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1. Introduction

This chapter deals with a design of controllers for variable-speed fixed-pitch wind turbines.
The chapter begins with an introduction to wind turbine control and the detail of nonlinear
models of the wind energy conversion system (WECS). Linearization around a set of
equilibrium points is presented to obtain a linear parameter variable model from a nonlinear
system. Open-loop characteristics for small signals are then described to analyze dynamic
behaviors under different operating conditions. The control objectives for variable-speed
fixed-pitch wind turbines detailed in this chapter consists of three operating conditions:

1. Maximization of extracted energy: The wind turbine should extract wind energy at the
highest efficiency to obtain the highest energy conversion ratio. Three alternative
maximum peak power tracking (MPPT)-based algorithms for fixed pitch wind turbines
are introduced. The first algorithm is guided by a torque reference (Mirecki et at., 2004).
The second method searches an optimal operating point from the slope of the power-
rotational speed curve. The last method is based on the control objective derived from a
fuzzy rule base.

2. Limitation of extracted energy with active stall with rotational speed control: The aim of
this control is to limit stresses on the turbine while minimizing the power fluctuations
around a constant value, normally around the nominal power.

3. Control of MPPT and stall regulation at the overlapping region: This operating
condition is effective with constant rotational speed control.

The controller objectives, controller schemes and controller designs are discussed in detail.

The developed controllers for fixed-pitch wind turbines are based on a speed and torque-

feedback control scheme. The proper design of the reference signal allows accurate tracking

of each control strategy along the entire operating range. Hardware and software
implementation for the control algorithms are explained. The case studies were carried out
with two laboratory experiments with a developed wind turbine simulator: 1) three MPPT
algorithms and active stall regulation with rotational speed control, and 2) an MPPT
algorithm with a grid-connected converter. The chapter is concluded in the last section. The

references are also provided for further research and studies.

Source: Wind Power, Book edited by: S. M. Muyeen,
ISBN 978-953-7619-81-7, pp. 558, June 2010, INTECH, Croatia, downloaded from SCIYO.COM
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2. Model of variable speed fixed-pitch wind energy conversion system

2.1 Modeling of rotor blade characteristics

A wind speed generally varies with elevation of the blades (i.e., every single spot on the
turbines may not have the same wind speed). Modeling wind speed taking into account all
different positions on the blades could be, therefore, very difficult. For this reason, a single
value of wind speed is normally applied to the whole wind turbines. Modeling the rotor
blade characteristic requires the tip speed ratio (TSR) and the relationship of torque and
power coefficient versus TSR. The TSR is obtained from

wiR

A= )\('Ut,wt) = -
t

1)

where A = tip speed ratio [rad.s]
vy = wind speed [m/s]
@ = rotational speed [rad/s]
R = blade radius [m]
The power captured by the blades, Py, can be calculated by

Puny = 57R*0}Cp (01,1, 0) @

The aerodynamic torque acting on the blades, T, is obtained by

T, = £xR%0}Cr (01,1, ) )

where p = air density [kg/m?3]
Cp = power coefficient [-]
Cr = torque coefficient [-]
B = pitch angle [degree]
If Cp is known, the aerodynamic torque can also be calculated from

Ta = gWRZU?CP(Utlwtlﬁ)/wt (4)
It can be seen from the above two equations that Cr and Cp are a function of A and p. In this
chapter, p is kept constant; namely, the pitch angle is fixed and this is generally true for
small and medium sized wind turbines. Therefore, Cr and Cp depend only upon A.
Figure 1 shows a relationship of Cr versus TSR of a typical 3 kW, three blade horizontal axis
wind turbine with a rotor diameter of 4.5 m (Kojabadi et at., 2004). This curve represents an
important characteristic in determining the starting torque of the wind turbine. In general,
this curve is available from the manufacture or obtained from a field test. With this curve,
Cp, indicating the efficiency of power conversion of the rotor blades, can be calculated by
multiplying Cr with A. Figure 1 also shows the Cr-A profile corresponding to the Cp-A curve.
It is important to note that the power and torque coefficient of a wind turbine depends on
aerodynamic design of the blades.
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Cr,Cr

1] 2 4 ] g 10 12
A Tip speedratio, A

Fig. 1. Cr-A and Cp- A characteristics of a typical, 3 kW three blade horizontal wind turbine

2.2 Mathematical model of drive train

The most important part of the drive train is the modeling of the turbine itself as the other
parts can be analyzed with common methods. Aerodynamic torque of the turbine is a
nonlinear function with respect to the tip speed ratio and the pitch angle. This relation, Cr(v;,
@y, f), may be modeled with splines or with look-up tables. The Cr-A curve is linearized with
respect to wind speed, rotational speed, and pitch angle (in the pitch controlled turbine) at a
given operating point. To analyze the turbine with linear methods, the non-linear torque
function in (5) can be linearized by taking into account only the first terms of the Taylor
series (H. Vihridld, 2002).

AT, = 0Av, + yAw, + kA )
where
" Bl TR ”
" Bl B ®
C, = §WR3 )
A = e (10)

With linearization around an operating point, the product of the derivative of aerodynamic
torque and wind speed may be regarded as an external disturbance. If the pitch angle
control is adopted as a means of control, the linearized coefficient x must be calculated. The
dynamics of the pitch actuator may be modeled with the first order dynamics. The
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212 wind Power

derivatives term OT,/03 can be obtained from blade design calculations or by
identification from tests. Since this chapter deals with the fixed pitch configuration, no
further discussion will be made on pitch control modeling.

Aerodynamic torque on a wind turbine is a nonlinear function of A and f. But for the fixed
pitch wind turbines, its pitch angle is constant and therefore, the aerodynamic torque
depends only on tip speed ratio. Areodynamic torque in (5) can be rewritten as

AT, = 0Av, + yAw, (11)

The wind power drive train can be modeled as one mass with the assumptions that there is
no interaction between the drive train and tower dynamics, and no gravitational force that
acts on the blade which causes periodic excitation. The mathematical model of the drive
train consists of aerodynamic torque (12), auxiliary torque (13) and rotational acceleration
(14).

T, = ] + Bw, + Tg (12)

where J; =inertia of turbine [kg.m?]
B; = frictional coefficient of turbine [N.s/m?]
T, = generator torque [N.m]

T.x =T, — Bw, (13)
.1
O =7 (T = T) (14)
If T, is an input and o is an output of the system, (12) and (13) are rearranged to give
T, - T, = (@], + Bw,) (15)
T, = 0v, + yw, (16)

From (15) and (16) the block diagram can be drawn as in Fig. 2.

v,(s)—» 6

@,(s)

J,s+B,

Fig. 2. Block diagram of linearized turbine plant

The closed loop transfer function of the plant is

w;(s) _ 1
T,(s) (=Jis—B,+)

(17)
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As the pole of the system is s = (y - B)/J: with || >|B,|, the sign of the pole depends on the

value of y, which indicates the slope of the Cr-A curve. This means the system will be
unstable if y is positive (the operating point lies in the left hand side of maximum torque of
Fig. 1). Hence, if a linear controller is employed, the controller must be designed to
compensate the effect of a positive y.

2.3 Aerodynamic torque observer
A standard state-space model of a plant can be expressed by (18) and (19).

x = Ax + Bu (18)
y=Cx (19)

The system can be transformed from the continuous domain to the discrete domain by the z
transformation with zero order hold (ZOH), as given in (20) and (21).

y[k + 1] = Da[k] + Tulk] (20)
ylk] = cx[k] (21)

The closed-loop observer structure of (22) and (23) is
&k + 1] = ®x[k] + Tulk] + Ke(x[k] — &[k]) (22)
ik +1] = (® — Ke)&[k] + Tulk] + Ky[k] (23)

The block diagram with a torque observer in the discrete form is shown in Fig.3. The problem
is to calculate the observer gain K of the plant. The mathematical model of the drive train
consists of aerodynamic torque (12), auxiliary torque (24) and rotational acceleration (25).

Taux = Ta - Btwt (24)
. 1
w, = ﬁ(Taux —T,) (25)
u(t) w(t)
T—r FPlant 4I—>
A4 D ALD

ik +1] = (2 — Keyglk] | 7F]

o
Gulk] + Aylk]

Cbserver

Fig. 3. Block diagram of observer and plant in discrete form

To derive a dynamic torque equation, it is assumed that the aerodynamic torque has much
slower variation than a sampling rate, Ts , (Cardenas-Dobson et al., 1996). That is
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T,=0 (26)
Rearranging (25) and (26) gives

1 1

w 0 —||w —
C e A @)

aux O O aux
Wi

v =M1 o] (28)

From (27) and (28), the observe gain K can be calculated. A mechanical torque observer can
then be implemented on a digital signal controller (DSC) board.

3. Control objectives

The wind turbine is an energy converter device that captures energy from the wind and
converts it into useful work. Almost all of the wind energy conversion systems are
connected to the grid of electric power networks. Although the main objective of wind
turbine operation is to optimize energy capture, other technical and environmental
objectives should also be satisfied such as mechanical loads, power quality standards,
acoustic emission, obstruction, etc. (Fernando et al., 2007). These objectives are actually a
tradeoff among each other. Thus, the WECS should find a well balanced compromise among
them. The control objective of this chapter is emphasized on optimal energy capture.

Due to the requirement in speed control, four wind velocities separate the operation into
three operating regions as shown in Fig. 4, which represents a typical power curve of a wind
turbine. The cut-in velocity (v..in) is defined as the wind speed at which the turbine starts to
generate the power. Below this wind speed, it is not efficient to turn on the turbine. The
transition speed v,y is the wind speed that the operating point starts to move from
maximum power curve of region I to the rated power in region III The rated velocity (vrated)
is the wind speed at which the turbine reaches its rated turbine power. The cut-out velocity
(Veut-out) is the maximum wind speed at which the wind turbine can still operate. Beyond this
wind speed, the rotor has to be locked to keep the blades, the electrical generator and other
components from reaching damage.

— A
= Region I Region II Region III
—
£ 100 I | A
£ Wind | Power increases | Control at nominal Wind
o5 | speed I with the cube of | power, Py speed
too wind spee I_gi too
< .
low 151 high
50 i t 51
i / H
| 121
25 } i st
| 1=
| [
0 1 — >
0 Ocut-in OwN  Orated Ocut-out
Wind speed [m/s]

Fig. 4. Operation regions of wind turbine
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Region I covers a wind speed range between v-i» and von and is referred as the below
rated wind speed region. The available power is defined as the power in the wind passing
through the rotor area multiplied by the maximum power coefficient Cg'® , that is

P, = CI™p, = % prR3CH3 (29)

The control objective in region I is to extract the maximum power from the wind. Therefore,
the ideal power curve in this region is a function of wind speed cube defined by (12b).
Region II covers a wind speed range between v,y and vys and is referred as a transition
between maximum power curve of region I and rated power in region III. In this region, if
the rotor speed is so high that it reaches the speed limit, it will generate acoustic noise.
Therefore, this region may not exist if the rotor speed is below the limit. Region III covers a
wind speed range between vyues and veut-our and is referred as the above-rated wind speed
region. As the mechanical power generated by the rotor is limited, the main task of a
controller in this region is to keep output at its rated power (Fernando et al., 2007).
Operation regions of interest for wind turbine control of this chapter are those of I and III.

4. Control schemes with variable-speed fixed-pitch wind turbine

As maximum energy conversion is achieved at the fixed optimum angle, keeping the tip
speed ratio at A, becomes a necessary condition. The constraint A = A, indicates that the rotor
speed must change proportionally to wind speed; to be specific, w, =A,v;/R. A wind

turbine controller uses electronic converters to transfer the output energy from the
generator, which produces the counter torque to arrive at o, and A,, respectively. Thus, the
turbine can be controlled to operate at different points, for instance, to track the optimum
speed as wind speed fluctuates. The maximum power locus on the torque-speed plane can
be obtained from

1 max
T, = 5 prRPCE™ 2 = cw? (30)

where T,= optimum torque [N.m]

1
c=—— R5cmax
7 )\g pT P
o= optimum rotational speed [rad/s]
Equation (30) presents a parabola equation between the torque and rotational speed. In

below-rated wind speed region, the turbine is controlled to track this Cp'®locus. Thus,

variable-speed control strategies essentially differ in the way power is limited in the above-
rated wind speed (Munteanu et al., 2008).

This section describes control trajectories to optimize energy capture from the fixed pitch
wind turbine in the below-rated and above-rated wind speed regions. Methods to maximize
the power output of wind turbines in the below-rated wind speed region are 1) torque
reference-based MPPT algorithm, 2) searching-based MPPT algorithm and 3) fuzzy-based
MPPT algorithm. These three methods are explained in more detail in next section. In the
above-rated wind speed region, there are two methods to limit the output power from the
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wind turbine at a specified output: 1) passive stall control and 2) active stall with rotational
speed control.

In the below-rated wind speed region, especially, between vetin and vsaea (see Fig. 5), the
wind turbine is programmed to operate along the quadratic curve AB with the Cg'™ path.
The turbine is operated at variable speed in this region. In the above-rated wind speed,
when the wind speed exceeds the nominal level, the angle of attack will increase and thus
approaches stalling. The air stream separates into larminar flow and eddy current flow at
some parts of blade profile. Depending upon the angle of attack, the lift force is reduced but
the drag force increases. This phenomenon is called passive stall.

Without a mechanism to turn the blades around the axis (i.e., pitch angle is constant),
rotational speed control is another method to control the wind turbine to regulate output
power in the stall region. For instant, when the controller reduces the rotational speed, the
power coefficient will decrease to limit the output power at the nominal value as shown in
the path BC of Fig. 5. The wind turbine is operated at variable speed throughout its
operational range. If the wind speed approaches to the value at which the nominal power is
produced, further torque development at the rotor must be limited. In general, the active
stall is more efficient than the passive stall for energy regulation (Erich Hau, 2002).

F'y

T
g} .
il - ¥
o IMNominal power, P ™
o
=
i
H
Doted
y

Fotational spead (rp_mj

Fig. 5. Active stall with rotational speed control (path BC)

5. Maximum peak power tracking algorithms

The main purpose of MPPT algorithms is to maintain operating points on Cp®™ for any
wind speeds in the below-rated wind speed region (see Fig. 6). The operating points can be
on the positive slope (the left side of C3'®™ ), zero slope (at C5'**), and negative slope (the
right side of Cp'®™ ). If an operating point is in the positive slope region, the controller will
move it to the right towards the optimum tip speed ratio, A,. This can be achieved by
decreasing load current which results in an increase in the rotational speed. Conversely, if

the operating point lies on the right hand side of the peak, the load current has to be
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increased, resulting in a decrease in the rotational speed. With this principle, the operating
point can be maintained at C3*®* for various wind speeds.

— % + slope ! - slope
1 m -

o

e o el LR |
TN }

PowWer |

4 Possible ’
starting poinl

torgua

Power, Torgue coefhicient |,

A, Tip speed ratio [A]

Fig. 6. Power and torque with MPPT tracking process

5.1 Torque reference-based MPPT algorithm
This method requires the wind turbine characteristics (e.g., R, Cp'™ and 2,). The below-
rated wind speed reference torque, T , can be calculated by substituting (1) into (4).

TbreEf = ktwl‘zl Pa < Pmted (31)
where k; = %pwl@C%‘ax

Ao= tip speed ratio at Cp'® [rad.s]
The reference torque for the above-rated wind speed, Tarlff , is calculated from the rated
power, Pred.

Tr}ff = Pmted /wtr Pa > Pmted (32)

ai

The controller uses (31) and (32) as the reference torque to control the plant. The torque
reference-based MPPT algorithm can be alternatively achieved by testing the wind turbine
to find the optimal torque-rotation speed curve with various wind speeds as shown in Fig. 7
a). The reference torque trajectory can be mathematically written as a function of torque and
rotational speed or it can be stored as a look-up table which is easy to be programmed in a
microcontroller or a DSC board. Figures 7 a) and b) show a reference torque trajectory and
the associated output power in the below- and above-rated wind speed regions, respectively
(Morimoto et al., 2005).

Control block diagram of torque reference-based MPPT

The torque reference-based MPPT block diagram is shown in Fig. 8. This system receives the
rotational speed from the plant. The rotational speed is sent to the torque reference look-up
table to interpolate the aerodynamic torque reference, T, This reference will be sent to a
load regulation loop (lower right corner of the figure), where a proportional-integral (PI)
compensator is used to control the load current as desired and improve system stability.

www.intechopen.com



218 wind Power
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Fig. 7. a) Optimum torque trajectory and b) optimal power trajectory
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Fig. 8. Control block diagram of torque reference-based MPPT

5.2 Searching-based MPPT algorithm
This algorithm brings the operating point toward Cp® by increasing or decreasing the

rotational speed step by step. This tracking methodology is called the perturbation and
observation method. To limit the output power at a specified power limit by stall regulation,
the controller will reduce the rotational speed until the power coefficient reduces to the
power limit. If the output is lower than the power limit, the controller will increase the
rotational speed until the power matches the power limit. The control flowchart of the
maximum power tracking system in Fig. 9 illustrates the details of decision processes based
on the tracking procedure in Fig. 7. If the rotational speed is higher than the cut-in speed,
Wcut-in, the MPPT controller will start the procedure. If a given perturbation leads to a
positive or negative slope, the next perturbation increases or decreases the rotational speed
until the slope becomes zero (i.e., maximum power point is reached). An updated load
current reference, i,y for each sampling period, Ts, and an instantaneous power slope are
calculated by (33) and (34), respectively (Morimoto et al., 2005) and (A.M De Broe et al.,
1999).

Apl(F)T]

tref [(k + DT = it [KT ]+ M Awy[(k)T]

(33)

www.intechopen.com



Control Strategies for Variable-speed Fixed-pitch Wind Turbines 219

Apl(K)T]

Sl0pe = R[0T,

(34)

where M = updated factor [-]
iredkTs] = current at kT, [A]

F 3

Heo x
M ik —1) =10
n = [f'-": 2% T: - I;, _‘;“‘;:
h J
glope = Ap. [ Aw,
w y
decrease o ITLCTEASE Wy
b 4 r
(1) = () + M |Apy [ Auyy || |seaplle+ 1) = apll) — M |Ap; [ Ay |
controller,

converter and load

Fig. 9. Searching-base MPPT algorithm flowchart
Control block diagram of searching-based MPPT

To implement the MPPT and stall regulation control in a DSC controller unit, the total
power Pt should be written in more detail as given in (35).

P, = Juiwr + P + Trw; + Vg + 3R, (35)

The overall block diagram of MPPT and stall regulation control system is shown in Fig. 10.
The top part of the diagram which is enclosed in the dotted line represents the MPPT
controller built from (35) for the below-rated wind speed region. The below-rated wind
speed control receives the generator current, voltage and rotational speed from the plant as
inputs and use them to calculate the slope of the power-speed curve. The rate of change of
power is compared with the reference (zero rate of change of power). The error is multiplied
by a dc gain to generate the current reference for the PI controller of the plant control
system. The lower part of the block diagram in Fig. 10, which is enclosed by the dotted line,
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represents the stall control for power limit. This controller receives the magnitude of the
total power value from the below-rated control block diagram. If the instantaneous power is
greater than the rated power, the selecting switch will be changed to the lower pole. This PI
compensator in the load regulation loop (lower right hand corner of the figure) keep the
output power within the rated power value.

L

Wind turbine
with de

generator

¢

i

Y
def de
CONWETET

load

o § ||

Aboverated wind speed

Fig. 10. Block diagram of searching-based MPPT

5.3 Fuzzy-based MPPT algorithm

A fuzzy logic control (FLC) algorithm is characterized by “IF-THEN”" rules. The algorithm is
suitable for wind turbine control with complex nonlinear models and parameters variation.
Like the second algorithm, the fuzzy-based MPPT uses the perturbation and observation to
track the maximum output power in the below-rated wind speed without knowledge of
wind turbine characteristic. The input variables of the fuzzy-based MPPT are the rotational
speed and the aerodynamic torque observer T,. In the above-rated wind speed, the FLC
uses a torque reference calculated from (6) to limit the output power at the power limit.
Another two input parameters, AT, and Aw;, are used to limit torque and speed
fluctuation. The MPPT with FLC uses T, to classify the operating regions.

5.3.1 Fuzzy logic control design for fixed pitch wind turbine
In the below-rated wind speed region, the main control objective is to maximize energy
capture from the wind. The wind turbine characteristics has a single maximum power

coefficient, Cp'®*, at the tip speed ratio A,. When the rotor operates at constant speed, the

power coefficient will be at maximum at only one wind speed and therefore to achieve the
highest annual energy capture, the value of the power coefficient must be maintained at the
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maximum level all the time (Yaoqin et al., 2002). In order to meet this objective, the
controller calculates the reference torque using (36) and uses the error between this
reference torque and feedback aerodynamic torque as the main input feedback.

re) max 1
T = gwRSCP ?wf = kyw? (36)

p max 1
where k; = ET(RSCP g
The FLC based operation in this region can be explained by the below-rated torque control
path in Fig. 11 a). Initially, it is assumed that the operating point is at point a, which

corresponds to Cp'®* operating point for a wind speed of 6 m/s. If the wind speed reduces to

4 m/s, the operating point will move to b with the same rotational speed, w;. For that wind
speed, the FLC moves the operating point from b to ¢, which is the optimal position for the 4
m/s wind speed, by increasing the generator torque to reduce the rotational speed to w.. If
the wind speed immediately increases from 4 m/s to 6 m/s, the operating point will move
up to d, where the power is not maximum. Hence, the FLC will have to move the operating
point to point a by reducing the generator torque and therefore increases the rotational
speed. The control law for this region is summarized below:

If T, >T;7, reduce AT, to increase w (37)

If T, < Tbrff ,increase AT, toreduce w (38)

=]
=
=1

=
(=1
=1

) E
&, 160 2. 160
- ol
- =
" (i)
D10 2, 1m0
= o]
g T = T
= 4
% 80 § &t
g, 40 E‘ 40
—
= o
v [t
= H
=0 3 13 ‘ "I: 0
10 0 40 H 1] 40 k]

CIEDN o, @30
©2 @1 Rotational speed [rad/s)] 1 R otational
(a) (b)

Fig. 11. a) Torque control path in below-rated wind speed region b) Torque control path in
above-rated wind speed region

speed [radis)

In the above-rated wind speed region, the main control objective is to limit the energy
capture at a specified value. Typical methods are pitch control, active stall regulation, and
passive stall (Muljadi et al., 1998). For a fixed pitched wind turbine, the active stall with
rotational speed control is of interest. The output power can be limited by controlling its tip
speed ratio until it is stalled. The controller can limit the output power by reducing the
power coefficient, which can be done by moving the operating point to the left or right of
(Ao, CP™). The controller will keep the operating point in the left side of (Ao, CP®) to avoid
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the system operating in higher rotational speeds. The controller calculates the reference
torque based on (39) and can be shown by the dash line in Fig. 11 b). The controller uses the
error between the reference and aerodynamic torques as the main input feedback.

P
T ref — rated 3 9
ab w, ( )

The intersection of the two regions gives the coordinate (W, I ), where

Whax — \/3 Prated/ kT and Ti > k%/ Bpnféxs (40)

In Fig.11 b), the operating point is assumed to be at point e when the wind speed is 7 m/s. If
the wind speed jumps to 9 m/s, the aerodynamic torque will increase accordingly, forcing
the operating point to move to f. The FLC will increase the generator torque to reduce the
rotational speed. The operating point will then come to a new optimum position, g.
Conversely, if the wind speed reduces to 7 m/s, a transition from g to h can be expected.
Thus the FLC will reduce the generator torque to increase the rotational speed to move the
operating point to e, based on the reference torque path. The control law for this region is

If T, >TL, increase AT, toreduce ® (41)

If T, <T)/, reduce AT, to increase @ (42)

Note that other constrains to be taken into account for the fuzzy logic control are, for
example, changes in the rotational speed and torque.

5.3.2 Fuzzy logic control

In the fuzzification process, the relevant numerical parameters are linguistically converted
into equal-base symmetric triangles (for the output) and trapezoidal membership functions
(Bimal, 2000). The membership functions for six input parameters consisting of Ey. and Eu,
defined in (43), Figure 12 shows the membership functions of 6 variables, namely Ey., Ew, Ty,
AT,, ®;, and Aw:; The aerodynamic torque observer described in section 3.2 is used to

observe aerodynamic torque, T, in order to construct four inputs Ey, Ew, T, and AT,. The
rotational speed ®; is measured by 1000-pulse rotary encoder to obtain the rotational speed

and the change of rotational speed Aoy as the other inputs of FLC. The membership function
for one output parameter, AT,, is shown in Fig. 13. All the membership functions are
normalized in a range of [-1,1].

E, = Tbr:f - T,

a

and E, =T —T, (43)

The fuzzy rule base that associates the fuzzy output to the fuzzy inputs is derived from the
system behavior. It basically contains the knowledge acquired by designers as fuzzy rules
and is expressed in forms of IF-THEN rules. The sole objective of the fuzzy rules designed
here is to keep the wind turbine operating at the optimal point by using torque control for
the two regions (Simoes et al., 1997).

In the below-rated wind speed region, the FLC knows how to operate in this region by
observing whether the aerodynamic torque is lower than T; (40). In this region, only three
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Fig. 12. Membership function input variables of a) Ey, b) Ea, ¢) Ty, d) AT, ) o, f) Aoy
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Fig. 13. Membership function output variables AT,
where
nbb = negative big big nb = negative big nm = negative medium
ns = negative small nss = negativesmallsmall z = zero
pss = positive small small  ps = positive small pm = positive medium
pb = positive big pbb = positive big b = big
s = small

input parameters are needed to determine the output: T,, Aw; and Ep. The FLC tracks the
torque reference given in (36) to obtain the maximum peak power. The relationship between
A and Epe generates AT, with 35 rule base when T is s (see Fig. 12 c).

In the above-rated wind speed region, when the aerodynamic torque is grater than T; (i.e., T,
is ns), the FLC tracks the torque reference by (39) and uses five input parameters, Exu, Awy,
AT, T, and @y, to generate AT,. The first three parameters are used to create the 105 rule
base whereas T, decides in which region the controller will operate. The final parameter is
used for over-speed protection; to be specific, if oy is b, then AT, is pbb.

Defuzzification is a process that converts the fuzzy set representing the overall conclusion
into a real number after the evaluation of the rule base module. There are various types of
defuzzification but a widely used one is the center of gravity (or centroid) defuzzification
method, which determines the center of gravity of output membership function. If the
discrete fuzzy set is applied in Fig. 14, the center of gravity of output membership function
can be obtained from (Simoes et al., 1997)
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Uo =Y Uin(Uy)/ > p(U;) (44)
i—1 i=1
where U; =area of final fuzzy value at i

w(U;) = fuzzy output value i

Final fuzzy value

Center of gravity

Fig. 14. Discrete fuzzy defuzzification for center of gravity method

5.3.3 Fuzzy logic control block diagram
The FLC block diagram of the system is shown in Fig. 15 (Neammanee et al., 2006). This

system receives the current, voltage and rotational speed from the plant and then sends
them to the torque observer to estimate the aerodynamic torque, T, . The FLC calculates AT,

using the predefined membership functions, fuzzy rule base and defuzzification to update
the output torque and output command (Neammanee et al., 2007).

i

T
Ta < g g Wind turbine
Torque observer o V. with

®t_| dc generator

Fuzzy Logic Controller

AT
Rules base dc/dc
+ ' converter
\ 4 +

Evaluation of —
control rules [”] Defuzzification Tg

Fuzzification (>

load

T

Fig. 15. Block diagram of fuzzy logic controller wind turbine

6. Case studies

The test system is composed of two main parts: 1) a developed wind turbine simulator on
the left side of Fig. 16. and 2) a purposed wind turbine controller on the right side. The wind
turbine simulator consists of a torque control inverter connected to a 7.5 kW induction
motor and voltage and current sensors, data acquisition and a DSC controller board. The
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DSC controller board uses a high performance 16 bits dsPIC30f6010, which combines the
advantage of a high performance microcontroller and high computation speed digital signal
processors (Huynh, P. & Cho, B.H., 1996). The software used to control the simulator was
implemented in this DSC linked with a personal computer via two RS232 ports: one for
transferring wind speed data to the DSC board and the other for sending parameters (e.g., P.
, Ig, Vg, @g ) to the computer. The proposed wind turbine controller on which the MPPT
algorithms are implemented consists of a dc/dc converter connected between a generator
and a load, voltage and current sensors, a data acquisition unit and a DSC controller with
the same performance as the one used in the simulator (Neammanee et al., 2007).

Wind turbine simulator Wind turbine controller
T orque control T] defde Tt
inwerter conwertey vd

F Y
T i« e iy

| Diata acquisifion interface

Dligital signal <:>| I <:> Implemented

controller

fii logi troller
board & dserintettace | | B e

Fig. 16. Test system

6.1 MPPT algorithm and active stall regulation with rotational speed control

Figures 17-19 show control trajectories of the three MPPT-based algorithms with five
different wind speeds: 3, 3.5, 4, 4.5 and 5 m/s. As can be seen from the figures, in the below-
rated wind speed (less than 700W), the MPPT with torque reference controller succeeds in
tracking the maximum power for each wind speed with the lowest rotational speed
variation. When the wind speed is stepped up from 4.5 to 5 m/s, the system starts to limit
the output power at 700W. If the wind speed increases beyond 5 m/s, the operating point
will move to the left hand side of the previous one with a constant output power of 700W
but with higher aerodynamic torques. During the move, the controller decreases the
rotational speed until the wind turbine has been stalled. It can be seen that there is a high
fluctuation in the output power in the above-rated wind speed.

The searching-based MPPT controller tracks the maximum peak power at each wind speed
with highest rotational speed fluctuation in the below-rated wind speed. Around the output
power limit (700 W), it is observed that this algorithm has a slightly lower power fluctuation
than that of the first algorithm. Note that the second algorithm uses the lower part of the
control diagram in Fig. 8 to calculate the reference torque in the above-rated wind speed.
Referring to Fig. 15, the fuzzy based MPPT controller tracks the maximum peak power with
the lowest power fluctuation as well as fairly low rotational speed fluctuation in the below-
rated wind speed. The tracking time for the three control algorithms is compared in Fig. 20.
It is clearly seen that the torque reference-based MPPT and the fuzzy-based MPPT are
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fastest in the below-rated wind speed and the above-rated wind speed, respectively

(Neammanee et al., 2008).

10 15
Rotational speed [rad/s]

Fig. 17. Control trajectory of torque reference-based MPPT algorithm
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Fig. 18. Control trajectory of searching-based MPPT searching algorithm
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Fig. 19. Control trajectory of fuzzy-based MPPT algorithm
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Fig. 20. Tracking time of three algorithms

6.2 MPPT algorithm with grid connected converter
There are three main parts of the test system shown in Fig. 21: 1) a 7.5 kW wind turbine

simulator source on the left hand side of the figure, 2) a purposed MPPT controller with a
high performance double-interleaved dual boost converter for the wind turbine in the
middle, and 3) a 3 kW single phase grid connected converter on the right side. The wind
turbine simulator is used to test the searching-based MPPT with the double-interleaved dual
boost converter.

The purpose of this experiment is to confirm that the MPPT controller can be used with the
DIDB converter to maximize power. This experiment was tested with various input wind
speeds to the wind turbine simulator, coupled to a dc generator connected to the grid via the
DIDB converter. The wind simulator was started at a wind speed of 4m/s, stepped up to 4.5,
5,5.5 and 6 m/s respectively and run until steady state. The MPPT controller would capture
a maximum power of 260, 380, 580, 700 and 900 W respectively. Figure 23 a) shows the
relationship between the output power and time with various wind speeds. It can be seen
from Fig. 23 b) that in this case, the MPPT controller can manage to keep Cp at the optimum
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- P B YT, g1
s
1= & &ﬂ"_ I Grid
= O o [N+
_ | =
g T'IIG
O .
why o el @ e i s
= L 1 1 o n
] i)
K . 1 —
— AA N ot _
Wind L Lin D Tiad Ve f Bl
Turbine Y Y'Y r ki d Y ¥ Yy
Simulator
Diouble-interleaved dual boost Single phasegrid
conwerter with MFPPT Controller connected converter

Fig. 21. Schematic diagram of test system
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Fig. 23. a) 2-kW DIDB converter with MPPT controller b) Control trajectory of MPPT
controller with various wind speeds
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value (A,) for the 5 step wind speeds. This experiment also reveals that the DIDB converter
and the MPPT controller can be combined to achieve maximum power tracking. Figure 24
shows the phase voltage vs and current i measured by oscilloscope on the grid side in
inverting mode under steady state operation. It is clearly seen that phase current has a low
total harmonic distortion. The phase voltage and current are 180° out of phase, indicating
this converter generates only active power to the grid. The output power and dc bus voltage
for real wind speed input data, v, to the wind turbine simulator are shown in Fig. 25. It is
clear that the MPPT controller can track the maximum (Kajangpan et al., 2009).

W]

1500 z . z ! z T . !

VDC-iBus[V]XS
1000 :

Output power,P,[

500

Time[min]

Fig. 25. Wind speed, output power of MPPT and dc-link voltage

7. Conclusion

This chapter is emphasized on control strategies for a variable speed fixed-pitch wind
turbine with the main objective to optimize energy capture in below- and above-rated wind
speed regions. Two main laboratory experiments were conducted: 1) three maximum peak
power tracking (MPPT) algorithms and active stall regulation with rotational speed control,
and 2) an MPPT algorithm with a grid-connected converter. All the MPPT algorithms were
implemented on a low cost DSC board and tested with a developed wind turbine simulator.
The first algorithm tracks the maximum power using a torque reference obtained from the
wind turbine characteristic. The second method is based on the observation that the power
versus rotational speed curve has a single well defined peak. Therefore, a necessary
condition for the speed being at the maximum power point is that the first derivative of the
power respect to the rotational speed is zero. The third algorithm employs a fuzzy logic as
the key controller.

It can be concluded from the first experimental results that the MPPT with torque reference
offers fastest tracking time in the below-rated wind speed region and the MPPT with fuzzy
logic is favored in terms of power fluctuation and tracking time in the above-rated wind
speed region. Although the second MPPT algorithm has the slowest tracking time and the
highest rotational speed fluctuation, it is attractive for a small amount of computational
resource and therefore low cost for implementation. Although the FLC possesses many
advantages as described above, the implementation of the FLC is quite complicated,
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especially in the software part. For example, the implementation of the FLC with 140 rule
base requires 1) plant knowledge to construct the rule base, 2) simulation process before
implementation and 3) large memory storage for control program.

The second experimental results confirm that a developed grid connected converter with an
MPPT algorithm can deliver the output power with low input current ripple and high gain.
The system can track the maximum output power with step and various wind speeds and
can regulate the dc bus voltage with nearly sinusoidal line side current, near-unity power
factor and low harmonic distortion.

The proposed methodology can be extended to develop an adaptive FLC algorithm by the
knowledge-base system for data recording in intelligent updated memory (IUM) to reduce
the generator current and recording time. By applying the MPPT controller in the initial
mode of tracking, the maximum power operating points can be located. These data will be
stored in an IUM. When the data in the IUM cover a specified range in the below-rated wind
speed region, the adaptive FLC will use these data as an input to maximize the output
power within the range. The adaptive FLC, which consists of a MPPT controller, a torque
observer, an IUM recorder and a FLC, can be implemented on a low cost, high performance
digital signal controller board with a microcomputer for data acquisition and control
verification.
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