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maintaining the tip speed ratio (λ) at its optimum value
[3].

Abstract.

This paper represents the speed regulation for a
fixed pitch stall-regulated variable speed wind energy
conversion system. The speed regulation in the high (above
rated) wind speeds region is the main topic of this paper where
in this region, the rotor/generator speed activity is controlled by
using the concept of adjustable or variable speed drive
(ASD/VSD). Speeds need to be controlled in order to maintain
the generated power by reducing the power coefficient from the
peak of Cp curve. It can be achieved by reducing the tip speed
ratio from the optimum value when wind speed vary from rated
wind speed to cut-out wind speed. Therefore, closed-loop
scalar speed control with the concept of constant ratio of
voltage/frequency was being applied. In addition, simple
algorithms of drive train and squirrel cage induction generator
were being used. A proportional integral (PI) controller was
used to control the generator slip speed. Results demonstrate
that such a closed-loop scalar control with proportional integral
(PI) controller is good enough to accurately maintain constant
power by restraining the rotational speed corresponding to the
wind speed variation at the rated wind speed.

Figure 1: Control strategy at different regions

In intermediate region or intermediate wind speed,
turbine runs at fixed speed. Then, in high wind speed
region, turbine runs at a fixed speed as in conventional
strategy. But as an alternative, they are designed to run at
variable speed whereby the power coefficient needs to be
reduced by reducing the rotor/generator speed [4]. In the
early market, wind industry was predominated by stall
regulated fixed speed wind turbines. However, new
innovations have resulted in the improvement of
turbine’s reliability. Even though stall regulated fixed
pitch wind turbine offers the cheapest cost among the
existed wind turbines in the market, its problems
including noise, severe vibrations, high thrust loads and
low power efficiency. Therefore, a new alternative of
control needs to be initiated. Hence, to improve such
drawbacks, the rotation of the rotor speed is made
flexible where rotation can be controlled in variable
speed.
Hence, the objective of this paper is to develop a
simulation model which represents the behavior of stall
regulated variable speed wind turbine at high wind speed
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1. Introduction
In general, a variable speed wind turbine has 3 main
different operating regions: below, intermediate and
above wind speed [1] as illustrated in Figure 1.
In a fixed pitch, variable speed, stall-regulated wind
turbine, maximum power regulation below rated wind
speed is regulated by changing the rotor/generator speed
at large frequency range [2]. In such a turbine, capturing
the power at a maximum value is obtained by keeping the
power coefficient (Cp) at maximum peak point by
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control region by using the closed loop scalar control
with adjustable speed drive concept. This paper is
organized as follows. Section 2 consists of the
description of each sub-model in wind turbine system
while section 3 describes the scalar control of induction
machine. Then, Section 4 shows experimental results and
lastly, some conclusions are given in Chapter 5.
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Figure 3 represents the drive train model of wind
turbine system. In the drive train model, the difference
between low speed shaft and the high speed shaft is
shown by the gearbox ratio.
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Where ω r = rotor speed, R =blade radius, U = wind
speed, ρ = air density.

Figure 2 shows the Simulink model that was
developed to simulate a stall-regulated, variable-speed,
wind turbine system. This turbine comprises 4 submodels named wind speed, aerodynamic, drive train and
squirrel cage induction generator model.
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Figure 2: Structure of wind turbine system

A.

Jr

Wind Speed Model

Wind speed is considered as a disturbance in the wind
turbine model. In this work, the wind speed time series is
modelled by using actual wind speed data which was
recorded in West Beacon farm, loughborough.
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value of 0.4781 at

the tip speed ratio λ is
(2). Equation (3) and (4)
the aerodynamic torque,
Paero [2],[5].

− 1 . 631763 e

dω m
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tip speed ratio of 5.781. Tip speed ratio is the ratio
between the peripheral blade speed, ω r R and the wind
speed, U .
The value of power coefficient C p is calculated by
using Equation (1), whereas
computed by using Equation
then are used to calculate
Taero and aerodynamic power,

High speed shaft

The drive train model is developed by using the
simplest equation of motion to avoid the complex
analysis where only rotational inertia is considered. The
effects of damping and twisting angle of the shaft are
ignored. In wind turbine system, unbalance torque occurs
when turbine torque is dissimilar with the generator
torque. As a result, shaft is accelerating or decelerating.
The equation of motion for this rotation can be described
as in Equation (5) [6]:

Aerodynamic model represents the interaction
between turbine and the wind stream. The performance
of useful mechanical power in the wind is greatly
depended on the blade profile. The efficiency of power
extracted from the wind or also called as power
coefficient, C p of this kind of studied turbine has
Cp

Low speed shaft

Figure 3: Drive train model

Aerodynamic Model

maximum power coefficient,

N2

1044

RE&PQJ, Vol.1, No.8, April 2010

E1 = 4.44ΦfN 1

The shaft will accelerate when Taero > Tload , whereby
the shaft decelerates when Taero < Tload .

D.

A closed-loop scalar control that was used to achieve
this goal is shown in Figure 4 [7],[8]. From the figure, it
shows that the generator speed, ωm which is measured by
tachometer or encoder will be compared with the
demanded generator speed, ωm*. The demanded generator
speed is obtained from the demanded (optimum) rotor
speed, ωr_dem which is calculated by using Equation (2),
when λ vary between 2.408 or power coefficient vary
from C p max at 0.4781 to C p min at 0.1032. Then, the error

Induction Generator Model

Squirrel-cage induction generators are very popular
and still widely used in industry for several reasons.
Induction generators are definitely rugged, very reliable,
brushless and economic. They also have a high capability
to work under fast transient response. In fact they are
able to work with excited programmable inverters or
rectifiers. For variable speed operation, the existence of
the full-scale frequency converter is very important in
order to manipulate the advantages of matching speed to
the changing load requirements during wind speed
variations. This is the opposite of constant speed
operation where capacitor bank and a soft-starter are
needed to overcome the problem of poor reactive power
control and for smoothing the grid connection,
respectively [2]. Power generated from the machine is
calculated by using Equation (6) while slip speed is
calculated by using Equation (7):
(1 − s )
(6)
Pg = 3I 2 2 R 2
s
Where
Pg = Generated power, s = slip

I 2 = Rotor current,
I 1 = Stator current
R 2 = Rotor resistance,
R1 = Stator resistance
X 2 = Rotor reactance,
X 1 = Stator reactance
X 2 = Magnetizing reactance
Slip speed = synchronous speed – rotor speed

(9)

of these speeds is entered into a PI controller. The result
of PI control is the reference value of slip speed, ωsl*
where this reference slip speed can be limited in the
constant value even though the frequency and the voltage
of the stator are varied. For the purpose of stability, it is
necessary to ensure that the reference slip speed must be
smaller than the critical slip speed. This is important
because if the slip speed is larger than the critical slip
speed, the current will become too large and hence will
lead to overheat of the generator [9].
Rectifier
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Motor

V*
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(7)

ωsl*

∆ωm
ωm*

operated between the optimum value, λopt at 5.781 and
λmin at 2.408, when wind speed reaches 12m/s up until
20 m/s. Then, from Equation (3) to (5), we can obtain the
maximum power available in the wind is [1-3]

ωm

Figure 4: Scalar-controlled drive system with slip speed
controller

Then, the estimated reference slip speed, ωsl* is
added with the current value of the generator speed to
calculate the new reference of synchronous speed, ωsynch*.
With new ωsynch*, the stator’s reference voltage and the
stator’s reference frequency can be estimated. All
mentioned speeds are in the unit of rad/s. These two
variables are then fed into the generator side converter or
also known as inverter. For variable speed drive, there
are two types of inverter which is called as voltage source
inverter (VSI) or current source inverter (CSI). VSI is
more common used in the industry than the CSI [10]. By
using VSI, the six-step or pulse width modulation (pwm)
inverter can be used. However, the detail modeling of the
inverter is not covered in this paper since this part
concerns mostly in the grid interface side.

3

(8)

An effective way to change the generator speed for
squirrel cage induction generator wind turbine with fixed
number of poles, is to change the frequency of the
applied voltage. With this adjustable frequency drive, the
fixed frequency supply voltage is able to convert to a
continuous variable frequency, thereby allowing a
proportional change in synchronous speed and rotor
speed [6]. Equation (9) shows the relationship between
flux, applied voltage and frequency of the machine.
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The main objective of this paper is to keep the power
at the rated value, Prated . It is where the tip speed ratio
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operates under rated voltage which is below 400Volt.
Stator frequency also works in the permitted range which
is below 50 Hz. The variations of rotor/generator speed,
stator voltage and stator frequency show the impact of
the variable speed concept.

4. Simulation Results
The characteristic of wind turbine which the
simulations were performed is shown in Table I. These
parameters correspond to the Carter turbine which
located at West Beacon Farm, Loughborough. The Carter
machine is 2-bladed and runs at fixed speed. It has fixed
pitch regulated with a nominal power rating 25kW and a
hub height of 23.777m.
TABLE I.

4. Conclusion
This paper has investigated the use of Closed Loop
Scalar Control for a variable speed stall regulated fixed
pitch wind turbine in the stall region. The unstable
dynamics of wind turbine system in this region has made
effective control of excessive power and torque to be
challenging. With the assistance of classical PI
controllers in the slip and voltage loops, the slip speed
can be limited at a permitted range where the slip speed
is lower than the critical slip speed. As a consequence, by
using this constant voltage/frequency (V/f) ratio of the
generator’s stator side control, the generator speed can be
regulated and the generator torque can be controlled to
ensure generated power can be maintained close to its
rated value. As a result, generated power can be restricted
at high (above rated) wind speeds. However, there are
still significant excursions in power away from the rated
power demanded when above rated wind speed. This
may be due to inertias in the system and the fact that the
controller is sub-optimal. These are topics of ongoing
research.

WIND TURBINE CHARACTERISTIC

Blade rotor
Rotor inertia
Generator inertia
Air density
Gearbox Ratio
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Figure 5(a) represents the wind speed time series.
From Figure 5(b) and (c), it can be seen that by using
closed-loop scalar control with PI controller, the power
coefficient can be reduced and the tip speed ratio can be
controlled to be operated in the range between Cpmin, λmin
and Cpmax,λopt. From the result in Figure 5(d), the
generated power can be kept at a constant value during
the high wind speed fluctuations. However, there are
several fluctuations from its rated value especially during
wind speeds change from below rated wind speed to
above rated wind speed region. The generator torque is
shown in Figure 5(e). The torque works under permitted
range.

400
350
300
200 400 600 800 1000
time (s)

Figure 5: The results of (a) wind speed, (b) Power coefficient,
(c) Tip speed ratio, (d) Generated power (e) Demanded
generator speed, (f) Demanded Torque, (g) Generator torque,
(h) Rotor speed, (i) Generator speed.

By inspection of the results for the rotor speed and
generator speed in Figure 5(f) and 5(g), it can be seen
that the rotational speed changes in proportional to the
wind speed variation. From the figure, it can be observed
that the generator speed can vary between 79 rad/s to 158
rad/s while the rotor speed may vary between 5.9 rad/s
and 11.8 rad/s as expected. The results of generated stator
frequency and stator voltage are depicted in Figure 5(h)
and (i). The figure clearly shows that the stator voltage
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