.3

s6 + 3.93s5 + 77.47s4 − 115.4s3 + 2501s2 − 506.4s+ 6664

GFF18 =
1.98s4 − 0.02s3 + 83.61s2+1.62s+ 226.8

s6 + 3.98s5 + 96.21s4 − 112.2s3 + 3509s2 − 477.8s+ 9444

GFF20 =
2.25s4 − 0.04s3 + 99.69s2+1.92s+ 271.4

s6 + 3.99s5 + 115.6s4 − 107.1s3 + 4546s2 − 440.3s+ 1.23× 104

GFF22 =
2.52s4 − 0.05s3 + 115.7s2+2.21s+ 315.7

s6 + 3.98s5 + 136.4s4 − 102.2s3 + 5663s2 − 401.2s+ 1.54× 104
.
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