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Abstract:

Variable speed wind turbine generators provide the oppatunity to cgpture more power than fixed speed
turbines. However the variable spead machine output can be variable voltage and variable frequency for
fluctuating wind speeds. The quality of power output can be improved if adequate wntrols are incorporated in
the system. The fluctuating wind generator output needs to be controlled. To this effed, one needs to study the
dynamic charaderistics of the cmbined wind generator system. Based on the dynamic performance of the
system, better controls can be designed. The dynamic analysis and control of variable speed wind turbine system
for transient studies are discussed in this paper. Some preli minary results using Matlab/Simulink, are presented.
The wind generators can creae voltage and frequency fluctuations and power surgesin aweak network. The
effed of some of the cmmonly used control techniques like blade pitch control, converter/inverters and the
combination of pitch and converter/inverter control on the quality eledricity obtained are discussed in this paper.

1. INTRODUCTION

Wind energy is considered as the most viable
renewable energy options. In a renewable eergy
system, power quality and reliability are two most
vulnerable isales. In fixed speed systems, the wind
turbines are oupled to the system bus through a
geabox and induction generator. One of the
disadvantages of these systems is that the induction
generators require readive power from the grid o
cgoadtor banks to med the readive power demand.
These fixed spead systems run at constant frequency
and speed. But the wind sped is fluctuating. It would
be alvantageous to operate the wind turbine &
variable spead, which alows to capture more energy
from the wind. One of the options is to use the
variable spead wind turbine with the permanent
magnet synchronous generator. This g/stem produces
variable voltage and variable frequency for a given
fluctuating wind speed, which can vary on a random
basis. This makes the output unsuitable to conned
diredly to the system bus becaise of poa power
quality. Weak power systems are more susceptible to
sudden changes in network operating conditions. Any
major change in the operating condition can crede
significant voltage and frequency fluctuation, which in
turn can make the system unstable. A suitable
interface is needed. The variable spead wind
generator output neals to be controlled. It isimportant
to study the dynamic charaderistics of this g/stem on
a milli second basis to assessthe transient performance
rather then simulating the system based on average
hourly or 10-minute data Based on the dynamic
performance of the system, the control system
behaviour can be simulated to

observe the overall system performance ad the
control parameters can be estimated. The dynamic
analysis and control of variable-speed wind turbine
system for transient studies are discussed in this paper.
The performance of wind energy based systems using
pitch control, converter/inverter control and the
combined ptch and converter/inverter control
techniques have dso been discussd in detail. Fixed
spead operation of the wind turbine has been
considered in the higher wind speed region.

2. SYSTEM
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Fig L Block diagram of standalone variable spead
wind generator based system

In the system under study, a 20 kW variable speed
wind turbine generator (WTG) has been used to
investigate the power quality issles in a stand-alone
system. Based on the power curve of the wind turbine,
the tip spee ratio and power coefficient (Cp) have
been inferred. This wind turbine wnsists of a
permanent magnet type generator, which is conneded



to the AC load hus through suitable interfadng
equipment (converter/inverter). This helps in isolating
the variable voltage, variable frequency output of the
WTG from the load bus. Because of the mntinuously
varying output of the wind generator, it can not be
direded conreded to the wnsumer load bus. A
transmisgon line of X/R ratio 7is used to conned the
inverter output to the consumer bus. A simple block
diagramis swownin figure (1).

To smulate such systems, simple models of various
components have been developed such as variable
spead wind turbine, permanent magnet synchronous
generator (PMSG), pitch control mecdhanism,
converter and inverter. In pradice it is metimes
difficult to get al the parameters required in the
dynamic models. Keeping thisin view, simple models
have been developed. The dynamic modeling of these
components has been discussd in detail by the
authors of this paper and athers [1, 2, 3, 4]. In redity,
the wind is changing quite frequently [5] becaise of
the turbulent nature of wind speed and isaues like
voltage, frequency and power fluctuations nead to be
addressed.

In the cae of high wind spedls, the output power may
exceal the adua load demand. This may leal to
instability becaise of perturbations in voltage and
frequency. A dump load has been incorporated in the
model to dump excesspower. In this paper, the load in
most of the cae studies has been taken as 20 kW.

3. CONTROL STRATEGIES

The high penetration of wind generators has the
cegpability of creaing wltage ad freguency
fluctuations and power surges when conneded to a
week network. The variable speed wind generator
output neals to be wntrolled to make it suitable for
feading the aistomer load. In places, where higher
wind speeds are not frequent, it might be better to run
the wind turbine & constant speal at the higher wind
spealds (>rated wind spead). The excess power
available & the higher wind speeds can be discarded
by the turbine rotor to prevent the turbine overloading.
The power in this case is maintained constant urtil the
machine is siut down at cut out wind speed [6]. This
is generally achieved by either pitch control or
converter/inverter control.

3. 1 Pitch Control

For a variable speed wind turbine with a pitch control
system, which regulates the dfedive rotor blade
ange, optimum power can be obtained using
appropriate cntrol methods. The blade pitch control
has been used in pradice to reduce the overloading of
wind turbine when higher wind speals are avail able.

This adively regulates the torque generated by the
wind turbines. The commonly used pitch control
techniques are dasdfied as passve and adive pitch
control.

In pasdve regulation, the turbine blades are stalled at a
certain wind speed higher than the rated wind speed to
keep the power constant at rated value. Some systems
use hydraulic aduators or separate dedric aduators
for ead blade [1]. In adive pitch control, the blade
pitch angle is continuously adjusted based on the
measured parameters to generate the required power
output. In some caes, it has been observed that the
adive pitch regulation sometimes can make the
system unstable during highly variable wind
conditi ons.

The pitch ange required can be generated based on
the torque or power error. This control signal can aso
be produced based on the eror between adua shaft
spead and the desired shaft speal. In this paper, the
error between the adual and desired toque has been
used to regulate the pitch angle to produce the
constant power output. A simple first order acuator
model has been used in this paper to simulate the pitch
controller [1]. The block diagram of such a system is

shown infigure (2).
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Fig 2 Block diagram of pitch control system

In this case, the wind turbine has been diredly
conneded to the load bus without any power
eledronic interface

3. 2 Converter/Inverter Control

The ntinuing development of power eledronics
allows a @nverter/inverter to be used to control the
continuously fluctuating wltage, frequency and power
of the WTG. The mnverter converts the fluctuating
wind generator output to DC power wheress the
inverter converts this DC signal into the AC output
suitable for feeding the load. A self commutated,
voltage controlled inverter has been incorporated in
the aontrol system in this paper using the pulse width
modulation (PWM). The aror between the reference
voltage ( 1pu set point) and the AC bus voltage has
been used to control the voltage output of the inverter
by adjusting the modulation index (M) of the PWM



reference signal. The eror between the adive power
set point and the adua inverter output is used to
control the adive power output by regulating the angle
(f) of the referencesignal [7]. A lower voltage limit of
0.8 pu hes been incorporated in the PWM inverter
control. Once the wind generator hits this lower
voltage limit in the lower wind speed region, the
inverter will not be ale to maintain the 1 pu required
voltage and will continue to export the available
power at the voltage generated at that wind speed. A
higher voltage limit can aso be gplied in this control.
This dlowable voltage window can be further
incressed but at the st of bigger switching
components. The block diagram of the
converter/inverter model in Matlab/Simulink is giown
in the figure (3).
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Figure 3: Converter/inverter model
inM atlab/Simulink

3.3 Pitch control plus converter/inverter control

The pitch control technique done may not be adequate
to effedively control the voltage and power output. In
this paper, the dfed of pitch control in combination
with the @nverter/inverter has also been investigated.
It has been envisaged that in this combined control
scheme, the pitch controller will reduce the stresson
the wind turbine & higher wind speeds and will help in
further reducing the voltage ad frequency
fluctuations.

4. SIMULATION RESULT S
Figure (4) shows the cmmplete block diagram of the

dynamic model of variable speed wind turbine with
permanent magnet synchronous generator conneded

to an AC bus, feading the load through an interfadng
device Initially the wind generator is runnng at a
wind speed close to 105 m/sec (rated wind speed) for
soft starting so that the initial transients of the models
settle down. At t=25 sec the wind turbine generator
(WTG) is conneded to the consumer load bus in such
a manner that the wind generator is feeding a 20 kW
constant load. Any extra power produced by the wind
turbine is dumped to the dump load.
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Fig. 4: Block diagram of variable speed wind
generation system in Matlab

4.1 Uncontrolled wind generator output
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Fig. 5: Wind spedl profile

A randomly varying wind spead from 9 m/secto 18
m/sec (to simulate the worst case) has been applied to
the wind generator model. The wind speed plot is
shown in figure (5). For comparison purpose, the same
wind speed has been applied for al the caes
discussed in this paper.
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Fig. 6: Turbine rotor speed and power

(uncontrolled)
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Fig. 7: Turbine output voltage and curre nt
(uncontrolled)

Before implementing the various control strategies,
the dynamic model of the wind generator system was
run with no control on the output. The results are

shown in figures (6) and (7). In figure (6), the rotor
spead and the WTG output power follow the wind
speal variations. The output voltage and current in
figure (7) is continuously changing depending yoon
the wind spedal variations.

At 10.5 m/sec wind speed, this machine will run at
14.7 rad/sec to produce the rated 20 kW power.
Hence it can not be dlowed to keep delivering power
a higher wind speeals for which the wind turbine
structure is not designed. The high woltage and current
can damage the generator winding and the
significantly high rotor speed will cause damage to the
wind turbine. In pradice these madiines are
sometimes gall regulated and furled at a cetain wind
spedl to avoid damage.

4.2 Case 1: Resultswith pitch control

In this cese, the wind generator is diredly conneded
to the load bus without any power eledronicsinterface
and the adive pitch control has been applied to the
uncontroll ed wind turbine. As discussed in sedion 3.1,
the torque eror has been used to control the blade
pitch angle.
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Fig. 8: Turbine rotor speal and power -Case 1

The rotor speed, power output, voltage and current are
plotted in figure (8) and (9). The rotor speed has fewer
fluctuations as the pitch controller attempts to hold it
constant when the wind speed is above rated value.
After t=250 sec the wind speed falls below the rated
wind speal, and the blade agle remains fixed. The
avail able power and voltage is fed to the AC load bus.
In the mnstant speal region where the avail able wind
spedl is higher than the rated value, the voltage output



is held between 1.06 and 11 pu with some transients.
The pitch controller tried to drive the WTG in constant
speed mode, but some voltage and powver transients
are dealy visible. The voltage is higher than 1.06 pu
which may not be suitable for some loads. This may
be partly due to the inadequacy of the PID controller.

Fig. 9: Turbine output voltage and curre nt — Casel

4.3 Case 2: Converter/Inverter control

Fig. 10: Inverter voltage and current — Case2

In this case, the wind generator is conneded to the AC
load bus through converter/inverter units without any
pitch control or stall regulated feaures. The results for
rotor speed, power output, wind generator voltage and
current are the same a for the uncontrolled wind
turbine (figure 6, 7) becaise the part of this gystem is
unchanged. However the mnverter/inverter is being
used to stabili se the system output.

Fig. 11: Inverter and dumped power — Case 2

The inverter voltage, current and power output are
plotted in figures (10) and (11). The inverter voltagein
this case is held close to the desired 1 pu value. The
transient shown at t=25sec s due to the mnnedion of
the wind generator system at that time to the AC load
network. Before this period the wind generator was
runnng at initial conditions for soft starting. Because
of the big changes in wind speed, voltage transients
still occur in the inverter output but most of the time it
is within the +/- 6% limit. The inverter is trying to
maintain the voltage dose to 1 pu. The inverter power
output is also close to the rated value when the wind
spedl is higher than the rated wind speed. In this case,
the voltage ntrol tednique has been wsed as
explained in sedion 3.2. Better voltage and power
control can be adieved by using the aurrent control
technique @mbined with the voltage ontrol. The
current control technique is faster and gives better
result, but is outside the scope of this paper. After
t=250 sec, when the inverter hits the lower voltage
limit, the inverter can not maintain the voltage and
alows the available fluctuating power to be injeded
into the network. Before t=250 sec when the wind
spead was higher than the rated, the excess power
available form the WTG has been dumped into the
dump load as sown in figure (11).

44 Case 3. Combined pitch control
converter/inverter contr ol

plus



Fig. 12 Inverter voltage and current £ Case 3

Fig. 13: Inverter and dumped power + Case 3

In this case, the results for the turbine rotor speed,
power, voltage and current are the same & figures (8)
and (9) with pitch control. The inverter voltage,
current, power output and powver dumped for this
combine @ntrol case ae shown in figures (12) and
(13). The voltage plot shows much lessfluctuations in
the higher wind speead regions when compared to
either the pitch control or converter/inverter control
results. The voltage is well within the +/- 6% except
when the WTG is conneded to the network at t=25
sec. The power output is also constant except in the
region where the wind spedl is less than the rated
value. Pitch control reduced the stress on the wind
turbine ad reduced the output fluctuations. The

inverter control has further reduced the transients and
improved the output power quality.

5. CONCLUSION

It has been shown that the dynamic models developed
by the authors can be used to simulate variable pitch
wind turbines and that different types of control
schemes can be @plied to investigate the system
behaviour. It is evident from the results that adive
pitch regulation reduces the wind generator output
fluctuations. Inverter/converter control can smooth the
voltage and power output to make it suitable for the
network connedion. In the combined control scenario,
the voltage fluctuations and the power surges are
reduced resulting in a significant improvement in
output power quality.
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