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Abstract: - A variable speed wind energy conversion system based on a squirrel cage autonomous induction
generated is covered in this paper for operation in high wind speeds. In this case, the turbine must limit the
fraction of the wind power captured so that safe electrical and mechanical loads are not exceeded. Different
control strategies based on induction machine characteristics for fixed-pitch turbines are discussed. Extended
simulation results are presented for main control approaches.
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1 Introduction turbines with normal stall regulation, the blades are
Over the past two decades, a great deal of effort was rigidly fixed to the turbine hub and cannot be turned
made to develop different types of wind energy ar.ound tl}elr longitudinal axis during operation. The
conversion systems (WECS). Wind is one of the pltC.h setting apg}e between blades gnd hub is adjus@d
fastest growing sources of alternative power in the during commissioning 9f the tur.b.lne. It may require
world today. WECS present two operating modes, fine-tuning for gte—spemﬁc 001.1d1t10ns. Stall regulated
according to the way the wind turbine is connected blades are designed so the airflow over the blades
to the grid. In the first, fixed-speed mode, the themselves causes higher .drag in high winds and
turbine-generator unit is directly connected to the thereby automatically restricts the power output. By
grid, fixing the generator rotational speed to be this passive use of the aerodynarplc .characterlstlcs of
around the grid frequency. In the second, variable the blades, the power regulation is sqnplg and rugged
speed mode, power converters are inserted between under all conditions. The peak loads in high wind are
the generator and the greed, allowing the rotational moderate. On the other hand, normal stall regulation
speed and electrical frequency to  vary has the disadvantage that the maximum power output
independently. Usually the regulation objectives rely may depend on the air density and on the surface
on the wind speed. Variable speed wind turbines roughness of the blades. Therefore, changes in the
have three main operation regions. First region maximum power output may occur from summer to
includes the turbine starting-up. In low and medium winter and dirty blades may cause the peak power to
speeds, the objection is to capture as much energy as drop. On pitch regulated turbines, the blades are
possible (region two) [1, 2]. Since the power mounted on the rotor hub Wlth.tumtal?le bearmgg
electronics circuitry is able to control the generator They can be. turned z}round. their longitudinal axis
output, variable speed mode is useful in this during operation. 1n high WlnFlS the pitch setting of
operating region. When the power or speed limit of a the blades is continuously adjusted away from stall
wind turbine is reached, they should be limited in point, reducing the blade lift to yield precisely the
order to prevent the generator and turbine maximum power specified. This requires a rather
overloading. This happens at high wind speeds [3]. compl.lcated active regulatlop system, which can be
This is the region three. This paper focuses on this sensitive towa'rds turbulence in high W}nds. Therefo?e,
region. pitch regulation in practice requires a special

generator with fully or partially variable speed,
allowing for a slight acceleration in rotor speed at
wind gusts. Otherwise, the active regulation is unable
to follow the variations of the wind and excessive
peak loads will occur [4]. The combination of stall

Limitation of the power output in high winds in
necessary on all wind turbines, otherwise the turbine
will be overloaded. The usual methods for power
limitation are stall regulation or pitch regulation. On



and pitch control have been recently used by some
manufacturers. However, it is a very complex and
expensive method. Fixed-pitch control strategies are
considered in this paper. Similar work was presented
for a back-to-back converter based WECS in [11].

This paper presents a different converter
configuration.
Induction machines operating as autonomous

generators from renewable energy sources have
received much attention recently. Autonomous
induction generators (AIG) are cheap, simple and
robust. However, while they are capable to generate
active power, they are unable to produce the reactive
power needed for their own excitation. The classical
solution of this problem is to connect capacitors in
parallel with the AIG. The main drawback is then
the lack of ability to control the terminal voltage and
frequency under non-constant load and speed
conditions. Therefore, capacitor-excited AIGs have
poor voltage and frequency stability [5, 6]. Shunt-
connected voltage source converters (VSCs)
improve the AIG output voltage and frequency. In
addition, their rating is around 10% of the AIG
rating, reducing the size and cost of the overall
system [7-9]. Therefore instead of using a full rating
controlled rectifier in variable speed WECS, it is
possible to use an uncontrolled diode rectifier
together with  AIG-shunt connected VSC
combination. Such a system, shown in Fig.1, is
presented in this paper. It consists of a horizontal
axis wind turbine, connected through a gear box to a
squirrel-cage AIG. A shunt connected voltage
sourced inverter is connected to generator terminals
to regulate the output voltage and frequency. The
output voltage is then rectified by a diode bridge and
injected to the grid by a grid connected inverter. The
disadvantage of this scheme is the non-constant DC
voltage at the uncontrolled rectifier output.
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Fig. 1: Shunt connected inverter based WECS and
main control loops

According to [10], where the region 2 operation of
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the system was presented, there are two main control
actions: MPPT and power control. MPPT is
achieved by controlling the electrical frequency to
follow a known trajectory. The generator output
power is measured and compared to the maximum
available power at given frequency. The difference
is processed and the result is a new frequency
command to the constant V/Hz controller. On the
grid side, the grid connected inverter is controlled to
supply defined amounts of active and reactive power
to the grid. The shunt connected inverter should
supply/absorb no active power in steady state.
Therefore the reference active power for the grid-
connected inverter should be equal to the generator
output power. The reactive power reference can be
chosen arbitrarily.

This paper is organized as follows: Sections II and
III describe the wind turbine and drive train,
induction generator is addressed in section IV,
control strategies are explained in section V,
simulation results are given in section VI and the
paper is concluded in section VII.

2 Wind Turbine Characteristics

The power captured by a fixed-pitch wind turbine
may be presented as [11]

1
PiVw) = Erpchvaf, )

where

p air density (kg/m)

C, power coefficient of wind turbine
V,, wind velocity (m/s)

R blade radius (m).

A wind turbine is characterized by its power
coefficient (C,) to tip-speed ratio (A) curve, where
power coefficient is the ration between the energy
captured by a turbine and the energy available in the
wind; the tip-speed ratio (TSR) is the ratio between
the linear speed of the blade tip and the wind speed.
The TSR is given by

w XR

I = Vw ’ )

where

o, turbine rotational speed (rad/s)
R blade radius (m)

V,, wind velocity (m/s).

It is obvious from (2) that for a fixed-speed turbine



TSR is inversely proportionally to the wind speed
and varies across a wide range, because the rotor
speed of induction generator connected to a fixed-
speed turbine is almost constant (depending on slip)
while the wind speed varies significantly. A typical
Cp(A) curve is shown in Fig. 2. It is apparent from
(1) that the power production from the wind turbine
is maximized by operating at maximum power
coefficient. Therefore, the main idea behind the
variable-speed turbine applications is to keep the C,
at its maximum value C," by controlling the rotor
speed to follow the wind speed so that TSR remains
constant at its target value A'. This control action is
also called maximum power point tracking (MPPT).
The turbine data is given in appendix. It is obvious
that the rotor speed should be changed
instantaneously, so that the extracted power would
follow the max(Py,) curve in order to extract
maximum power from the wind if there were no
losses in the gear and the generator.

From (2), the wind speed is given by

w XR
Vy = t| . (3)
Hence, equation (1) can be rewritten as
1 1R c%
Pr(w) = ErpRZc PNl W 4)

When operating at A= A", Eq.(2) can be rewritten as

.
w, XR

IT _ t
v (5)

Combining (1) and (4), the equation of the max(P;,)
curve is given by

max(Pj,) = P/ (W) = —rpR2(:p rl w? . (6)

It is well known, that the wind speed cannot be
precisely and reliably measured. The MPPT can be
achieved by changing the rotor speed according to
(6) without measuring the wind speed, if there were
no losses in the gear and the generator.

3 Drive Train Modeling

The acceleration and deceleration of the generator
rotor speed is described by the following equation
[12]:

Proceedings of the 5th WSEAS Int. Conf. on Power Systems and Electromagnetic Compatibility, Corfu, Greece, August 23-25, 2005 (pp383-389)

1 g
g + (?\]t)wg+ Dwy = =T - Ty (7

1
G
where
J; generator inertia
J; turbine inertia
G gear ratio
T, turbine torque
T, generator torque
D damping constant.

The turbine torque is given by
Te = —-. (8)

It is clear from Fig. (6), that when the power
extracted from the wind is higher than the power
demanded by the load, the rotor accelerates and
vice-versa. In MPPT operation, all the power
extracted from the wind is transferred to the load;
generator rotor accelerates and decelerates in order
to track the maximum power curve.
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Fig. 2: Power coefficient versus TSR

4 Induction Generator
An induction machine is modeled using the
following equations [13]:

di 1. WekeLpy - Ks - WL - u

TStD = - T, ilsp + rLg =Ll o Ts g T |r_ = Irg + |_SSD
disQ — WekeLy - 1. Wer P4 Ks UsQ
dat LY Isp - -ﬁ'sQ' ' Irg T il T(9)
di ke - wi ke L 1 Wy L ksu

T?j = TsrvlsD - rLrv i ISQ T, ||I’d + Lr ‘I’ Irg + ersP

dirq errLs . kr . Wely - 1. ksusQ

i + g+ [

dt LS 1 ISD Ts vISQ L 1 Ird Tr ||rq Lr v

Tg = 3I—m(irqisD - irdisQ)
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where
kg = Lm.
Ls
Ls = Lg; + L L
L = Ly + L "L
o Lb- Ly oo L
Ls L, R
B N P S
L L TR
ip.ip -  instantaneous  values of direct- and
quadrature- axis stator current components

respectively and
reference frame
Instantaneous

expressed in the stationary

values of direct- and

irp-irp -
quadrature- axis  rotor
respectively and
reference frame

L.L, - self- and leakage inductances of the stator

current
expressed in the

components
stationary

respectively

L,.L,,- self- and leakage inductances of the rotor
respectively

L, - magnetizing inductance

T¢'T,'- stator and rotor transient time constants
respectively

Usp,Usp - Instantaneous values of direct- and
quadrature-  axis
respectively and
reference frame

w; - angular rotor speed

stator  voltage
expressed in the

components
stationary

Magnetizing reactance L, is shown in Fig. 3.
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Fig. 3: Measured magnetizing reactance

5 Control Strategies

It was shown in [10], that instead of monitoring the
rotational speed, it is possible to monitor the
electrical frequency (which is known from constant
V/Hz controller) in order to perform MPPT. It
should be noted, that there is a minimum value of

electrical frequency F,;, that should be maintained
in order to keep the power flow unidirectional
(generator operation only). Generator output power
versus electrical frequency curves for different wind
speeds are shown in Fig. 4. Maximum power curve
can also be computed for optimal power capture in
region 2. Therefore measuring the wind speed, rotor
speed or the electrical frequency are equivalent
actions. Induction machine external speed-power
characteristics and possible output power curves at
different wind speeds are shown in Fig.5. Any point
under the machine characteristic curve is possible;
any point above the curve can damage the machine
and should be avoided and in presence of high wind
speeds power limitation should be performed.
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Fig. 5: Generator output power characteristics

In addition, speed limitation should be also
considered mainly because of two reasons. First, a
certain level of acoustic noise should not be reached.
Second, physical limitations of turbine and generator
rotational speed exist and must be taken into



account. However, power limitation is mainly
considered, because the system usually reaches
power limit when the speed is still in the permissible
range [14,15].

Consider a generator with output power curves at
different speeds as shown in Fig. 6. At normal wind
speeds, generator output power should track the
max(P,,) curve to extract maximum power from the
wind. At high wind speeds, different scenarios can
occur.

If the upper speed limit (Viax) is reached before the
power limit, from point A the system no longer
follows the maximum power curve. The electrical
frequency is kept constant by the constant V/f
controller; therefore the rotation speed can only
grow slightly with the slip. If the wind speed
increases, we move up from point A to point B,
where the power limit is met. If the wind speed
further increases, the output power should be kept
constant. Because the speed limit is also reached, the
only way to keep the power at its rated value is to
move left from the point B along the P, curve, by
decreasing the rotation speed and electrical
frequency. The main drawback of this strategy is the
torque behavior.
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Fig. 6: Different scenarios for speed and power

The torque, which is given by the ration between
power and speed, increases if the power is kept
constant and the speed decreases and there is a
danger of excessive torque.

If the power limit is reached before the upper speed
limit (Viax2), the max(P,,) curve is followed by the
system up to point C, where the rated power is
reached. If the wind speed is further increasing, the
system can move on the max(P,,) line either left or
right to point D. The movement to the left is
characterized by increased torque, while movement
to the right causes the torque to decrease, as shown
in Fig. 7. Usually, if the acoustic noise is out of
concern, the maximum allowable speed is around

Proceedings of the 5th WSEAS Int. Conf. on Power Systems and Electromagnetic Compatibility, Corfu, Greece, August 23-25, 2005 (pp383-389)

twice the rated speed, therefore movement to the
right is preferable to evade the excess torque
possibility.

Sometimes, if the maximum rotational speed limit is
somewhat flexible, instead of following the AB part
of the target power curve (Fig.6), the system follows
the AB' curve of Fig. 8, which is not strictly vertical,
i.e. the angle 0 is less then 90°. Using this strategy,
disadvantages of near-rated fixed speed, like severe
torque and output surge with wind turbulence, are
avoided [16]. Therefore setting the angle 6 to 0° we
gain constant electrical output; setting the angle 6 to
45° we gain a constant torque operation (constant
power to speed ratio), which is a very desirable
feature.
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Fig. 7: Torque behavior for different power limitation
strategies
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Fig. 8: Constant torque limitation strategy

6 Simulation Results and Discussion
The presented system was modeled and simulated
using MATLAB ® and SIMULINK ® packages
[17]. DC link and grid-connected inverter where
represented by a variable resistance. The resistance
value is changed by the power controller according
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to the power demand. The reactive power reference
is set to be zero. Only the first harmonic of the
shunt-connected  inverter =~ was  taken into
consideration. First, the system was simulated under
constant-power limitation. The wind speed is shown
in Fig. 9(a). The generator output power and torque
are shown in Fig. 9(b) and 9(c), respectively. It is
clear that the power is limited to 180W at the high-
speed wind region. The torque is decreasing when
the speed, which is shown in Fig. 9(d), together with
electrical frequency, is increasing for constant
power. The turbine power coefficient is presented in
Fig. 9(e). It is clear that it moves away from its
optimum value during the power limiting operation.
Fig. 10 presents the generator output power locus as
function of time. It is clear that the trajectory of the
power is similar for both region 2 and region 3. For
the increasing wind speed the power follows the
maximum power curve, and then enters the power
limiting region. For decreasing wind speed, the
power is limited by the rated value, and then enters
the maximum power tracking region.

The second simulation was performed under
constant-torque limitation. The angle 6 was set to
45° to keep a constant torque in speed limiting
operation. The simulation results are shown in Fig.
11. The wind speed is shown in Fig. 11(a). The
generator output power and torque are shown in Fig.
11(b) and 11(c), respectively. It is clear that the
power increases proportionally to speed at the high-
speed wind region, assuring the torque remains
constant. Generator speed and electrical frequency
are shown in Fig. 9(d). The turbine power
coefficient is presented in Fig. 9(e). It is clear that it
moves away from its optimum value during the
speed limiting operation. Fig. 12 presents the
generator output power locus as function of time. It
is clear that the trajectory of the power is similar for
both region 2 and region 3. For the increasing wind
speed the power follows the maximum power curve,
and then enters the speed limiting region and vice
versa.

7 Conclusion

A speed sensorless wind energy conversion system
based on induction generator that is solid-state
excited by a shunt connected voltage source
converter operation in high wind speeds, was
presented. The turbine limits the fraction of the wind
power captured so that safe electrical and
mechanical loads are not exceeded. Different control
strategies based on induction machine characteristics
for fixed-pitch turbines were discussed. Extended
simulation results are presented for the constant

power and constant torque control strategies. It was
shown that the system operates well in both region
2, where the maximum available power is extracted
from the wind; and region 3, where the power or the
speed should be limited to avoid overloading of the
turbine or excess acoustic noise.
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