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- of variable speed, variable pitch wind turbines using Fuzzy control
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There are two control methods to limit the captured
wind power from 12.5 to 25 m/s. Stall regulation is a
Abstract passive control which uses turbulences to decrease power

This paper presents an application of fuzzy
controllers for improving wind energy capture for
variable speed wind turbines. In recent works
[1]{2][3][4], it has been shown that variable speed
wind turbines with torque and blade-pitch linear control
provide an excellent performance of the closed loop
system. However, this performance can be enhanced by
using fuzzy control. In the present work, a computational
fuzzy model is presented for a variable speed, variable
pitch wind turbine. Simulation results show an excellent
performance improving transition between power
optimization and power limitation of the wind turbine,
specially in the rated wind speed working conditions.

1. Introduction

_ Variable speed, horizontal axis grid integration wind
turbines using torque and blade-pitch control improve the
captured wind energy [1][3]. Maximun power coefficient
Cp and optimum tip-speed-ratio A will be achieved using
blade pitch control. The power coefficient Cp is the ratio
between mechanic power and the power captured from
the wind. Measures of aerodynamic losses have been
considered by this coefficient. Its maximum value is
given by Betz's limit (59%) [3]. The ratio between blade
speed and wind speed is the tip-speed-ratio A. The tip-
speed-ratio is equal to:
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Where w is rotor speed, R is rotor radius and V, is
wind speed.

Variable speed wind turbine provides a better
efficiency in partial load range. The mechanical stresses
are reduced allowing a certain speed range by
temporality storing energy in the rotor.

Wind turbines start to provide power from 34 m/s
wind speed. Maximum power is given for nearly wind
speed to 12.5 m/s. Wind speed higher than 25 m/s is
recommended to brake wind turbine [5][3].

coefficient Cp. This control method provides a smaller
power than rated power. There is another kind of control
based on blade-pitch control which permit to keep
constant the rated power. In this work this second method
will be satisfactory used.

It is also important to note that either a conventional PI
controller or a fuzzy controller can be used for torque
and blade pitch regulation. Proper design of fuzzy
controllers makes them superior to traditional linear
control techniques. Fuzzy logic provides a means for
synthesizing a controller form engineering experiences
that can be more robust and have better performance.

Wind turbine can be controlled by two speed
controllers. One of this is for blade pitch controlling at
high wind speed and the other one is for torque
controlling at low wind speed. A nonlinear model of the
wind turbine from the inputs is presented . For those kind
of systems, classic control it is not sufficient to control
them. Because of this, tunning gains in different working
conditions is necesary.

Fuzzy control provides a systematic way to incorporate
human experience about how to control a nonlinear
process. This heuristic approach can improve the
performance of the closed loop system [6][7].

Relevant fuzzy logic applications can be found in
nonlinear control because a properly designed fuzzy
controller can outperform traditional PI and PID
controllers. The fuzzy controller's success is based on its
ability to simultaneously process several rule
implications, thus producing a more complete output.

Fuzzy logic is useful in the frame of control problems
when there are not accurate process models and when
only qualitative information is available. The application
of fuzzy logic makes it possible to find eficient solutions
in complicated systems designed from the human
experience [8].

2. Wind turbine model

In Fig.1., it is shown the block diagram referring to the
simplifier mechanical model of a wind turbine.



The inputs of the wind turbine model are: the wind
speed, the blade pitch angle and the torque of the
generator. The output is the rotation speed in the high
speed shaft and the generated electric power.

the generator reaction torque [3]. This power converter
works as a driver, controlling the torque generator by
using a vectorial control strategy. Since mechanic
response is slower than electric response, the dynamic of
the electric generator is not included in the wind turbine
model. The electric time constant is negligible compared

B to mechanic time constant. The designed system is
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Fig. 1. Mechanical model of the wind turbine

The motor torque is subtract from the load torque of
the electric generator (Qe) to obtain the angular shaft
speed from the following differential equation (the
friction is neglected).

Ql - Qe =Jd w,/dt

2
Static torque model is represented in Fig.2.
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Fig.2 Block for calculating the mechanical torque

Where p is the air density, R is the rotor radius, B is
the blade pitch angle, A is the desired tip speed ratio,
Cp(A,B) is the power coefficient and J is the moment of
inertia of the turbine rotor.

The torque Q, that the wind turbine draws from the
wind is equal to the torque in the low speed shaft Q,
divided by the gear box ratio, G:

Ql = QL/G
3)

The function of the gearbox is to adapt the low
rotation speed of the rotor axis to the higher one in
electric generator.

In this model, the air density, the rotor radius, the
gearbox ratio and the moment of inertia in the high speed
shaft can be defined.

A frecuency converter decouples the generator from
the grid, allowing the rotor speed to vary by controlling

mechanic resonances are not included in this model.

Fig.3. shows a diagram block of a power converter for
a wind turbine.
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Fig. 3. Frequency converter system for the grid connection of
wind power plants

The following equation provides the expression of the
aerodynamic torque of the wind turbine.

Q.= pCp(l)rtRSWl_zlzk3
@
For steady state operation at tip speed ratio for

optimum power coefficient, Cp,, the equation can be
reduced to:

QL= pCp )R w 20" =K w,.*

5)
This is the torque-speed equation often used for open
loop variable speed control of a wind turbine. When the
generator torque demand is set to K w_ 2. Where w_is the
measured generator speed. This ensures that in the steady
state the turbine will work with an optimum tip speed

ratio and the corresponding maximum power coefficient.

In this case, a close loop controller has been used
where Wref is obtained from equation (5) and the block
diagram is shown in Fig.4.
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Fig.4. Estimated Wref model
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If pitch angle control is used in the system along with
variable speed, better performance is obtained. For
instance, to permit the starting blade pitch angle to differ
from the operation blade pitch angle, hence allowing
easier starting and optimum performance. Moreover, the
power and speed can be limited through rotor pitch
regulation.

At low winds it is possible to maximise energy capture
following a constant tip speed ratio load line which
corresponds to operation at the maximum power
coefficient. This load line is a quadratic curve in the
torque speed plane as it is shown in Fig.5. During that
time, the pitch angle is adjusted to a constant value, the
maximum power pitch angle. At very low wind speed it
is not possible to follow this curve because there is a
minimum allowed operating speed. Then the wind
turbine is operated at a constant speed Wmin. At high
wind speed it is necesary to limit the torque Qn or power
Pn of the generator to a constant value.

Lire of comstantvand
/' _____ Live cf optirmm power oveffici
v meee. Live of corstant power

-~

"™ Blade vitsh Contrg}’

Fig.S. Variable sneed nitch reculated onerating curve

3. Fuzzy controller design for the
wind turbine

Shown in Fig.6. is a block diagram of a fuzzy
controlller which includes a fuzzification block, a
knowledge base, a fuzzy inference engine and a
defuzzification block.

The fuzzy process maps a crisp point of real meaning
such as measured data, into fuzzy sets, by the knowledge
of the input membership functions. The fuzzy inference
engine then uses the rules in the rule base to produce
fuzzy sets at its output, corresponding to its input fuzzy
sets. The fuzzification process employed the knowledge
of the output membership functions to map the output
fuzzy sets into a crisp value that is usable [9]. Centroid
defuzzification has been used in the fuzzy controllers
design. The knowledge base of the fuzzy system stores
the expert knowledge on how to control the wind turbine.
All the inputs and the outputs are normalized with tuning.
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Fig. 6. Fuzzy System Structure

The membership function defining the fuzzy values of
controller inputs and controller outputs are defined off-
line, on a common normalized domain. This
normalization is done by the normalization factors. The
gains Kinl, Kin2, Kin3, Kin4, Koutl and Kout2 in
Tabla.l. were employed to normalize the universes of
discourse. The universes of discourse for each input are
nomalized to the interval [-1 +1] by means of constant
scaling factors. These gains can be varied to tune the
fuzzy controller for a desired performance.

Kinl | Kin2 | Kin3 | Kind | Koutl | Kout2
3.15e-3 | 2.58¢-3 | 3.03e4 | 8.39e-5 | 1.00e2 1.00e5

Table 1. Normalisation factors

Standard triangular membership functions have been
used for both the input fuzzy sets and the outputs fuzzy
sets of the fuzzy controllers. The designed fuzzy sets are
shown in Fig. 7. and Fig.8.:
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Fig. 7. Triangular Membership Functions for input fuzzy sets on a

universe of discourse.
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Fig. 8. Triangular Membership Functions for output fuzzy sets on a
universe of discourse.



The control law of a fuzzy controller is represented by
a set of heuristically chosen fuzzy rules. The designed
fuzzy rules used in this work are given in Table.I.

error
-L Z +L
integral L] L -S +8
error -M Z +M
+L| -S +S +L

Table II. Fuzzy controller Rule Base

The following fuzzy sets have been defined: -L is
negative large, -M is negative medium, -S is negative
small, Z is zero, +S is positive small, +M is positive

3.1 Fuzzy torque controller

The developed control system has integrated a fuzzy
controller for torque control of the generator that can
improve the captured energy at low wind speeds.

The block employed for torque control of the
generator provides the torque command of the electric
generator. Its input is the speed error . The speed error
and integral speed error are scaled. This speed error is
obtained from Wref (Fig.4.), and W (this is the
measured generator speed). The output is the reference
torque.

3.2 Fuzzy pitch controller
The other fuzzy system has been designed for blade
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Fig.10. Block diagram of the fuzzy controllers

medium and +L is positive large.

Given the rules and membership functions, the fuzzy
controller produces the crisp and continuous nonlinear
input/output (I/O) map.

The fuzzy map indicates that numerous nonlinearities
are designed to enhance the controllers ability to drive
the system to the set point. Note that near the center of
the map, the surface in Fig.9. appears to be smoth. Which
means that for a small operating range the fuzzy
controller behaves like a linear controller. Soft and
nonlinear control actions resulted from the fuzzy rules
can improve the wind turbine performance.
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Fig.9. Fuzzy Controller Nonlinear Input/ Output Map

pitch control. The inputs of this one are: the speed error
and integral speed error. If W|_is subtracted to Wref, this
speed error can be obtained. The controller output is the
reference pitch angle [ref.

The block diagram showing the implementation of the
fuzzy controllers is illustred in Fig.10. -

4, Simulation results

The considered 600 KW wind turbine is equipped with
a three blade and blade pitch control. Its parameters are
shown in table III. Where J and Qn are refered to the
high speed shaft.

JKgm’) | R@m) | Qn(Nm)

Pn (Kw) G
400

136.27 4744

3820

20.5

Table III. Parameters of the simulated wind turbine

Advantages of the fuzzy controllers over conventional
linear controllers include nonlinear control actions and
less dependence on mathematical models. Fuzzy
controllers can also better reject against the noise,
disturbances and parameters variations.

In this work, the fuzzy control strategy as well as
allows to extract a small improvement in energy capture
in low and high wind speed, they can also enhance



performance in the transition between power Fig.13 -16 show a improvement in energy capture and speed
optimization and power limitation in rated wind speed. control in the transition betwecn power optimization and power
This model has been implemented with MATLAB limitation in rated wind speed.

(Simulink) software and its scheme is shown in Fig. 11.
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Fig.11. Block diagram of the simulated system in this work.
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Fig.14. Rotor speed for the rated wind time series of the
Fuzzy Control System



Power of the PI Control
System
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Fig.15. Generator Power for the rated wind time series of
the PI Control System

Power of the Fuzzy
Control System
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Fig.16. Generator Power for the rated wind time series of
the Fuzzy Control System

Simulation results in rated wind speed conditions (12
m/s mean value) are shown in table I'V.

P1 Fuzzy
Energy (kWh) 54.658 55.703
Max. Rotor speed (m/s) 1618 1630
Qiraxirur (Nm) 3820 3820
Tacrage (Nm) 3238 3287
Trn. (Nm) 768 740

Table IV. Simulation results in rated wind speed (12m/s
average value)

Fuzzy controllers over conventional linear controllers
present better speed control and blade pitch control at
low and high wind. Improving of captured energy is
obtained at rated wind

5. Conclusions

In this work, a fuzzy logic application has been
developed for improving captured energy for variable
speed and blade pitch wind turbine.

This paper presents a dynamic model of a variable
speed wind turbine using torque and blade-pitch fuzzy
control. Simulation results show the robustness of the
fuzzy controllers. Soft and nonlinear control actions of
these controllers can improve the wind turbine
performance at low, rated and high wind speed. The
proposed control scheme improves the transition between
power optimization and power limitation of the wind
turbine. Torque fuzzy control at low rotor speed (low
wind speed) and blade pitch fuzzy control at high rotor
speed (high wind speed) have been used in the designed
model.

Results compare very favourably with those obtained
by using linear controller.
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