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ABSTRACT

The control strategies of blade loads are proposed for the characteristics of blade stresses of variable-speed
variable- pitch wind turbine. Blade loads are divided into two static and dynamic components. The pitch
angle and generator torque are controlled by Single neuron PID controller in the static part. Variables are
converted from rotational coordinate to fixed coordinate through multi-blade coordinate transformation
theory. Then, the control parameters obtained are converted to the one in rotational coordinate frame via
multi-blade inverse transformation in the dynamic part. The parameters of static part are added to the
parameters of dynamic part, yielding control value for wind turbine pitch control. The external controller of
Bladed is designed and the control strategies are simulated by the professional design software Bladed for
wind turbines. The control performance of external controller is compared with and that of internal
controller. Simulation results show that external controller can reduce the tilt torque of blade root and blade
flapwise torque. Thus the proposed external controller possesses a better performance, the correctness of
the proposed blade load control strategies is verified.
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1. INTRODUCTION

The vibration occurs easily because that the span-
wise is longer more than the chord-wise of the
blade, in which stresses are very complex due to the
variability of wind speed in the temporal and
spatial. Vibration should produce deformation and
moving load, the wind turbines are fail so that
reducing the loads of wind turbines became one of
problems solved urgently[1-5].

After scholars effort, some achievements are
obtained in reducing load. The loads of wind
turbines are analyzed through the perspective of
closed loop in some literature and the loads are
reduced due to adopt neural network, robust control
and other advanced control theories[1-2]. Many
factors are considered reducing the load in other
literature, in which the literature [3] has considered
reducing the vibration load of tower in the pitch
system and motor torque control process. This
multivariable control strategy is realized by
combining a nonlinear dynamic state feedback
torque control strategy with a linear control strategy
for blade pitch angle to reduce the control load for
actuator in [4]. An optimal multivariable LQG
controller and a feed-forward disturbance rejection
controller are designed to reduce the fatigue load of
wind turbine. The LQG controller can minimize the
rotor tilt and yaw moments and the feed-forward

controller can improve the rotor moments in the
low-frequency components in [5].The power of
wind turbine is controlled by the method of
variable-pitch variable-speed above rated wind
speed, and just as the blade angle of attack is
changed during variable-pitch, the load of blade is
changed. Therefore, the blade load is divided into
two static and dynamic components. Since single
neuron PID controller with self-learning and
adaptive ability can adjust the controller parameter
on line, static load is determined through the single
neuron PID controller to regulate the pitch angle in
this state. In order to obtain the dynamic load,
variables are converted from rotational coordinate
frame to fixed coordinate frame through multi-
blade coordinate transformation. Then, the control
parameters obtained are converted to the one in
rotational coordinate frame via multi-blade inverse
transformation in the part of dynamic load. The
parameter of static part is added to the parameter of
dynamic part, yielding control value for wind
turbine pitch control.

Bladed software is a professional load analyzing
tool of wind turbine, can achieve simulation of
power and load control. It is the key to achieve
further development of the controller for Bladed.
With the help of the Bladed’s further development
function, the control strategies of blade loads
proposed are verified.

692


http://www.jatit.org/

Journal of Theoretical and Applied Information Technology

20" January 2013. Vol. 47 No.2 <

S

© 2005 - 2013 JATIT & LLS. All rights reserved-

" A m—
A iil

ISSN: 1992-8645

www.jatit.org

E-ISSN: 1817-3195

2. SINGLE NEURON PID CONTROL OF
VARIABLE-SPEED VARIABLE-PITCH
WIND TURBINE STATIC LOAD

2.1 Theory analysis of wind turbine pitch system
Wind turbine converts wind energy into
mechanical energy, the energy obtained in [6] can
be formulated in [6-7].
P=ZpVPSC (4,f) @
Where P is the shaft power of wind turbine, o
is the air density, v is the wind speed, S is the
swept area of wind wheel, C (4, B) is the energy

conversion coefficient of wind turbine. Energy
conversion factor is expressed as a formula (2) in

[71.

116 =22
C,(4.5) =0.22(7—0.4ﬁ—5)e 2

1 1 0.035
—= -— (2)
2210085 po+l
1:w_R
v

Where 4 is the tip speed ratio, g is the pitch

angle, o is the speed of wind wheel, R is the radius
of wind wheel.

In general, the relationship among the 4. C,

and g, respectively, tip speed ratio - wind energy

conversion coefficient- pitch angle diagram, as
shown in Figure 1, where lamda is 4. When the
power conversion coefficient for wind turbine is
C,,, four intersection points are in the figure 1,

each point for A, B, C, D. C,, and the curve for

pitch angle is 0° intersects at A and C, A and C are
respectively corresponding to the tip speed ratio
lamdal and lamda3, where lamdal<lamda3. C

and the curve for pitch angle is 2° intersects at B,
and D. B and D are respectively corresponding to
the tip speed ratio lamda2 and lamda4, where
lamda2<lamda4.Consequently, changing the angle
and tip speed ratio to maintain the power
conversion coefficient of wind turbine at a constant
value. When the tip speed ratio is lamda2,
intersections B and E are respectively
corresponding to the pitch angle of 2 °and 0
°which  corresponding power  conversion
coefficient is C,, <C_,. Furthermore, maintaining

tip speed ratio at a constant, the different power
coefficients can be gained through regulating pitch
angle. Furthermore, when pitch size unchanged, the
different power coefficients can be obtained by

adjusting the tip speed ratio value in curve section
AE. Therefore, the different power coefficients can
be obtained by regulating pitch angle or adjusting
tip speed ratio, finally, the output power of wind
turbine can be regulated.
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Figure 1: Curves Of Energy Coefficient Of Wind Turbine

2.2 Model of pitch system

The power can be regulated by the blade itself
aerodynamics if not for the active control when
wind speed is higher than the rated value of wind
turbine. But this method is used for small wind
turbine. The output power is maintained at the
rating through changing pitch angle for large wind
turbine. Formula (3) expresses the model of wind
turbine of variable-speed variable-pitch in [8].

@:%U—nj

) ®3)
0=—(6.-6)

Where @ is the angular acceleration, J is the

moment of inertia of wind wheel, T. is the torque

e

of conversion to the low speed shaft, 0 is the actual
acceleration of pitch angle, t. is the time constant

Ins

of pitch mechanism, 6, is the command value of
pitch angle, 8 is the actual value of pitch angle.

From A =a)—R to:

v
AV
0= F 4
T-L PSC_RV? 1 PSC, RV? (5)
220 P 27T
C
Here, C, =—".

Te has a different selection method. In order to
simplify the model and obtain better system

performance, T. is obtained by converting rated

value of generator torque.

2.3 Single Neuron PID Control System Of Static
Load
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2.3.1 Control system of static load

When the actual power above rated power
value, PID controller regulates the deviation, the
output power of wind turbine is maintained at the
rated value. Because the pitch is actually the
process of changing the blade angle of attack, also
changes the blade force, then the blade load should
be controlled. Blade loads have been divided into
two static and dynamic components. The pitch
angles are regulated by PID controller in the static
part. When the wind changes, the static desired

pitch angle, HS,is obtained by speed €2 calculating
parameters because the wind speed can not jump.
Pitch control diagram is shown in Figure 2.

P e -
Controller |—p/Priver of |
N generator

Power Q
.| sensor
calculation

Mechanism
of pitch

Figure 2: Pitch Control Diagram Of Static Load

2.3.2 The PID controller of single neuron

The PID controller has the features of simple
structure and easy implement, but its parameters
tuning is very complex. The PID controller
parameters are adaptively adjusted through
selecting the learning rules of single neuron to
change the learning rate. The structure of single
neuron adaptive PID controller for pitch system is

shown in Figure 3. Z is the converter in Figure 3.
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’6@ < system
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Figure 3: Structure Chart Of Single Neuron PID
Controller For Pitch Static Load

Formula (6) expresses the control algorithm of
single neuron adaptive PID controller in [9].

u(k) =u(k 1) + Kiw; (K)x (k)

w, (k) = w, (k) Y| ()

w(K) = (k-1 20uk-Dx k) [ O
W, (k) = w, (k =1) + 77, z(K)u(k —1)x, (k)
Wy (k) = wy (k =1) + 7752 (k)u (k =2)x; (k)

Here,
X, (k) =e(k)
X, (k) = e(k) —e(k -1) (")
%, (k) = A%e(k) =e(k) — 2e(k —1) +e(k — 2)

n, is the learning rate of integral, 7, is the

learning rate of proportion, 7, is the learning rate
of differential, e(k) is the deviation, u(k) is the

control output.

Selecting the Hebb algorithm as learning rule,
and considering the relation among the weighting
coefficient w; (k) , neuronal input, output, and the

deviation, the weighting value can be adjusted like
as Formula (8).
W, (k +1) = - c)w, (k) +me(k)u(k)x; (k) 8
Where ¢ istheconstant, 0<c<1.
3. DYNAMIC LOAD CONTROL SYSTEM
OF BLADE

There is dynamic load component for the blade
because that the blade is affected by turbulence,
tower shadow, pitch, and other factors. To control
the dynamic load, Multi-blade coordinate
transformation theory is used. The rotating blade of
periodic reference frame is transformed to the fixed
reference frame by multi-blade conversion mapping
mode. The stress analysis of blades is simplified
due to eliminate the cycle property of blade in this
paper.

Multi-blade coordinate transformation matrix is
defined in [11],as follows:

(1 1 1

3 3 3

p- %siny/l(t) %sinz//z(t) %sin%(t) )

2 2 2
FC0sv: (t) ez (t) 3005V (t)_

Wheré w, is the azimuth of blade i .

Multi-blade coordinate transformation inverse
matrix is defined in Formula (10).
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1 siny, cosy, Where 6. is the pitch angle in the rotating
P*=|1siny, cosy, (10)  coordinate frame.

1 siny, cosy,

According to formula (9), the conversion relation
between blade rotating coordinate frame and the
wind wheel fixed coordinate frame is expressed as
formula (11).

M (®) M, ()
M) [=P:|M, (1) (11)
M (1) M., (1)

Where M, is the torque of blade flapping in the

rotating coordinate frame, MZ? is the parameter in

the fixed coordinate frame.

The research indicates that blade flapping
torque, blade tilting moment, and yawing moment
in formula (11) should be expressed as formula (12)
if the shear, tension and the torque at the hub center
are ignored.

|:Mtih }_E{Mf{|
Miaw | 2[ M3,
Where M, is the tilting torque at the blade root,
M., is the yawing torque.

(12)

2IR: 3 3
5th = _hc HX1_EK°QZQ —Ehcug (13)
oM yaw :gkc‘%g +§hcu3g (14)

Where h, and k_ are the gain coefficients,lé—L is

the factor coefficient, R is the radius of wind
wheel, x, is the top tower offset in the fore-and-aft

direction, x1 is the vibration speed in the fore-and-
aft direction, 6° is the pitch angle in the fixed

coordinate frame, § is the increment, u? is the

controlled variable.

The pitch angle is solved from equation (11) to
equation (14) in the fixed coordinate frame, then
adopting multi-blade coordinate inverse
transformation, the pitch angle of fixed coordinate
values are transformed into rotating coordinate
values. The relation of pitch angle is expressed as
equation (15).

o,(t) o7 (1)
0,0) | =P 62 -
05(t) 65 (t)

At this point, it has achieved the parameters
conversion between the rotating coordinate system
and fixed coordinate system. The whole process for
solving pitch angle dynamic component is more
concise.

The actual adjustment value of pitch angle is
got by adding static component to dynamic
component of pitch angle.

4 . SIMULATION AND ANALYSIS OF
RESULTS

Bladed is a professional software package for
wind turbine, it has passed international
certification, and the software is widely used to
design and analyze wind turbine. According to the
suggested control strategies, designing external
controller in the Bladed, then the data can be
exchanged between external controller and internal
controller.  Finally, comparing the control
performance between these controllers.

The simulation is realized by adopting the model
of 2MW wind turbine of variable-speed variable-
pitch. The parameters include: radius of wind wheel
is 40m, cut-in speed is 4m/s, cut-out speed is 25m/s,
rated speed is 12m/s, air density is 1.225kg/m3,
rated power is 2MW. According to the research
focus, selecting three-dimensional turbulent wind as
a wind model due to it includes the whole range,
below the rated wind speed and above the rated
wind speed.
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Figure 4: The Model Of Turbulence
13x10 the internal controller
the external controller
1.25 o

the tilting torque of blade root /Nm

0 5 10 15 20 25 30
time t/s

Figure 5: The Tilting Torque Of Blade Root
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Figure 6: The Flap-Wise Torque Of Blade

The Figure 5 has shown that the torque of blade
root can be reduced effectively through adopting
external controller in the whole range of moving
wind speed. The Figure 6 has compared the
variations and has indicated the flap-wise torque
can be controlled effectively. External controller
performance is better than the internal controller,
then the blade load control strategies are
authenticated strongly.

5. CONCLUSIONS

(1) The single neuron PID controller can achieve
effective control for pitch static component.

(2) Using coordinate transformation theory can
get the pitch angle for dynamic component, control
process is simple, accurate, and reliable.

(3)The external controller has been compared to
the internal controller, the external controller can
effectively reduce the torque of blade root and blade
tilting moment. The loads of these parts are reduced
and the damage rate of unit is decreased, the service
life of the wind turbine is improved. The control
performance of external controller is more superior,

therefore, the proposed control strategies are
accurate.
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