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Abstract:

A novel approach to reducing the unbalance rotor loads
by pitch control is presented in this paper. Each blade
has its own actuator, sensors and controller. These
localised blade control systems operate in isolation
without need of communication with each other. This
single blade control approach to regulation of
unbalanced rotor loads has several advantages
including being straightforward to design and easy to
tune. Furthermore, it does not affect the operation of the
central controller and the latter need not be re-designed
when used in conjunction with the single blade
controllers. Their performance is assessed using
BLADED simulations.

Keywords— Control, individual pitch, unbalanced rotor loads

1. Introduction

Largely driven by concerns over the environment, wind
energy has developed rapidly in recent years. Wind
turbine size has increased with the machines becoming
more flexible and dynamic. This has lead to greater
demands being placed on the control system including
the reduction of structural loads. The focus of current
developments is on the alleviation of asymmetric loads
on the rotor.

As a wind turbine blade sweeps through the wind-field, it
experiences loads caused by the rotational sampling of

the wind-field. These n€), loads are concentrated at

integer multiples (n) of the rotor speed (€2, ) and consist

of both deterministic and stochastic components. The
stochastic component largely arises from the turbulence
of the wind. The deterministic loads largely arise from
wind shear, tower shadow and blade imbalance [1].

Since the wind-field is continuously changing in time and
over the swept area, each blade of the rotor experiences
slightly different loads resulting in load imbalance across
the rotor. These imbalances not only impact on the rotor
but on the rest of the wind turbine structure and the
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drive-train. The most significant components of these
unbalanced load are typically those at 1€2, and 2€2,.

Individual blade pitch control has demonstrated great
potential to alleviate rotor loads in above rated wind
speed operation [2, 3, 4]. While they may differ in
structure or implementation details, all aim to reduce the
asymmetric loads by varying the pitch angle of each
blade individually in response to some suitable
measurement such as blade bending moments.
Improvements in sensor technology are now making
these individual pitch control algorithm a practical
possibility [2]. In Bell et al [2] significant reductions in
fatigue equivalent loads on the blade, the main shaft and
the yaw bearing are reported.

In previously reported approaches to individual pitch
control, individual pitch control is realised through the
wind turbine central controller. The loads on each blade
are measured, communicated to some controller which
then determines the pitch angle demand for each blade
using all the measurements. The direct-quadrature (d-q)
axis transformation is central to this procedure. In this
paper a novel approach to reducing the unbalanced rotor
loads by individual pitch control is presented. Each blade
has its own pitch control system operating in isolation
from the wind turbine central controller. The objective for
this SISO feedback loop is chosen so that only the
contribution to rotor imbalance is regulated. An
incremental adjustment to the pitch demand from the
collective pitch demand from the central controller is
determined for the blade using only the measurement of
the load on that blade. The instrumentation required for
each blade is bending moment sensors, typically optical
fibore sensors, and linear and angular acceleration
sensors to determine the tower motion.

The paper is structured as follows. In section 2,
individual pitch control design based on the d-q axis
transformation is discussed. In Section 3, the dynamic
model for a single blade in an inertial reference frame is
derived. The controller for the blade is designed using
this simple model. However, all the blades of the rotor
couple to the dynamics of the whole wind turbine. The
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required modification to the dynamics of the blade can
be expressed in terms of fictitious forces dependent on
measured accelerations only. The derivation of the
fictitious forces is discussed in Section 4 and the
dynamic model of the blade in a non-inertial frame
moving with the wind turbine described in Section 5. The
complete scheme based on single blade control is
discussed in Section 6. and conclusions drawn in
Section 7.

2. d-q Axis Transformation

The d-q transformation has its origins in three-phase
electrical machine theory [3]. It is the co-ordinate system

transformation from the three-vector, [X, X, X,]’,

to the two-vector, [ X, Xq]T, such that

S

{Xﬂ‘z'[ms@ cos(0+7) cos(%%ﬂ] '

X,| 3 [sin(@) sin(@+3) sin(@+%)

N =

The inverse transformation is

X, cos(6) sin(0)
X, |=|cos(@+3£) sin(@+3) |- [Xd}
X, cos(0+42) sin(f +4%) g

The application of this technique on a three bladed
turbine is shown in Figure 1.
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Figure 1: Individual Pitch Control Loop using d-q
Axis Transformation [2]

The angle, @, parameterising the transformation is the
azimuth angle. The dynamics between the three blade

bending moments, blade 1M , blade 2 M , and blade 3

My, and the three pitch demands, Blade Pitch 1

Demand, Blade Pitch 2 Demand, Blade Pitch 3 Demand,
consists of the complete wind turbine dynamics. The
transformation achieves a degree of separation of
design of the two controllers, Controller 1 and Controller
2.

3. Single Blade Model

Consider the situation depicted in Figure 2. The root of a
turbine blade is fixed at the origin of the stationary axes
such that the blade initially lies along the x-axis in the x-y
plane. The blade is pitched by angle, «, about the x-
axis. The in-plane and out-plane angles of deflection of

the blade are &, and ¢, as shown.
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Figure 2: Single Blade Motion

The Lagrangian for the blade, ignoring external forces, is
l '2 1 '2
L=T-V :EJGR +EJ¢R
_[% kE (eRca _¢Rsa)2 +%k1«"(0RSa + ¢Rca)2]
k, =Jo;, k. =Jo;,

¢, =cos(a), J is blade inertia and w, and @, are

blade and flap frequencies, respectively. It follows that
the equations of motion for the blade are
2

iR rsclicnied vl

w,s. +w,c. Pe
1| M,
+_
J| My

where M ,, and M ,, are the in-plane and out-of-

where s, =sin(a),

2
a

2 2 2
wc, + LS,

plane aerodynamics moments. The in-plane and out-of-



plane blade root bending moments, M, , and M, ,,

are
{MW}
MO/P

2.2 2.2

:J.|: w5c, + s,

2 2
(a)E - a)F )gaca

However, the axes shown in Figure 2 are not stationary.
The axes rotate with the hub and origin moves with the
tower. Hence, the axes set depicted in Figure 2 are non-
inertial. The modification to the dynamics required to
account for the axes being non-inertial are the fictitious
forces arising from the acceleration of the axes relative
to some inertial reference frame such as earth axes.

2.2 2 2
s, +w.C, br

(o} MHQ}

4 Fictitious Forces

The linear and rotational acceleration of the tower are
considered in separately. Four sets of coordinate
systems are used to represent the dynamics of the
single turbine blade. They are defined in Figure 3.

@, - Tower fore-aft angle
0,- Tower side-to-side angle
S Tower torsional angle

Wrx, Wry - Nacelle motion
WRy - Rotor/drive shaft speed
¢ - The pitch Euler angle

0— The yaw Euler angle

Figure 3: Axes sets
The axes sets are defined as follows.

1. Earth frame (X-Y-2)

Tower frame (X-Y1-Z7): Parallel to the earth frame
but with the origin coinciding with the hub and
moving linearly with the top of the tower.

3. Rotor frame (Xg-Ygr-Zr): Rotates with the drive shaft
and its axis Zg is aligned with the drive-shaft.

&

Blade body centred frame (Xg-Yp-Zg): The axis Xg
is aligned with the blade and the origin coincides
with the hub centre.

The rotations for all the axes sets are defined using
Euler angles. The notations used in this Section are
defined in Table 1.

Symbol Description
Angular velocity components of the body
Q centred frame relative to the earth frame
______________ represented in the body centred frame.
y Angular velocity components of the rotor
Q, frame relative to the earth frame

______________ represented in the rotor frame
Angular velocity components of the rotor

Q' frame relative to the earth frame

represented in the body centred frame
Angular velocity components of the tower

; frame relative to the earth frame

Angular velocity components of the rotor
[0 frame relative to the tower frame
represented in the rotor frame

Angular velocity components of the body

Wy centred frame relative to the rotor frame
______________ represented in the body centred frame
> Displacement from the origin of the blade
______ R____| centre of mass in the tower frame
k9 Linear acceleration of the blade centre of
_____ r R ___]massinthe towerframe

5 Linear acceleration of the tower frame in
Ro the earth frame
R Euler angle (3-2-1) rotation from the tower

... [|frametotherotorframe
Euler angle (3-2-1) rotation from the tower
R, frame to the rotor frame. The yaw and pitch

Euler angles are ¢ and ¢

Euler angle (3-2-1) rotation from the rotor
R, frame to the blade body centred frame. The
yaw and pitch Euler angles are ¢ and ¢

Table 1: Key Notations
4.1 Linear Fictitious Forces

The linear motion of the blade centre of mass has only
two degrees of freedom due to the blade root being
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attached to the hub, see Figure 4. Hence, F;

Total *

the

total force exerted on the blade centre of mass in the
rotor frame, is

~

FTnml :FB+FT+2/17R

where F) is the force on the blade with respect to the
inertial reference frame instantaneously coinciding with

the rotor frame, ﬁT is the fictitious force associated with

the linear acceleration of the rotor frame and 247, is the
modification required to meet the constraint on the linear
motion with 1 a suitable Langrange multiplier. The linear
acceleration of the rotor frame is due to the tower
motion.

Blade CoM Path of blade CoM

Figure 4: Motion of Blade's Centre of Mass

The fictitious force on the blade arising from the tower
motion is determined by

Fr+2Ar, = Frp —

Fy=my(rp, + 1) — Mgl =myly,

where m is the blade mass. The torque, MT, in earth
axes, corresponding to the fictitious force, is

~

M, =7y xFp =1, X Fp + 21, X ¥y = Mgl X Ty,
which becomes in body centred axes

M; =R,M; = R, (myry X r,)
0
= myl| = CpSyXp, =45,V ry —CyZn,

CHyRo - SHXR()

with 7, =[xz, Vo zRO]T and

/ CoCs =Sy €Sy | 1

~ _ -1 _
R=Ry|0|=|s,c, ¢5 5,50

— 8, 0 ¢

where [ is the distance between the blade’s centre of
mass and the centre of rotation of the rotor.

These generalised forces have a simple interpretation.
The linear acceleration of the tower frame in the body
centred frame is

ag, ¢, 0 —s, c, S, O] X,
Ry 1y =lag [=]0 1 0 |'|=s5 ¢4 O]V,

g, s; 0 ¢, 0 0 1]]z

o

CyCoXpo T CsS9Vro —S4ZR,
= CoVro ~S0XRo

S4CoXp, T 5480V, +CsZn,

Hence,
MTR =mbl'[0 —dp; aBZ]T

where a,, is the acceleration of the centre of rotation of
the blade perpendicular to the blade in the plane of
rotation and a,, is the acceleration of the centre of
rotation of the blade perpendicular to the plane of
rotation. It is straightforward to measure both a,, and
ag, using appropriately aligned accelerometers. Note

that a,, also picks up gravity effects of the blade, hence

gravity doesn’t appear as part of the potential energy
term in the Lagrangian of the single blade.

4.2 Rotational Fictitious Forces

The total torque ]\?Tm
body centred frame is

, on a rotating blade in the blade

~

My =Mp+M,

where ]\7[3 is the torque on the blade with respect to the
inertial reference frame instantaneously coinciding with

the rotor frame, MT is the fictitious rotational force

associated with the angular acceleration of the rotor
frame. The angular acceleration of the rotor frame is due
to the tower motion.

The fictitious force on the blade arising from the tower
motion is determined by



where [, is the inertia matrix of the blade in the blade
body frame. Since

1
-10
0

I, =

oS O O
o K o
N o o

J 0 0
=10 J 0
0o 0 J

Given that the rotational velocity components of the body
centred frame can be expressed through the Euler's
angles:

Q=R,-Q, +&,

. ’
CoCs —Sg CoSy| | Qi — b, Q + o
_ 7 _ '
=15, Co SpSy || Qe |+ 9 |=|) o,
. '
-s; 0 ¢ Q, e, Q) + o,

MT can thus be expressed as:

M, =M, —M,
= 1,0+ 0x(1,8)-[1,6, + @, < (1,a,)]
0
-1, (RZQR RO, )— J(QQ, + 0,0, + Qo))
~J(QQ, +0,Q, +Qw,)

The two terms JO O and —JQ,Q, can be interpreted as

centrifugal stiffening of the blade, see Appendix They
can thus be ignored for the rest of the analysis.

Furthermore, the term, @, x(I,@,), can be ignored

since each element is the square of small terms. It
follows that

0
M,.=J —85,Q , +c€QyR
S4Co8 x + 545,82 +¢,Q 4
Note that

=5, p +¢,Q and

S4Co Q2 0 545, p+¢,Q, are the rotational
acceleration components of the rotor frame relative to

earth frame §~2R, transformed into the body centred
axes.

Thus the rotational fictitious torque is expressed in the
rotor frame as followed.

M, =Jo Q. a,

Qand Q ,are

measured at the origin of the rotor plane (hub).

5 Full Blade Model

where rotational accelerations

The full non-linear model of the blade including the
coupling to the rest of the wind turbine dynamics is:

6, [ o+ais: —(oi-ob)s,c.] [
bl |- -0ihe,  @isivaicl |4
+l MAH +l MreR
S M| T My,
|:M1/P:|:J‘|: wéci"'wési
Mo - (a)é - a)ﬁ )Yaca
With the fictitious forces:
M a Q
Ty :mbl|: B2 j|+J ) zZR
MT¢R —dps QyR
More appropriately for the purpose intended here, this

model can also be expressed in terms of the namely in-
plane and out—of-plane moments:

|:M1/P:|:_A(a{MI/Pj|+A(a{MAHR +MT9Ri|
MO/P MO/P MA¢R +MT¢R
|:9:R:|:lA—l(a)_|:M[/P:|
¢R J MO/P

2 2
- (a)E - a)F }'aca i|

2.2 2.2
weS, +wpC,

(ww)y}m

2 2 2 2
@S, + w5, Or

A(a):[ 0l + 75!

2 2
- a)E_a)F aca

2 2 2 2 2 2
1 [(a)Esa +wrc, (a)E - W5 )905%}

2 2 2 2 2
Dy Wy -

A"l(a):

2 2.2
Wy a)F)saca W C, + WS,

The derivation of this model is explained in Appendix B.



Now, the control system should be modified by
subtracting the contribution of the fictitious forces from
the measured bending moment as shown in Figure 5.
The fictitious forces are derived directly from measured
accelerations.

Pitch Bending
Blade [Moment
Model v
Fictitious Load

Dynamics

Figure 5: Feedback Control System for the
Blade Model with Tower Dynamics Deducted

6 Control System Design
The controller for the blade is designed to achieve the
following objectives:

1. The blade out-of-plane bending moment is regulated
to follow a set point derived from the central
controller pitch demand. The pitch of the blade is
adjusted to compensate for the disturbance to the

out-of-plane bending moment at 12 and 2€), .

2. The dynamics of the actuator must

unchanged to the central controller.

appear

3. Aerodynamic non-linearity is counteracted by global
non-linear control.

4. Smooth switching between below-rated and above-
rated must be achieved.

One possible controller structures is shown in Figure 6.

L CB2 CB3 | PP

,B »t lB tot ﬂd

MV

adjusted

Central Controller

CB4 A ]
Pitch Signal

ﬂCol mod

Figure 6: Overall Control Structure

PP represents the pitch actuator dynamics and the blade
dynamics with the fictitious forces added to the
measured out-of-plane bending moment to decouple
their dynamics from the rest of the wind turbine
dynamics.

CB2 is the pitch controller for the local feedback loop at
the blade. If the sole objective of the blade controller is

to reduce the unbalanced loads in the vicinity of 1€,
then the pitch controller would be a form of band pass
filter centred on 1€2,.

CB3 is the compensation for the aerodynamics non-
linearity. Together with the switching position, velocity
and acceleration of the actuator output are all
constrained. Priority is given to the central controller
demand. When the pitch position, velocity and the
acceleration of the central controller demand approach
their limits, the action of the local feedback loop is
reduced accordingly.

Actuator position output

1.5

T —————— Upper limits
ActuatorOutputs

[rad]

Lower limits

0.5 H
M -

0
0 10 20 30 40 50 60 70 80 90 100
Col mod

Actuator rate output
0.5 T T T

NNV NANANNANNNANNNNA—— N

0.5 . . . .
0 10 20 30 40 50 60

Actuator acceleration output
% ;
5 0 I\J\'\'\MANWVV\"NV\
) v
. . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Time [sec]

[rad/s]
o

70 80 90 100

Figure 7: Actuator Position, Velocity and Acceleration
Outputs

In Figure 7, a slowly varying pitch demand from the
central controller is modified by rapidly varying increment
due to the local feedback loop. Smooth switching in and
out of the local feedback loop at 65 seconds and 93
seconds caused by the central control demand
approaching and going below zero degrees. It can also
be seen that the pitch velocity and acceleration limits are
respected.

CB4 compensates the pitch demand from the central
controller to counteract the change in the actuator
dynamics caused by the local feedback loop. The local
feedback loop is thereby made invisible to the central
controller. The turbine speed controller sets the average
demand for the pitch angles as required to control the
speed; the blade controllers make incremental
adjustments to this average. The former is an outer
feedback loop; the latter are inner feedback loops. The
actuator plus blade feedback loop can be considered to
be a modified actuator. As long as it has 0dB at low
frequency, the outer feedback loop continues to regulate
the speed as required. The only consequence would be
that the dynamics of this modified actuator might be
different from the original actuator but this is
compensated by block CB4.



Feedback loops as described above were applied to all
three blades on a BLADED simulation of a large multi-
MW wind turbine. To focus the assessment on the
stochastic components rather than the deterministic
components which can also be reduced by cyclic pitch
control, the results are obtained with both tower shadow
and wind shear turned off. The controller is active over a

frequency range including 1€2;and 2€2 but with wash-

out at low frequency and roll-off at high frequency. For a
mean wind speed of 18m/s and turbulence intensity at
17%, the out-of-plane root bending moment is reduced
by 12%. The tower torsional moment is reduced by 17%.
The main bearing tilt moment is reduced by 23% and the
main bearing yaw moment by 22%.

7. Conclusions

The role of the wind turbine controller has recently been
extended to include the alleviation of structural loads.
The alleviation of the rotor loads by pitch control has
recently been investigated. By separately adjusting the
angle of pitch of each blade, the unbalanced loads on
the rotor could be reduced. A novel approach to
reducing the unbalance rotor loads is presented in this
paper. Each blade has its own actuator, sensors and
controller. These localised blade control systems
operate in isolation without need of communication with
each other. The controller for a single blade is designed
on the basis of the blade dynamics alone to determine
the adjustment in pitch angle required to counteract the
component of the blade bending moment contributing to
unbalanced rotor loads. The following issues are
discussed, the decoupling of the blade dynamics from
the dynamics of the rest of the wind turbine, the dynamic
model of the single blade, the nonlinear aspects of the
controller design. This single blade control approach to
regulation of unbalanced rotor loads has several
advantages: there is no need to communicate with the
central controller in the nacelle; the presence of the local
blade controllers is invisible to the central controller; the
controller, being dependent on the blade dynamics
alone, is straightforward to design and easy to tune
(indeed, re-tuning is not required if applied to a different
wind turbine with the same blade). The performance of
the single blade controllers is assessed using BLADED
simulations.
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10. Appendix A: centrifugal stiffening

Centrifugal stiffening is the restoring moment on the
blade that opposes the blade flap or edge motions. This
is caused by the rotational motion of the rotor.

The rotational tower fictitious load is expressed as
followed.

~ ~

MT =M, —My
0
=1, (RzﬁR RO, )— QY+ 00, + Qo))
~J(QQ, + 0, +Qw,)

In which terms jo 0 and _;q o, are the blade

centrifugal stiffening. They are also the components of
the following cross-products.

(IBSNT)XEZ’
0] o 0
=J Qx| =0
O] [ oS

The first term of the cross product is the angular
momentum components of the rotor frame represented
in the body centred frame relative to earth frame. To
show the effect of the resultant moment graphically, refer
to the blade body centred frame as shown in Figure 8.

The cross product of Isz’and the component of Q'in
the Yz — Z5 plane (Q'ZZB + Q;YB ) is zero, hence the cross

product (IBQ')sz’ is reduced down to the following

cross products representing the moments in directions of
Yz and Z;.



M, 0 0
M, |=| (x| =| Jaie,
M_| || | -Ja,

Moments A/ and A _are in opposite directions to the

blade flap and edge motions. They are the restoring
moments in the blade flap and edge directions, i.e. the
blade centrifugal stiffening.

Blade
CoM

Figure 8: Graphical interpretation of the cross product
between angular momentum and velocity components

This analysis shows that the centrifugal stiffness of a
rotating blade can be calculated from multiplying the
blade inertia by the products of the angular velocity

components both along the blade and perpendicular to
the blade.

8. Appendix B: derivation of the final
model

Given the blade non-linear model:

] 2.2 2.2
[HR} 3 { wiC, +O5S,

.o - 2 2

¢R - (a)E - a)F )yaca

1My | 1| Mgy,
+— +—
S (M| J| Mz,
w,c. +wrs]

{MW}J{
Mo, p - (a)é - a)ﬁ )Yaca

Now let:

(ww)y}m

2.2 2 2
@S, + w5, Pr

(ww)y}m

2 2 2 2
@S, + o, Or

w,c. + wrs)
A(a) = ( 5 2)9
- E a)F aca

_ ca Sa a)l%j 0 ca _Sa
s, e ]l 0 @ |ls, e,
0 o

The equation of motion can thus be re-written as
followed.

éR _ a)é 0 - ,[GR}+l MAeR +MT€R

Pr “Lo a); k] I MA¢R +MT¢R
Multiply both sides of the equation above by T gives the
following.

] Jep 0 Or 1| M, +Mpy,
T, F =1, T " Ta~[ T,
Pr 0 Pr J [ Mg, + Moy,

let:
A
= Ta
¢Ra ¢R

é,,and g}'Ra can also be expressed by the in-plane and
out-plane moments (M, , and M, )as followed.

0 )
{.R”}+d{ R”}
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__ w; 0 | Ore wT s M 5, + My,
0 601%- ¢Ra ¢ J MA¢R+MT¢R
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| ¢ 0 a’; ¢Ra

Mogp R
. Ora :l 1/ 02 T, - M
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. éRa Zl_l/wé 0 _‘ d T, M,
bra | J O 1leop||dt M,,,
;l 1/a)§ O . Ta MI/P —O{Ta MI/P
VAR l/a);_ M, M, ,



Combined with the equation derived previously, the
following expression for the in-plane and out-plane loads
can be derived.

1 Vap 0 |r A?I/P G, M, p

JL 0 Mg, M,p
3 w; +d 0 11/ o} 0 7 M, ,
0 or+a|J| 0 lVaop| “ My,

1 |:MA9R +MT9R}

+T,-—
J MA¢R +MT¢R

:>Ta|:A:'II/Pi|_dTa|:MI/P:|
MO/P MO/P
_ |op+a 0 . M,,
0 o, +é| | My,
2
1) 0 M,, +M
+|: E 2:|'Ta'|: A6y THR:|
0 w; M, +Mr,
:{A{IW}:_TQ—{@; OZ]TQ '{MI/P:|
Mgp 0 My,p
2
4 | @ 0 MAQR +MT9R
0 o gy T M1y,
M M M, +M
MO/P MO/P MA¢R +MT¢R
The aerodynamic loadings are functions of wind speed,

time derivatives of in-plane, out-plane angles and the
pitch angle.

) sl
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The derivatives of the in-plane and out-plane angles can
be derived from the in-plane and out-plane moments as
followed.
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The non-linear single blade model can thus be
expressed in a simpler form which makes linearisation
easier.
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