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Abstract: As the wind turbine size has been increasing and their mechanical components
are built lighter, the reduction of the structural loads becomes a very important task of wind
turbine control in addition to maximum wind power capture. In this paper, we present a
separate set of collective and individual pitch control algorithms. Both pitch control
algorithms use the LQR control technique with integral action (LQRI), and utilize Kalman
filters to estimate system states and wind speed. Compared to previous works in this area,
our pitch control algorithms can control rotor speed and blade bending moments at the
same time to improve the trade-off between rotor speed regulation and load reduction,
while both collective and individual pitch controls can be designed separately. Simulation
results show that the proposed collective and individual pitch controllers achieve very good
rotor speed regulation and significant reduction of blade bending moments.

Keywords: wind turbine control; blade load reduction; collective pitch control; individual
pitch control; Kalman filter; LQRI

1. Introduction

The main objective of wind turbine control is to make wind power production economically more
efficient. This objective is often achieved in two distinct regions, i.e., the below rated wind speed and
the above rated wind speed regions. In the below rated wind speed region, generator torque control is
used primarily to control rotor speed to track the maximum power coefficient in order to maximize
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energy capture. In the above rated wind speed region, the blade pitch control is used primarily to
regulate the rotor speed in order to regulate the aerodynamic power within its design limit [1]. As the
wind turbine sizes are increasing and their mechanical components are built lighter, the reduction of
the structural loads becomes a very important task of wind turbine control because structural loads can
reduce turbine reliability and lifespan and also may cause power fluctuations. In particular, the
reduction of blade loads has received special interest. Wind speed variations across the turbine rotor
during rotor rotation, which is caused by the large rotor blade size, the wind shear, turbulence and
tower shadow effects, cause periodic oscillations in blade structural loads, and this structural load is
especially important in the above rated wind speed region because high structural loads arise from
strong winds. Therefore the individual pitch control is sometimes considered since common collective
pitch control cannot compensate for the periodic loads on the blades.

Individual pitch control has been investigated by a number of researchers and shown to be
beneficial [2—-18]. However, individual pitch control can reduce only the oscillation of blade bending
moment, not its steady-state value. The collective pitch control can mitigate the magnitude of bending
moments, but this is in conflict with the control objective of rotor speed regulation. A modern
multi-input, multi-output (MIMO) control framework can be used to explicitly take into account the
conflicted control objectives which are regulating rotor speed while reducing blade loads, and the
so-called centralized pitch control can be designed where the collective and individual pitch commands
are generated from the same controller [2—4]. The advantages of centralized pitch control include that
it handles multiple control objectives. Although the design of centralized pitch control is desirable
from the control point of view, the separate collective and individual pitch control system is still
preferable to the majority of wind turbine industries since individual pitch control is considered as a
secondary controller working as an on-off mechanism.

In this paper, we present a separate set of collective and individual pitch control algorithms. Both
pitch control algorithms use the LQR control technique with integral action (LQRI), and utilize
Kalman filters to estimate system states and wind speed [5-8,19]. Compared to previous works, our
collective pitch controller can control the rotor speed and collective, i.e., the steady-state value of,
blade bending moments together to improve the trade-off between rotor speed regulation and load
reduction, while the individual pitch controller reduces the fluctuating loads on the blades. The
individual pitch controller is designed separately as an additional loop around the system, and can be
added on to the collective pitch controller. In this way, we utilize the advantages of both the central
pitch control and the separate set of collective and individual pitch control systems. Our algorithm can
compensate for the effect of wind disturbance and can reduce the blade loads significantly, while using
the same blade bending moment measurements to those of previous works.

In the next section, the dynamics of the wind turbine is modeled as a time-varying system and is
converted to two time-invariant systems for the collective and individual pitch controller designs
respectively. In Section 3, the collective and individual pitch control algorithms are developed based
on the LQRI and state estimation of the Kalman filter. The performance of control algorithms is
evaluated in Section 4 using computer simulations, and conclusions follow in Section 5.
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2. Wind Turbine Model

A wind turbine is a highly nonlinear system and difficult to model. A very complex mathematical
model containing several degrees of freedom is necessary to fully explore wind turbine system
behavior. The wind turbine system under consideration in this paper is commercial 2 MW 3-bladed
horizontal axis system. To model this wind turbine, the GH Bladed [20], commercial software, is used.
The rotor blades are modeled with six modal frequencies in the flapwise direction and five modal
frequencies in the edgewise direction. Tower motion is modeled with two modes both in fore-aft and
side-side directions, respectively. The flexibility of the shaft connected to the rotor side is modeled by
an equivalent spring constant and damping. The pitch actuator and generator torque dynamics are also
modeled with second order and first order systems, respectively. This high fidelity model is used for
simulations with the designed controller.

For the pitch controller design, a simple linear wind turbine model is required that sufficiently
describes the dynamics of wind turbine. In this paper, the simple wind turbine model utilizes rigid
rotor blades and drive-train, while tower is modeled by one mode of fore-aft motion and one mode of
side-side motion [3,9,10]. Consider the blade coordinate system as shown in Figure 1(a), where the
x-axis points in the direction along the main shaft, the z-axis points toward the blade tip, the y-axis
forms right-handed rule, and its origin is at the blade root. Consider also the fixed hub coordinate
system as shown in Figure 1(b), where the x-axis points in the direction along the main shaft and the
z-axis is in an upward direction, and its origin is at the hub center.

Figure 1. (a) Blade coordinate system; (b) Fixed hub coordinate system [21].

Zz

Then, the moments on the hub can be expressed using blade root moments as follows:
3
Mx = sz,i
i=1

3
b
M, =2cos‘1’iMy’i (1)

i=1
3
— ; b
M. = lesm V.M,
where ¥, is the blade azimuth angle defined as zero when the i-th blade is in the upward position, M7,

is the aerodynamic component of the i-th blade root moment in the x-axis, and M7, is the measured

i-th blade root moment in the y-axis of the blade coordinate system, and both are given as follows:
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M!,=c, (vi,Q,,ﬂ,-)%pﬁijz
b 1 ) o ()
Myz = CM), (vl’Qr’ﬂl)Epﬁva
where C,, and C,, are the moment coefficients, 3, is the rotor speed, S, is the pitch angle of the

i-th blade, p is the air density, R, is the rotor radius, and v, is the relative wind speed for the i-th
blade, which is the sum of the blade effective wind speed v, and tower fore-aft motion as follows [9]:

3R
— X, + 3 3k, _cos'P, 3)

i g

where H is the tower height and x , is the tower fore-aft translation.

Similarly, the forces on the hub can be expressed as follows:
3
Fx = zFxbt
i=1

3 4)
Fy = Zcos ‘Pl.Fyi.

where F and F), are the aecrodynamic components of the i-th blade forces in the x- and y-axis of
blade coordinate system respectively, and are also given as follows:
1
Fb =C, (vl,Qr,ﬂ)2p7szvl
| 5)
Fb _C (VIJQr7ﬂ)2pﬂval
where C, and C, are the force coefficients.

Since the wind turbine model is highly nonlinear, it has to be linearized at some operating point for
the controller design. The moments on the hub can be linearized as follows:

b b b b
oM Z 6MX 5y, + oM M, sy 6MX 38M f
op aQ ov
3 oM?® aM” aM” 27R,
oM = cosV, LSy
) (a " op ﬁ’J ov 16H ©)

3 oM" oM"
M, =) sinW,| —=6v,, +—3B,
i=1 ov ’ op

where ¢ denotes the difference from equilibrium value. The forces on the hub can be linearized
likewise as follows:

Fb P’ F° oo
OF, Z 0 Sy, + a —X 5, a =X, 3a X,
ov op aQ, ov
7)
3 OF" OF" aF” 27R, (
OF, =Y cosW,| —dv,, +—— 3, ! X4
P ov " op ov 16H
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With the assumption of a rigid drive-train, the linearized rotor angular acceleration is described as:
J,0Q,=0M,—-N,oT, (8)
where J, is the effective moment of inertia of rotor, generator and transmission, N . is the gear ratio,
and o7, is the perturbed generator torque. The tower motion is approximated by one mode of fore-aft

and one mode of side-side motion as follows:

.. . 3
M3, +Dx, +Kx, =0, +E6My
IN )
Mtj}ss +Dtj/ss +Ktyss :éF'y + 2[_Ig Wg

where M,,D,, K, are tower modal mass, damping and stiffness, respectively, and y  is the tower
side-side translation. The multiplier 3/(2H) is the ratio between displacement and rotation of the tower
top, assumed that the tower is approximated with prismatic beam subjected to a bending force load [9].

Equations (6-9) describe wind turbine dynamic equations and show that the wind turbine has
time-varying dynamics even under constant wind conditions. To make the control design problem
time-invariant, the time-varying wind turbine model is transformed to a linear time-invariant model
using the Coleman transform. The Coleman transform and its inversion are defined as [22]:

1 cos¥, sin'?,
P=|1 cos¥, sin'Y,
1 cos¥; sin'Y,
1/3 1/3 1/3
P ={(2/3)cos¥, (2/3)cos¥, (2/3)cos¥,
(2/3)sinY¥, (2/3)sin¥, (2/3)sin'¥Y,

(10)

where W, =¥, +27z/3 and ¥, =¥, +4x/3.
Transforming perturbed wind speed, pitch angles and blade moments in Equations (6) and (7) to the

variables in the Coleman frame yields the following moment equations:

oM’ oM’

b
X

M
M, =3 (§v06—)'cfa)+3a P, +3 X,
ov : op Q.
oM* oM"® oM"
My =—(Vy, —x,,)+— P, + ——X,
ov : op oQ,
oM* oM* oM’ 9R, an
M, =—L6v, +—2B, ———1L%,
ov op ov 8H -
oM | oM |
M, = = o, 5 5B,

and force equations:
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F’ F’ F’
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OF, ==—6v,, +=—=3p, - Xg
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where 6, and Jf, are the perturbed collective wind speed and pitch angle respectively, ov,, and dv,,
are the perturbed wind speed, 5, and 6B, are the perturbed pitch angles, and oM, and oM are the

perturbed moments in the d-(tilt) and g-axis(yaw) of the Coleman frame, respectively, which are
defined as follows:

v, O, p. Py oM W;,l
Sy |= P oy |, | OBy =P 5B, |, |M, |=P" 5Mﬁ,2 (13)
vy, Oy s p, op; oM, Wﬁﬁ

The effective wind speed of each blade varies due to wind shear, turbulence and tower shadow
effects, which results in periodic blade loading with the rotation of the rotor (so-called 1p, 2p, ..., etc.
loading). According to Equation (13), the 1p blade loading is transformed into constant loading in the

Coleman frame, and the reduction of 1p blade loading can be achieved by reducing the constant values
of the load in the Coleman frame. From Equation (11), these values can be controlled mainly by &g,

and of,, and are almost decoupled from the collective pitch control &, , while the rotor speed and the

collective blade moment can be controlled mainly by §43.. This means that the collective and the

individual pitch controls can be designed separately for their own control objectives.
3. Pitch Controller Design

The time-invariant wind turbine dynamic Equations (8,9,11,12) can be written in state-space form
as follows:

x=Ax+ Bu+ Gd
z=Cx+ Du+ Fd (14)

where:

=@, x, %, v, 3. u=log o8 o8 or|
d:[&}oc Foq &}Oq]r’zz[&r M, M, Wq]r

The controller in this paper consists of three independent control loops: generator torque control,
collective pitch control, and individual pitch control. The generator torque control is maintained
constant at the above rated wind speed and the drive-train damper is included to damp the drive-train’s
torsional oscillation. The conventional Pl-based collective pitch control is also designed for
comparison purpose, which includes some low-pass filter and notch filter. However, the design of the
conventional collective pitch controller is not within the scope of this paper. The collective and
individual pitch controllers are designed in this paper.

As discussed in the previous section and from Equations (8) and (11), the collective wind speed and
pitch angle mainly affect the rotor speed and the collective blade moments, while the d- and g-axis
wind speeds and pitch angles mainly affect the d-and g-axis blade moments. Therefore, Equation (14)
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can be decomposed into two sets of equations. One equation based on the assumption that all d- and
q-axis variables are zero in Equation (14) is given as follows:
X=Ax+Bu, +Gd,
(15)
z, =Cix+Du, + Fd,

where:

u =0f.,d =ovy,, z, :[énr 5M0]T

and the other equation based on the assumption that all collective variables are zero is given as follows:
X=Ax+B,u, +G,d,

z,=Cyx+D,u,+F,d, (16)

where:
u, :[5ﬂd 5@,]Ta d, :[&/Od &/Oq r, Zy :[Wd Wq]r

From Equations (14-16), it is clear that the system state variables x cannot be used directly as
measurements for control feedback because the state variables in Equations (15) and (16) are different
from those of Equation (14). The state variables in Equation (15) are influenced only by the collective
wind speed and pitch angle, and those in Equation (16) by the d- and g-axis wind speeds and pitch
angles, respectively, whereas the variables in Equation (14) are influenced by all of them. Therefore,
instead of measuring the state variables, we should estimate those variables from measured rotor speed
X2, and moment M in the case of Equation (15), and measured moments oM, and oM, in the case

of Equation (16).
3.1. Collective Pitch Controller

The collective pitch controller is designed based on the dynamic Equation (15), where the inputs are
the collective pitch angle 58, with the collective wind speed 6v,,, and the measured outputs are the

rotor speed &2, and moment 6M . The collective wind speed is estimated here and used by the pitch

controller. The wind speed d, in Equation (15) can be modeled as an unknown constant with the
addition of white noise of power spectral density W, as follows:

d, = w, w,~(0, W) (17)

Now, the Kalman filter is designed to estimate system states and wind speed based on the following
augmented system with the wind speed:

HE MU HE
2 =[c, Fl]b}DIulwl

1

(18)

where v, is the measurement noise with the power spectral density of 7.
Based on the state estimates, the LQR controller is designed, such that time domain performance
criteria as minimal rotor speed variation and blade moment are directly included in the design. Since
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the standard LQR provides only proportional gains, Equation (15) is augmented with the integral of the
rotor speed in order to cancel steady-state errors for step wind disturbances. Let &2, be the integral of
the rotor speed &2, , then the augmented system becomes:

L:);Hg 8} {&XZHQ (19
o a2

where C,=[1l 0 0 0 0],and y, is the performance output. The LQRI based collective pitch control

1s determined such that it minimizes the cost function:
J = _[(Y1TQ1y1 +uy Ruy) dt (20)
0

where the trade-off between rotor speed regulation and blade load reduction can be explicitly
considered in the weighting matrix Q, .

The collective pitch control command is calculated in a straight forward manner as follows:

c

t
5ﬂcmd = KXL'()I‘)% + chol_[&r dt (21)
0

where x is the state estimate from the Kalman filter.
3.2. Individual Pitch Controller

The individual pitch controller is designed based on the dynamic Equation (16), where the inputs
are the d- and g-axis pitch angles J8,, B, with the wind speeds &v,,, ov,, , and the measured outputs
are d- and g-axis blade moments oM ,, oM .

Because the 1p variation of wind speed is transformed into a constant in the Coleman frame, the
wind speeds 4, in Equation (16) can be modeled as unknown constants with the addition of white

noise of power spectral density ¥, as follows:
dz =w,, w, ~(0, W,) (22)

The Kalman filter is designed based on the following augmented system with wind speeds:

il Sl lele)

2, =c, Fz][;

2

(23)
} +Dyu, +v,

where 7, denotes the identity matrix and v, is the measurement noise with the power spectral density
of 7,.

Feedforward compensation can be utilized for rejecting the load caused by wind disturbance. Since
the Kalman filter provides an estimate of the wind speed, we can design a feedforward controller on
assumption that the wind and pitch angles dominate the blade moments in Equation (16) as follows:
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u, ,=-D;'Fyd, (24)
where d, is wind speed estimate.

Again, since the standard LQR provides only proportional gains, Equation (16) is augmented with

the integrals of the blade moments in order to cancel steady-state errors for step wind disturbances. Let
z, be the integrals of the blade moments z,, then the augmented system becomes:

e oo =
wlo o2k

where y, is the performance output. The LQRI based individual pitch control is determined such that

1t minimizes the cost function:
J =[]0y, +u] Rouy) di (26)
0

The time domain performance criteria as minimal fluctuation of blade moments are directly
included in weighting matrices Q, and R,.

Figure 2. Blade pitch control scheme.
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The feedback control law is calculated in a straight forward manner as follows:

t

Uy p = Kszcje-i_KIzpeIZZ dt (27)

0

where X is the state estimate from the Kalman filter. The individual pitch control commands, 535"

and 58;", calculated in the Coleman frame are obtained by summing the feedback control (27) and
the feedforward control (24), and these control commands are transformed to the pitch command for
each blade by the Coleman transform before adding it to the collective pitch command. The overall
pitch control commands for each blade are given as follows:
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B =SB + 565" cos W, + 56, sin'P,
5™ = OB + S cos'¥, + ;" sin', (28)
8B =8B + 8B cos Wy + 5B sin'P,

The overall pitch control structure is shown schematically in Figure 2.
4. Simulations

The simplified linear model, which is used for the pitch controller design, is validated in
Figures 3 and 4. In these figures, the first column shows the frequency responses of rotor speed of the
high fidelity and simple turbine models to the three Coleman-transformed pitch angles and wind
speeds. The second and the third columns are the frequency responses for the d- and g-axis blade
moments, respectively. The frequency response plots of the high fidelity and simple turbine models
show that the simple linear wind turbine model is an appropriate choice for the pitch controller design.

Figure 3. Frequency response from Coleman-transformed pitch angles to rotor speed,
d- and g-axis blade moments, both for the high fidelity (red) and the simple models (blue).
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Figure 4. Frequency response from Coleman-transformed wind speeds to rotor speed,
d- and g-axis blade moments, both for the high fidelity (red) and the simple models (blue).
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Computer simulations are performed to evaluate the performance of the proposed collective and
individual pitch controllers. The high fidelity wind turbine model described in Section 2 is used for
simulations, and the drive-train damper is designed and implemented beforehand.

Two wind conditions are used in simulations. First, the steady wind with positive stepwise change
shown in Figure 5 is considered and a wind shear is superimposed on the wind field. In Figure 5, the
estimate of wind speed is also plotted. Although the wind speed profile in Figure 5 is unrealistic,
it offers very clear view of the wind turbine dynamic behavior.

The trade-off between rotor speed regulation and blade load reduction is made and the results are
shown in Figures 6-9. This trade-off is possible because the rotor speed regulation and blade load
reduction are explicitly considered in the cost function. These figures also show the performance of
individual pitch control compared to that of collective pitch control alone. From Figures 6 and 7, it can
be seen that good regulation performance of rotor speed leads to significant overshoot in the blade
loads. In other words, the rotor speed is well regulated and quickly compensated for the influences of
wind speed changes, but it produces a large overshoot of collective blade bending moments when
putting more weightings on the rotor speed regulation, however, the collective blade bending moments
responds moderately at the cost of large overshoot and slow response of rotor speed when putting more
weightings on the blade load reduction. For comparison purpose, the rotor speed and collective
bending moment responses of the conventional Pl-based collective pitch control are also plotted in
Figures 6 and 7. Although conventional collective pitch control regulates rotor speed well, it produces
a large overshoot of collective blade bending moments. Figures 6 and 7 also show that the individual
pitch control does not significantly affect the rotor speed and bending moment responses, which
explains the decoupling between the collective and individual pitch controls.

Figure 6. Responses of rotor speed (more weighting on blade moment(blue), more weighting
on rotor speed(red), PI-based control(black)): (a) without IPC; (b) with IPC.
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Figure 7. Responses of collective blade bending moments: (a) without IPC; (b) with IPC.
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Figure 8 shows the responses of the blade bending moments. The individual pitch controllers
achieve a significant reduction of blade bending moment oscillations compared to the collective
pitch control.

Figure 8. Responses of blade bending moments (without IPC (top) and with IPC (bottom)):
(a) more weighting on blade moment; (b) more weighting on rotor speed.
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Figure 9 shows the associated blade pitch control commands for the collective and individual pitch
controllers, and that the load reduction is a consequence of increased pitch activity that constantly
varies around the collective pitch angle to control the periodic blade bending moments.

Figure 9. Responses of pitch commands (without IPC (top) and with IPC (bottom)):
(a) more weighting on blade moment; (b) more weighting on rotor speed.
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Figure 10. Turbulent wind speed profile.
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Figure 11. Responses of blade bending moments: (a) without IPC; (b) with IPC.
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Figure 12. Responses of pitch commands: (a) without IPC; (b) with IPC.
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A more realistic turbulent wind (TI = 18%) condition shown in Figure 10 is used for the second

simulation runs with the same controllers, and the simulation results are shown in Figures 11-13,

where the responses of the blade bending moments, the pitch commands, and the rotor speed are

shown. Transforming the blade bending moments to the collective, and d-(tilt) and g-axis (yaw)

moments in the Coleman frame, the effect of the individual controller becomes very apparent as shown
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2013

in Figure 14. For comparison purpose, the rotor speed and collective bending moment responses of the

conventional collective pitch control are also plotted in Figures 13 and 14. Slightly larger fluctuations

than those of the proposed collective pitch control are observed.

Figure 14. Responses of collective moment (top), tilt moment (middle) and yaw
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Figure 13. Responses of rotor speed.
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Considering all simulation cases, it can be seen that very good rotor speed regulation performance
can be achieved, together with a significant reduction of blade bending moments by the proposed
collective and individual pitch controllers.

5. Conclusions

In this paper, we presented separate sets of collective and individual pitch control algorithms for
rotor speed regulation and blade load reduction for a wind turbine. The simple linear time-varying
model was first derived by linearization, which is suitable for blade pitch controller design, but yet
sufficiently describes the dynamics of wind turbine, and then converted into two time-invariant models
by the Coleman transform for the collective and individual pitch controller designs.

With both the linear time-invariant models, the collective and individual pitch control algorithms
were developed separately based on the LQRI and the state estimation of Kalman filter. Our algorithms
take advantages of both central pitch control and the separate sets of collective and individual pitch
control systems such that time domain performance criteria as rotor speed regulation and minimal
bending moments can be directly included in the design and at the same time, both pitch control
algorithms can be designed separately.

The states of both systems were estimated in the Coleman frame using Kalman filters, and these
were used in the LQRI control. The collective pitch controller can control rotor speed and collective
blade bending moments together to improve the trade-off between rotor speed regulation and load
reduction, and the individual pitch controller can reduce the fluctuating loads on the blades. The
collective pitch controller is a main controller, while the individual pitch control can be added to the
collective pitch controller as an on-off mechanism.

Computer simulations were performed with a high fidelity model containing several degrees of
freedom and steady and turbulent wind conditions. Simulation results showed that the proposed
collective and individual pitch controllers achieved very good rotor speed regulation and significant
reduction of blade bending moments.
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