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Abstract

Because of this great interest of developing wind energy in the recent years which it’s being one of the fastest growing
energy resources. So it was necessary to seek to develop the control systems in wind turbine to reduce the loads on the

turbine and on its blades specially and to improve the power that can we can take from the wind turbine.

This paper introduces a brief overview literature survey about “Individual Blade Pitch Control”, this topic met with

considerable interest in research at the last ten years.
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Introduction

In recent years, wind energy has become popular due
to its inherent attribute of reproducible, resourceful
and pollution-free characteristics against the rapid
depletion and increasing environmental threats of
conventional energy. Moreover, wind energy has
been competing with conventional energy as a result
of its cost reduction with technological
advancements and incentives for adopting
renewable energy since last decade. All these factors
have caused wind power to become the fastest
growing energy source.

The possibility of using individual pitch control for
load alleviation has been suggested many times over
the years, and more recently by Caselitz [1]. Recent
work demonstrates that some very significant
reductions in loading can be achieved and that the
control algorithms required for this may be
relatively simple. There are a number of reasons
why the time may now be right to develop this idea
commercially [2].

e As commercial turbines get larger, many of them
now use individual pitch actuators anyway, since
with careful design they can be considered as
independent braking systems, obviating the need for
a high-capacity shaft brake.

e The importance of load reduction becomes ever
greater as turbines become larger and more flexible.
Load reduction through ‘intelligent’ control systems
becomes more attractive, compared with designing
mechanical systems to cope with large loads, and

processing power for control systems is no longer a
limitation.

e The technique aims to reduce the asymmetric
loads due to wind speed variations across the rotor
disc, and these loads are becoming more significant
as turbine rotors get larger with respect to the size
of typical turbulent eddies in the wind.

e Through the use of the latest software tools, our
understanding of the problem has increased and
reliable methods for designing suitable control
algorithms have been developed. The performance
of these control algorithms can now be tested using
very realistic simulations.

e The technique relies on sensors which can
measure the asymmetric loads acting on the system,
and load sensors with the necessary level of
reliability are now becoming available. Various
options for the positioning of load sensors are
investigated in this article. It is also possible that
other measurements could be used instead, such as
accelerometers in each blade tip or lateral and
vertical accelerometers in the nacelle.

In this situation, many small scale wind farms are
connected to the distribution network while many
wind farms of 50MW or more are directly
connected to transmission network. These bring new
challenges to the stability of power system. One of
the challenges is that wind power is not constant and
can fluctuate significantly below the rated power
since wind power is proportional to the cube of the
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wind speed. The problems originated by the wind
power fluctuations are as follows [3]:

e Wind power fluctuations may cause the grid
frequency to fluctuate.

e Amount of absorbed reactive power by the
induction generator from power grid is directly
related to the active power generation. The variation
in wind speed causes the fluctuation of the active
power generation and thus the absorbed reactive
power,

e Leading to voltage flicker at the buses of the
power grid.

e Frequency fluctuation and voltage flicker provide
poor power quality and originate instability
problems in the power system, especially when
there are loads sensitive to accept high voltage and
frequency variations.

The purpose of the pitch angle control might be
expressed as follows [4-7]:

1) Optimizing the power output of the wind turbine.
Below rated wind speed, the pitch setting should be
at its optimum value to give maximum power.

2) Preventing input mechanical power to exceed the
design limits. Above rated wind speed, pitch angle
control provides a very effective means of
regulating the aerodynamic power and loads
produced by the rotor.

3) Minimizing fatigue
mechanical component.
1 Wind turbine modeling
1.1 Power Capture of Wind Turbines

The power in the wind is proportional to the cube of
the wind speed and may be expressed as

P =05pAl: 1.1)

loads of the turbine

oy
7=

20
Pitch angle (degree) [l

Tip speed ratio

Fia. 1.1 Power coefficient characteristics

Where g is air density, A is the area swept by blades

and is wind speed. A wind turbine can only extract
part of the power from the wind, which is limited by
the Betz limit (maximum59%). This fraction is
described by the power coefficient of the turbine,
Cp, which is a function of the blade pitch angle and
the tip speed ratio. Therefore the mechanical power
of the wind turbine extracted from the wind is

B, = 0.5C, (8. A)pAV; 1.2)

Where Cp is the power coefficient of the wind
turbine, B is the blade pitch angle and 1 is the tip

speed ratio. The tip speed ratio is defined as the ratio
between the blade tip speed and the wind speed
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Where ¢ the turbine rotor speed and R is is the
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Fig.3.2.Mechanical power versus rotor speed
radius of the wind turbine blade R.
Thus any change in the rotor speed or the wind
speed induces change in the tip speed ratio leading
to power coefficient variation. In this way, the
generated power is affected. Fig. 3.1 shows a group
of typical Cp- 4 curves where optimum values of tip

speed ratio, AOpt, correspond to the maximum
power coefficient, Cp.max, Fig. 3.2 shows that the

mechanical power converted from the turbine blade
is a function of the rotational speed, and the
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Fig.3.3. Power control regions of wind

converted power is maximized at the particular
rotational speed for various wind The typical power
control regions of wind turbine are shown in Fig.
3.3. The turbine starts operating when the wind
speed exceeds cut-in wind speed. The power
captured by the turbine increases with the wind
speed increasing. At the set point of wind speed, the
generating power reaches the rated power of the
turbine. If the wind speed continues to rise, the
generator output power remains constant at the
design limit. Due to safety consideration, the turbine
is shut down at speeds exceeding cut-out wind
speed.

1.2 Blade Aerodynamics

The wind velocity conditions at a blade cross-
section are illustrated in Fig. 3.4. The velocity
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components, include the wind speed, the flow
factors and rotational speed of the rotor, will
determine the angle of attack. Using angle of attack,
the forces on a blade element is calculated by means
of two-dimensional aero foil characteristics. Then
the blade element momentum (BEM) method can be
used to predict the blade forces produced due to the
interaction of blades with the wind. The inflow wind
velocity perpendicular to the rotor plane is Vw.
When the wind passes through the rotor plane, this
wind speed becomes reduced by an amount aVw
due to axial interference. The blade rotates at
angular velocity «.Thus, a blade element at
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Fig.3.4. Blade element velocities and force at a blade dross-

a distance r from the rotor axis will be moving at a
speed wr in the rotor plane. When the wind passes

through the rotor plane and interacts with the
moving rotor, a tangential velocity of the wake a'Qr
is introduced. Then the net tangential flow velocity
experienced by the blade element is (1+a')cr. The

resultant relative velocity at the blade is
W=Vi1l-al)+ e (1+a)? 14)

Where W is the resultant relative velocity at the
blade, a and a’ is the flow factors and r is the
distance of blade element from the rotor axis. The
resultant relative velocity gives rise to aerodynamic
forces on the blade, therefore a lift force is

FL = 0.5pcW2C; 1.5)
And drag force is
Fp = 0.3pcW?Cp 1.6)

Where CL is lift coefficient, CD is drag coefficient
and c is the chord length of the blade.

In the pitch-adjusting variable-speed wind turbines,
the angle of attack,x. decreases when the pitch

angle, increases, as shown in Fig. 3.5. The lift
force, F decreases as well and this causes reduction
of the mechanical power of the wind turbine.

According to the pitch angle control, the initial
angle below rated wind speed is the optimized
value, Bopt. The optimized pitch angle can be
defined using the BEM method from the incoming
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wind and it is in very few degrees around zero. As
shown in Fig. 3.3, the power of the wind turbines
will increase at the increasing wind. The wind
turbine must be protected against mechanical
overloads and possible risk of damages at strong
wind. This is achieved by pitching the blades into
the position where a part of incoming wind will pass
by the wind turbine. The power will be kept at its
rated value at this region. By pitching, the thrust is
reduced. Fig. 3.4. shows the curve of the pitch angle
versus incoming wind speed which is computed
with use of the BEM method for the given 1.5 MW
wind turbine [16].
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Fig.3.5. Generic blade pitch angle
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2-Control

The main control objective is to perform an optimal
wind power capture while avoiding strong loads on
the drive train shafts. As conventional pitch control
usually use PI controller, the mathematical model of
the system should be known well. A fuzzy logic
pitch angle controller is developed in this paper, in
which it does not need well known about the system
and the mean wind speed is used to compensate the
non-linear sensitivity. The fuzzy logic control
strategy may have the potential when the system
contains strong non-linearity, such as wind
turbulence is strong, or the control objectives
include fatigue loads.

Conventionally, proportional integral (PI) pitch
angle controller is used to maintain the output power
of the wind turbine at its rated value by adjusting the
pitch angle of the blades, which provides an
effective means of regulations in strong wind
speeds. Fig. 1 shows a conventional simplified PI

e B Rate 75
Wy Pl [ Sevo [—|imiter [0 7

LB

wgref

Fig. 0.1 Control scheme of the conventional PI pitch angle controller

pitch angle controller, which regulates the output in
accordance with the error (e) between generator
rotor speed (u) and its upper limit (reference) value.
The gains of the controller (KgP and K) are
optimized for the optimum power generation from
the wind power generation system during above
rated wind incidents using trial and error method.
KP and KII are obtained as 500 and 10, respectively.
The upper limit value is chosen in such a way that a
minimum  possible  reference value enables
generation of maximum possible power (1 p.u.). The
minimum value is expected to be chose as higher
generator rotor speed is vulnerable to power system
stability. For the specific wind turbine system
adopted in [9], this reference value has been chosen
as 1.21 p.u. The error signal is sent to the PI pitch
angle controller, which produces the command pitch
angle (B). It reduces the turbine operating efficiency
to minimize power coefficient so that the generator
maintains its control speed value.

Pitch servos are employed for proper positioning of
the blades, which is modelled by using a first order
delay system. The pitch actuation system cannot
respond instantly. That is the reason why servo
delay of 0.25 s has been chosen. The pitch actuation
system is also limited by its actuation speed. A rate
limiter for pitch rate of change of +3°%s has also
been added to get more realistic responses from the

Bl
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pitch angle control system [8]. It gives the value of
pitch angle (b).

1.3 Fuzzy logic pitch angle controller

Wind generators may operate above rated wind
speed or below rated wind speed (the rated wind
speed in this study is 13.3 m/s). Two fuzzy logic
systems (FLSs) have been incorporated in the pitch
angle controller for the operation of wind turbine
above the rated wind incident (FLS-A) and below
the rated wind incident (FLS-B). In this paper, a
fuzzy logic pitch angle controller is proposed on the
motivation of better smoothing performance with a
lesser drop in output power. Pitch angle controller
with the FLS is advantageous in a numerous ways.
Wind turbine system is highly non-linear with many
uncertain factors like meteorological conditions and
continuously varying ac system loads [10]. It also
contains some unknown ambiguous dynamics which
makes accurate dynamic modeling of a wind turbine
system difficult or even impossible [11]. However,
the rules of the FLS possess expert adaptability and
learning capability to reason precisely with
imprecise, uncertain, incomplete and non-linear data
from a wind turbine system [12]. Moreover, It is
cheap, reliable, robust and energy efficient. An FLS
comprises of three basic blocks, namely,
Fuzzification, Inference system and Defuzzification
as shown in Fig. 2 [13]. An FLS cannot handle crisp
input signals, rather needs to describe them in fuzzy
terms. Therefore, the crisp input signals have to be
expressed in terms of membership function of the
fuzzy sets, and then the input variables are
processed to determine the degree which the input
variables belong to, known as Fuzzification.
Membership functions are applied as a means of
controller tuning and range between 0 and 1.
Membership functions are chosen in such a way that
these reflect the characteristics of the input variables
and meet the requirements of the controller. The
fuzzy inference includes the process of fuzzy logic
operation, fuzzy rule implication and aggregation. In
the fuzzy inference system, the fuzzified input
variables are processed with ‘AND’ fuzzy operators
(selecting minimum of the input membership
functions) and the IF-THEN rule implementation,
which are based on expert knowledge of the control
problem to be dealt with. These rules are, in fact, the
control strategy of the system and describe the
actions that are required for all conceivable
combinations of memberships.

Fuzzy sets representing the outputs of each rule are
then combined into a single fuzzy set, known as
aggregation. The maximum aggregate method,
taking the maximum value of all the output fuzzy
sets to form a single fuzzy set, has been used in this
paper. The desired output signal of the FLS is then

. |Be B
uloﬂcnon}E‘I Sorvo H LARr::lnor HojES}_‘

Fig. 0.2 Control scheme of the proposed fuzzy logic
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transformed into a crisp value. But at any time
several rules will fire, each of them makes a
suggestion as to how the output signal should be
changed. Hence the defuzzification combines the
results of all the rules and finds a crisp value. The
Centre of Gravity (CoG) method is used for
defuzzification, which returns the centre of the area
under the curve representing the aggregated output
fuzzy set. Fig. 3 shows the proposed controller with
two combined FLS: FLS-A and FLS-B. Design
strategies of FLS-A and FLS-B are described below.
131 FLS-A

When the wind turbine operates during the wind
incident above the rated value, the generator rotor
speed exceeds the control speed value. In this mode
of operation, the controller has got nothing to do

a
N ZE XS S M L XL
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regarding power fluctuation minimization, because
generator produces currents at its maximum rating
irrespective of wind speed fluctuation, which
ensures generation of constant wind power. The
only concern of the controller is to shed mechanical
power for preventing the generator rotor from going
above the control speed limit value 1.21 p.u. The
FLS-A has been proposed to incorporate the
command pitch angle controller (b), which is only
active in this mode of operation.), generator rotor
speed variation from its reference value (eTo obtain
command pitch angle from the FLS A (bA cA) and
its variation during a sampled time (De) are used as
inputs. As control action of the FLS-A would be
shedding mechanical power to limit the A generator
rotor speed to a control speed value, using generator
rotor speed as the control input of the FLS-A is a

Table 1
Rules of FLS-A.

Bea Aex
NL NS ZE PS PL
ea NR ZE ZE ZE ZE ZE
ZE ZE ZE ZE ZE ZE
XS ZE XS XS XS S
S XS S S S M
M S M M M L
L M L L L XL
XL L XL XL XL XL

means of direct control method. It gives more
flexible control over the system by enabling constant
observation on generator rotor speed.

In this paper, triangular membership functions with
overlapping are used, as they are easy to implement,
quicker to process and gives more sensitivity
especially as variables approach to zero.
Overlapping causes firing of more than one rule,
which is a key feature of fuzzy systems. Fig. 4
shows the input and output membership functions.
The linguistic variables are represented by N
(Negative), ZE (Zero), XS (Extra Small), S (Small),
M (Medium), L (Large), XL (Extra Large), NS
(Negative Small), NL (Negative Large), PS
(Positive Small) and PL (Positive Large). The FLS-
A has 35 rules that are built by crossing the fuzzy
sets. The same weight has been considered for all
the rules. The rules are sorted into groups depending
on the signals they deal with, which are listed in
Table 1. The ith fuzzy rule is expressed by [14] as
Rule i: if ea(n) is A; and Aea(n) is By,

Then Bea(n) is Ce,
e=1L2.70b=12...2c=12....30 0.1)
Where A, and B, denote the antecedents and C. are
the consequent part.

Command pitch angle (Bca)
applying CoG method as [14]
.51-:..4 I:.“]:I = E:=E: ':"-;'5":-: "E:i_ C._,- 02)
Where w; denotes the grade for the antecedent,

is calculated by

which is the product of grade for the antecedents of
each rule.
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132 FLS-B

On the other hand, when the wind turbine operates
during the wind incident below the rated value, there
is no generation of pitch angle. Any variation in
wind speed can cause high fluctuations in wind
power. To smooth the fluctuating wind power, two
methods have been proposed to incorporate the
FLS-B controller by generating command pitch
angle (bcB).

1.3.21 Method 1

The smoothing technique of method 1 is to
determine) from the reference output power (the
output power from the wind turbine with the
conventional PI controller has been considered as
reference output power (P a command output power
(Pg_com)) and generate pitch angle in such a way so
that the generated output power can follow the

N ZE P

1
o T T T T ¥ T T T T 1
-1 -.05 o .05 .1
1 ZE s M L
o 1

(] 2 4 .6 8 1
1 Xs s M L XL XXL
o T t T

.3 7 .85 1 1.15 1.3 1.45 24

Fig. 0.6 Fuzzy sets and their corresponding membership functions for
determining a proper correction factor: (a) eB1, (b) Pg-ref and (c) k.

command output power. To accomplish this,

e Command output power must be smooth.

e Smoothing is achieved by the generation of pitch
angle with some drop in output power. As the
generated output power is always lower than the
reference output power, command output power
must be ensured to be lower than the reference value
so that the fuzzy rules for the generation of pitch
angle are effectively set up by ensuring control input
of variation of reference output power from the
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command output power in FLS-B falls in positive
domain.

Table 2

Rules for determining correction factor.

k €s1

N ZE P

XS XXL
XS
Xs
S

Pg_n‘f

(7 N
B

nuunn
=

As the initial step, the smoothed version of reference
output power, known as ‘EMA command output
power (P)’ has been generated. This command value
at any instant t is given as [15]
Pgcom; =ali+(1—a)R 0.3)
where C is current value and P is previous period’s
value of the reference output power and a is the
smoothing constant.
In this paper, 12 periods of average value (each of 1
s) is used in simulation. So, the EMA starts from 12
s when 12 period’s data are available. Smoothing
constant (a) is chosen as 0.8, which indicates that
80% weight has been considered for the data of
present period in comparison with 20% weight to
the previous period’s data. The trend of weight
assigned to the previous period’s data can be
realized by expanding Eqg. (3)
Pocom: = ale+ (1 —a)[al;; + (1 —a)R_;]=
aCita(l —a)C,, + (1 —a)R_,=aXiijil -
a)'C_; +(1 —a)B_,

0.4)

0 50 100 150
Time (s)

Fig. 0.7 Obtaining command output power from EMA
command output power by the generation of correction factor

(K).
The term (1 —a)® indicates that weights of the

Active (reference and command) power (p.u.)

200 250 300

previous period’s data are exponentially decreasing.
The distribution of the EMA weights for n samples
is shown in Fig. 5.

The superiority of the EMA over other smoothing
techniques is that the EMA can follow wind speed
more rapidly because it uses its data of previous
periods for next calculation [8].
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To ensure the command output power (Pg_com) to
be lower value than the reference value, a concept of
correction factor (k) has been introduced, which is
related to the command output power (Pg_com) in
the following manner.

By —com =k % Pg_gom;  0.5)

The correction factor has bee n assessed by applying
fuzzy reasoning. Variation of reference output
power from the command output power (eg;) and
reference output power (Pg_ref) are used as inputs.
The system has triangular membership functions
with overlapping. Fig. 6 shows the input and output
membership functions. The linguistic variables are
represented by N, ZE, P (Positive), S, M, L, XS, XL
and XXL (Double Extra Large).

The system has got 12 rules, which are formed in

a

1 NXL NL NM NS ZE PS PM PL PXL

0 t T i T T i y T t 1
-.05 -.04 -03 -02 -01 0 .01 .02 .03 .04 .05

NL NS ZE PS PL

0 + + T y t T
-.03 -.0218 -.0109 o .0109 .0218 .03

_ZE ZEPXXS XS s ™M L XL XXL

0 .06 .12 .18 .24 .30 .36 .42 .48 54 .6

Fig. 0.8 Fuzzy sets and their corresponding membership functions during
below rated wind incidents using Method1: (a) eB1, (b) AeB1 and (c) pcB1.

similar way of Eg. (1) and listed in Table 2.
Correction factor (k) has been crisped by the CoG
defuzzification method using Eq. (2).

Fig. 7 shows that the command output power (P
g_com) achieved is lower than the reference output
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power (Pg_ref) over the whole 300 s period except
for the period during the rapid change in operating
points from the EMA command output power (P) by
the generation of correction factor (k), where the
role of k is non-significant because output power
simply switches to a different operating point and
needs not to be smoothed. The role of k is not
accountable during above rated wind incidents as
well, because output power is generated at its
maximum rating and needs not to be smoothed
either.

To obtain command pitch angle from FLS-B using
Method 1 (b), variation of reference output power
from the command output power (ecB1B1) and its
variation during a sampled time (De) are used as
inputs. The system has triangular membership
functions with overlapping. Fig. 8 shows the input
and output membership functions. The linguistic
variables are represented by NXL (Negative Extra
Large), NL (Negative Large), NM (Negative
Medium), NS (Negative Small), ZE, PS, PM
(Positive Medium), PL, PXL (Positive Extra Large),
ZEP (Zero Plus), XXS (Double Extra Small), XS, S,
M, L, XL and XXL.

FLS-B has 45 rules, which are formed in similar
way of Eq. (1) and listed in Table 3. Command pitch
angle (b) has been crisped by the CoG
defuzzification method using Eq. (2).

1.3.2.2 Method 2

Another method is proposed to minimize wind
power fluctuations during below rated wind
incidents for the FLS-B. The following steps have
been carried out as a means of design strategy:

e Generated wind power (P) has been categorized
into the stages with the steps of 0.05 p.u., which is
defined as ‘Power Stage (PS)’ as shown in Table 4.
The lower limit value of each corresponding PS is
taken as a target value (P) for the controller.

o If the generated wind power falls under a PS, a
Table 4

Rules of FLS-B (Method 2).

Ber2 Aep
NL NS ZE PS PL

en ZE XXS S ZE S L
ZEP XS M ZEP M XL
XXS S L XXS L XXL
XS M XL S XL XXL
S L XXL S XXL XXL
M XL XXL L XXL XXL
L XXL XXL L XXL XXL
SL XXL XXL XXL XXL XXL

Table 3
fept Aegy
NL NS ZE ) PL

ep NXL XXS S ZE S L
NL XS M ZEP M XL
NM N L XXS L XXL
NS M XL S XL XXL
ZE I XXL S XXL XXL
) XL XXL L XXL XXL
PM XXL XXL L XXL XXL
PL XXL XXL XXL XXL XXL

PXL XXL XXL XXL XXL XXL
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pitch angle would be actuated to shed mechanical
power and limit the wind power to Pg tar. For
example, if Pg = 0.78 p.u. at any instant, a pitch
angle is actuated to make Pg= 0.75 p.u. (see PS3in
Table 3).

To obtain command pitch angle from FLS-B using
Method 2 (Bg,), Variation of reference output power
from the target value selected by FLS-B (eg,) and its
variation during a sampled time (Aeg,) are used as
inputs. Control action of FLS-B would be limiting
output power to a certain target value instead of
generator rotor speeds, which make the control
design easier because the use of the rotor speed
would cause non-linear.

This system also has triangular membership
functions with overlapping. Fig. 9 shows the input
and output membership functions. The linguistic
variables are represented by ZE, ZEP, XXS, XS, S,
M, L, XL, XXL, NS, NL, PS and PL.

Table 5

Power stages.

Power stage Range Py tar
PS1 09 <Pg <085 0.85
PS2 085 <Pg<08 0.8
PS3 08 <Pg<075 0.75
PS16 015 <Pg<0.1 0.1
PS17 0.1 <Pg <005 0.05
PS18 005<Pg<0 0

The range of the command pitch angle output is
different for each corresponding PS. It generally
requires more pitch angle generation as wind power
falls in the PS of lower levels. The values of x1 and
x2 of Fig. 9c are listed in Table 5. The same values

Table 6

Command pitch angle range for FLC-B (Method 2).
Power stage x1 X2 Power stage x1 X2
PS1 0 0 PS12 0.5 14
PS2 0.2 0.6 PS13 0.5 16
PS3 03 0.7 PS14 0.5 1.8
PS4-PS7 03 09 PS15 0.6 2
PS8-PS9 04 1.1 PS16 0.8 6
PS10 0.5 12 PS17 15 15
PS11 0.5 13 PS18 45 45

of x1 and x2 for PS1 and PS18 refer to singleton
output membership function.

FLS-B has 45 rules, which are formed in similar
way of Eqg. (1) and listed in Table 6. Command pitch
angle (b) is crisped by the CoG defuzzification
method using Eq. (2).

2 Conclusions

Wind energy has the potential to play an important
role in the future energy supply in many areas of the
world. Within the last 10 years, wind turbine
technology has reached a very reliable and
sophisticated level. The growing international
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market will lead to further improvements, such as
large wind turbines or new system applications, e.g.
offshore wind farms. These improvements will lead
to further cost reductions, and for the medium term,
wind energy will be able to compete with
conventional ~ fossil  fuel power generation
technology. Further research, however, will be
required in many areas, for example, regarding the
network integration of a high penetration of wind
energy.

Pitching the individual blades (IPC) of a horizontal-
axis wind turbine allows control of asymmetric
aerodynamic loads, which in turn influences
structural loads in the nonrotating frame such as
tower side-side bending. These loads are not easily
controlled by traditional collective pitch control
(CPC).

Due to the complexity of the wind energy
technology, however, this paper mainly aims at
presenting a brief overview of the relevant wind
turbine and an example of IPC by using Fuzzy logic
as one of the pitching control methods.
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