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Abstract
With projected increases in green energy production, the integration of these new technologies is
becoming an increasing cause for concern. As such, this thesis aims to investigate the integration
of a particular wind turbine technology, or configuration, on a specific section of the local South
West grid (SWIS). This thesis will focus on steady state voltage stability, transient post fault
generator response, and voltage decline due to the starting of the generators. It will also compare
the transient findings of this turbine configuration to that of another turbine configuration.

The wind farm that is simulated will be called the type A Wind Farm, and consists of 12 Vestas V82
type A turbines. They are active stall controlled units, which connect the turbine rotor blade to the
induction generator rotor via a gearbox. These are coupled with soft starters and are provided
with reactive power compensation in the form of switchable capacitor banks. A step up
transformer brings the generation voltage up to distribution level, which in this case is 22kV.

The A1 distribution network is a specific section of grid upon which all power flow calculations
take place. This is an arbitrary name given to an actual section of network due to confidentiality
reasons. It has been used as it lies on the extremities of the SWIS, and will best indicate how such
a wind turbine generator will impact a weaker section of grid. It is also the same network used by
Fidock (2010), for his studies on a type D turbine configuration, and as such will provide a good
baseline for comparisons between the two technologies.

The findings of this thesis indicate that steady state operation of the type A turbine configuration
produces voltages within acceptable limits. Starting of these generators can also be handled by
i

this section of the network, however soft starters are recommended and smart operator control is
essential. Due to their high reactive power draw following a network fault, it is highly
recommended that turbine configurations of this construct be disconnected from the grid post
fault, and reconnected after the grid has stabilized. A comparison of the two different
technologies indicates that type A has much less voltage and power flow control compared to type
D. The results also indicate that widespread integration of type A wind turbine generators be
extremely limited, and large wind farms of this technology should not be installed on the
extremities of the grid.
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1.0 – Introduction
Australia is one of the wealthiest countries with respect to renewable energy resources. With an
escalating consciousness for green energy production, and with monetary incentives given to
these producers by the government of Australia, wind and other renewable sources are seeing
rapid growth. At present, wind is responsible for around 1.7% of total energy supply within the
country. The government has set this national renewable supply to increase to 20% by 2020
(Australian Government, 2010). This will have a large impact on both green energy generators, and
onto the electrical grid. Here in WA, around 5% of the peak load is met by renewables, 60% of
which comes from wind turbine generators. So although our renewable fraction is slightly higher
than the rest of the country, increases in renewable production are still expected (Australian
Government, 2010).

When using wind power, the fluctuating wind source cannot simply be harvested by a set of
blades attached to a generator, as this will result in unsteady power outputs which are detrimental
to the stability of the electrical network. There exists some combination of mechanical and
electrical equipment, which helps regulate the flow of power in order to maintain voltage stability.
As such there are four main turbine configurations – which are basically the main methods of wind
generation control. Obviously all of these have a slightly different approach to converting the
harvested wind into electricity, and thus each has a different impact on the grid.
As penetration levels increase, the post fault network support capability of turbine generators also
becomes important. Ideally, following a network fault, all generating units should stay connected
and inject reactive power into the grid in order to meet the large post fault reactive power
demand. This is present as a result of the increased reactive power draw needed to re-stabilize the
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induction motors and generators in the grid. In reality however, not all generators are able to stay
connected, nor are they able to provide the required reactive power. Disconnection however,
results in the loss of that retailers’ generation. On the other hand, maintaining connection at the
expense of a large reactive power draw can potentially suppress local voltages to the point of
voltage collapse.

As an electrical engineering student at Murdoch University, this topic has sparked my interest, and
I have chosen to investigate a specific turbine configuration. As such my thesis will focus on the
impact of a limited slip, directly grid connected wind turbine (type A configuration (Ackermann,
2005)). I will explore the static and transient behaviour and limits of this configuration, and
investigate how it affects the local distribution grid. This control type is the cheapest to construct
and it is well known for its robustness. Its ability to regulate power output is quite limited
however. These were quite popular in Europe and were mass produced during the 80's and 90's
(Ackermann, chapter4. 2005), and it shall be investigated if they can be applied to the local
electricity network effectively. The three other turbine configurations include a limited variable
speed (type B), a limited variable speed with a partial scale frequency converter (type C) and a
variable speed with a full-scale frequency converter (type D).

Western Power has various requirements that it demands from energy producers connected to its
network - the South West Interconnected Grid System (SWIS). How these producers meet these
requirements are not only a result of the availability of the wind resource, but also of the
capabilities of the turbine configuration used.
Secondly I will compare some of my findings to those presented by another thesis student,
Brendan Fidock (2010), who investigated the variable speed generator with a full-scale frequency
2

converter – type D configuration (Ackermann, 2005). The transient results from Fidocks’ work are
also confirmed, as some confusion has arisen in this part of his works.

The wind farm generator that was used for Fidocks' work shall be 1named the type D wind farm,
and further investigations shall be made on this configuration. This has been done so that
comparisons between the two works will show most clearly how the different controller
configurations behave. My wind farm shall henceforth be referred to as the type A wind farm. The
specific section of the grid that studies will be made upon shall be referred to as the A1
distribution network (due to confidentiality reasons).

1.1 – Scope
This thesis is limited in scope to the A1 distribution network and its immediate grid connection of a
type A wind farm. That implies that only that specific section of network will be modeled, and the
impact of adjacent distribution networks will be ignored. Also the transmission level connection is
seen as an infinite external bus, which supports the local network up to its maximum fault level.
Other generators or grid recovery methods are not considered, and this work will solely
concentrate on the direct impact that a single wind farm generator has on this section of grid.

Steady state analysis will be limited to three scenarios - two extreme condition calculations which
establish the limits of the wind farm, and a normal operational load flow which show the basis for
further transient work.

3

Transient analysis will also explore two conditions. Firstly a network fault will be simulated, and
the operations of the type A wind farm examined. The second transient analysis that will be
investigated is how the generator startup will affect the network. Transient comparison will be
limited to a single comparison between the two turbine configurations (type A and type D)
following a fault.

The modeling approach will be limited to the use of PowerFactory, and other simulation tools will
not be included. The fault simulation will also only explore a single fault. This fault will examine
the worst possible fault that the wind farm can experience while still maintaining its connection,
and thus all subsequent fault responses will lie within this extreme case.

4

2.0 – Background Information
This section contains the relevant background information to the specific thesis task, and will
provide a good understanding of the basic wind turbine technologies to date. It will cover a basic
overview of the local network, and the applicable rules that this network has. It will also examine
the main control methods that are used in the wind industry today.

2.1 – The South West Interconnected Grid System (SWIS)
The SWIS is part of 3 main geographical areas that make up the Western Australian electricity
market. It has a total installed capacity of just over 4 500 MW and feeds a peak demand of around
3 800 MW. The other 2 regions are the North West Interconnected System and Regional Power
and make up the remainder of the state electrical grid (Landfill Gas & Power Pty Ltd, 2008). Figure
1 shows the coverage of Western Power's SWIS.

Figure 1 - SWIS coverage (Western Power, 2011)
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2.2 – Western Power Technical Rules
There are certain rules that electricity generators connected to the SWIS must adhere to. These
are covered in part by the Western Power Technical Rules (2011), and formalized by a contract
signed between each generator and Western Power (Western Power, 2011). These contracts are
independent and strictly confidential and at times these main technical rules are slightly altered
(depending on the type of generator, as they might not be able to meet all the requirements).
Below is an outline of the main applicable regulations taken from these Technical Rules.

2.2.1 – Voltage Deviations
Under normal operating conditions, voltages should not deviate more than 6% away from
nominal. That is on a 22kV bus, terminal steady state voltages should not exceed 23.32 kV or drop
below 20.68 kV. Under emergency conditions, such as grid recovery following a fault, voltages are
allowed to deviate by 10% (Zoran Bozenic et al. 2007). In this thesis the voltage levels will be
investigated with both these voltage limits in mind.

Steady state voltages are also maintained using the tap changing abilities of transformers. Under
the Technical Rules, transformers with voltage levels under 66kV are allowed routine switching up
to a maximum of 4% of nominal. Unplanned switching can allow voltage levels to exceed nominal
by 6%, and fall below nominal by 10%. This switching acts as a primary means of voltage control,
so that when generation unexpectedly deviates from load demand, acceptable voltage levels can
be maintained until secondary control measures activate (Ackermann, 2005). It is essential that
these voltages remain within these set points, as appliances are developed with the set points in
mind. Prolonged overvoltage can cause damage to the circuits, and many appliances will not
6

operate if the voltage level is too low (see Figure 2 which shows allowed overvoltage as a function
of time). It should be noted that not all transformers are able to perform switching actions while
under load, and as such only those with the ability to do so exhibit primary voltage control.

Figure 2 - Max Allowed Overvoltage against Time (Zoran Bozic et al. 2007)

2.2.2 – Fault Handling Capabilities
Western Power demands from its generating customers some fault handling capabilities. In the
event of a fault, a generator is to stay connected to the grid for up to 0.45s, to allow the fault time
to clear. This is followed by a voltage recovery period between 0.45s to 10.45s following the fault.
During this time period the generator is expected to provide reactive power to the grid, and
maintain a minimum voltage level of 0.8 per unit (p.u.) or 80%. After this time the voltages are to
remain within the 10% of nominal as shown in Figure 3:
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Figure 3 - : Diagram of Under Voltage Ride Through capabilities (Zoran Bozic et al, 2007)

2.3 – Controlling Wind Power
When wind energy is harvested by wind turbines, this power level is constantly fluctuating and
therefore some control must be kept in order to keep the output within acceptable limits. Also
wind speeds can become dangerously high, which when harvested at their full energy potential,
can cause damage to turbine parts or result in complete turbine failure. For this reason, as well as
the network demands, there exist measures of control of the turbine power output.

2.3.1 – Blade Control
The first method of control is controlling the blades themselves, in aerodynamic methods known
as pitch control, stall and active stall control. These methods outline the basic strategies by which
the turbine blade speeds are controlled. Additional methods and technologies exits, such as tip
brakes and the use of rpm sensors but for a basic understanding the following methods suffice:

Pitch Control:
This is the method of control whereby the angle of attack is actively (via the actions of a control
8

system) altered. The angle of attack refers to the angular difference between the chord line of the
blade and the incoming wind. In fixed speed wind turbines this is highly important, as rotor speed
has to remain almost constant. When the power output becomes too high, an order is sent to turn
the blades slightly out of the wind. This keeps the rotor speed steady, despite increased wind
speeds. Alternatively, as wind speed is reduced, the blades are turned into the wind (much like a
sailboat) again to keep the blades rotating at the same speed. The drawback of this method of
control is that at high wind speeds, slight variations of wind speed result in large variations of
output power, and the pitch mechanism is not fast enough to deal with these fluctuations. As the
blade pitch actuations have to compete against the incoming wind, relatively large hydraulic
motors are used in this method. These are able assist in emergency shutdown situations, and
provide smoother rated output power at high wind speed compared to passive stall control. Figure
4 below depicts this control method pictorially:

Figure 4 - Pitch Control (Green Rhino Energy Ltd, 2010)

Stall Control:
In this method of control, wind itself is used to actively or passively cause the blades to stall, after
the winds exceed a critical speed. In passive control, the turbine blades are aerodynamically
designed to cause turbulence behind the blades, which at high speeds will cause stall. Active stall
9

control is similar pitch control, in that the attack angle is shifted. The blades are shifted towards
stall (see Figure 5) which is different from pitch control because there the blade is feathered out of
the wind (as per figure 4). This active method is desirable as it allows power to be harvested from
the turbine over a larger range of wind speeds, and at a controllable rate. Passive stall control
does not harvest wind as efficiently at low and high wind speeds as the active methods. A
drawback of stall control is that turbines using this method generate more noise. This is due to the
fact that the turbulence generated while stalling increases the blade vibrations. The energy
required for this control method are less, and hence smaller hydraulic pumps (than pitch control)
or even electric motors can be used.

Figure 5 - Stall Control (Green Rhino Energy Ltd, 2010)

2.3.2 – Power Control
Power control is the means of controlling or adjusting the electrical energy output at the grid
terminals. This is done by altering the generator settings, installing capacitor banks and soft
starters, as well as the inclusion of frequency converters. Each of these affect the output and
combinations of these control elements form the different turbine configurations. There are 4
main configurations; and they are classed by their ability to control their output - with type A
having the least control, and type D the most. This thesis will focus on controller type A. Figure 6
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depicts how the market share for these technologies have been implemented over time. It should
be noted that only type A configurations can use any method of blade control, and that the other
turbine configurations only use pitch control.

Figure 6 - Market Share of Wind Turbine Technologies (Anca D. Hansen)

Below is a brief overview of these turbine technologies:

Type A - Fixed Speed
Despite its name, this configuration does not operate at a completely fixed speed. That is because
the generator used is a squirrel cage induction generator, and hence operates at a slight slip
(usually up to a maximum of 4%). This means the blades speed of the turbine can also vary around
4%. It uses a gearbox to transform the low blade rotation to a high speed rotor. As this generator
draws reactive power, it is usually coupled with a capacitor bank in order to compensate for this
11

draw (Ackermann, Chapter 4. 2005). During start-up the current draw is around 7 times running
current, and so these types are often bundled with a soft starter in order to reduce this high
starting current (to around 3 times running current). Because of their limited ability to alter their
output, these turbine configurations are best installed in a strong grid, where power fluctuations
will not impact line voltages as severely. In the case of a weak grid these controller types are
insufficient. The fact that varying amounts of reactive power will be drawn from the grid, and
because their output is so unsteady, voltages would fluctuate well above and beyond the
allowable 10% limit as per the Technical Rules. Price wise, this is the cheapest method of control.
Due to the simplicity of the parts, and lack of a converter, this is also the most robust system and
will have a life expectancy of over 20 years. Fixed speed wind turbines can be calibrated to two
rotor speeds via twin generators or pole changing generators. The pole number changeover is
dependent on wind speed (Ackermann, Chapter 4. 2005). However as in this thesis wind is
ignored, so too shall this characteristic be ignored. The Type A configuration will be covered in
more detail in section 3.1.

Type B - Limited Variable Speed
This concept is very similar to the type A configuration, however with one important difference.
Instead of a squirrel cage induction generator, it utilizes a wound rotor induction generator which
has a controlled variable rotor resistance. This allows the control of slip by up to 10% above
synchronous speed, thus allowing the turbine blade speed to increase its variation. This increased
variation is advantageous in that it allows wind to be harvested more efficiently over a larger
range of wind speeds. This slip control is usually done using active controls, however passive
methods have also been developed. As with the type A, this configuration also uses capacitor
banks as a means of reactive power compensation. A soft starter is usually included in order to
12

make the grid connection smoother (Ackermann, Chapter 4. 2005). It is around 50% more
expensive than the type A configuration (Hau, 2006)

Type C - Variable Speed with Partial Scale Frequency Converter
A doubly fed wound rotor induction generator is used to convert the rotational power from the
turbine (via a gearbox) into electrical energy. This generator concept means that there are
windings both on the stationary (stator) and rotational (rotor) parts which contribute to the
electrical output of the generator. A partial scale frequency converter then provides active and
reactive power control, and is able to typically affect speeds between - 40% to +30% of the
synchronous speed (Ackermann, Chapter 4. 2005). It is between 60- 250% more expensive than
the type A configuration. (Hau, 2006)

Type D - Variable Speed with Full Scale Frequency Converter
Considered the “rolls royce” of power controllers, this is the best means of assuring stable output
voltage and power, and has the best fault handling capabilities in the wind industry. Using a
wound rotor induction generator, wound rotor synchronous generator or a permanent magnet
synchronous generator, this configuration is able to adjust active and reactive power flows (better
than type C) and unlike all the other types does not necessarily need a gearbox between the
turbine and the generator. Following the generator is a full scale frequency converter. This power
electronic equipment converts the AC generator output into a DC signal, and then converts it back
into a steady network output signal that can be directly injected into the grid.
This configuration also ensures smooth grid connection, and is able to assist the grid during
voltage recovery (following disturbances). This system does have some drawbacks, which include
the presence of some higher order harmonics as a result of the electronic converter. As no
13

gearbox is required, these configurations utilize a generator with a higher number of windings,
resulting in a larger turbine hub than other configurations (Ackermann, chapter 4. 2005). The type
D configuration is around 350% more expensive than the type A configuration. (Hau, 2006)

2.3.3 – Wind Farm
The effect of having multiple turbines supplying electricity through a common connection to the
grid reduces the overall impact of each turbines power fluctuations. Overall, the power
fluctuations are smoothed out, resulting in a “nicer” grid connection. This effect is also influenced
both by the increase in turbine number, and having these units spread over a greater area. Power
fluctuations for a specific large wind farm did not exceed a 7% change in output power over
several seconds, and these findings shall be kept in mind during this thesis. (Ackermann, Chapter
3. 2005)

2.4 – Starting the Induction Generator
When starting a wind generator there are two main strategies used. Both of these have certain
advantages and disadvantages which shall be outlined in this section. The Grid Start up method
will be simulated in this thesis.

2.4.1 – Wind Blade Start up
In this method the wind turbine is not connected to the grid during start-up. This means there is
no rotating magnetic field present on the stator, and hence no current is induced in the rotor
windings. There is also no electrical torque that the turbine has to overcome. Thus the turbine is
freely set into the wind, and the rotating blades cause the generator rotor to rotate via the
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gearbox. The rotor speed is closely monitored by the control system, and when this speed is
sufficiently close to synchronous speed the grid connection is made. This method is advantageous
as it does not demand a large start up current, and grid connections can be made without the use
of a soft starter. It does however require a more sophisticated control method.
Wind turbines with this method of connection are typically pitch controlled. (Manwell, 2002)

2.4.2 – Grid Start up
An induction machine can be used as both a motor and a generator, depending upon the relative
speed of the rotor to the stator. As such, induction generators can be started as motors in order to
bring the rotor up to synchronous speed. After the rotor spins faster than the stators rotating
magnetic field (due to the injection of power onto the rotor – in this instance wind power) the
machine starts to inject power into the grid. This motor/generator relationship is depicted in
Figure 7, where current flow and torque are plotted as a function of positive and negative slip.

Figure 7 - Torque and Current as a Function of Slip for the Induction machine (Stutz, 2000)
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Obviously this start-up would not occur when no winds are present (although possible). The
control system monitors the site wind speed, and when it exceeds a predetermined set point
(usually using some short term averages and predictions) the signal to start up is passed. In this
way both the grid and the incoming wind combine to bring the turbine up to speed. As the rotor
reaches exact synchronous speed, there will be a brief moment when there is no power drawn or
generated, but after the rotor’s angular velocity exceeds that of the stator, power starts to be
generated. The main disadvantage of this method is the stress it puts on the local grid during startup. If the grid is relatively strong then this is not a worry. In remote areas or in areas where the
grid is already operating close to peak capacity, the additional reactive power draw that this
method demands can cause temporary under voltages (especially to those customers close to the
wind generator). In order to assist this method of starting soft starters are usually used. Wind
turbines using this method of start-up are usually stall controlled. (Manwell, 2002)
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3.0 – The Turbine Structure and the A1 Distribution Network
In this section a specific turbine is presented. Also the specific section of the SWIS that is focused
on will be discussed. The turbine used is the Vesta V82, which is an example of a type A
configuration, and will be used as the type A representative for this thesis. The A1 Distribution
Network is selected as it lies on the extremities of the SWIS, and can be used to show how wind
generators impact these de-centralized locations. Since Fidocks work uses the A1 network the
same is used to allow comparisons.

3.1 – The Turbine
The overall model of the type A turbine configuration is constructed as per Figure 8 below, and it
contains the following key components:


Blades



Gearbox



Squirrel cage induction generator



Soft starter



Capacitor bank



Step-up transformer

Figure 8 - Type A Turbine Configuration (Ackermann, 2005)
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The blades and gearbox are not modelled, as their modelling lies outside the scope of this thesis.
Instead, this thesis sees the generator as the primary energy source. Directly coupled to this is the
soft starter, which is then followed by a wye connected capacitor bank. The final component is the
step up transformer, which brings the voltage up to distribution level. In this case this voltage is 22
kV, which is also the maximum possible voltage that the chosen turbine can deliver. The
transformer also acts as a final means of off load voltage control due to its tap changing abilities.

The Vesta V82 was chosen as it is one of the most popular type A configurations in todays market,
with 92 to be installed in Brazil and 58 units to be installed in Canada by the end of 2011. There
are over 1400 of these units installed globally. (Vestas, 2011) Although none of these units are
installed on the SWIS, there is a wind farm in Edithburgh in South Australia, which has 52 of these
units operating.

This generator is controlled via active stall control. Please see Figure 9 for a diagram of this
turbine:
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Figure 9 - The Vestas V82 1.65 MW Wind Turbine (Vestas, 2005)

3.1.1 – Induction Generator
Induction generators are not widely used outside of the wind industry. However, about a third of
the world’s energy generation is used to run induction motors, and therefore these units are
readily available and much cheaper than their synchronous counterparts. The difference between
an induction motor and generator is if the rotor lags (motor) or leads (generator) the stators
rotating magnetic field. In order to operate, the generator is required to draw AC power from the
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grid in order to magnetise its stator and generate an alternating magnetic field. Its spinning rotor,
which is connected to the turbine blades via a gearbox, induces a current flow in its windings. The
percentage difference in rotating speed between the rotating magnetic field of the stator and the
mechanically driven rotor is called the slip. Usually this slip is around 1%, meaning the rotor spins
faster than the magnetic field in the stator by 1% but this can increase up to 4%. As this speed
difference is very slight, type A wind turbines must be ready to disconnect if there is a sudden loss
in rotor energy, as these generators can easily turn into motors if the rotor starts to lag the stator.

The Vestas V82 houses a squirrel cage induction generator in its nacelle, and is rated to produce
1.65 MW. It has a rated apparent power of 1805 kVA and is delta configured. Its blades rotate
nominally at 14.4 rpm and for a grid frequency of 50 Hz, delivers three phase power at a voltage
level of 690 V line to line. Through the use of a gearbox this rotation is stepped up to an
asynchronous speed of 1012 rpm, operating at a nominal slip of 1.2% when delivering rated power
(synchronous speed of 1000 rpm). This generator has 6 poles (3 pole pairs). (Vestas, 2005)

The equivalent per phase circuit diagram of an induction generator with the rotor impedances
referred to the primary side is shown in Figure 10:
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Figure 10 - Induction Generator Equivalent Circuit Diagram (Calais, 2011)

Where the per phase parameters are:
Rs :

Stator resistance

Xs:

Stator reactance

Rc :

Resistance representing core losses

Xm:

Magnetizing Impedance

R’r:

Rotor resistance

X’r:

Rotor reactance

R’r(1-S)/S:

Slip dependent rotor resistance

By assuming Rc » All other resistances, impedance of the squirrel cage induction machine can be
approximated by Equation 1:

(

(

))

Equation 1: Equivalent Induction Impedance (Fonstelien, 2009)
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The induction generator is seen as an uncontrollable reactive power sink. Even when producing
zero active power, the induction generator still draws reactive power through its magnetizing
impedance (Xm). When the generator starts producing however, this reactive power draw is
increased due to its series impedance (Xs) (Infield, 2008).

During and after a voltage drop the slip (S) increases, since the rotor is accelerating. The result is a
generator impedance that is decreasing, but with increasing inductive characteristics (because the
resistance is decreasing but not the inductive impedance). This results in a higher current draw,
and as a consequence the generator consumes more reactive power (Fonstelien, 2009). This is
evident during a fault, where system voltages can be severely reduced. In this event the
suppressed grid voltages will be further reduced by the reactive power draw from this type of
generator.

3.1.2 –Capacitor Banks
The capacitor banks are included in a type A configuration in order to provide reactive power
compensation for the draw from this type of generator. Reactive power flow is undesirable in lines
as it leads to higher line losses, and therefore the closer to unity power factor that the generator
can supply power the better. Figure 11 is a pictorial representation of how shunt capacitor banks
adjust the phase angle of the line current in order to bring about this unity:
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Figure 11 - Shunt Compensation (Fonstelien, 2009)

Where:
Iplant:

Current flowing out of the wind generator

Ishunt:

Current flowing into capacitor banks

Iline:

Current flowing to the network

Vpcc:

Voltage level at point of common connection

Vinf.:

Voltage level at the network connection terminal

jX:

Line reactance

As is visible, the current delivered by the wind farm (Iplant) is highly inductive. The capacitors then
reduce this phase angle so that the voltage and current are more in phase. It is more desirable to
have the current slightly lagging the voltage, as the inductive nature of the line impedance (jX) will
return the operating power factor closer to unity.
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The capacitor banks are sized so as to provide adequate reactive power compensation. In the
Vestas V82 model there are various capacitor sizes that can be chosen. I have chosen to
investigate a capacitor size that fully compensates the reactive power draw on the grid when the
unit is delivering output at rated power. This equates to 731 kVAr per turbine. This is switched in
steps, but no information was found concerning step sizes and time constants. This has been
chosen as the full scale reactive power consumption is at this level, and to best represent the
limitations of the type A configuration, the capacitors should be sized to exactly meet this
demand.

For the type A Wind Farm, which consists of twelve units, this corresponds to a total capacitor
bank size of 8.77 MVAr.

Plot A on Figure 12 is an arbitrary picture showing how the reactive power draw increases as
active power generation increases for a type A turbine configuration. Plot B shows how this
reactive power draw is compensated by the capacitor banks, which continue to switch on once the
draw exceeds a certain pre-set point (k).

Note: This figure does not show transient effects that would occur as the generator loading
changes as a function of time. Instead it is a pictorial representation of the accumulated steady
state values that would occur under the various generated conditions (no generation to full
generation).
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Figure 12 - Arbitrary Reactive Power Compensation Curve

3.1.3 – Soft Starter
There are several different ways to reduce the inrush current caused by the starting of an
induction generator. This thesis will only include the antiparallel thyristor method in its modelling.
Figure 13 below details the setup of this current reduction method:

Figure 13 - Soft Starter
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During start-up, the bypass switch is left open; forcing the current to flow through the thyristors. A
controlled switching sequence turns the diodes on and off in sequence, so that initially the voltage
(and thus current flow) only allows a fraction of its waveform to flow. This blocking time (α in
Figure 14) is gradually reduced till none of the waveform is blocked.

Figure 14 - Soft Starter Voltage Blocking Curve (Coniger, 2011)

Once α has reduced close enough to zero, the bypass switch closes, allowing an unaffected
waveform to flow from the generator to the capacitor banks. This eliminates the voltage drop
effect that the thyristors would otherwise have onto the waveform. The overall impact that this
has on start-up current is a reduction in magnitude from between 6-8 times the running current
to a peak of less than 4 times the running current (Heier, 2006). The main disadvantage of this
method is that the start-up times is slower, as it obviously takes a longer time for the required
electrical energy to be received by the motor/generator.

3.1.4 – Transformer
In the Vesta V82 the transformer is located at the base of the tower. This unit steps the voltage up
from the generation to the distribution level. This 690/22 kV voltage step is partial to losses, but
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losses and subsequent impedance values are not made public. The final voltage control – the tap
changers, are able to adjust final output voltage by ± 5 %, but the activation of these changers will
want to be minimized, and will not function under load. (Vestas, 2005)

The changing of these taps will want to be minimized in order to reduce wear on the tap changers
themselves, which will require more maintenance the more they are used (resulting in increased
maintenance costs). It should also be noted that voltage changes due to tap changing will most
likely result in a short grid disconnection time, which is undesirable in fixed speed wind turbines as
will be discussed in Equation 2 of section 5.1.1.

3.2 – The Distribution Network
The network used for this thesis is the A1 Distribution Network. This is the identical section of grid
that (Fidock, 2010) used for his thesis, and has been used in order to best provide accurate
comparisons between the two turbine configurations. For a more comprehensive outline of this
distribution network please see Fidocks’ thesis – “The A1 Wind Farm: An investigation into the
voltage control, network support capability and stability of the A1 distribution network”. The main
outline of this network will be detailed however, which includes the following sections:


Zone substation



Type A Wind farm



Wind farm feeders



Substation loads

This local network is connected to the much larger Western Power network via two 132 kV
transmission lines which run from a larger terminal substation some 150 km away. Although this
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line distance is fairly large, the strength of the A1 distribution network is not overly compromised,
and is being strengthened with the development of two more 132 kV lines. (Western Power, 2011)

3.2.1 – Type A Wind Farm
The type A wind farm is to include twelve Vestas V82 1.65 MW turbines. They will have their peak
output limited to 15MW. Due to the geographical location of the wind farm, minimal output is
expected to be 1MW (Fidock, 2010). All generating units will be directly coupled to a soft starter
element, as per the configuration outline for the type A wind turbine in Figure 8. Reactive power
compensation will occur at a common connection bus, just prior to the step up transformer which
will bring the voltage level up to the 22kV distribution voltage.

3.2.2 – Zone Substation
This substation operates at an incoming transmission level of 132 kV and provides power to the A1
distribution network at 22 kV. There are three transformers that operate on this substation to
deliver this voltage drop. Figure 15 below depicts the layout of the zone substation.
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Figure 15 - : A1 Zone Substation (Fidock, 2010)

During normal operation the two 20 MVA transformers (T1 and T3) are operational, with the 24
MVA transformer (T2) on standby. The wind farm is connected via the two AWF feeders to T1
(Fidock, 2010). With the current expansion to the network, resulting in two more transmission
feeders, it is likely that the substation itself will undergo upgrades in order to transmit more
electricity to the local customers.

3.2.3 – Wind Farm Feeders
There are two 22 kV wind farm feeders which connect the wind farm to the zone substation. They
span a distance of 12 km and consist of 240 mm2, termitex underground copper cables (Fidock,
2010).
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3.2.4 – Substation Loads
These loads are mainly the domestic loads that are fed by the substation. Although this load size is
on the rise with an increase of local residency, future projections are not investigated. Maximum
local load is achieved during the cold winter months, reaching an average peak of around 40 MW.
The lowest load recording was 13 MW, but for the purpose of this thesis they will be held at 10
MW. (Fidock, 2010)
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4.0 – The PowerFactory Model
All simulations in this thesis are completed using DigSilents’ PowerFactory version 14.
PowerFactory is a simulation software which allows the modeling of multiple bus systems. It can
be used to investigate steady state and transient network behaviour, including faults, motor
startup and load flows. The PowerFactory model can be broken down into two main sections –
the A1 Distribution Network, and the Type A Wind Farm. For an overview of the PowerFactory
model please refer to Figure 17 at the end of this chapter.

4.1 – The A1 Distribution Network
This distribution network model is taken directly from (Fidock, 2010). No adjustments were made
to this section of the model, as in the interests of a comparative study, all system parameters were
to be held the same. The main model details include the wind farm feed lines, various loads and
the A1 zone substation.

4.1.1 – Zone Substation
The substation is modelled as an external grid connection at the transmission side, connected to
the distribution side via three transformers. The fault level of the external grid is set at 326 MVA.
This fault level is reduced to 120 MVA when only 1 of the 2 HV feed lines are operational (Fidock,
2010). Directly connected to the distribution bus are the network loads and the wind farm feed
lines.
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4.1.2 – Loads
There are two types of loads simulated, modelling the nature of a normal load structure. As
previously mentioned, about a third of the world’s energy is consumed by induction motors, so an
induction motor model requiring 30% of the total load is included, as well as a static load with
slight inductive characteristics to make up the other 70%. Both these loads have two set points –
maximum demand and minimum demand.

Max Load
Min Load

Static Load
MW
28
7

MVAr
4
1

Motor Load
MW
MVAr
12
9
3
2.25

Total Load
MW
40
10

MVAr
13
3.25

Table 1 - Load Structure of A1 Distribution Network

4.1.3 – The Wind Farm feed lines
There are two feed lines which connect the wind farm to the zone substation. This is shown in
Figure 15 from the previous chapter. These lines run for 12 kms and are modelled as having a
resistance of 0.161 ohm/km, and reactance of 0.067 ohm/km (Fidock, 2010).

4.2 – The Type A Wind Farm
Consisting of 12 individual asynchronous generators with their associated soft starters and
reactive compensation, this is the Type A Wind Farm.
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4.2.1 – The Generator
In PowerFactory an induction generator is modelled in the scheme depicted in Figure 16:

Figure 16 – PowerFactory Induction Machine Model (DigSilent, 2007)

This is a simplified model, whereby core resistance is considered infinite, thus not permitting any
current to flow through the core (Rc) as shown in Figure 10. The rotor resistance and reactance can
be frequency dependent, allowing the model to operate over a wide range of slip. For a complete
breakdown of this model please refer to the induction motor technical references provided by
DigSilent. (DigSilent, 2007)

The relevant impedances for the Vestas V82 are given in Table 2 below:
Model
Vestas

Power(MW) Rs (p.u.)
1.65
0.0077

Xs (p.u)
0.0697

Rr(p.u.)
0.0062

Xr (p.u.)
0.0834

Xm (p.u.)
3.454

Table 2 - Vestas V82 1.65MW Induction Machine Parameters (Rodriguez, 2006)

These values were entered into PowerFactory accordingly. The following main parameters were
also included:
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Nominal Voltage – 0.69 kV
Nominal Frequency – 50 Hz
Rated power – 1650 kW
Apparent power – 1805 kVA
Pole pairs – 3
Slip at rated power – 1.2%
Acceleration time constant – 8s

4.2.2 – Capacitor Banks
The capacitor banks are sized so as to provide full reactive power compensation under full load.
This, according to the manufacturers’ data sheet is 731kVAr per installed turbine. At twelve
turbines this corresponds to 8.77MVAr.

In PowerFactory this has been modelled as a switchable shunt capacitance, where the maximum
compensation is made up of 12 individual steps (1 per turbine). See Appendix A for the specific
PowerFactory model details.

4.2.3 – Soft Starter
As mentioned previously, these are two antiparallel thyristors which is used to reduce inrush
current. Most soft starters reduce this current from around 6 to 7 times the running current, down
to around 3 times the running current. In PowerFactory, the soft starter element can be set to a
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reduction level (krl) between 0 and 1. As such, krl was set to 0.429. (This is the mathematical
relationship where krl = soft starter current/no soft starter current = 3/7. This is a result of the ratio
in start-up current draw if soft starters are used as discussed previously)

4.2.4 – Transformer
The voltage step sizes were entered as 690/22 kV nominal with the tap changing ability of ± 5 %.
No information was given on the impedance levels for the transformer. Thus, for the sake of
uniformity, the transformer impedances are taken to be identical to those of Fidock. For an outline
of these inputs please refer to Appendix A
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Figure 17 - PowerFactory Simulation Model
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5.0 – Results
The results presented in this section are those outputs given from PowerFactory. The specific
results are presented for:


Steady state analysis – establishing the operating point limits that the wind farm generator
and its immediate grid connection will experience;



Fault analysis – will simulate the worst single fault condition from the wind farms
perspective and explore how the type A Wind Farm responds, and how this response
affects the A1 Distribution Network; and



Starting the turbines – an investigation on the impact that starting one or more of these
generating units will have on the nearby grid with respect to voltage stability.

5.1 – Steady State Analysis
For steady state analysis the total generation model is lumped into a single generator. This is done
for simplicity as the model will not respond any differently under steady state if it is modelled as a
single large generator or twelve smaller units (when neglecting the effect of wake losses and the
difference in availability of wind at each turbine). The three steady state scenarios that are tested
are:
1. Max Generation vs. Max Load
2. Max Generation vs. Min Load
3. Min Generation vs. Max Load
Test 1 is done in order to provide background understanding for the transient analysis which is to
follow. Tests 2 and 3 are the industry standard measure with which the operational limits of
renewable energy generators can be found. The main bus voltages for each of these tests are
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shown in Figure 18. Note that all voltage levels are within the 6 % allowable deviation as specified
by the Western Power Technical Rules.

Voltage level (p.u.)

1.06

Voltage levels at main bus points

1.04

Max Gen vs.
Min Load

1.02

Max Gen vs.
Max Load

1

Min Gen vs.
Max Load

0.98

0.96

0.94
132 kV Bus

22kV

Point of Interconnection

Bus

Generator Bus

Figure 18 - Steady State Voltage Levels

5.1.1 – Max Generation vs. Max Load
This test realizes a local load demand of 40 MW. The output from the wind farm is set to 15 MW.
The subsequent reactive power delivered by the capacitor banks is 9.28 MVAr. This is because of
the relationship between bus voltage and reactive power draw as described in Equation 2 below.

Equation 2: Reactive Power Draw from Capacitor Banks

As the generator bus voltage is at 1.03 p.u, and the maximum capacitor size is set to 8.77 MVAr,
the resulting reactive power supply is 9.28 MVAr. Although there are slight over voltages at the
generation side, the zone substation connection bus receives a steady state voltage level of 1 p.u.
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In reality this voltage level would fluctuate slightly, as the wind bus would not remain constant. As
these fluctuations would occur around an average voltage level close to unity, the system is ideally
prepared for these changes. Note that whilst generating at its maximum output, the wind farm
draws 8.13 MVAr, and this is fully compensated by the capacitor banks.

5.1.2 – Min Generation vs. Max Load
This test is used to determine the lowest expected voltage level that a wind generator and their
immediate grid connection will exhibit under steady state operation. In this test the load remained
at 40 MW, but generation was reduced to 1 MW. This still saw a reactive power draw of 6.25 MVar
by the wind farm. The capacitor banks are again fully active, but because the generator bus is now
at 1.01V p.u. the actual reactive power compensation provided from these banks is 8.92 MVar.
Slight under voltage occurs at the zone substation, with the voltage level reduced to 0.99 p.u. As
this voltage level is so close to unity, and the duration of these low load periods expected to be
limited, this is not considered a point of concern.

The capacitor banks are fully operational because of the reactive power draw from the A1
Distribution Network. The inductive loads on the network are drawing reactive power from the
grid. As such the wind generator is able to provide some reactive power to the loads via its
capacitor banks without exceeding the voltage limits.

5.1.3 – Max Generation vs. Min Load
This test determines the upper voltage level under steady state operation for the wind generator.
For this test, generation was set to 15 MW and local load was set to 1 MW.
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The wind farm did experience a significant rise in voltage level, with the wind farm bus voltage at
1.04V p.u. This voltage level reduces to 1.03 at the point of common connection, and is at unity at
the 22 kV substation connection. These voltage levels are within those specified by Western
Power.
The excess power that the wind generator delivers is absorbed by the external grid and would be
used by utilities elsewhere in the network.

5.2 – Transient Analysis
For transient studies the wind farm is broken down into twelve individual generating units, with
the peak combined output from these limited to a maximum of 15 MW. 12 units are chosen so as
to replicate the number of units currently at the wind farm location. This is chosen in order to best
replicate the transient behaviour of the wind farm as a whole, and to determine the start up
effects that a single generator has on the network
.
Note that type A generators other than the Vestas V82 will respond slightly differently to the
events simulated, however it is the purpose of this thesis to investigate the general performance
of this turbine configuration, not determine the specific response for various individual models.

5.2.1 – Fault Simulation
During this study a 3 phase short circuit fault is simulated on the 22 kV wind connected zone
substation bus bar. This fault is actuated at time t= 1.5 s and is cleared at t= 1.95 s. This 0.45 s fault
is the maximum time that a generator has to stay online, as per the under voltage ride through
capabilities specified by Western Power (maximum fault clearance time exceeds this value but
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generators do not need to stay connected if fault takes longer to clear). This simulation is detailed
in Figure 19 below:

Figure 19 - Network response to 3 phase fault on 22kV bus

As visible, at t= 1.5 s the fault is actuated. The generators respond by speeding up, as the resistive
electrical torque from the grid has suddenly disappeared, leaving the mechanical torque
developed on the rotor unchecked. At t= 1.95 s the fault is cleared and the grid attempts to
recover. Notice that the voltage levels at the wind generator bus are lower than all other voltage
levels, indicating they suppress the grid voltage up till t= 4 s. This is a result of the reactive power
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flows. It is visible that immediately following the fault the wind generator draws a large amount of
reactive power. By inspecting the reactive power delivered by the external grid following the fault,
it is visible that most of the reactive power that it provides is used to feed the wind generator. As
described in the Induction Generator section, this is a result of the increase in rotor speed, and
subsequent increase in inductive characteristics of the generator.

After t= 4s the network stabilizes, and voltage levels are returned to their pre fault conditions.
There are still some power fluctuations caused by the generator, as a result of its oscillation
around its steady state speed of operation, but these are severely dampened, and completely
removed by t= 5 s.

It should be noted that this clearance time is close to the maximum possible clearance time for
this generator. When running the simulation with the fault clearance time set at 1.16 s (maximum
fault clearance time as per Western Power technical rules), the wind generator was not able to
recover voltage. During this simulation the voltage level at the wind generator broke down,
resulting in local grid voltage collapse. This is a result of the runaway effect in induction
generators, whereby faults have to be cleared within a critical clearance time.

This configuration is also extremely sensitive to the network support that the connecting
transmission lines provide. Originally, when both transmission level feeders are operational, the
provided fault level is 326 MVA. This is also the fault level that was included to produce the results
in Figure 19. When this fault level is reduced to 120 MVA, representing the grid fault level when
only one of the two transmission level feeders are active on the zone substation, the network
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response is much different. In this instance the A1 Distribution Network suffers from a total
voltage collapse from a fault cleared after only 0.45 s. This highlights the importance of integrating
these turbine configurations into areas where there is strong network support.
As a result of the generators inability to provide voltage and reactive power support following a
fault, and because of the possibility of generator run away, type A generators should disconnect
from the network following a fault. The connection should only be maintained if the network fault
is cleared almost immediately, and if the network is strong. By placing the wind generator
relatively close to the substation, such as in the A1 Distribution Network, the impact that the wind
generator has onto customers is reduced.

A disconnection calculation has also been simulated. During this, the Wind Farm has been set to
disconnect as the fault occurs on the 22 kV bus. Figure 20 shows the voltage response to the larger
1.16 s 3 phase fault (this larger fault time has been used to allow the wind generator voltage to
completely reduce to zero). Note that without the wind generator connected voltage recovery of
the network occurs much more rapidly (less than 1 second) than while the connection was
maintained (around 2 seconds).
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Figure 20 - Response following Fault and Wind Farm Disconnect

This is a much more desirable output than those showed in Figure 19, further strengthening the
understanding that the type A turbine configurations should disconnect following a fault situation,
and reconnect at a later time. Unfortunately it was not possible to model such an event, as
PowerFactory would not allow the generator to be active, go offline and reconnect as a generator
(it would reconnect and stay connected as a motor).
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5.2.2 – Starting the Generators
Because type A wind turbines cannot support the grid during network recovery, and with their
inherent ability to turn into motors as soon as wind speeds drop off, their ability to disconnect is
highly relied upon. As such it is relevant to investigate the impact that reconnecting these
generators to the network has.

The grid assisted start up method has therefore been modelled, as it denotes the typical starting
method of an induction generator. Note that this modelling shows voltage levels that are slightly
worse than those expected in real life. This is a result of not including wind in the model, which
would help turn the turbine blades (and thus the generator rotor). From a design perspective, this
method of modelling does allow for a slight safety margin and is therefore not without benefits.

Figure 21 shows the voltage levels experienced at the 22 kV bus bar of the zone substation. This
bus bar is the connection point for the wind generator. Note that voltage levels would be slightly
more severe if analysis was to be done on the wind generator bus.
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Figure 21 - Starting the Generators, voltage level at substation (Voltage changes over time)

The individual lines on Figure 21 represent the voltages experienced as an increasing number of
units are started simultaneously. The black labels on the left of the graph indicate the number of
units started simultaneously. Each progressive voltage drop indicates a starting size increase of 1
unit up to 4 units, and a final line indicating the starting of all 12 units.

These calculations indicate that while the soft starters are operational, a maximum of 3 units can
be started while keeping the substation voltage level below the 6% voltage limit. 4 units can be
started simultaneously while keeping these voltage levels inside the 10% limit.
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If no soft starters are used then 1 unit can be started on its own, while remaining within the 6%
voltage limit. However if 2 or more units are started the voltages immediately fall outside the 10%
voltage limit.

As mentioned, voltages are slightly higher at the wind generator bus. Inspection of these voltage
levels coincides with the findings pertaining to voltages remaining within the acceptable limits bar
one case. While using soft starters a maximum of 3 can be started at once before voltages fall
outside the 10% voltage limit.

5.3 – Transient Studies – Type D configuration
It has been a thesis objective to clarify and confirm the transient studies presented by Fidock
(2010). In this section of his thesis, some confusion has arisen, and it is my charge to re-evaluate
his findings. The actual behaviour of the power controller was unclear, and it was unsure if this
response was correct. As such the work presented by Fidock is confirmed. These results will then
be compared these transient results obtained from the type A configuration calculations. This
reproduction of his work, and subsequent confirmation and re-iteration is detailed below. It
should be noted that all simulation and modeling work by Fidock has been done in DigiSilents'
PowerFactory v14.

5.3.1 – Overview of Fidocks' Work
Fidock had done his studies on the arbitrarily named A1 Wind Farm. The A1 Wind Farm is an actual
wind farm but due to confidentiality issues it has been renamed. The wind farm consists of twelve
ENERCON 1.8 MW wind turbines. They are constructed using variable speed, pitch controlled,
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power converter coupled, direct drive synchronous wound rotor generator technology. The
turbine configuration used is type D (Fidock, 2010). The distribution network is identical for both
thesis’. The type D power controllers’ abilities were investigated through similar tests as
conducted for this thesis.

5.3.2 –The Model Confirmation
This is achieved through step-by-step analysis of the network model. Firstly his model was
dissected into its individual components, and it was seen if the combination of these components
accurately depicted the event. The turbine/controller configuration used was labeled as type D that is a variable speed machine with a full scale frequency converter.

Once it was assured that the modeling method was appropriate, each individual component was
investigated. This involved using the specification sheets and the information provided within the
thesis. All these details were checked and confirmed. Next the scheduler was inspected, which is
the transient simulation command center in PowerFactory. The stages for the scheduler are
detailed as follows:
Simulation running time – 10 s
Time (seconds)

Event

Impact

0
1.5

Network operates as at steady state
22 kV Bus voltage reduces to 0.0 V p.u.

1.95

Simulation Start
3 phase short circuit at 22
kV busbar
Fault is cleared

10

Simulation Stop

Fault is cleared and network begins voltage
recovery
Network has stabilized

Table 3 - PowerFactory Simulation time step

This 0.45s time taken to clear the fault is the maximum permissible time for a network fault to be
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cleared for which the generator has to stay connected. (Zoran Bozic et al, 2007)
Please note that in Fidocks work the fault clearance time was given to be 1.16s. Although this is a
valid investigation, for the purposes of this thesis this fault time has been altered in order to
provide proper comparison against the previous results from the type A turbine configuration.

5.4 – The Simulation Output
The simulation output shows the voltage recovery at the 22kV bus, as well as the reactive power
flows from the wind generator. The two different control strategies determine how the frequency
converter delivers power and recovers voltage.

5.4.1 –PQ control
During this method of control, the frequency converter attempts to deliver a set amount of active
and reactive power to the grid. This is the usual operation under steady state conditions, whereby
the generator is set to export 15MW and consume 4.93 MVAr from the grid. The transient results
are shown in Figure 22:
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Figure 22 - PQ control type D configuration – Voltage Level (top) and Reactive Power Flow (bottom) into 22 kV bus

Although voltage recovery is achieved using this control method, the flow of reactive power in
Figure 22 shows that the generator is consuming, not supplying reactive power - which is
undesirable during grid recovery (because of the orientation of the system in PowerFactory,
positive values indicate consumption). This is unacceptable as generators need to support the grid
during recovery, and further reactive power losses could cause a local or even grid-wide voltage
collapse. Inadequate reactive power flow control, as well as the tripping of some vital lines, did
indeed cause a major blackout in North America in 2003. During this blackout over 400
transmission lines and 531 generating units tripped resulting in the interruption of 63 GW of load
(G Andersson, 2005).
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5.4.1 – V control

Unlike PQ control which has a set real and reactive power set point, voltage control is the method
of adjusting the power angle in order to maintain a set voltage at its terminals. This method is
prefered for transient conditions, as the controller is static in nature itself (unlike PQ control).
Figure 23 shows active voltage recovery following the same network fault using this control
strategy.

Figure 23 - Voltage control type D configuration – Voltage (top) and Reactive Power Flow (bottom) into 22 kV bus
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This time the generator does not respond for over 2 seconds (till t= 5 s). After this time the
controller starts to become operational, and begins altering its output. Dialogue with the
development team from PowerFactory confirm that this would occur much faster in real life, and
that for some reason the simulated controller takes too long to respond. It should be noted that
for a time period voltage does stay at 0.8 V p.u, but with the under voltage ride through
capabilities set by Western Power this would ensure the generator does not disconnect. Following
this period of inactivity, the control however does respond desirably and begins to change its
power angle, reducing the reactive power flow. After t = 7.5 s the generator has reversed its
reactive power flow, and begins to supply the grid with the much sought after reactive power. It
can be seen that at t= 7 s, the voltage level at the wind generator bus surpasses the network
voltage, thus indicating that the wind generator is supporting the network voltage, rather than
suppressing it.
The manner that the results are presented in this thesis differs from the way they were presented
in Fidocks work, thus removing the confusion that arose. The dialogue with the development team
also confirmed the response of the controller and further clarifies the understanding of the
modeling work that has taken place.

5.5 – Comparison of Turbine Configuration Technologies
In this section the transient results from both turbines are compared. The resultant plot is a
combined output from the individual transients for each turbine configuration. The voltage control
method is the method that is compared, as this was the control method that was to be utilized in a
fault scenario. Figure 24 below shows this comparison:
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Figure 24 - Transient Comparison of both Turbine Configurations

The first thing to notice is the voltage decline for the type D configuration is much less severe than
that of the type A configuration. This indicates that following a fault the type A configuration
suppresses grid voltages more severely than the type D configuration.
More significantly is the difference in reactive power consumption between the two
configurations. The A1 Distribution Network delivers more than twice as much reactive power
immediately following the fault to the type A Wind Farm at around 60 MVAr, with the type D Wind
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Farm only drawing 25 MVAr. It is important to remember that the controller response would be
much quicker in real life than that displayed for the type D Wind farm. It is also noticeable that at
no point does the type A configuration deliver reactive power to the grid, unlike the type D
configuration which does so around t= 8 s.
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6.0 – Conclusions
Following the investigation made during this thesis, several conclusions can be drawn up. These
are outlined as follows:
1.

Under steady state operation the type A turbine configuration behaved within acceptable

voltage levels, and generated acceptable voltage levels on the A1 Distribution Network. It should
be noted that this model was not able to include one of the great drawbacks of this turbine
configuration - the fluctuating power level at high wind speeds. It was not possible to adjust the
power output as a transient effect, and hence this could not be modelled using this software.
During the transient analysis however, in particular the results obtained in Figure 19, which
showed the response from the generator in terms of active and reactive power output post fault
something very interesting was observed. Just as the last of the voltage levels were returning to
normal, and the grid was returning to stable operation, there were still some real power
oscillations present (just after t= 4 s). During this time period the real power oscillations observed
were close to 15%, which is much higher than the 7% expected maximum power variation from a
wind farm according to Ackermann (2005). The voltages in the corresponding time frame however
did not show voltage deviations outside of the specified limits. This leads me to conclude that the
expected variations from the wind farm would not cause the voltage levels to fall outside of the
specified limits either.

2.

Soft starters should always be bundled with these generator configuration types. They

severely reduce the effect of starting a single turbine by itself. They can also be used to start
multiple turbines at once, which is a more desirable trait for large wind farms. Even with the use of
soft starters local under voltages are still possible if an exceedingly large number of turbines are
started simultaneously. As such, each specific wind turbine site should conduct this starting
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analysis and see how many units can be started before the voltages deviate outside of the 6% or
10% limit (depending on the specific contract).

3.

Type A turbine configurations should disconnect following a network fault. Type A

configurations simply respond to the activities of the grid on a transient level, and retard the grids
voltage recovery ability. Following a fault the induction generator will either cause a large stress
on the network in order to recover its own voltage, or have the potential to cause a local voltage
collapse (especially in the case of weaker grids). Also during this voltage recovery period, a large
amount of reactive power is drawn from the grid, which is the opposite response that Western
Power wants from its connected generators. The only benefit that staying connected has for the
grid is that the wind farm continues to produce real power. This slight benefit does not tip the
scale however, and as such it can be concluded that all type A configurations should immediately
disconnect following a network fault (unless other grid support elements are available).

4.

The comparison of the two wind turbine configurations have shown that the type D

configuration has better transient power control than type A configurations. Since type A has no
transient power control this is not a great claim. Type D turbine configurations are at best able to
sustain under voltage ride through without greatly harming the local grid. They do provide the
network with a slight reactive power flow following a network fault, however this is achieved after
a delay of at least 3 seconds during which time the wind farm will still draw a large amount of
reactive power (even when ignoring the slow simulation controller response in this model). As
such it can be concluded that the type D turbine configurations do have post fault network
support capabilities, but these appear extremely limited.
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5.

Wide scale integration of type A configurations should be limited on the SWIS. A high

dependency on this turbine configuration can result in network problems. If largely integrated,
following a fault the network would see a large loss of power production (as the generation from
these turbines would immediately drop off). This in turn would further harm the network as the
frequency of the grid will be reduced, in turn leading to load shedding. This would lead to an
increased loss of load time, which is very undesirable from the network providers’ perspective. It
should be notated that the use of STATCOMS (static variable compensators) have the ability to
overcome some of the aforementioned problems.
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7.0 – Limitations of the Model
As with all models, certain limitations prevent the study to be conducted to 100% accuracy. This
holds true for the model made in PowerFactory. The following list will briefly outline the main
inaccuracies that exist, and the limitations of both the model and the modelling software:
1.

No varying wind speed was modelled. Attempts at replicating the effects of changing wind

speed were unsuccessful. As such there was no varying output from the generator. As type A wind
configurations are well known for their variable output, this would have provided a better
understanding of the behaviour of these configurations on the extremities of the grid. Particularly
for extrapolations to the steady state behaviour limits determined in the steady state results
section. This variation would have been useful, as it is possible that the subsequent varied output
from the generating units resulted in voltage levels that exceeded the upper and lower limits.

2.

Although lying outside of the scope of this thesis, the effect of excluding the turbine blade

and gearbox should be mentioned. These components would contain resonant behaviour, and
oscillations developed by the blade (tower effects/wake effects etc.) would be passed through the
gearbox onto the rotor. Although the torque speed characteristics of an induction motor would
dampen these oscillations, their effect on the power output would be present. Again this poses
uncertainty as to whether the variations thus caused would result in voltage fluctuations that
exceed the prescribed limits.
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8.0 – Potential Future Work
There are several opportunities for expansion to the work done in this thesis. This includes both
changes to the wind farm itself, the turbine configuration technology and changes to the
connected distribution network.

8.1 – Wind Farm
As this thesis investigates the operation of a type A turbine configuration, further investigation
into a different configuration would be useful. There could also be changes made to the
components used in the type A configuration. For instance the reactive power compensation
technology could investigate the use of STATCOMS instead of capacitor banks. Also different
methodologies of soft starters could be compared.

8.2 –Distribution Network
The network modelled was on the extremities of the grid. It relies heavily upon the operation of
the two transmission feeders to provide support. It could be interesting to see how this type of
turbine configuration affects a more central grid location, with much stronger network support. In
such a study an estimate on the total number of type a turbine configurations that can be installed
on a network can be investigated.
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Appendix A
Capacitor Bank Element:
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Induction generator model:

Soft starter model:
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690/22kV Transformer model:
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Appendix B
This contains the PowerFactory project file that has been used in to create the outputs used in this
thesis. This file titled “Type A Wind Farm.pfd” and is accessible via the cd that is included in this
submission.
In order to load the file into PowerFactory please follow the step below. Note that this file will only
work on version 14 of the software.
1. Open PowerFactory
2. Open the file tab and click “import project”
3. Find the directory path where the file is stored and double click on “Type A Wind
Farm.pfd”
4. Click “import”
5. Open the file tab and click “activate project”
6. This opens up the list of local and imported projects. Find the one that you just imported
and click activate.
Only one transient response can be viewed at a time, so in order to reproduce the transient
response the events timer needs to be changed.
Note that the soft starters are not operational under steady state power flow, so to activate them
please refer to the help guides within PowerFactory.
If any help is needed or if any question arises please feel free to contact me, Michael Wiktora at
michaelwiktora@hotmail.com
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