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Preface

This interim report describes the first phase of a project dealing with the
development of an advanced test facility in connection with the National Test Centre
for Large Wind Turbines at @sterild, which will enable the wind power industry to
develop and test new grid connection solutions, and to validate the grid connection
characteristics of wind power plants.

The project was initiated in the context of the Megavind working group dealing with
“Integration of wind power in the energy system”. The project is endorsed by the
Megavind Steering Committee and is in excellent agreement with the Energy
Authority and Megavind strategy in that area.

A very strong project team has been assembled to include manufacturers (Vestas,
and Siemens Wind Power), energy companies (DONG and Vattenfall), component
manufacturers (ABB and Siemens) and academia (DTU and Aalborg Universities).
The project is managed by Risg DTU National Laboratory for Sustainable Energy
whose experience and contacts enable them to co-ordinate the interests of such a
diverse group. The project is carried out in communication with the Danish TSO
Energinet DK.

The project is partly funded by the Energy Authority (“Energistyrelsen”) through its
Energy Technology Development and Demonstration Programme EUDP file no.:
64009-028 and partly by the companies / institutions patrticipating in the project. The
quite significant contribution from EUDP is gratefully acknowledged by the project

group.

The very active participation in and contribution to the work in the project group by
the industry and the developers clearly demonstrates the strong interest and
commitment of the stakeholders to the objectives of the project.

The interim report describes the outcome of the work as per 1% February 2011 with
emphasis on the details in the functional requirements of the test facility and with
outlines of the possible technical solutions and organisation of the test facility.

Due to the proprietary nature of the information provided by the commercial
stakeholders this Interim Report is issued as Confidential with a distribution limited to
the stakeholders and the Energy Authority (ENS).

6 Test Facility Report Risg-1-3100(EN)
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1 Introduction

This interim report describes the first phase of a project dealing with the
development of an advanced test facility in connection with the National Test Centre
for Large Wind Turbines at @sterild, which will enable the wind power industry to
develop and test new grid connection solutions, and to validate the grid connection
characteristics of wind power plants.

The background for the project is that grid compliance and grid connection
characteristics are becoming increasingly important for modern wind power
development. During the expansion of wind power in the last century, grid
compliance was mainly concerned about the impact that wind power had on the local
voltage quality for neighbouring electricity consumers. This lead to requirements
being set for power quality characteristics, which could be tested with dedicated
power quality measurement equipment. Today, wind power has reached a much
larger scale in many power system areas, and thus wind power has an increasingly
significant impact on power system operation and control on a national and
international level. This development has resulted in the need for specific
requirements for the wind power plant's behaviour both in normal operation
conditions and under fault conditions when the grid is disturbed. Therefore, simple
power quality measurement equipment alone is no longer sufficient to perform a
power quality test. These days, a grid compliance test also requires test equipment
that can emulate grid disturbances in order to test the response of the wind power
plant to these disturbances.

The rapid development in wind power has led to frequent updates of the grid code
requirements from transmission system operators (TSOs), especially with regard to
the grid compliance of large wind farms. These new requirements have pushed the
wind power industry to develop the electrical design and control of wind turbines,
and also to provide solutions that include auxiliary equipment besides the wind
turbines. Furthermore, with the targets that have already been set for wind power
development internationally, there will be even more focus on wind power grid
compliance in the future.

At present, a power quality test according to IEC 61400-21 [4] requires that the test
equipment emulates voltage dips at the wind turbine terminals to validate the
simulated response of a wind turbine to such grid disturbances. For that purpose, the
wind power industry currently uses mobile test equipment based on voltage division
with impedances (“short circuit” test equipment). This equipment has very limited
functionality, determined by the current requirements of TSOs for the test and
validation of wind turbine response to voltage dips.

In addition to the power quality requirements modern grid codes specify, in detail,
the responses requested of wind turbines and wind farm control systems which
include frequency response, voltage control, significant reactive power capabilities,
voltage dip and swell capabilities, response speeds, ramping rates, etc., all of which
are features that need to be developed, tested, validated, incorporated in computer
simulation tools and, it is expected at some point, certified.

This project was initiated in the context of the Megavind working group dealing with
“Integration of wind power in the energy system”. It endorsed by the Megavind
Steering Committee and is in excellent agreement with the Energy Authority and
Megavind strategy in that area.

The purpose of the project is to develop an advanced and comprehensive test facility
that will enable the wind power industry to develop and validate a much wider range

Test Facility Report Risg-1-3100(EN) 7
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of grid connection characteristics of wind power plants than is possible at present.
The test facility will be based on modern power electronics solutions, aiming at
maximum flexibility to enable the more advanced testing of characteristics that are
expected to be required in the future. For optimal benefit, the grid test facility shall be
located at the Danish national test station for large wind turbines at @sterild,
ensuring that it will be available for the development and test of all aspects of
turbines of future wind power plants. Furthermore, this location will assist in the
testing of the impact that grid disturbances have on mechanical loads on the wind
turbine structures, because the wind turbines at the test station will normally be
instrumented for mechanical load tests as well.

The test facility shall fulfil the present needs for validation according to relevant grid
codes, but it shall also be able to facilitate the tests of more advanced characteristics
in the future. The project will specify these characteristics in more details as
described in the report. A supplementary literature survey relevant to such a test
facility is included in the appendices.

The approach of the project is based on active collaboration between the
stakeholders in a very strong project team that has been assembled to include
manufacturers (Vestas and Siemens), energy companies (DONG Energy and
Vattenfall), component manufacturers (ABB and Siemens) and academia (DTU and
Aalborg Universities). The project is managed by Risg DTU National Laboratory for
Sustainable Energy whose experience and contacts enable them to co-ordinate the
interests of such a diverse group. The project is executed in communication with the
Danish TSO Energinet DK.

During the course of the project monthly meetings of the project team have been
held in addition to exchanges between the participants of documents and other
inputs via email. The work has been undertaken in the following four work packages
(WP’s), all of them headed by Risg DTU:

WP1: Functional specifications of the Test Facility
WP2: Possible functional solutions

WP3: Possible organisational solution

WP4: Proposed implementation plan

This interim report describes the outcome of the work as per Feb 1, 2011, with
emphasis on the details in the functional requirements of the test facility and with
outlines of the possible technical solutions and organisation of the test facility. The
final report will present the results from all WP’s including the implementation plan.

8 Test Facility Report Risg-1-3100(EN)
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2 Functional description of the Test Facility

2.1 Introduction

The basis for this functional description is the range of tests that are relevant for the
Test Facility to conduct. The description is a compilation of tests that are relevant
now and the expected needs in the future. It should be noted that not all the
technical concepts for the Test Facility would be able to fulfil all the requirements.
This assessment of the different options is part of the performance versus cost
evaluation exercise.

These can be categorised as follows:

1) Tests that are required today by regulators, customers and, particularly, grid
codes (references [1] - [4]) worldwide.

2) R&D performance tests that manufacturers would like to carry out

3) Performance/control tests that wind farm developers/operators would like to
carry out

4) Future tests that can be foreseen

The description focuses on the main equipment capabilities but auxiliary functions
such as instrumentation, measurement, data logging, computer hardware & software
are also important. Also included is the issue of the switchgear arrangement
required. This matter revolves around flexibility (and, in no small part, safety): how
many turbines can be connected to the various test facilities whilst leaving the
remainder undisturbed and connected to the ordinary grid.

The Test Facility shall be able to satisfy both the current requirements for the testing
of wind power plants and at the same time be sufficiently flexible to be able to meet
the needs of future grid codes. In addition, the Test Facility should be able to
support the development and testing of new wind turbine concepts with attention to
the ability to emulate extreme grid conditions. The importance of the equipment’'s
flexibility and capacity should be seen in the light of the fact that most TSOs update
their grid codes every few years, so facilities built to handle specific grid codes will
quickly be out of date. To guard against being outdated this facility should be able to
accommodate turbines up to 16 MW installed capacity, operating at a power factor of
0.9. This represents what the manufacturers currently consider to be the size limit of
the largest turbine permitted at Jsterild.

Whilst not a test in itself, the computer simulation of a wind turbine and its various
systems is an essential part of the design and development process by a
manufacturer. However, wind farm developers and owners also use simulations, as
do the transmission system operators and other authorities. It is therefore important
that the simulation models are verified as to their accuracy and performance. To
enable this, the Test Facility should provide the users with sufficient flexibility and
comprehensive measurement of parameters to be used in the validation of their
simulation models. So, whilst not a specific test, the test facility equipment should be
able to exercise those (electrical) parameters that give the most problems when
modelling the behaviour of a wind turbine. There should be sufficient data collection
(measurement and logging) to provide a comprehensive set of data that can be used
for validating a model. The model could represent the whole turbine or one or many
sub-systems.

Test Facility Report Risg-1-3100(EN) 9
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2.2 Description of tests for a single wind turbine

This chapter describes the relevant tests that are typically carried out with regard to
the development and testing of wind turbines. These tests are done to assess the
performance of an individual turbine and the technically ideal Test Facility should be
able to handle all the tests.

It is envisaged that the Test Facility will be used to investigate a wind turbine’s static
and dynamic performance under specific grid situations, including both normal and
disturbed grid conditions. The facility should provide the ability to change these
electrical external conditions and so as to investigate the impacts on both the
electrical and mechanical systems in the turbine.

Furthermore, tests will be carried out for the demonstration or certification of wind
turbines, including the fulfilment of applicable grid codes.

In the following sections, the tests of the turbine under normal operating conditions
are described first where the turbine follows the external conditions and make limited
performance adjustments as necessary. This is followed by those tests during
disturbed grid conditions where the turbine is to play an active part in contributing to
changing the external conditions.

2.2.1 Active and reactive power control (normal grid conditions)

A wind turbine’s generation of active power shall be able to be changed using an
external set point. This functionality (response time, ramp rates, etc.) can be verified
by measurement of the active power generated. The corresponding conditions are
applicable for the wind turbine’s control capacity for production and/or consumption
of reactive power with reference to the specified PQ chart.

Changes in the set point can be verified without access to a test facility as the
function can be activated via the wind turbine’s internal control system, through
SCADA equipment or a Power Plant Controller. However, without a special test
facility, the range of the power tests - particularly with regard to reactive power — is
limited by the restriction on voltage changes allowed at the public grid connection
point. A test facility can be used to widen the possible test range because the
voltage can be kept within the normal range even in cases of extreme reactive power
production / consumption.

For disturbed grid conditions see section 2.2.11

2.2.2 Voltage control (normal grid conditions)

There are often requirements for wind turbines that concern voltage regulation at the
connection point, where the wind turbines should take part in maintaining voltage
stability. Wind turbines should thus be equipped with an ability to control reactive
power to ensure that voltage variations are kept within defined limits under normal
operation.

In order to validate that a wind turbine can control the voltage, the test facility should
be able to emulate a grid which is subject to a voltage change. A simple way to do
this is to emulate a grid with a Thévenin equivalent, i.e. an ideal voltage source in
series with a resistance and a reactance. A change in the ideal voltage should then
cause the wind turbine to change reactive power and thereby mitigate the voltage
change. The ideal voltage should be able to change rapidly (typically within a few
line periods) in order to validate the dynamic response of the wind power plant
voltage control.

10 Test Facility Report Risg-1-3100(EN)
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2.2.3 Voltage amplitude changes (normal grid conditions)

A wind turbine’s production of active and reactive power should only be affected to a
limited extend by voltage amplitude changes in the grid as long as these voltage
changes stay within the wind turbines normal operating range.

In order to test how the wind turbines power is affected, the test facility should be
able to emulate fast voltage changes within the normal operation range (nominal
voltage * 10-15%). Typical voltage changes are up to + 4%.

2.2.4 Voltage unbalance (normal grid conditions)

The European voltage standard EN 50160 requires that the voltage unbalance in a
power system is less than 2% for 95 % of the time. The 2% is a typical value, which
is as a result of the fact that asynchronous machines will most often disconnect due
to high negative sequence currents if the voltage unbalances are larger than 2 %. In
some rural grids, higher voltage unbalances are common.

The test facility should be able to emulate relatively high voltage unbalances,
preferably up to 4%. Such a test facility could be used to great advantage for the
verification of the impact of voltage unbalances on a wind turbine’s performance and
the electrical & mechanical loadings.

2.2.5 Operation at alternative system frequencies (normal grid
conditions)

Wind turbine manufacturers supply wind turbines all over the world, which is why
turbines are developed for both 50 and 60 Hz frequencies. It will be useful to do the
mechanical load and power curve verification on a 60 Hz prototype in Denmark. It is
therefore appropriate that the @sterild Test Centre is able to carry out extended tests
with the above power system frequencies.

In order to meet this test, the test facility should be able to provide normal grid
conditions with two different system frequencies: 50 Hz and 60 Hz.

2.2.6 Harmonic emission assessment (normal grid conditions)

According to IEC 61000-3-6 [6], the harmonic emission from a sum of distorting
installations can be calculated from the current distortion of the individual
installations. This is used in IEC 61400-21 [4] as a method to assess the harmonic
emission from a wind farm, based on a wind turbine type test measuring the current
harmonic emission from a single turbine. This approach has shown to overestimate
the harmonic emission significantly in many cases, because the measured current
harmonics depend strongly on the grid resonances and background harmonics from
other sources in the grid where the type test is performed.

In order to make a neutral test of the harmonic emission from the wind turbine, the
current harmonic emission should be tested in an ideal grid where the voltage
harmonics are zero. Such conditions (zero voltage harmonics) can only be obtained
within a limited bandwidth, i.e. only for lower harmonic orders.

2.2.7 Grid resonances (normal grid conditions)

The purpose of this type of test is to investigate the resonance interaction between
the wind turbine controller (sub-synchronous and low order below 7™ harmonic and
the grid.

For this purpose, the test facility should not only be able to emulate an ideal grid free
of voltage harmonics, but it should also be able to emulate a grid with frequency
dependent impedance.

Test Facility Report Risg-1-3100(EN) 11
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2.2.8 Voltage fluctuations caused by the turbine (normal conditions)

IEC 61400-21 [4] requires the testing of flicker emission from wind turbines during
continuous operation and due to switching operations. In both cases, it is assumed
that the current flicker emission from the turbine is independent on the voltage
flicker. This assumption is more robust than the similar assumption for harmonics
(see 2.2.6 above), but also the current flicker emission from a wind turbine depends
on the voltage fluctuations on the wind turbine terminals.

The test facility should be able to emulate an ideal grid corresponding to the
equivalent grids specified in IEC 61400-21. This means that the grid should be
specified as a Thévenin equivalent with an ideal voltage source in series with a
resistance and a reactance as in section 2.2.2.

2.2.9 PQ capabilities at different voltages and frequencies (normal)

This programme of tests is aimed at exploring the actual range of turbine
performance, rather than fulfilling a specific requirement. It is thus dependent on the
capabilities of the test turbine rather than on any particular grid codes as the actual
performance limits of the turbine may well be better than required by the grid codes.
The test facility can be used to define exactly how much better they are which is an
exercise that, at present, is a simulation task.

A wind turbine’s power control quality should be able to be tested under these
various voltage and frequency conditions, for example, different combinations of
high/low voltage with high/low frequency when applied to continuous operation. Long
term tests such as these at the lower voltage limits are useful to test thermal limits of
the turbine’s sub-systems.

2.2.10 Frequency control & inertia response (disturbed grid conditions)

With a change in frequency in the power system, a wind turbine’s production of
active power should be able to be controlled (frequency control) with respect to a
defined characteristic with the aim of stabilising the frequency. This functionality
(response time, ramping, dead band, etc.) can be verified through measurement of
the active power generated.

A test facility can be used to emulate a frequency-weak grid and so a wind power
plant’'s contribution to the stabilisation and limitation of frequency variations in such a
system can be documented. For example, it can be documented that wind turbines
can:

e support the frequency when a power station falls out

e contribute to the mitigation of the frequency variations that follow wind speed
variations in island systems that have a large proportion of wind power.

e support specific services of relevance for frequency control — more
specifically the virtual inertia which may possibly appear in future grid codes.

2.2.11 Low Voltage Ride Through: LVRT (disturbed grid conditions)

A wind turbine shall be able to tolerate a voltage dip without decoupling from the grid
where the parameters of the voltage dip (amplitude and duration) are specified in the
relevant grid codes. Many studies have been performed to compare grid code
requirements to LVRT, but these requirements have been subject to frequent
revisions. A profile of showing possible future wind turbine LVRT capabilities is
shown in Figure 1.

12 Test Facility Report Risg-1-3100(EN)
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Figure 1 Combination of various low voltage ride through profiles

During and after the voltage dip the wind turbine’s production of active and reactive
power should be controlled according to the grid codes. Some grid codes
additionally require a double voltage dip ride through capability.

There are also corresponding requirements for the wind turbine’s short circuit
contribution (symmetric/asymmetric) when there is a fault in the surrounding
electricity grid.

Apart from the testing of a wind turbine’s required LVRT characteristics, the short
circuit trials can correspondingly contribute by verifying a wind turbine’s electro-
mechanical and system wise properties — for example loading impact of
mechanical/electrical components together with the verification of internal systems
for control and protection.

The LVRT requirements are under continual development, notably the requirements
for the wind turbine’s ability to deliver reactive current during faults. Furthermore,
there are requirements for controlling (response time, ramping, etc.) of the short
circuit current. In order to verify these requirements it should be possible to
reproduce the following types of short circuit events/faults:

e Three phase short circuit
e Two phase short circuit (phase-phase and possibly 2F-0)

e One phase short circuit to ground

2.2.12 High Voltage Ride Through: HVRT (disturbed grid conditions)

A wind turbine shall be able to tolerate overvoltages of a certain size and duration
without decoupling from the grid. The required overvoltage size and duration are
often specified in the relevant grid codes and a combined profile of known HVRT
requirements is shown in . During and after the overvoltage period, the wind

Test Facility Report Risg-1-3100(EN) 13
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turbine’s production of active and reactive power should be controlled according to
the grid codes.
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Figure 2 Combination of high voltage ride through profiles

2.2.13 Operation during frequency variations (disturbed grid conditions)

In accordance with various grid codes, a wind turbine shall remain grid connected in
cases of frequency variation in a power system. Conversely, it is normally required
that wind turbines disconnect if frequency variations exceed defined limits.

If the frequency variation (amplitude/duration) exceeds the setting for the wind
turbine’s internal frequency protection systems this should result in the disconnection
of the wind turbine. The frequency tolerance and protection functions of a wind
turbine can be verified through measurement. Finally the turbine’s other systems
should be tested for frequency tolerance, including the back-up systems, etc.

2.2.14 Voltage phase angle jumps (disturbed)

A phase angle jump most commonly occurs when one of a pair of parallel lines is
disconnected. The test facility should be able to produce phase angle jumps at least
to 20° so that a wind turbine’s performance under these conditions can be tested.

2.2.15 Protection strategies (disturbed)

If the voltage amplitude or frequency exceeds the limits set by the wind turbine’s
protection system, then the wind turbine should trip. The test equipment should be
able to provide external conditions that change rapidly enough (and to a suitable
extent) that the turbine protection equipment is tested. IEC 61400-21 [4] describes a
procedure for offline testing of the protection system, i.e. with the wind turbine
stopped, but with a suitable test facility these tests can be carried out online, i.e. with
the turbine connected and producing power.

14 Test Facility Report Risg-1-3100(EN)
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2.2.16 Start and stop scenarios (disturbed)

The test equipment should be able to handle start and stop (including emergency
stop) scenarios, giving sufficient measurement outputs.

2.3 Tests at awind farm level

Whilst the ability of a turbine to fulfil a certain grid requirement is of utmost
importance, it is generally at the high voltage interface with the public grid that the
grid codes are enforced. From a developer’'s point of view the performance of the
whole wind farm is, therefore, crucial and here the test facility equipment should also
be able to perform certain functions to help assess and develop compliance.

2.3.1 Virtual wind farm emulation

The idea behind this test set-up is to operate one real turbine and include in the test
a simulation of the remainder of a wind farm, with the inclusion of the wind farm
controller.

A substantial part of the grid code compliance at wind farm level is achieved by the
central wind farm controller which is measuring at the connection point and sending
active/reactive power references to the wind turbines (for example frequency control
and voltage control). So for assessment of wind farm compliance it is essential to
include the wind farm controller in the test, either by simulation or by physical
hardware. Turbine performance alone is not enough.

The proposed set-up is to use one actual turbine at the test centre, simulate the
remaining turbines and have the test facility emulate the properties of the substation
and grid connection. There are many possible combinations of the use of actual
versus simulated components in this set-up but one arrangement is shown below in
Figure 3.
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Figure 3 Actual hardware and simulated equipment for whole wind farm tests

Items shown in red are hardware-in-the-loop equipment: the actual test turbine, the
WTG controllers of the simulated turbines, and the wind farm level controllers (sub-
station/wind farm/SCADA). The remaining turbines in the wind farm are then real
time simulations (shown in blue) and the grid connection equipment and the grid
itself are replicated by the test facility equipment.

2.3.2 Operational tests on SCADA and SCADA-interface systems

Of further interest to those managing the contracts for developing a wind farm is the
ability to have a hardware-in-the-loop simulation of the wind farm where the
communication interfaces between various contacts/equipment can be tested in real
time.

An example of this is shown below in Figure 4.
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Figure 4 Example of contract interfaces showing the communication interface to be
tested

The colour blocks indicate equipment provided by different contractors and there
are, therefore, interfaces between them that could benefit from testing prior to
deployment at the actual wind farm construction site. In particular, the
communication interfaces between the “WTG Control” (the controller at the wind
farm level) developed by the wind turbine manufacturer and the sub-station
controller from the switchgear/transformer manufacturer as indicated on the diagram
above can be tested in real time.

2.3.3 Compensation equipment model verification

The Test Facility can also be useful for validation not only of individual turbine
models but also models of the interaction of compensation equipment (such as
mechanical switched capacitors, SVC or STATCOM) with either single wind turbines
or whole wind farms.

2.3.4 Tests of Power Plant Controllers

A wind turbine, or a group of wind turbines, is expected in the future to have a Power
Plant Controller in order to ensure overall control and supervision of the wind
turbine’s production (active and reactive power) together with a number of
supplementary functions.

At present requirements for the following control functions are known:

1 Frequency regulation

2 Balance regulation

3 Production limiting (absolute, delta, ramp)
4 Voltage regulation

5 Reactive power regulation

6 Low Voltage Ride Through — plant level

A significant number of grid codes describe requirements for more complex control
functions which, in the long term, should be tested.
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Depending on the implementation (principally for frequency measurement) of the
frequency control (1) it can be essential to use a test facility whereby the electrical
frequency can be varied — refer to Section 2.2.12.

The testing of the control functions (2-5) do not require access to special test
facilities as the functions can be verified by measurement. These functions
(response time, ramps, etc.) can be verified through measurement that can be done
without access to a special test facility since the functions can be activated via the
wind turbine’s SCADA system or Power Plant Controller.

It should be mentioned that verification of a power plant and its associated control
functions can be done by simulation (real time simulation) which can reduce the
need for this function of a test facility at the @sterild Test Centre.

Testing of a power plant including the communication and auxiliary equipment can
otherwise be verified by use of the test facility so long as this can be programmed to
emulate the grid at an individual turbine’s terminals.

2.3.5 Emulation of varying grid strengths

Although not a specified test in itself, the ability of the Test Facility to emulate
various grid strengths has much value as this is usually only a simulation exercise
and the true performance of the turbine/wind farm cannot be measured until it is
installed at the wind farm site.

2.4 Functional description summary

Having considered each of the test requirements in detail, the next step was to distil
this information down to a set of specific engineering criteria that would form the
basis for the functional requirements for the test equipment. For each of the tests,
each turbine manufacturer was individually invited to give their requirement for the
identified parameter range, without reference to the other manufacturers. Risg DTU
then took this information and, together with a survey of grid code requirements, put
together a table that represented the boundaries of all the requirements.

This table was then discussed with each of the equipment suppliers in the project to
assess the implications of the extreme ends of the parameter ranges on the costs of
the equipment, following which the table was moderated. The final table is shown in
Table 1 below.
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Table 1. Summary of requirements to test facility from individual tests

Section Test Grid condition / | Parameter Unit Range
Test designation
. . Active power MwW 16 MW
221 Active and reactive power control Normal .
reactive power range cos® 0,9
Voltage range, %U, U, £15%
222 Voltage control Normal .
response time s <0.05
. Voltage, %U,, U, £15%
223 Voltage amplitude changes Normal .
response time s < 50ms
224 Voltage unbalance Normal Voltage % 0-4
Operation at alternative system .
2.25 . Normal System nominal frequency Hz 50 Hz, 60 Hz
frequencies f,
2.2.6 Harmonic emission assessment Normal Harmonic bandwidth Hz < 7f,
2.2.7 Grid resonances Normal Harmonic bandwidth Hz < 7f,
Voltage fluctuations caused by the . %U,, U, £15%
2.2.8 . Normal Voltage, response time
turbine s < 50ms
Active power, MW 16 MW
PQ capabilties at different Reactive power cos® 0.9
2.29 . Normal
voltages and frequencies freq & Hz +5 Hz
voltage %U, U, £15%
. Frequency & Hz f, 5 Hz
2.2.10 Frequency control Disturbed .
response time s < 50ms
Low Voltage Ride Through: LVRT . . %Un, U, — 100%
2211 . . Disturbed Voltage & duration
(incl. Double dip) S < 50ms
. . ) . %Un, U, + 30%
2.2.12 High Voltage Ride Through: HVRT | Disturbed Voltage & duration
S < 50ms
Operation during frequency . Hz, f, 5 Hz
2.2.13 o Disturbed Frequency & df/dt
variations %f,/s 0.1% / 100ms
. . . 30°
2.2.14 Voltage phase angle jumps Disturbed Angle & response time deg, s 50
< 50ms
Voltage level, %U,, U, +15%
2.2.15 Protection strategies Disturbed freq level Hz, f, 5 Hz
response time S < 50ms
2.2.16 Start and stop scenarios Disturbed - -
231 Virtual wind farm emulation Power plant - -
Operational tests on SCADA and
232 . Power plant - -
SCADA-interface systems
233 Simulation model verifications Power plant - -
234 Tests of Power Plant Controllers Power plant - -
U, £15%
No load voltage (U), %U,
2.35 Emulation of varying grid strengths | P lant f H fn 25 Hz
3. mulation of varying grid strengths ower plan Te z,
ying g 9 P ,q, ) 0<R<100Q*
Grid impedance R + jX Q
0<X<100Q
1 Calculated to cover the range from an infinitely strong grid (Z=0) to a grid with short circuit
ratio 2 for a 8 MW turbine (Z=68 Q for 33 kV grid)
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3 Technical concepts for the Test Facility

3.1 Introduction

This chapter describes, in overall terms, a number of different technical concepts for
the Test Facility and, for each concept, its ability to meet the individual test
requirements previously outlined in the function description (Chapter 2). A summary
table is then presented whereby the individual concepts can be compared with
reference to their functionality. From this, a conclusion on the recommended Test
Facility equipment is made.

The following technical options are described:
e Direct connection at 36kV (no test facility)
e Short circuit-based equipment (either a mobile container or located centrally)
e Centrally located solution based on power electronics

e Centrally located hybrid solution based on power electronics and a generator
set

e Centrally located facility based on discrete reactive components

The concepts are based on the premise that Test Centre is established with a total
of seven test stands with the possibility of connecting wind turbines of an installed
capacity of up to 16 MW each.

The Test Centre will be connected to the 150kV grid by a dedicated 150/60/36 kV
transformer. This transformer will be installed at the existing Frastrup 150/60 kV sub-
station and connected to a 36 kV switchboard at the Test Centre via a number of 36
kV cables of approximately 3km in length. This is outlined in Figure 5. It is
understood that the transformer will have one on-load tap changer and will generally
be used for supplying the Test Centre 36 kV system but, in cases where there is a
local need for the 60 kV supply, the voltage regulation will be made with reference to
the 60 kV system.

This technical arrangement achieves a direct connection to the 150kV grid, whereby
optimal grid connection conditions are obtained in the form of a large thermal
transfer capacity in the underlying 150kV grid, together with a high short circuit
current at the PCC. This provides a grid connection point with a stable voltage.
(Energinet.dk has advised that the minimum and maximum short circuit powers at
the 150kV level are expected to be 1500MVA and 3000MVA respectively. These
levels can be expected to reduce in the future due to the decommissioning and
disconnection of centralised generation. In 2030, for example, the minimum level is
predicted to be around 1100MVA.

The wind turbines will be individually connected through a 36 kV cable connection
between the switchboard and each wind turbine connection point.

Furthermore, Figure 5 shows that there are the possibilities of connecting a centrally-
located Test Facility via the Test Centre switchboard and/or a mobile test facility that
can be connected locally to the individual turbines through their turbine connection
points.

The foreseen electrical concepts for wind turbines in the test centre are:

o fully-rated converter interfaces between turbine generator and grid,
permanent magnet or field windings synchronous generators.

e doubly-fed asynchronous generators with part-rated converter
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e traditional directly connected induction generators may still be developed,
although they seem to be driven out of the market.
Other future concepts, e.g. HVDC turbine will be treated as an upgrade issue.

It should be noted that the Test Centre and Facility will be designed to operate at a
nominal voltage of 33kV, which means that the cabling and equipment is rated at
36KkV.

Frastrup
150/60/36kV
sub-station

36kV

Test Centre 36KV Central Test
switchboard Facility
36kV
T.CP.1 T.C.P.2 T.CP.3 T.CP.4 T.C.P.5 T.CP.6 T.CP.7
T.C.P. = Turbine Connection Point
L o Taap g b,
3 Mobile Test K
mmmmmmm £ FaC | I |ty ------1..

Figure 5 Block diagram of electrical connections for the Test Centre and Test Facility

3.2 Concepts for the test equipment

3.2.1 Direct 36kV connection: no test facility

With this concept the connection of the individual wind turbines is done by a direct
36 kV cable connection (radial connection) and no test facility is built, as indicated in
Figure 6.
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36 kV

Figure 6 Direct 36kV connection: no test facility

As no test equipment is connected, this concept has a large number of limitations
with respect to the verification of a wind turbine’s dynamic response to external
influences, including faults in the neighbouring power system.

It would, however, be possible to carry out tests of a wind turbine’s steady state
regulating characteristics (active power, reactive power, voltage control and
frequency control, etc.) including ordinary measurement campaigns for electrical
power, mechanical loading influences, verification of power curves, etc. Some of the
tests may be relatively restricted as the voltage regulation will be done with the on-
load tap changer on the 150/60/36 kV transformer in Frgstrup. It is unlikely that all
seven turbines will be able to accept extreme voltage conditions at the same time.

ADVANTAGES: Low cost.

DISADVANTAGES: No further tests possible compared to a standard grid
connection.

3.2.2 Short circuit test equipment

This is a widely used piece of test equipment. Based on a combination of various
impedance units, it is housed in a standard transport container so that it can be
moved between wind turbine locations with relative ease. During a test campaign, it
is positioned alongside the base of the turbine tower and requires that each test
stand be constructed and equipped to allow cable connections to/from the container.

For the Test Facility the arrangement could be mobile or fixed. The connection
diagram in Figure 7 shows the mobile configuration where the container can be
moved between the various test turbines as required. If this equipment were to be
fixed then it would be centrally placed, housed alongside the Test Centre
switchboard. The switchboard would need to be modified so that the fixed equipment
could be coupled up to the turbine under test whilst the other turbines remained
connected to the normal grid (see Section 3.3 for a description of this).
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Figure 7 Mobile short circuit equipment

Whether fixed or mobile, this concept is dedicated to doing short circuit trials, i.e. the
testing of a wind turbine’s LVRT characteristics. It will only be possible to subject a
test turbine to a defined voltage dip as set by the controllable reactances, where a
stepwise adjustment of this determines with what resolution voltage dips can be
generated. In principle, with the suitable design of control equipment, reactances
and switchgear, symmetrical as well as asymmetrical voltage dips can be created.

The concept is well known and relatively simple and has gained popularity partly
because it lends itself to relatively straightforward simulation setups.

Currently, various certification standards specify the test setup that must be used,
and that it is located in the immediate vicinity of the wind turbine. The principle
described here with controllable series and shunt reactances is up until now
considered to be the most widely used concept and the obligation for its use can
therefore be dictated by the above certification requirements, etc.

It is questionable if the fixed, centrally-located, option would fulfil these requirements
and, in comparison to the mobile solution, it does not provide any further test
functions. However, the central location will certainly be able to give a more
"permanent” solution with regard to the physical design of the test equipment,
including the possibility to install more permanent measurement and data recording
equipment, etc.

ADVANTAGES: Well proven, well understood, meets the present requirements for
LVRT tests, relatively inexpensive.

DISADVANTAGES: Limited to one type of test only, may quickly be outdated.

3.2.3 Centrally located test equipment based on power electronics
(“converter-based”)

This concept is based on power electronics and features a standard HVDC back-to-
back converter concept that is already well known from a wide range of energy and
industrial applications. With such a solution it would be possible to emulate a local
grid where the voltage and frequency can be controlled independently from the
surrounding power supply network. The principle is that this central unit shall be
used to test the turbines one at a time. The concept is shown in Figure 8, whereby
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the test turbine is connected to the converter via the lower busbar and the converter
is connected to the grid (along with the other six turbines) via the upper busbar.

This concept gives a wide range of possibilities in being able to emulate special grid
conditions, including unusual relationships between voltage and frequency, phase
angle jumps during switching of grid components, etc.

Furthermore, it is possible to subject a particular test turbine to a nearly random
voltage variation — both symmetric and asymmetric in order to test the wind turbine’s
control and protection functions. Finally, it will be possible to carry out tests of a wind
turbine’s frequency control characteristics, inertial response, etc., by subjecting the
whole wind turbine to a real frequency variation whilst it is generating, thus providing
direct input to its measurement equipment’s primary windings.

u
|

7 \
/ "
f HVDC-VSC Test system \
% x
i l 36 kV

T

Figure 8 Converter-based solution

Thus, this concept provides the Test Facility with the most comprehensive ability to
carry out a wide range of tests, but this power electronics solution is also
considerably more expensive than the other concepts described.

Moreover, it is important to point out that a solution based on power electronics
should be sized with a certain over capacity to be able to withstand the current and
voltage variations that will arise during the testing of a wind turbine’s LVRT
capabilities, for example. This challenge is particularly applicable for wind turbines
with direct-on-line induction generators. For converter-connected wind turbines this
challenge will be limited because the transient response for this concept is much
better controlled. By combining this converter-based concept with a short circuit
equipment container solution for LVRT tests (refer to Section 3.2.2) the need for
additional capacity can possibly be reduced.

An further option for the test facility with power electronics is a regulating transformer
capable of providing voltage variations for turbine that is coupled up to the test
facility. The solution envisaged was an autotransformer with a power rating covering
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the largest turbine. This relieves the converter from having to cover the full voltage
change range.

ADVANTAGES: Full range of tests possible (most notably frequency tests),
protection and control tests can be done at full scale during power generation.

DISADVANTAGES: Investment cost, sensitive to transient overloading.

3.2.4 Centrally located test equipment based on power electronics and a
generator set (“hybrid solution”)

A concept that attempts to address the necessary over-rating of the converter in
Section 3.2.3, is a "hybrid solution” based on power electronics that is
complemented with a generator set as shown in Figure 9. Additionally, it is shown
how the individual components can be bypassed with a suitable arrangement of an
associated switchboard.

In this solution a synchronous machine feeds the mechanical power though to the
electrical supply net through an asynchronous generator connected to a power
converter. This plainly involves two electrical machines over and above the converter
but on the other hand the synchronous machine can handle the current and voltage
transients, for example in connection with LVRT tests which is why the converter
only needs to be sized for the wind turbine’s rated capacity. It is also thus assumed
that there is a mobile short circuit equipment container between the generator unit
and the test turbine.

@ @ ®

Wind Power
ES— Plant
D — (e

Figure 9 Hybrid solution including switchgear for bypassing various components

With a suitable design of the generator unit a certain system inertia can be achieved
that can make it possible to have realistic frequency variations in connection with the
testing of a wind turbine’s frequency control properties.

The advantage of a hybrid solution is that the transient characteristics of the
synchronous machine will be reproduced. The converter capacity gives certain
possibilities to emulate these characteristics but the possibilities are in part limited by
the necessary protection of the converter against overcurrent and in part by the
bandwidth of the real time simulations that will be behind such an emulation.

In conclusion, the hybrid solution will naturally emulate a system with a certain inertia
but the natural inertia is relatively low so it will probably still be necessary to include
inertia in a real time simulation if it is required to emulate a real system.

Besides the characteristics already described no further test functions can be
achieved.

ADVANTAGES: Realistic transients, inherent natural inertia (although relatively low)

DISADVANTAGES: Additional costs on top of the converter.
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3.2.5 Centrally located facility based on discrete reactive components

Equipment that can be coupled in and out for testing individual turbines for specific
tests. For example,

e capacitor and inductor banks for reactive power
e regulating transformer for voltage changes

This concept could be combined with the converter-based concept, so that for
example a regulating transformer could provide the Test Facility with the ability to
have two turbines under test simultaneously, e.g. one connected directly to the
regulating transformer undergoing alternative voltage tests and the other connected
via the converter undergoing any of the wide range of tests possible. This double
test arrangement has implications for the Test Centre switchboard which are
discussed in Section 3.3.2.3.

ADVANTAGES: Typically able to survive temporary overloading

DISADVANTAGES:.Limited application since the hardware will be dedicated to very
specific tests

3.3 Test Centre switchboard concepts

3.3.1 Test Centre connection possibilities

Currently, the 36 kV switchgear for the Frgstrup 150/60/36 kV substation has not yet
been ordered. Thus the single line diagram (SLD) for Frgstrup 36 kV cannot be
expected to be known. However, the connection of the Test Centre to Frgstrup must
be in underground cables. As the 150/60/36 kV transformer in Frgstrup has a rated
power of 125 MVA, this corresponds to 2,2 kA, which must be the rating of the
connection. Even with a large cable conductor cross section of 2000 mm?, the rating
of one cable system will be less than 2200 A. Thus two cable systems are to be
expected.

With two cables the substation can either be equipped with two (or in the case of
three cables, with three) parallel circuit breakers each for connection of one cable
(Figure 10) or with one circuit breaker connecting all the parallel cables (as shown
on in Figure 11), where the possible 3" cable is shown with a dashed line.
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Figure 10 Multi-breaker configuration for the grid connection of the Test Centre
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Figure 11 Single circuit breaker arrangement
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As the 150/60/36 kV transformer has delta connected 36 kV windings, there is a
need for access to a neutral point for system earthing. This is proposed to be made
in the local auxiliary supply transformer with a primary winding, allowing system
earthing of the 36 kV grid.

From a reliability point of view the two breaker solution is preferable, but the cost for
an additional breaker (even with two (three) breakers with a lower current rating than
for one breaker with full 2200 A power rating) is substantial, so the most likely
alternative is the single breaker solution. It is worth noting that even for offshore
installations the risk of cable damage, which would result in a long outage, has
seldom led to the purchase of redundancy.

It is assumed that the basic switchgear in the Test Centre will have one or two
incoming feeders similar to the switchgear in Frgstrup. (The basic switchgear is the
switchgear necessary for the test centre without the test facility). As switchgear with
one busbar is selected in Frgstrup, the same solution is assumed for @sterild. This
is shown with one (Figure 12) or two (Figure 13) incoming circuit breakers similar to
the possibilities in Frastrup.

| | Auxiliary suppl

To turbines To turbines

Figure 12 Single feeder into the Test Centre
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To turbines To turbines

Auxiliary suppl

Figure 13 Double feeder into the Test Centre

With the two incoming feeders the circuit breakers are located a little from each other
to allow for a possible cost reduction by use of lower current rating of the busbar

3.3.2 Test Facility requirements for the Test Centre switchgear

3.3.2.1 No test facility or mobile test facility

If there is no test equipment or if there is only a mobile equipment solution then there
are no additional requirements for the Test Centre switchboard over and above that
for the direct connection of the seven test stands.

3.3.2.2 Centrally located fixed test facility

With a central located test facility it is necessary to add circuit breakers for
connecting the test facility and a second busbar to allow flexibility in the connection
of the test facility to any turbine. By way of example, the arrangement with the
converter based concept (Section 3.2.3) is shown in Figure 14.

Testcenter 23 kY
substation

1

To turbines Buscoupler To turbines
Figure 14 Double busbar arrangement and bus coupler for Test Facility connection
This figure shows only the solution with two circuit breakers. It is assumed that the

33 kV winding of the transformer of the test facility connected to Busbar 2 will have a
neutral point allowing system grounding of that circuit.
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With reference to the earlier point on system earthing it should be noted that there
needs be access to the system neutral on the wind turbine side of the converter
system. As there will be transformers in the converter system, the cost-effective way
to achieve this is to specify a transformer allowing the neutral earthing system.

The additional operational flexibility afforded by the bus coupler should be balanced
by the additional cost.

A requirement for all of the switchgear should be minimising the spill of the insulating
gas as SFg is a very active greenhouse gas. (See Electra 252, October 2010: SFg
Tightness guide [7])

3.3.2.3 Two centrally located test facilities each with a turbine connection

It has been proposed to have an additional simple and cheap test function just for
voltage regulation. Such a facility can be provided by a regulating transformer and is
shown in Figure 15 as an autotransformer (with the autotransformer the system
earthing from the grid will do in the wind turbine side of such a device). However, an
additional test facility calls for an increased flexibility of the test centre switchgear.
The ideal is that both the two independent test facilities can be connected to any of
the 7 turbines. That is possible with a 3-busbar switchgear, but such a solution is
expensive. Thus a compromise proposal can be made based on two busbar
switchgear with a longitudinal sectionalising of one busbar. The cheapest
sectionalisation is “always open” as shown in Figure 15 but can also be implemented
with a switch (not shown because it is assumed that the advantages cannot be
justified taking the cost into consideration). Further flexibility is achieved using the
solution that is shown in gray in Figure 15. The gray switches are not seen as
integrated in the Test Centre switchgear but as parts of the Test Facility. Importantly,
these parts of the switchgear may have a lower short circuit rating than the main
switchgear.

1 Test center =
123 kY substation [_
| ~

B I N ) B

:

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

o
&=

To turhines Testfacilities To turbines

Figure 15 Double busbar configuration with a section break and additional regulating
transformer facility

3.4 Assessment of technical concepts

The concepts described above for a test facility are presented together in Table 2
below in relation to the tests, functions and facilities that can be implemented with
the various concepts. The chosen concept is presented in the implementation plan
(section 6.1).
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Table 2. The ability of the described test facility concepts 3.2.1-5 to perform the tests
2.2.1-15and 2.3.1-5.

— N ™ <t wn
3] « N Y] 3N
™ ™ ™ ™ ™
v Test can be carried out fully )
)" Limitations on the test — see footnote for details £ <3
o
= £
>
(x)* Test cannot be done but a lesser test possible — see footnote for details g 8
x Test cannot be done ) o s S &
S g ? ] e
& 2 g 2 o
17} o o ° ©
(] = = = =
— o c o (8]
o < o > 8
4 » o T a
) Grid condition /
Section | Test Test designation
221 Active and reactive power control Normal | v v )
222 Voltage control Normal 7 | ) v v \
2.2.3 Voltage amplitude changes Normal )y | &) v v v
224 Voltage unbalance Normal x ) v v )
2.2.5 Operation at alternative system frequencies Normal x x v ve x
226 Grid resonances Normal x x v v x
227 Harmonic emission assessment Normal (%) (*) | (%)
2.2.8 Voltage fluctuations caused by the turbine Normal x x v v x
2.2.9 PQ capabilities at different voltages and frequencies Normal () ()’ v v )
2.2.10 Frequency control & inertia response Disturbed ) | (=) v v (x)°
2.2.11 Low Voltage Ride Through: LVRT Disturbed x ve v v x
2.2.12 High Voltage Ride Through: HVRT Disturbed x Ve v v x
2.2.13 Operation during frequency variations Disturbed (*)° (*)° v v (x)°
2.2.14 Voltage phase angle jumps Disturbed x x v v x
i i Disturbed x)H x)H v v x)1
2.2.15 Protection strategies isturbe (%) (%) (%)
2.2.16 Start and stop scenarios Disturbed v v v v v
231 Virtual wind farm emulation Power plant x x v v x
2.3.2 Operational tests on SCADA and SCADA-interface systems Power plant (%) (%) v v (%)
233 Simulation model verifications Power plant x (P v v ~)*
234 Tests of Power Plant Controllers Power plant ™ ) v v )
2.35 Emulation of varying grid strengths Power plant x x v v x
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Footnotes:

1

10

11

12

32

Reactive power capabilities are limited by the range voltage limits allowed for the standard grid
connection.

Testing of the voltage control (for example in relation to a set point) is typically done by coupling with
a tap changer in the vicinity of the wind turbine. This functionality (response time, ramp rates, etc.)
can be verified through measurement of the voltage at a reference point, and this can be done without
access to a special test facility. The use of tap changers requires, however, that larger, more frequent
and longer-lasting voltage variations are acceptable with consideration to the consumption and/or
production units that are connected in the area e.g. the other turbines at the Test Centre.
Furthermore, it should also be possible to block other voltage regulating equipment so that the
individual turbine’s regulation capacity can be verified. The converter and hybrid concepts do not have
these limitations.

The required voltage dips can be generated by, for example, use of the tap changer on the envisaged
150/60/36 kV transformer at the Frgstrup sub-station, although this requires the agreement of all the
other users which may be operationally problematic.

Limited ability to generate voltage unbalances.

Special generator and / or transformer design may be required for the hybrid solution constraints for
alternative frequency operation.

Lower order harmonics can be controlled with a converter.

Compared to those with converters the other alternatives have a very limited ability to operate at the
extreme range of the PQ envelope, and no ability to change frequency.

Ideally, the electrical frequency variations for this test are best emulated by a converter whereby a
wind turbine’s terminals are subjected directly to a frequency variation. However, a simulated
frequency test can be undertaken, where voltages and currents are induced in the wind turbine’s
measurement secondary windings [having been isolated from the actual power flow on the terminals]
and thus the response to emulated electrical frequency variations can be tested.

The short circuit concept is currently the standard means of carrying out this test and is also suited to
straightforward simulation modelling, however, it does not replicate the actual grid strength seen by
the turbine.

Converter based solution is not able to emulate single phase to ground faults on the 33 kV level, but a
single phase to ground error on higher transmission voltage levels will appear as two phase errors on
the 33 kV side of the transformer so this should not be an important limitation. Another limitation is
that the voltage cannot drop to zero on the converter test facility terminals if the wind turbine is
feeding reactive power into the converter transformer.

The testing of protection strategies is limited to checking the operation of the measurement (by
secondary injection) and relay equipment.

Verification of simulation models is limited to those parameters that these equipment concepts can
vary. A converter-based solution could vary the largest range of parameters and could include the
emulation of compensation equipment, such as a STATCOM.
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4 Organisation

4.1 Introduction

The objective of this chapter is to outline the organisational tasks needed and to
recommend an organisation structure that can carry out the tasks. This serves two
purposes:

e To clarify the roles and responsibilities foreseen and allow planning and
resource allocation.

e To enable pricing of the organisation that can feed into the Business Case.
To make the business case for the test facility it is important that only the
additional organisation required for the test facility alone (over and above
that required for the basic test centre) be considered.

4.2 Organisations required

There are organisations needed to cover the four phases of the Test Facility project:
Phase 1. Preliminary project (this present phase)

Functional description

Assessment of technical solutions

Organisations

Business case

Phase 2: Establishment (1) — pre-construction
Securing of finance
Prequalification
Production of tender documents (technical specifications, contracts, etc)
Contract tendering and awarding

Phase 3. Establishment (2) — construction
Construction
Installation
Testing and commissioning

Phase 4: Operation
Operation of the test facility
Maintenance

4.3 Current status of the organisations

Phase 1: Preliminary project organisation is in place. This is the present EUDP
project “Test facility for grid connection characteristics of wind power plants”, lead by
Risg DTU.

Phase 2 and Phase 3: Establishment. A project group has been formed for the
establishment of the Test Centre Jsterild (refer to “Projektfalgegruppe i forbindelse
med etablering af Testcenter @sterild”, Appendix B), lead by Risg DTU. A similar
group is proposed for the establishment of the Test Facility.

Test Facility Report Risg-1-3100(EN) 33



CONFIDENTIAL

Phase 4: Operation and maintenance. There is currently a proposal for a steering
committee for the operation and maintenance of the Test Centre, which comprises a
member from each test stand owner plus Risg DTU. (See “Vedteegter for
Styregruppe til drift og vedligeholdelse af Testcenter @sterild”, Appendix C, for the
Terms of Reference. Note that, at present, this is only a draft.) It is proposed that the
organisation for the Test Facility will function as an integral part of this but for the
purposes of this document it will be dealt with as a separate entity so that only that
part of the organisation necessary for the running of the Test Facility is priced up for
the business case.

4.4 Tasks for the operation and maintenance of the Test Facility

The overall objective for the Test Facility organisation is to operate and maintain the
equipment to serve the needs of the customer using the facility. This equipment is
outlined below in Figure 16.

| | |

TO PUBLIC GRID [ :I MAIN TRANSFORMER
y

".-MV SWITCHGEAR GRID EMULATOR

+0

TEST STAND 1 ( )

TEST STAND 2

TEST STAND 3, etc...

Figure 16 Outline of equipment to be operated and maintained

The tasks for the operation of the Test Facility include:

4.4.1 Operation management

The management of the facility will oversee major activities concerning the MV
switchgear and grid emulation equipment. It will also establish, implement and
update the maintenance plan for the facility.
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4.4.2 MV equipment technical operation

Safe configuration of the equipment to meet the testing customer’s needs
Converter based grid emulator

Container-based short circuit equipment (if belonging to the test centre)
Test centre switchboard switching operation

Protection settings

Responsibility to see MV health and safety requirements are met

4.4.3 Maintenance (planned) and repair (unplanned)

Facility equipment to be maintained annually (or periodically) according to
maintenance plan (manufacturers’ recommendations)

On-site repairs of faulty equipment where possible, or replace item and return faulty
equipment to manufacturer for repair/inspection

4.4.4 Customer service functions

Day-to-day technical matters

e Setting up and safe operation of the equipment to meet the testing
customer’s needs

¢ Measurement equipment

e Data recording equipment

e Simulation computers

e Maintaining appropriate stock of spare parts

e Technical liaison with electricity utility (e.g. for MV switching operations)

e Technical liaison with test facility/centre users

e Daily maintenance activities

e Co-ordinate and supervise maintenance activities according to the
maintenance plan

e Supervise call-out of certified repair company(s)

¢ Responsibility to see (below MV) health and safety requirements are met

Administration/accounts

e Point of contact for test facility customers

e Maintain booking system for test facility equipment and personnel

e Marketing and promotion of facility

¢ Handle contracts with customers

e Handle contracts for equipment maintenance

e Issue/pay invoices

e Ordering of spare/replacement parts

e Insurance contracts (personal liability, accident, equipment and building)

Centre maintenance

e Cleaning
e Building maintenance
e Domestic supplies (water, electricity, etc)
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4.5 Organisation model for the Test Facility operation and
maintenance

Risg DTU is responsible for the daily operational management of both the Test
Centre and the Test Facility. It is proposed that the management of the Test Facility
reports to the steering committee as shown in the organisation chart below:

Steering Committee
(Risg DTU + test stand owners)

Operational Management

(Risg DTU)
MV equipment Maintenance Customer
technical operation & repair service
(contract) (contract) (Risg DTU)

Figure 17 Organisation chart for the Test Facility

The tasks identified in section 4.4 above can be divided between those that require:

A) MV certified personnel (e.g. switchboard operation) or very specialist
knowledge (e.g. maintenance of power electronics)

and
B) Broader competences for day-to-day running of the facility.

The proposal is for tasks under A to be contracted out, whilst those under B will be
carried out by the Test Facility's (Risg DTU) personnel or sub-contracted out by
them.

More specifically, this is divided into “A” Tasks and “B” Tasks:

“A” Tasks: certified/specialised personnel

e MV equipment technical operation

e Coupling of the turbine to/from the Test Facility and preparation of the grid
emulation equipment as agreed with the users and Test Facility personnel
will be contracted out. Estimated at 25 hours per year per test stand.

¢ Maintenance & repair

e MV switchboard: carry out the periodic maintenance and provide a call-out
service for unplanned repairs. This will be contracted out — guideline cost is
2% of capital cost of equipment.

e Test facility grid emulator: similar contract conditions to the MV switchboard -
guideline cost is 2% of capital cost of equipment.

e Test facility container-based test equipment: similar contract conditions to
the MV switchboard - guideline cost is 2% of capital cost of equipment.
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“B” Tasks: day-to-day running

e Operation management: one manager to fulfil management tasks, estimated
at 150 hours per year.

e Day-to-day technical matters: two technicians, estimated together at 300
hours per year

e Maintenance of some equipment also to be by manufacturers/hired-in
companies: estimate 75.000 Dkk per year.

e Building maintenance: estimated at 75 hours a year

¢ Administration: estimated at 375 hours per year

4.6 Organisation summary

The organisation that runs the Test Facility will be a part of the Test Centre
organisation and will share personnel. These staff will carry out the day-to-day
running of the facility, including assistance to the test users in arranging the
appropriate tests. Operations requiring MV certified qualifications will be contracted
out, as will the maintenance and repair of the equipment.
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5 Business case

5.1 Introduction

The business case for the Test Facility needs to cover the funding of the
establishment and the economic running of the facility for its design lifetime,
including any necessary repayment of capital investments and the maintenance of a
contingency fund. It is not the intention that the facility generates a profit but neither
should it be required to build up a fund for future capital investments. Any
investments in additional new equipment will be a matter for those users who require
it and any replacement or upgrade of existing equipment will be a matter for the
steering committee and borne equally among the test stand owners.

5.2 Proposals for funding possibilities

It is proposed the Test Facility organisations are funded as follows:

Phase 1: Preliminary project

Already EUDP co-funded.

Phase 2 and Phase 3: Establishment

Funding sources:
e 50% Green Labs DK, Energinet.dk, Fornyelsesfonden
e 50% test stand owners (DTU, Siemens Wind Power and Vestas)

Phase 4: Operation and maintenance

Fully funded by users of the facility and users of the DTU-owned stands also pay an
additional fee to payback DTU'’s capital investment..

5.3 Estimates of costs

The business case requires that there is an estimate of the capital investment costs
required to establish the Test Facility, together with an estimate of the running costs.
These will be dealt with in this section.

When providing cost figures for the business case, it should be remembered that
only the costs attributable to the test facility should be included. For instance, only
the additional cost of a double busbar MV switchboard over and above that needed
for operation of the Test Centre without the Test Facility should be included.
Likewise only the additional costs of maintaining such a more complex switchboard
should be considered.

The costs of Phases 2 and 3, “Establishment”, need also to be estimated to apply for
suitable funding.

The major costs are the converter equipment and short circuit test equipment, and
these have been estimated through detailed discussions with the two suppliers
involved in the project. Risg DTU met with the suppliers individually to discuss the
options and solutions. Of particular interest was to identify any parameter that would
generally prove overly expensive in relation to the importance/value of the test
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associated with it. In this way Risg DTU was able to explore the general
cost/benefits of various aspects of requirements to the equipment.

5.3.1 Pre-construction task estimates
Application for funding

Acquisition of land necessary for building and operating the Test Facility. (Note: it is
expected that this is provided without cost by the Ministry of Environment.)

Obtaining permissions necessary (e.g. for new buildings)
Choice of contract type (turn-key, individual sub-contracts, etc)
Writing of tender documentation

Inviting tenders and assessment of tender returns

Awarding of contract(s) to most suitable bidder(s).

5.3.2 Construction estimates

Buildings for switchgear, grid emulator and measurement/comms/control/computer
equipment, including building services and any particular earthing requirements.

Buildings and equipment for personnel.
MV switchgear

Grid emulator

Container-based test equipment
Measurement equipment
Communications & control equipment
Computer equipment

External cabling for the above equipment

Testing and commissioning of above equipment

5.3.3 Operations and maintenance costs

Components of O&M costs:

Contract for MV switching and grid emulator operations

Contract for maintenance and repair of MV switchgear

Contract for maintenance and repair of grid emulator

Contract for maintenance and repair of container-based test equipment
Maintenance and repair costs of remaining equipment (contract/in-house)
Management personnel costs

Day-to-day technical operation personnel costs

Building maintenance equipment and personnel costs
Administration/accounts personnel costs

Insurance: personal liability, accident, building and equipment

Utility costs: electricity, water, etc.
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Payback of capital investments for the establishment

Contribution to contingency fund

5.4 Funding the establishment of the Test Facility

The funding of the establishment will be met approximately 50% by the users divided
proportionately between the ownerships of the test stands. The remaining 50% will
be covered by grant funding (e.g. Green Labs DK).

~14% Vestas

~14% Siemens WP ~50% grant funding

~22 % RisgDTU

Figure 18 Capital investment share for establishment

The purpose of the Test Facility matches precisely with the aims of the Green Labs
DK as stated in the Call for Applications (June 2010):

“Green Labs DK calls for applications for setting up new large-scale test facilities for
tests and demonstration of new climate technologies...where enterprises can
demonstrate and test new green technologies under realistic conditions. Test
Facilities must be of international class and eb able to attract both Danish and
foreign development and demonstration activity”

An application for GreenLabs funding is therefore planned for late 2011, Although
currently the date and conditions for applications are not known for certain.

Other funding possibilities are:

o Energinet.dk finds the test facility very relevant, and has the opportunity to
support it as an R&D facility, but not as a pure test facility. Especially the
converter based test facility provides excellent opportunities for R&D
projects based on full scale wind turbine experiments.

¢ ‘“Fornyelsesfonden” can provide limited funding, which should be considered
for the preparatory stages.

5.5 The distribution and funding of running costs

5.5.1 Running cost

As the funding of the running costs is carried fully by the test stand owners, the
principle of the allocation of the costs needs to be laid out as part of the business
case. It can be seen that operations and maintenance costs have two parts:

40 Test Facility Report Risg-1-3100(EN)



CONFIDENTIAL

a) Fixed costs: those that can be predicted: e.g. contracts for periodic maintenance,
insurance, and some personnel costs.

b) Variable: those that cannot be predicted (although average estimates can be used
for budgeting purposes) e.g. repair costs, switching costs, utility costs and some

personnel costs.
fTotaI running costs\

Fixed running costs

\ )

Figure 19 Components of O&M costs

It should be noted that the Test Centre also has (fixed) O&M costs to which the fixed
costs of the Test Facility will be added when considering the test stand owners’ total
obligations.

5.5.2 Allocation of use of the test facility and consequent running costs

Each stand owner will receive seven weeks per stand per year in which they can use
the Test Facility. That is, Vestas: 14 weeks, Siemens WP: 14 weeks and Risg DTU:
21 weeks. These weeks will be spread evenly throughout the year so that each test
stand user has the same statistical probability of the same wind conditions during the
year (Figure 20). There are three weeks allocated to O&M or other contingency.

Calendar year

January summer low wind period

g
:

Vestas
Siemens
RisgDTU

Vestas
Siemens
RisgDTU

Vestas
Siemens
RisgDTU
Siemens

Vestas
RisgDTU

planned O&M
RisgDTU
Siemens

Vestas
RisgDTU
RisgDTU

Vestas
RisgDTU
Siemens

Vestas
RisgDTU
Siemens
RisgDTU

[

tw 0-w eek period

Figure 20 Allocation of two-week slots for use of the Test Facility (example only)

Each owner has, accordingly, the obligation to pay one seventh per test stand of the
annual O&M costs (the sum of fixed and variable costs).

Time allocated to each owner can be bought and sold, that is, if an owner decides
that they do not want to use all of their allocation they may sell them to another user
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but if no buyer is found then the owner remains under obligation to pay their share of
the O&M costs.

Allocation of test facility time will be planned ahead on a three-year rolling
programme basis.
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6 Implementation plan

This chapter summarises the plan for implementation of the test facility. This plan is
the technical and economic basis for the application for co-funding of the test facility,
and for the final tender documents. Thus, the plan will identify which of the solutions
that will be chosen, summarise the corresponding budget and detail the time line.

6.1 Chosen solutions and test equipment capacity

From the assessment of the technical concepts summarised in Table 2, it is clear
that although the central converter-based solution is the most costly, it is also very
flexible, and therefore enables a very extensive range of tests to be carried out. In
addition, though, it is essential that the Test Facility also includes the standard
impedance-based equipment for LVRT tests, which is required in many grid codes.
Further centrally-located facilities were assessed as not sufficiently useful to merit
inclusion.

Thus the recommended equipment for implementation is:
e Converted-based, centrally located test equipment

e A mobile unit containing short circuit impedance-based equipment for
placement adjacent to a turbine.

The test equipment units will be designed to support testing of wind turbines up to
16MW, which is the size that the Qsterild grid has also been laid out for. Smaller
units have been considered, but the present prototype wind turbine sizes are already
up to 7 MW, and the test facility should have sufficient capacity for a number of
years after it is commissioned in 2014, where the size of large wind turbines may
well have increased to 10 MW. Besides, the chosen size of the test equipment will
enable the testing of two wind turbines simultaneously, as long as the total capacity
does not exceed 16 MW.

6.2 Implementation steps and time schedule

The time schedule for the implementation is carried out in three phases, following
the first phase which is the present project:

e Phase 2: Establishment preliminary work (pre-construction)
e Phase 3: Establishment construction and installation.
e Phase 4: Operation of the facility

The detailed time schedule is shown in Appendix J and contains the major tasks
necessary as explained below. The two critical activities identified are the
assembling of the necessary financing commitments and the lead time for the
converter equipment.

The successful implementation relies heavily on gaining Green Labs DK funding and
this is where the main initial follow-on effort will be in Phase 2. There will, however,
also need to be a continuing co-ordination exercise with the @sterild Test Centre
through the advisory committee (“Projektfalgegruppe”) to ensure that the two
projects have the correct alignment. Once this stage has been reached it is
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envisaged that the Test Facility will be very much a part of the Test Centre, using the
existing legal framework as much as possible and ensuring the commitment of the
current test stand owners to the Test Facility project. The application for funding will
require that this commitment is explicit.

The next part of Phase 2 is the preparation for contracting the supply of the
equipment. The functional specification requirements set out by the present project
will make the technical aspect of this task relatively straightforward. However, Risg
DTU will subcontract a technical specialist to carry out some further engineering of
the solution to ensure that the tender documents are suitably comprehensive. A
engineering consultancy will then be subcontracted to write the documents
themselves.

Simultaneously, suppliers will be pre-qualified so as to streamline the actual
tendering process and, again, Risg DTU will take the lead in this. Following the
assessment of tender returns, contract negotiations will be entered into and the
successful party contracted to supply the equipment. It is, however, likely that
smaller ancillary contracts will be needed, for example, to pull cables, make suitable
building foundations and roads.

Phase 3 starts with the placing of the order for the equipment. Activities on-site are,
however, not expected straight away as there is a 12-15 month lead time for the
converter equipment. However, site works will be completed in due time for the
equipment to be installed following testing at the factory. Work on site will be
monitored by Risg DTU (or appointed personnel) to ensure that works are co-
ordinated in a timely manner. About this time in Phase 3, the operational
organisation will be put in place so that, following installation, the equipment will be
tested and commissioned ready for the training of personnel by the equipment
supplier.

Phase 4 then starts with the operation of the Test Facility based on cycling the user’s
allotted time for facility access every two weeks. This cycling approach will be
applied for the converter-based equipment as well as the impedance-based
equipment. The time interval (two weeks) is still subject to discussion, but is a
compromise between the need for continuous test periods and a reasonable number
of slots to enable all manufacturers to have equivalent access to the equipment in
the good wind seasons.

6.3 Contract Conditions

The contract for the supply of the Test Facility equipment will be based on a
functional specification rather than a detailed design specification. This is due to the
very specialised nature of the equipment and it is, therefore, much more efficient to
leave the detail design to the successful supplier. A functional specification also
gives the supplier more flexibility to meet the required performance as best suits the
particular technical benefits of their products. An added benefit of this is the
foreshortening of the pre-construction establishment period as there will be less
detailed engineering work needed for the tender documents.

6.4 Interaction with the Osterild Test Centre

The particular items that require alignment between the Test Facility and the @sterild
Test Centre are:

e Switch gear for connection of wind turbines and central test facility

e Interface between the test stands and the mobile test equipment
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e Earthing of the 36 kV system
e Auxiliary power supply
e Planning permission and ground acquisition for the Test Facility

These issues are detailed below.

6.4.1 Switch gear for connection of wind turbines and central test facility

In order to ensure the maximum operational flexibility during normal operation and
under test conditions the medium voltage equipment will be standard SF6-insulated
switchgear arranged with a double busbar and circuit breakers.

The operational voltage for the 36kV collection grid is expected to be at 32-33kV
which gives the possibility to test the wind turbine’s grid compatibility within the
normal voltage variation range of the turbines. Thus a continuous voltage variation
can be achieved with a range of +10-15%.

The switchgear has to be built in minimum two steps, because the @sterild test
station is scheduled to start operating in 2012, while the test facilities will not be in
operation before early 2014 as indicated in the time schedule Appendix J.

The Test Centre will request a single bus-bar system in the tender documents, but
will also request the bidder to state the additional price for a double bus bar. The two
busbar option is considered, because a single busbar would have to be removed
again to enable the connection of the test facility 2 years later.

Moreover, the switchgear should be designed so that it will be possible to extend
with a second central test facility. This second facility can either be an impedance
based facility which is too large to be mobile, a second converter based facility, or
other permanent or temporary test units.

Figure 21 shows a single line diagram of the planned switchgear, although some
detailed engineering still needs to be done. The idea is to reduce the costs of the
first phase to a minimum and still avoid that the first phase switchgear should be
removed already 2 years later.

The design includes two switchboards: the first switchboard (SB1) should be built
together with the @sterild Test Centre in 2012, while the second switchboard (SB2)
should be built together with the test facility in 2014, in the same house as the test
facility. SB2 should be built so that it can be extended to accommodate a second
central test facility.

The layout makes it possible to utilise the test facility capacity to test more than one
wind turbine simultaneously, provided that the total capacity of the tested turbines is
below 16 MW. If only one central test facility is built, then any combination of
turbines can be tested simultaneously, but if a second test facility is built, then this
design allows for simultaneous test of turbines which are connected by the same
stand owner: Siemens Wind Power (S), Vestas (V), or DTU (D). Finally, the layout
makes it possible for another stand owner than the one who is using the first central
test facility to use the second test facility.

As mentioned above, SB1 will be constructed as part of the @sterild Test Centre.
Since the connection of the test facility depends on the layout of SB1, it is important
to underline which restrictions another layout of SB1 will have. From Figure 21, two
conclusions are made regarding SB1:

e In order to accommodate later grid connection of a test facility (TF1), SB1
should be a double busbar switchboard with room for an additional outgoing
feeder to the test facility and a incoming feeder from the test facility
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e In order to furthermore accommodate later grid connection of a second test
facility (TF2), and allow to use the two test facilities in parallel, SB1 should
have the possibility for lengthwise sectionalising of the busbars, preferably
in the 3 sections shown in Figure 21.

Fragstrup

HE
?? R

Figure 21. Planned switchgear scheduled for 2 phases:1. @sterild with no central Test

Facility (2012), 2. @sterild with one central test Facility (grey, 2014). This design allows
a third phase with two central test facilities (light grey, >2014)

6.4.2 Interface between the test stands and the mobile test equipment

The mobile short circuit equipment should be easy to move from one stand to
another. This requires that the mobile equipment is built in container(s), but also that
the necessary facilities are available at each of the 7 test stands. This includes
facilities to support an easy electrical connection of the equipment and suitable hard
standings for the placement of the mobile short circuit equipment.

6.4.3 Earthing of the 33kV system

Several studies have shown that the best compromise for reducing earth fault
currents and transient over voltages is obtained by low-resistance grounding of the
internal medium voltage cable grid. Therefore low-resistance system grounding is
recommended to be applied in wind farms with an internal medium voltage cable
grid.

Even though resonance grounding seems attractive this method has other
disadvantages (risk of Ferro-resonance, more complex, and more expensive) which
usually makes it not recommendable for wind farm collection grids.

Isolated system grounding is not recommendable due to risk of very high transient
over voltages in case of single-phase earth faults followed by single-phase earth
fault re-ignition.
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This matter is considered further in Appendix H. The final decision on the grounding
is not taken by the Test Facility group.

6.4.4 Auxiliary power supply

It may be feasible to provide the auxiliary power supply to the test facility from the
planned auxiliary power supply to the test centre. This depends on the consumption
of the test facility, and the possible free capacity of the @sterild auxiliary power

supply.
6.4.5 Planning permission and ground acquisition for the Test Facility

This task has not been detailed yet, but will be settled at the meetings with the
Dsterild advisory committee.

6.5 Scope of works

This scope of works follows on from the conclusion of the solution (see section 6.1)
and the interaction with @sterild Test Centre (section 6.4). The following scopes of
work are defined:

e Test facility converter equipment
e Mobile short circuit equipment
e Maintenance contract

e Central switch board (SB1)

6.5.1 Test Facility converter equipment

This shall include everything necessary to provide the required test functionality,
from the relevant outgoing breaker of the Test Centre switchboard, the test
equipment, and back to the relevant incoming breaker on the Test Centre
switchboard. This includes the grey parts framed as SOW in Figure 22, i.e. only the
parts of the switchboard which are needed to connect a single test facility (TF1).
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Figure 22 Extent of scope of works for the Test Facility converter equipment

This includes but is not limited to:
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e Converter including internal control systems
e The transformer connecting the converter to grid side

e The transformer connecting the converter to turbine side (including offline
tap changers if needed to meet specifications).

e Switchgear and protection devices for the safe operation of the equipment.
e System for interface with test facility operator

e System for interface to supplier's maintenance personnel.

e All cabling and earthing equipment necessary for connection to switchboard

e Building or container for proper protection from external environment, with
associated works and building services inside and out.

e All design, engineering and manufacturing work.

o Factory tests.

e Delivery to site, installation, testing and commissioning.

e Customer on-site training for operation and maintenance.
e Two year warrantee.

e Recommended spare parts to be stored by customer.

6.5.2 Mobile short circuit equipment

This shall comprise a mobile short circuit impedance-based test unit with a capacity
to test turbines up to 16 MW. The unit will be housed in containers and suitable for
deployment adjacent to any of the test stands at the Test Centre. The containers
shall be straightforward to move from one test stand to another.

6.5.3 Maintenance contract

The maintenance contract shall include for remote diagnostics and technical
telephone service for the customer’s personnel. An annual (or as recommended)
maintenance visit shall ensure the correct and proper working of the equipment.
Software shall also be regularly maintained and updated as necessary. A response
to breakdowns/faults that cannot be handled by the customer’'s personnel should
ensure the equipment is operational again promptly.

6.5.4 Central test facility switchboard

The switchboard should be suitable for connecting seven turbines of maximum
capacity 16 MW to the 36kV grid. Individual turbines can be switched so that a single
turbine can use the test facility whilst the remaining turbines operate undisturbed on
the grid.

A possible solution could include, but it not limited to:
e A double bus bar switchboard.

e A suitable foundation and building to house the switchboard, together with
associated works and building services inside and out.

e All design, engineering and manufacturing work.
e Factory tests.

e Delivery to site, installation, testing and commissioning.
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Customer on-site training.
Two year warrantee.

Recommended spare parts to be stored by customer.

6.6 Functional specifications for equipment

Chapter 2 including Table 1 specifies functional requirements to the test facility given
by the individual tests which were identified. This section 6.6 will condense these
requirements to specific requirements to the centrally located converter based unit
and the short circuit mobile unit respectively.

6.6.1 Centrally located unit

6.6.1.1 Operator interface

It is envisaged that there will be an operator interface which will be able to receive
direct instructions via a touch screen and/or computer terminal. These instructions
for how the unit is to behave should include the following possibilities to specify the
test facility output (local grid side to be connected to the turbine):

Specification to emulate a simple Thévenin equivalent circuit representing a
grid, i.e. as a constant voltage in series with a resistance and a reactance.
This will include the following parameters to be set by the user:

0 The amplitude of the (positive sequence) no-load voltage (V)
o0 The frequency of the (positive sequence) no-load voltage (Hz)
0 The reactance (Q)

0 The resistance (Q)

Specification to behave according to a pre-determined time series of values
(e.g. for the voltage dip for a LVRT test and phase shifts). This involves
specification of a system frequency (50 Hz or 60 Hz) and time series for the
following parameters:

o The amplitude of the individual phase voltages (V)
0 The phase angle of the individual phase voltages (deg)

Unit properties should adjust themselves according to a real-time signal (e.g.
the output of an external real time simulation running concurrently with the
test turbine). This involves specification of a system frequency (50 Hz or 60
Hz) and real time signals for the following parameters:

o The amplitude of the individual phase voltages (V)
0 The phase angle of the individual phase voltages (deg)
Specification to enable a voltage step performed by an online tap change:

o The amplitude of the converter voltage (i.e. not the test facility
voltage) (V)

o0 Tap changer initial setting

o Tap changer new setting
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Furthermore the unit should give a range of useful status/fault/alarm outputs so that
the test personnel can operate the unit safely and with sufficient knowledge of the
unit’s condition.

6.6.1.2 Maintenance interface

A local maintenance interface should be provided to allow local staff to assess the
nature of faults and possible recommendations for actions. The unit should be also
able to be interrogated remotely by the supplier in order to aid fault diagnostics.

6.6.1.3 Parameter ranges

Table 3 shows the parameters specifications for the converter based test unit. It is
assumed that the unit is equipped with onload tap changers, which significantly
reduces the requirement to the voltage and current ranges of the converter as shown
in Appendix K.

Table 3. Parameters for converter based test unit

Parameter Range

Active power 16 MW
Power factor 0,9

Nominal voltage 33 kV
Voltage range U, £15%
Nominal (system) frequencies f, =50 Hz or 60 Hz
Fundamental frequency range fo£ 5 Hz
Phase angle shifts + 30 deg
Response time (95% rise time) < 50 ms
Onload tap changer step size 5%

Onload tap changer range +30 %
Harmonic filter bandwidth f< 71,
Thevenin grid resistance 0<R=<100Q
Thevenin grid reactance 0<X<100Q

6.6.2 Short circuit mobile unit

The short circuit unit is dedicated a single test: the low voltage ride through
described in section 2.2.11. It must be designed to meet the requirements to
accuracy of the voltage drops specified in IEC 61400-21 and the requirements to
power quality in the point of common coupling of the test centre on the 150 kV grid in
Frastrup.

The unit must be capable of performing three phase short circuits and 2 phase short
circuits.

Table 4 shows the main technical parameters.
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Table 4. Parameters for short circuit unit

Parameter Range
Active power 16 MW
Nominal voltage 33 kV
Response time according to IEC 61400-21 20 msec

Minimum voltage and duration

0V for 1,3 sec?

Maximum voltage change in 150 kV PCC

3% for Sy = 1000 MVA

6.7 Budget estimate and business case

The cost of establishing the Test Facility have been estimated based on the various
budgets obtained during the course of the project. The overall figures for the budget
estimates are given below in Table 5 and the detailed breakdowns of the estimates

for the establishment and operational phases are given in Appendix .

The business case for the Test Facility centres around the costs and consequent
funding of a) the establishment of the facility and b) its operation. These will now be

considered individually.

2 The final specification may be less demanding than 0 V for 1,3 sec, which will hardly appear in any

grid
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ESTABLISHMENT BUDGET COSTS IN DKK
Phase 2: Pre-construction budget cost
Applications, preparatory work, pre-qualifying, tender documents, etc 6,009,763

Phase 3: Construction

Buildings 4,200,000
MV switchgear (double busbar), cabling and auxiliary equipment 4,040,000
Converter-based grid emulator, associated trafos and equipment 50,000,000
Short circuit (container-based) test equipment 18,750,000
Project management & design work 3,826,400
Project contingency 4,041,000
Sub total ~_ 84,857,400
Total for Phases 2 and 3 (rounded to nearest 1000) m

ANNUAL OPERATION AND MAINTENANCE COSTS
Phase 4: Operation

Test facility personnel, maintenance contracts and administration 2,544,000

Table 5 Summary of budget costs for the establishment and running of the Test Facility

Establishment cost: The budget estimate for the establishment of the Test Facility
with a testing capacity of 16MW is 91M Dkk, of which approximately 87% is for
equipment, buildings, their installation and construction. The remaining 13% covers
the project costs such as funding applications, further engineering design, tender
documents, project management and construction supervision. This compares well
with an typical figure of around 15% for this type of specialised project.

Establishment funding: For the implementation of the establishment an application
will be made to Green Labs DK for a 50% grant, amounting to 45,5M Dkk.

The remaining 50% of the funding is proposed to be sourced from the owners of the
@sterild Test Centre test stands in proportion to the number of test stands owned.
DTU will, effectively, take out a loan to cover their share and the approximate
proportions are as follows:

DTU 19,5M Dkk (22%)
Vestas 13M Dkk  (14%)
Siemens WP 13M Dkk  (14%)

At present the deadline and conditions for the second Green Labs call is unclear, but
the passing-on of the grant to users of the test facility has been demonstrated (see
below) but will, of course, be refined when the final conditions are known.

Operational cost: The budget estimate for the annual O&M of the Test Facility is
approximately 2,5M DKk, which equates to 363k Dkk per test stand per year.

Operational funding: The operation of the Test Facility will be entirely financed by
the users of the test stands as they will be obligated to cover the operation and
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maintenance costs in proportion to the number of test stands used. In this way the
income necessary for the Test Facility will be secure. As is required under the
current Green Labs rules, The Test Facility will not make a profit but the users of the
DTU stands will pay an additional fee to repay the DTU loan, estimated at
approximately 1,2M Dkk per test stand annually. (For the purposed of these
calculations the loan is assumed to have an annual interest rate of 7% and a
payback period of seven years.) Vestas and Siemens who own their test stands and
who contribute to the capital cost of the Test Facility will have a consequently lower
annual charge, estimated at 364k Dkk.

Business case: Table 6 & Table 7 give the project economics with and without
grant funding. The purpose of this is to illustrate how the grant gets passed on to the
industry by means of a reduction in annual charges for use of the Test Facility.
Without the grant, DTU would take out a correspondingly larger loan resulting in
larger rentals for both the owners and the subsequent renters. It can therefore be
seen that a grant corresponding to 50% of the capital costs leads to a reduction in
the annual rent per test stand of approximately 1,175M Dkk. Over seven years this
represents the passing on of the total grant to the users and the write-down of the
value of the grant.

To give an example of the potential effect, the wind turbine industry partners in this
project (Vestas and Siemens Wind Power) supplied 7031 MW wind turbine capacity
in 2009, which corresponds to 19 % of the total wind power world market in 2009
according to BTM Consult's “World Market Update 2009”. Assuming conservatively
10 DKK/W of wind turbine capacity, this market share corresponds to more than
70000 MDKK. The present budget investment cost of the test equipment of
approximately 91 MDKK thus corresponds to approximately 0.13 % of the partners’
turnover in 2009, and this percentage is expected to be much smaller taking into
account 2-3 more expected manufacturers on Jsterild and the expected growth in
the world market for wind power.

6.8 Organisation

Establishment: Following the end of Phase 1, the project group will continue — lead
by RisgDTU — with the primary aims of securing funding and supporting the @sterild
Test Centre project with the information necessary to ensure provisions for the Test
Facility are made in a timely and economic manner. The project group will, therefore,
liaise with and report to the Test Centre Advisory Board (Projektfaglegruppe). It is
expected that the involvement of Siemens A/S and ABB will be minimal as it is likely
that they will be potential bidders for supplying equipment for the Test Facility.

Operation: The Test Facility will be run as a part of the @sterild Test Centre and will,
indeed, share personnel where appropriate. Staff will be trained on the Test Facility
equipment by the suppliers prior to the commencement of operation. Specialist
activities such as MV switching and equipment maintenance will be contracted in.

The establishment and operation of the Test Facility will be implemented within the
same legal framework as the Test Centre, albeit as a separate economic entity.
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A) Calculation with 50% grant funding

Project Capital investments Operational budget per test stand
Total Grant DTU Vestas Siemens DTU1 Vestas 1 | Vestas 2 DTU 2 DTU3 [Siemens1|Siemens 2
Establishment budget costs 1 2 3 4 5 6 7
Phase 2 establishment pre-construction 6,009,763
Phase 3 establishment construction 84,857,400
Establishment total 90,867,163
Share of establishment costs 45,433,581| 19,471,535| 12,981,023 12,981,023
Annual repayment on loan 7%,7yrs 3,526,532
Operational budget costs
Phase 4 O&M costs per year 2,544,000
Share of O&M costs per year per owner 1,090,286 726,857 726,857
O&M costs per year per test stand 363,429 363,429 363,429 363,429 363,429 363,429 363,429
Repayment of loan per test stand 1,175,511 0 0] 1,175,511 1,175,511 0 0|
Annual total cost of a test stand to user 1,538,939 363,429 363,429 1,538,939| 1,538,939 363,429 363,429
Table 6 Financing of the Test Facility establishment and funding of the operation
Table 7 Comparative financing calculation without grant funding
B) Calculation with no grant funding
Project Capital investments Operational budget per test stand
Total Grant DTU Vestas Siemens DTU1 Vestas 1 | Vestas 2 DTU 2 DTU 3 [Siemens 1 |Siemens 2
Establishment budget costs 1 2 3 4 5 6 7
Phase 2 establishment pre-construction 6,009,763
Phase 3 establishment construction 84,857,400
Establishment total 90,867,163
Share of establishment costs 0| 64,905,116 12,981,023| 12,981,023
Annual repayment on loan 7%,7yrs 11,755,106
Operational budget costs
Phase 4 O&M costs per year 2,544,000
Share of O&M costs per year per owner 1,090,286 726,857 726,857
O&M costs per year per test stand 363,429 363,429 363,429 363,429 363,429 363,429 363,429
Repayment of loan per test stand 2,351,021 1,175511] 1,175,511 2,351,021] 2,351,021 1,175511] 1,175,511
Annual total cost of a test stand to user 2,714,450 1,538,939| 1,538,939 2,714,450| 2,714,450 1,538,939| 1,538,939
[Reduction in annual payment per test stand due to grant, i.e. B - A 1175511 1175511] 1,175511] 1175511 1175511] 1,175511] 1,175511]

|Summation of total reduction over 7 years

| 57,600,018

|Va|ue of 45,433,581 (the grant) in 7 years at 7%

| 57,600,018
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7 Project summary and conclusion

This Phase 1 project, “Test Facility for Grid Connection Characteristics of Wind
Power Plants”, has concluded on the preferred technical, economic and
organisational solution for providing such a test facility. This culminates in an
Implementation Plan suitable for taking the project through to establishment and
operation. All this has been achieved through a series of working sessions, group
and individual meetings where the participation of the industry has been essential.
Their input has guided discussions and is hereby gratefully acknowledged. The
interest shown by the group has furthermore demonstrated that a Test Facility such
as is recommended will provide manufacturers and turbine owners with a
unparalleled facility for the research and development of the turbines of the future by
being able to emulate grid conditions beyond what is done in standard tests today.

At the end of this Phase 1, it is clear that the resulting project group is the right one
to carry the project on further and that Phase 1 has set the process in the right
direction. This report will generate discussion amongst the stakeholders and
interested parties which will, for the first time, be based on a thorough study of the
options available and a clear budget for the costs of the implementation and
operation. These discussions must be channelled usefully into realising the Test
Facility and this is the next challenge for the project group.
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% Testomrade & vindrelt

[7 ) Beskyttelseszone

+ Test af tilsiutning af vindmelleparker til el-nettet

P4 samme méade som etablering af et nationalt testcenter skaber rammeme for industriens og forskemes mutigheder for at teste fremtidens maller,
er det en vassentlig forudseetning for partierne, at der samtidig skabes rammerne for, at der ken etableres de ngdvendige faciliteter til at teste
vindmaglieparkernes tilslutning til el-nettet.

[ forbindelse med planisgning og gedkendelse af testcentret er der skabt mulighed for, at der nu eller senere kan etableres en avanceret
nettilslutningsfacilitet, som gar det muligt at afporeve mollerne under varierende netforhold, uden at dette pavirker det overordnede elnet. Det er
forventningen, at behovet herfor vi stige i takt med, at en starre del af elproduktionen kemmer fra vindkraft, og vindmallerne derfor | hgjere grad skal
kunne medvirke til at opretholde et driftssikkert elnet.

Med Risg DTU som lead pariner er der samlet et konsortium bestdende af - udover Risg DTU - bl.a. Vestas, Siemens (vind), Suzlon, Gamesa,
DONG Energy, Vattenfal}, ABB og Siemens, som i fasllesskab har indgivet en ansggning om et forprojekt til EUDP-programmet. EUDP-bestyrelsen
har valgt at give penge til forprojektet, der nu er igangsat og forventes afsluttet | begyndetsen af 2011. Disse selskaber har udtrykt interesse i at
bruge testfaciliteten. EUDP-forprojektet har til formal at komme naermere en teknisk/akonomisk vurdering af forskellige specifikke Iasninger af en
avanceret nettilslutningsfacilitet. Forprojektet ska! afklare, hvad der er af muligheder, samt hvordan evt. brugerinteresser orienterer sig i forhold £l
stationzere eller fiytbare Igsninger. Som udigber af forprojekiet og draftelserne af tekniske, skonomiske og organisatoriske muligheder, md det
vurderes, hvordan et projekt kan realiseres, samt hvordan mulige finansieringsmodeller kan se ud.

Risg DTU har samtidig gennemfart en serie interviews med de enkelte interessenter, som har bekreeftet den kommerclelle interesse | at kunne fa
adgang til en festfacilitet. Efter gennemfarelsen af forprojektet forventes det, at netfaciliteten vil kunne etableres p& 2 ér og satedes sté klar |
W, Testcenteret er designet til 7 maller 4 20 MW eller i alt 140 MW. Der planlaegges derfor en nettilsiutning til 150 kV-nettet.

« Tilbud til borgere udenfor 44 dB-stojzonen tIl sikring mod tab ved gj og mulighed for naboer for at slge deres
ejendom tll staten
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Tidsplan for teststationen i @sterild
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Erstatningsskov

/eerditabsordning

publikumsanizeg

[restfacilitet

dlinger | Osterild
finalyse af vindmalinger

anizegsiov Fi af lovorslag 8. april
3. behandiing af lovforslag ultimo maj
aktstykke Aktstykke Fi ultimo april/primo maj
Loven treeder i kraft
ontrakter

omkring faeldning den 31.juli 2010

iovezldning

fifveergeforanstaltninger

fanizeg af teststation

Radgiver og til - udbud i totalentreprise

Netilslutning
kspropriation

og udferelse af jdet incl. Aflevering

rstatningsskov
Veerditabsordning
publikumsanizeg

af projektet forventes inden udgangen af 2010, og ekspropriationsbeslutningen kan farst forventes 2. kvartal 2011.
Evt. pAklagelse af afgerelse til issi (har ikke virkning)
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BILAG 2

Projektfglgegruppe i forbindelse med etablering af

Testcenter @sterild

Baggrund og formal

I henhold til anlaegsloven for etablering af testcenteret for store vindmgller i
@sterild og Hjardemal Klitplantager (herefter "Testcenteret”) er DTU driftsansvar-
lig for anlaeggelse af Testcenter @sterild. DTU etablerer efter aftale med Miljgmi-
nisteriet, Skov- og Naturstyrelsen (herefter "SNS”) en projektfelgegruppe i pro-
jekt- og anlaegsfasen for Testcenteret. Projektfalgegruppen skal sikre, at ejerne af
standpladser pd Testcenteret, og SNS Isbende inddrages i anlagsprojektets forlgb
og gkonomiske status. Standpladsejerne inddrages endvidere altid og forud for
beslutninger, som kan have indflydelse pd testcenteranlaggets samlede gkonomi
og tekniske funktioner af betydning for standpladsejerne.

Medlemmer af projektfolgegruppen

Medlemmerne af projektfglgegruppen omfatter DTU som driftsansvarlig og som
bygherre, en reprasentant fra hver af de vindmglleproducenter, som er ejere af
standpladser pd Testcenteret og reprasentanter fra SNS, der udlejer de statseje-
de arealer til DTU, hvor Testcenteret anlaegges.

Projektfglgegruppens opgaver og kompetence

DTU inddrager projektfgigegruppen i Testcenterets udformning og inddrager
standpladsejernes gnsker til den tekniske udformning af Testcenteret i forbindelse
med anlaegsprojektets udformning, projektering og tidsplan.

Parterne er enige om et forelgbigt budget og tidsplan for anleeg af Testcenteret.
P& baggrund af en forelgbig skitse af anlaegsprojektet er der budgetteret med ud-
gifter pd DKK 73,1 mio. excl. moms med tillaeg af rdgivningsydelser pd DKK 7,1
mio. excl. moms, i alt et samlet anlaagsbudget pd DKK 80,2 mio. excl. moms.

Certificeret efter DS/EN 1SO 9001
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3.3

3.4

DTU inddrager projektfalgegruppen i hvert fald i beslutningen af falgende:

(1) Tidsplan for gennemfgrelse af anlaegsarbejderne for Testcenteret.
(2) Specifikation af anlaegsprojektet.
(3) Anleegsbudget for det samlede Testcenter.
(4) Resultatet af gennemfgrt udbud af rddgiveropgaver og hvem DTU
indgdr rddgiverkontrakt med.
(5) Udformningen af oplaeg til anlaegsprojekt for Testcenteret, som
DTU har til hensigt at sende i udbud.
(6) Kravspecifikation af fglgende enkeltomrader:
(a) Veje og pladser
(b) El-anlaeg
(c) Master
(d) Malesystemer
(e) Bygninger
(f)  Ekspropriationsgrundlag
(g) Lysafmeerkning
(h) Datakommunikation
(7) Resultatet af gennemfgrt udbud af bygge- og anlagsopgaverne
m.v. og hvem DTU har til hensigt at indg& bygge- og anlaegskon-
trakter med.
(8) Dispositioner, som har indflydelse p8 den samlede projektgkonomi

Der tilstraebes enighed om beslutningerne, hvorfor DTU er forpligtet til i vidt om-
fang at tage hensyn til standpladsejernes gnsker.

Projektaendringer og aendringer ud over det samlede anlsegsbudget kraever stand-
pladsejernes godkendelse, medmindre forhgjelsen af anleegsbudgettet skyldes el-
ler er en konsekvens af uforudsete forhold p& testomrddet, herunder jordbunds-
forhold m.v. for hvilke DTU ikke er ansvarlig. I sidstnavnte tilfelde forelaegger
DTU standpladsmedlemmerne det konstaterede forhold for kommentering. Parter-
ne sgger i faellesskab at finde en for DTU og projektfglgegruppen gkonomisk og
teknisk tilfredsstillende lgsning set i forhold til det samlede anlaegsprojekt og an-
leegsbudget m.v. og afdaekker muligheden for at finde besparelser andre steder i
anlegsbudgettet, dog med respekt af anlaegslovens bestemmelser for testcenter-
anleggets funktionalitet, udformning m.v.



3.5

3.6

4.2

Projektfglgegruppen fastsatter overtagelsesdag for de enkelte standpladsejere.
P3 overtagelsesdagen overtager de enkelte ejere ejendomsretten til standpladser-
ne, far adgang til deres areal og kan p&begynde opstillingen af mglle m.v. Over-
tagelsesdagen fastsaettes som det tidligst mulige tidspunkt, hvor den enkelte
standplads er befeestet, planeret og gruset, og standpladsejerne kan f& adgang til
standpladsen uden at skabe hindringer for faerdiggerelsen af Testcenteret.

DTU indkalder skriftligt og med mindst 3 m&neders varsel de gvrige mediemmer
af projektfglgegruppen til en overtagelsesforretning. Ved overtagelsesforretningen
udfeerdiger DTU en skriftlig rapport (overtagelsesrapport), hvori det anfgres, om
Testcenteret er klar til ibrugtagning, eller om der er vaesentlige mangler ved Test-
centeret og i givet fald hvilke. Overtagelsesrapporten underskrives af sivel stand-
pladsejerne som DTU. I dokumentet skal den przecise ibrugtagningsdato for Test-
centeret fremgd. Ibrugtagningsdatoen er defineret som den dag, centeret er feer-
digetableret og funktionsdygtigt, dvs. at centeret er tilsluttet elnettet og der er
mulighed for at gennemfgre mélinger p8 Testcenteret. Samtlige medlemmer af
projektfglgegruppen modtager kopi af overtagelsesrapporten.

Orientering og mgder

DTU indkalder skriftligt medlemmerne til mgde minimum én gang hvert kvartal,
eller ndr der er behov herfor, eller nér et mediem af projektfglgegruppen frem-
saetter begeering herom overfor DTU med angivelse af, hvilket emne som @nskes
behandlet pd mgdet. Mgder kan eventuelt afholdes som video- eller telefonmgder.

DTU orienterer Igbende og som minimum hver m&ned mediemmerne om status,
fremdrift og eventuelle andringer for s§ vidt angér projektering og anlaeg af test-
centeret samt tidsplan og gkonomi. S&fremt der indtraeffer uforudsete forhold,
herunder misligholdelse af de af DTU indg&ede aftaler vedrgrende Testcentret,
der har vaesentlig betydning for anlaegsprojektets tekniske funktion, gkonomi eller
tidsplan, orienterer DTU uden ugrundet ophold medlemmerne af projektfglge-
gruppen herom.

Start og ophgr af projektfolgegruppen
Projektfglgegruppen etableres, nér salget af standpladser er gennemfart i forbin-
delse med underskrivelse af betingede kgbsaftaler, dog tidligst 1. oktober 2010.



5.2 Projektfgigegruppen ophgrer pd ibrugtagningsdatoen, hvor Testcenteret er faer-
digetableret og funktionsdygtigt, dvs. at Testcenteret er tilsluttet elnettet, og der
er mulighed for at gennemfgre malinger p& Testcenteret. Projektfalgegruppen af-
lgses af “Styregruppen til drift og vedligeholdelse af Testcenter @sterild” med del-
tagelse af DTU, standpladsejerne og lejerne i henhold til de i vedtaegterne for Sty-
regruppen fastsatte bestemmelser. Projektfglgegruppen kan i forbindelse med
overtagelsesforretningen i henhold til pkt. 3.6 beslutte at overdrage eventuelle
mindre udestdender vedrgrende etablering af Testcenteret til "Styregruppen til
drift og vedligeholdelse af Testcenter @sterild”.

Kabenhavn 2010
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VEDTAGTER
for
Styregruppe til drift og vedligeholdelse af

Testcenter Jdsterild

1. Baggrund og formal

1.1 I henhold til lov nr. 647 af 15. juni 2010 om etablering af et nationalt testcen-
ter for store vindmgller ved @sterild og Hjardemal Klitplantager i Thisted Kom-
mune (herefter anlaegsloven) er Danmarks Tekniske Universitet DTU ansvarlig
for anleeg og drift af testcenteret. DTU etablerer en "Styregruppe til drift og

vedligeholdelse af Testcenter Jsterild” (herefter ”styregruppen”).

Testcenteranleegget omfatter veje, bygninger, standpladser, pladser til male-
og meteorologimaster mv. En skitse for testcenteret ved denne vedtaegts god-
kendelse samt geografisk afgraensning af testcenteret fremgar af Bilag A. Det
er i anlaegsloven forudsat, at brugerne af mgllepladserne afholder alle omkost-
ninger til anlaeg og drift af testcenteret. De forventede drifts— og vedligehol-
delsesomkostninger pd baggrund af det forventede centeranlaegsprojekt ved

godkendelse af denne vedtaegt fremgar af Bilag B.

1.2 Styregruppens formal er:

Certificeret efter DS/EN 1SO 9001



(a) At sikre en lovlig, forsvarlig og effektiv drift og vedligeholdelse af testcen-

terets anleeg (herefter under ét "testcenteranleegget") og at bidrage gko-
nomisk hertil, saledes at dette til enhver tid fremstar velvedligeholdt og
opfylder geaeldende krav for testcenteret, herunder krav fastsat i anleegs-
loven for testcenteret, plan- og miljgmaessige krav samt arbejdsmiljg- og
sikkerhedskrav m.v. Testcenteranleegget skal drives og vedligeholdes sa-
ledes, at der til enhver tid kan foretages forskning, udvikling og afprgv-
ning af vindmegller og ny vindmaglleteknologi pa alle testcenterets stand-
pladser, dog med behgrig hensyntagen til de dermed forbundne omkost-
ninger. Drift og vedligeholdelse af testcenteranlaegget sker i overens-
stemmelse med de til enhver tid vedtagne vedligeholdelses- og driftspla-
ner. Standplads-ejerne forestdr selv drift og vedligeholdelse af egne

standpladser.

(b) At sikre og bidrage gkonomisk til, at DTU som overordnet ansvarlig for

(©)

testcenteret kan efterleve de forpligtelser overfor Den Danske Stat reprae-
senteret ved Miljgministeriet, Skov- og Naturstyrelsen ("Staten™), som fgl-
ger af den til enhver tid geeldende lejeaftale mellem Staten og DTU, jf. Bi-
lag C. Forpligtelserne i lejeaftalen omfatter bl.a. gkonomisk bidrag til Ig-
bende pleje og vedligeholdelse af naturarealer og kompensation for ind-
teegtstab fra tidligere skovdrift m.v. pa testcenterets omrader (herefter

under ét benavnt "Jordleje™).

At sikre og bidrage gkonomisk til, at der foretages ny- og reinvesteringer i
testcenteranlaegget og testcenteret, herunder om ngdvendigt at foretage
indstilling overfor Miljgministeren om yderligere skovfeeldning inden for de
rammer og under de betingelser, der er fastsat i anleegsloven og afholde
de hermed afledte omkostninger i overensstemmelse med beslutninger
truffet i henhold til denne vedtaegt og saledes at testcenteret til stadighed

og for alle brugerne kan anvendes efter sit formal.



2.1

3.1

3.2

3.3

3.4

Juridisk status

Styregruppen kan treffe bindende beslutninger i det omfang, det er i overens-
stemmelse med denne vedteegts formal, jf. pkt. 1.2, og inden for rammerne af

anlaegsloven.

Medlemmer af styregruppen

Styregruppen omfatter pligtmaessigt medlemskab for samtlige ejere og lejere af
standpladser pa testcenteret inklusiv lejere pa de to ekstra midlertidige stand-
pladser, som DTU er berettiget til at etablere i en periode (herefter kaldet
"standplads-medlemmer”) og DTU (under ét "styregruppemedlemmerne”). Le-
jeres medlemskab geelder i perioden fra deres lejekontrakt med DTU treeder i

kraft og indtil denne ophgrer.

Hvis en eller flere af DTU’s permanente standpladser ikke er lejet ud, repree-
senterer DTU disse pladser i styregruppen, mens de midlertidige pladser ikke
er repraesenteret, hvis de ikke er lejet ud. DTU svarer for de ikke-udlejede
permanente standpladsers forpligtelser og udgifter i henhold til denne ved-
teegt, men ikke for de ikke-udlejede ekstra standpladser. Udgiftsfordelingen

blandt styregruppemedlemmerne tager udgangspunkt heri.

| tilfeelde af at et standplads-medlem ophgrer med at veere ejer eller lejer af
en standplads pa testcenteret ophgrer medlemskabet af styregruppen samtidig
hermed for sa vidt angar den pageaeldende standplads. Ved ophgr af medlem-
skabet skal medlemmet betale eventuelle udestdender senest pa det tidspunkt,

hvor medlemskabet ophgrer.

Matte DTU s medlemskab af styregruppen ophgre uanset arsagen hertil, treef-
fer en statslig myndighed afggrelse om, hvorledes der skal forholdes i den kon-
krete situation, herunder om der eventuelt skal udpeges en anden organisation
eller lign., der varetager de opgaver, som i henhold til disse vedtsegter vareta-
ges af DTU. Eventuelle s&endringer i denne vedtaegt og grundlaget for drift og
vedligeholdelse m.v. af testcenteret samt samarbejdet omkring testcenteret i

den anledning forhandles naermere med standplads-medlemmerne.



4. Forpligtelser for styregruppens medlemmer

4.1 Styregruppemedlemmerne er forpligtet til:

(a) At efterleve de beslutninger, som vedtages af styregruppen i overens-

stemmelse med disse vedteegter og styregruppens formal.

(b) At overholde de for testcenteret til enhver tid geeldende regler, herunder

(©

sikkerhedsforskrifter og ordensreglementer, som fastsaettes i henhold til
lovgivningen, af DTU, af Miljgministeriet, Skov- og Naturstyrelsen, af an-
dre offentlige myndigheder eller af styregruppen i henhold til disse ved-

teegter.

At overholde de til enhver tid geeldende miljgmassige og planmaessige
krav m.v., der er geeldende for testcenteret, herunder krav som i henhold
til lovgivningen forvaltes og administreres af DTU. Det geelder for eksem-
pel stgjkrav fra samtlige vindmegller pa testcenteret, samlet arlig skygge-

tid, helikopterflyvninger i forbindelse med afprgvninger m.v.

(d) At betale til DTU de til enhver tid fastsatte gkonomiske bidrag til drift og

(e)

vedligeholdelse m.v. af testcenteranlaegget i henhold til de vedtagne
drifts- og vedligeholdelsesplaner. Styregruppemedlemmerne er forpligtet
til at bidrage til finansieringen af de omkostninger, som DTU skal betale
til Staten i Jordleje for testcenteret, jf. Bilag C, og til finansieringen af
eventuel yderligere skovfaeldning og ny- og reinvesteringer m.v. pa test-
centeret samt hermed relaterede omkostninger i henhold til beslutninger

truffet i overensstemmelse med denne vedtaegt.

At bidrage til et godt og konstruktivt samarbejdsklima blandt styregrup-
pemedlemmerne pa testcenteret. Styregruppemedlemmerne er til enhver
tid forpligtet til at samarbejde med henblik p&, at testcenteret drives un-
der skyldig hensyntagen til (i) testcenterets formal, som nationalt testcen-
ter for forskning, udvikling og afprgvning af vindmgller og vindmglletekno-
logi, (ii) myndighedskrav m.v. og (iii) omkostningerne til drift og vedlige-
holdelse af testcenteret. Ethvert styregruppemedlem kan pa ethvert tids-

punkt anmode et eller flere styregruppemedlemmer om en drgftelse af et



5.1

5.2

5.3

5.4

hvilket som helst emne og styregruppemedlemmerne skal udgve alle rime-
lige bestreebelser p& at finde lgsninger, der respekterer de enkelte med-

lemmers interesser inden for rammerne af denne vedteegt.

(f) At respektere den mellem Staten og DTU indgdede lejeaftale (Bilag C).

DTU s opgaver

DTU er i henhold til anleegsloven og lejeaftale med Staten ansvarlig for anleeg-
gelse af testcenteret og for centerets drift og vedligeholdelse, jf. Bilag C. DTU
er herunder ansvarlig for, at sikre, at afprgvningen af testmgller sker i over-

ensstemmelse med anlaegsloven og den gvrige plan- og miljglovgivning.

DTU indgar pa grundlag af beslutninger truffet i henhold til denne vedtsegt de
forngdne aftaler med tredjemand om drift og vedligeholdelse af testcenteran-
leegget. Aftalerne indgas i henhold til de vedtagne drifts- og vedligeholdelses-
planer og med henblik pa overholdelse af krav fastsat i anlagsloven for test-
centeret, plan- og miljgmaessige krav samt arbejdsmiljg- og sikkerhedskrav.
Safremt der i henhold til denne vedtaegt treeffes beslutninger om ny- eller rein-
vesteringer pa testcenteranleegget, indgar DTU ligeledes aftaler med tredje-
mand om gennemfgrelsen heraf. Eventuel yderligere skovfeeldning og deraf
folgende naturgenopretning m.v., jf. pkt. 6.7 gennemfgres i henhold til DTU s

lejeaftale med Staten, jf._Bilag C.

DTU er ansvarlig for indhentelse af de forngdne myndighedsgodkendelser m.v.
i forbindelse med drifts, anleegs- og vedligeholdelsesopgaver, herunder myn-
dighedsgodkendelser i forbindelse med ny- og reinvesteringer i testcenteran-
laegget. Der kan i henhold til bestemmelserne i denne vedtaegt treeffes naerme-
re beslutning om, at DTU selv skal varetage visse opgaver omkring drift og
vedligeholdelse m.v. af testcenteranleegget. DTU forelaegger sine planer for af-
taleindgaelser efter pkt. 5.2 og 5.3 for styregruppen, der tillige godkender til-
bud fra 3. mand, safremt der er tale om veesentlige aftaler, der repraesenterer

en veerdi pad over DKK 100.000 arligt.

DTU forestar i henhold til lovgivningen, herunder anlaegsloven, administratio-

nen af en reekke myndighedskrav for testcenteret, herunder stgjkrav, skygge-



5.5

5.6

5.7

5.8

5.9

tid, helikopteroverflyvninger m.v. DTU administrerer i forhold til styregruppe-
medlemmerne disse myndighedskrav ud fra saglige og objektive fordelingskri-
terier, jf. pkt. 6.3 nedenfor. DTU paser, at disse krav overholdes af ejerne og
lejerne af standpladserne pa testcenteret og kan i tilfeelde af manglende over-

holdelse ggre misligholdelsesbefgjelser gaeldende, jf. pkt. 11.

DTU har som udgangspunkt kontakten til omradets private lodsejere. Hvis eje-
ren af standpladser midlertidigt skal anvende jord i forbindelse med prgvning
af deres vindmglle, indgdr DTU uden ungdigt ophold aftale med lodsejeren. Af-
talen skal fglge det grundlag, der er etableret ved ekspropriationen af retten til
midlertidigt at anvende lodsejerens jord i forbindelse med prgvning af vindmgl-
ler. DTU skal efter anmodning lade standpladsejer indga bilateral aftale samt
varetage dialogen med lodsejeren. Standpladsejeren skal pd anmodning fra

DTU forevise eller pd anden made dokumentere indgdet aftale med lodsejeren.

DTU fastseetter i samrdd med standplads-medlemmerne ordensreglement og
gvrige reglementer for anvendelse af testcenteranlaegget. Reglerne fastsaettes
bl.a. med henblik pa at sikre overholdelse af de til enhver tid fastsatte myndig-
hedskrav og med henblik p&, at der til enhver tid kan foretages forskning, ud-
vikling og afprgvning af vindmgller og ny vindmglleteknologi pa alle standplad-

ser pa testcenteret.

DTU indgar lejekontrakt med Staten om leje af statsejede arealer i testcente-
rets test- og maleomradde, med undtagelse af solgte standpladser. Ikke-solgte
standpladser kan af DTU udlejes til vindmglleproducenter pa naermere fastsatte
lejevilkar. Lejerne af standpladserne har pligt til at veere medlem af styregrup-

pen, jf. pkt. 3.1.

DTU forestar administrationen af styregruppen og indkalder blandt andet til
mgder i styregruppen, jf. pkt. 8 og forestar udarbejdelse af arsregnskab, jf.
pkt. 10.

DTU kan patale et standplads-medlems manglende overholdelse af sine forplig-
telser i henhold til denne vedtaegt og kan indskeerpe og patale overfor med-
lemmet pligten til at overholde de for testcenteranlaegget og testcenteret geel-

dende regler.



6.1

6.2

6.3

6.4

6.5

Beslutninger og stemmeret m.v.

Hvert medlem har én stemme for hver standplads pa testcenteret og DTU har
én stemme. Safremt en standplads ikke er udlejet eller ejet af en vindmglle-
producent varetager DTU den pageeldende standplads stemme. Dette geelder
dog kun for de syv permanente standpladser pa testcenteret, idet DTU ikke kan

stemme pd vegne af ikke-udlejede midlertidige ekstra mgllepladser.

Beslutninger i styregruppen treeffes ved simpelt stemmeflertal, medmindre andet
er fastsat i denne vedteegt, herunder de i pkt. 6.3- 6.8 naevnte sarregler. | til-

feelde af stemmelighed er DTU” s stemme udslagsgivende.

Alle beslutninger om opfyldelse af myndighedskrav og myndighedsbeslutninger,
der angar testcenteranlagget, standpladserne eller afprgvning af testmegllerne i
det nationale testcenter, som DTU er tillagt ansvaret for i henhold til anlaegslo-
ven, treeffes af DTU. Beslutninger treeffes inden for de geeldende rammer ud
fra saglige og objektive kriterier. DTU indhenter en indstilling fra styregruppen.

Indstillingen kan kun fraviges af DTU, hvis der foreligger tungtvejende grunde.

Opfyldelse af myndighedskrav i henhold til lovgivningen, herunder anlaegsloven,
pahviler det enkelte standplads-medlem for standpladsen, i de tilfeelde, hvor
standplads-medlemmet iht. aftale med Miljgministeriet eller DTU selv har ind-
hentet myndighedsgodkendelse, f.eks. byggetilladelse, eller der er tale om for-
hold, der ikke vedrgrer driften af det nationale testcenter, og som DTU derfor

ikke er tillagt ansvaret for i henhold til anleegsloven.

det omfang forpligtelser hertil ikke fremgar af lovgivningen, treeffes beslutnin-
ger om nyinvesteringer eller andre udvidelser af testcenteranlaegget og dets
faciliteter samt beslutning om reinvesteringer eller seerligt vidtgdende vedlige-
holdelsesbeslutninger, der ikke er omfattet af de vedtagne vedligeholdelsespla-
ner, jf. pkt. 6.6 ved enighed mellem ejerne af standpladserne og DTU. Ejerne
af standpladserne og DTU kan fremseette forslag om iveerksaettelse af nyinve-
steringer af hensyn til anvendelsesmulighederne af en eller flere, men ikke alle

standpladser og som dermed ikke er begrundet i opretholdelsen af det samlede



6.6

6.7

6.8

testcenters funktionsdygtighed, hvor finansieringen af nyinvesteringen alene
pahviler det eller de styregruppemedlemmer, der foreslar nyinvesteringens
gennemfgrelse (herefter kaldet ”individuelle nyinvesteringer”). Beslutning om
individuelle nyinvesteringer treeffes ligeledes ved enighed mellem ejerne af
standpladserne og DTU, idet ikke bergrte styregruppemedlemmer dog ikke kan
modseette sig beslutningen, medmindre der foreligger vaesentlige og saglige
grunde herfor, der kan henfgres til udnyttelsen, driften eller vedligeholdelsen

af testcenteranleaegget eller gvrige standpladser.

Beslutninger om godkendelse af drifts- og vedligeholdelsesplaner og driftsbudget
i overensstemmelse med formalsbestemmelsen i pkt. 1.2, treeffes ved simpelt
stemmeflertal blandt samtlige styregruppemedlemmer. Dette geelder ligeledes
beslutninger til realisering af vedtagne vedligeholdelsesplaner, idet intet styre-
gruppemedlem dog kan modseette sig realisering af beslutninger, der er omfat-
tet af en vedligeholdelsesplan, som er pakraevet for overholdelse af den i pkt.
1.2 naevnte formalsbestemmelse eller i henhold til den mellem Staten og DTU

indgaede lejeaftale (Bilag C).

Beslutning om yderligere skovfeeldning indenfor anleegslovens rammer kreever
alene, at enten DTU pé vegne og foranledning af én af lejerne af standpladser-
ne eller én af ejerne af standpladserne fremsaetter skriftlig begesering herom
overfor DTU, og at DTU indhenter godkendelse af skovfaeldningen hos Miljgmi-
nisteren, jf. anlaegslovens 8 8, stk. 1. Begaeringen skal veere bilagt en skriftlig
motiveret redeggrelse om arsagen til gnsket om yderligere skovfzaeldning. Yder-
ligere skovfeeldning kan begeeres af hensyn til at sikre opfyldelsen af de inter-
nationale standarder for vindmalinger. Safremt yderligere skovfeeldning sagligt
kan begrundes i neevnte hensyn indstiller DTU overfor Miljgministeren, at yder-
ligere skovfeeldning godkendes af ministeren. DTU orienterer de gvrige styre-
gruppemedlemmer om anmodningen til Miljgministeren om godkendelse af
yderligere skovfaeldning, om Miljgministeriets endelige afggrelse i sagen og om

gennemfgrelsen af yderligere skovfeeldning i henhold til lejeaftalen, jf._Bilag C.

Medmindre andet fglger at denne vedtaegt, er styregruppen beslutningsdygtigt,
nar mindst 5/8 af styregruppestemmerne inklusive DTU er til stede. Beslutnin-
ger om godkendelse af investeringsplaner/seerligt vidtgaende vedligeholdelses-

planer, jf. pkt. 6.5 kreever dog at samtlige styregruppemedlemmer er til stede,



6.9

7.1

7.1.1

7.1.2

7.1.3

medmindre et styregruppemedlem udebliver uden lovligt forfald. | sadanne til-
feelde kan naevnte beslutninger treeffes blandt de tilstedevaerende styregrup-
pemedlemmer. Udebliver et styregruppemedlem for 3. gang til et lovligt ind-
kaldt mgde til behandling af et bestemt emne, kan beslutninger treeffes blandt
de tilstedeveerende styregruppemedlemmer, uanset arsagen til at det pageel-

dende medlem er udeblevet.

Safremt DTU i en periode veelger at etablere midlertidige ekstra standpladser
til opstilling af yderligere to vindmgller og en eller begge er lejet ud justeres
kravet i pkt. 6.8 fra mindst 5/8 til at mere end halvdelen af styregruppestem-

merne inklusive DTU er til stede.

@dkonomi og udgiftsfordeling

Arlige driftsbidrag

Ejerne og lejerne af standpladserne finansierer gennem et arligt driftsbidrag
(herefter kaldet "driftsbidraget”) omkostningerne til drift og vedligeholdelse af
testcenteranlaegget i overensstemmelse med de til enhver tid vedtagne drifts-
og vedligeholdelsesplaner. Ejerne og lejerne finansierer ligeledes gennem
driftsbidraget de arlige omkostninger, som DTU har i forbindelse med betaling

af Jordleje til Staten, jf. lejeaftalen med Staten (Bilag C).

Det arlige driftsbidrag beregnes som summen af samtlige arlige omkostninger
til drift og vedligeholdelse af testcenteranleegget samt summen af samtlige be-
lgb, som DTU er forpligtet til at betale til Staten i Jordleje, jf. lejeaftalen (Bilag
C), fordelt ligeligt mellem de 7 permanente standpladser samt eventuelle mid-
lertidige ekstra standpladser, som DTU i en periode faktisk matte have udlejet.
Safremt der i henhold til pkt. 6.5 er truffet beslutning om individuelle nyinve-
steringer fordeles drift og vedligeholdelsesomkostningerne hertil alene mellem

de styregruppemedlemmer, der har gnsket nyinvesteringens gennemfarelse.

P& grundlag af det af medlemmerne af styregruppen godkendte drifts- og ved-
ligeholdelsesbudget, opkreever DTU et a conto driftsbidrag, der reguleres pa
grundlag af det endelige arsregnskab. A conto driftsbidraget og et eventuelt

reguleringsbelgb forfalder til betaling 30 dage efter, at DTU har fremsat skrift-



7.2

7.2.1

7.2.2

7.2.3

7.3
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ligt pakrav herom. Har standplads-medlemmerne betalt for meget i a conto
driftsbidrag modregnes det for meget betalte i det kommende &rs a conto-

betalinger.

Anlaegsbidrag

Ejerne af standpladserne og DTU (til fordeling mellem lejerne af standpladser-
ne), afholder endvidere gennem anlaegsbidrag (herefter kaldet "anleegsbidra-
get™) omkostningerne til ny- og reinvesteringer pa testcenteret og omkostnin-
ger til yderligere skovfeeldning, safremt der traeffes beslutning om sadanne
projekter i henhold til denne vedtaegt. Anlaegsbidraget kan af DTU opkraeves
som up-front betaling. DTU forestar gennem lejeopkraevninger hos de styre-
gruppemedlemmer, der er lejere af standpladserne disse medlemmers andel af

anleegsbidraget.

Anlaegsbidraget beregnes som summen af samtlige omkostninger til ny- og
reinvesteringer pa testcenteret inklusive forrentning af investeringen og om-
kostninger til eventuel yderligere skovfaeldning, fordelt med 3/7 til DTU og med
1/7 for hver standplads, der ejes af gvrige medlemmer. Safremt der i henhold
til pkt. 6.5 er truffet beslutning om individuelle nyinvesteringer afholdes an-
laegsbidraget hertil alene af de styregruppemedlemmer, der har gnsket nyinve-

steringens gennemfgrelse.

P& grundlag af det af ejerne af standpladserne og DTU godkendte anleegsbud-
get, jf. pkt. 6.5 og pkt. 5.2, opkreever DTU et a conto anlaegsbidrag, der regu-
leres pa& grundlag af de endelige anlaegsudgifter. A conto anlaegsbidraget og et
eventuelt reguleringsbelgb forfalder til betaling 30 dage efter, at DTU har
fremsat skriftligt pakrav herom. Har ejerne af standpladserne betalt for meget i
a conto anleegsbidrag tilbagebetales det for meget betalte til ejerne af stand-
pladserne eller modregnes i neevnte medlemmers a conto-betalinger til drifts-

bidraget for det kommende ar.

Drifts- og anlaegsbidragene er pligtmeessige pengeydelser, hvilket indebaerer at
manglende betaling statuerer veesentlig misligholdelse af medlemmets forplig-

telser, jf. pkt. 11.
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Indkaldelse og afholdelse af styregruppemgder

Indkaldelse til mgder i styregruppen, herunder Arsmgde og Budgetmgde fore-
tages skriftligt af DTU med mindst 30 dages varsel. Hvis der pd mgdet skal be-
handles saerlige presserende forhold kan indkaldelse til mgde ske med et korte-

re varsel, dog minimum 8 dages varsel.

Indkaldelsen skal angive tid, sted og dagsorden for mgdet. Forslag, der agtes
stillet pa et megde, skal s& vidt muligt fremg& af indkaldelsen. Der kan kun ta-
ges stilling til forslag, der fremgar af indkaldelsen, medmindre samtlige styre-
gruppemedlemmer er til stede pa mgdet og godkender, at forslaget optages pa
dagsordenen. Med indkaldelsen til Arsmgdet skal medfslge &rsregnskab. Med
indkaldelsen til Budgetmgdet skal medfglge drifts- og vedligeholdelsesplaner og

driftsbudget fra DTU for det kommende ar.

Ethvert medlem har ret til at f& et angivet emne behandlet p& Arsmgdet. Be-

geeringen skal veere indgivet til DTU senest 5 uger fgr Arsmgdets afholdelse.

@vrige styregruppemegder afholdes, nar det besluttes af DTU eller nar det be-
geeres af et eller flere standplads-medlemmer, med angivelse af et bestemt
emne til behandling. DTU treaeffer beslutning om, hvorvidt naevnte mgder skal

afholdes som fysiske mgder eller som telefon- eller videokonferencer.

Fremkommer begaering om et styregruppemgde i henhold til pkt. 8.4 skal mg-

det afholdes senest fire uger efter.

Samtlige styregruppemedlemmer er berettiget til at veere til stede pa styre-
gruppemgderne, uanset om det pageeldende medlem ikke har stemmeret om
det emne, som behandles p& mgdet, jf. pkt. 6. Angar emnet for mgdet et
standplads-medlems seerlige adfaerd eller handlinger, kan DTU i disse seerlige
ekstraordinzere tilfeelde konkret beslutte, at det padgaeldende medlem ikke kan
veere til stede pa styregruppemegdet under behandling af dette emne. Et stand-
plads-medlem har ret til at udtale sig til styregruppemedlemmerne om det pé-
geldende medlems seerlige adfeerd eller handlinger eventuelt skriftlig eller pa

et styregruppemade.
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Arsmgde og Budgetmgde

Arsmgde i styregruppen afholdes hvert ar inden 1. april med felgende dagsor-

den:

1. Valg af dirigent

2. Afleeggelse af arsberetning fra DTU

3. Foreleeggelse af arsregnskab med revisorpategning til godkendelse
4. Forslag fra DTU eller standplads-medlemmerne

5. Valg af revisor

6. Eventuelt

Budgetmgde afholdes i styregruppen hvert ar inden den 1. december med fgl-

gende dagsorden:

1. Valg af dirigent

2. Foreleeggelse af drifts- og vedligeholdelsesplaner og driftsbudget fra DTU
for det kommende ar til godkendelse

3. Eventuelt

Beslutninger treeffes i overensstemmelse med bestemmelserne i vedtaegtens

pkt. 6 og med respekt af formalsbestemmelsen, jf. pkt. 1.2.

Safremt der opstdr uenighed om godkendelse af arsregnskabet eller godken-
delse af de af DTU fremlagte drifts- og vedligeholdelsesplaner og driftsbudget,
kan hvert medlem af styregruppen beslutte at anmode en uvildig sagkyndig
tredjemand om at udtale sig om det pageeldende forhold, der matte veere
uenighed om. Medmindre medlemmerne aftaler andet, er den uvildige tredje-
mands udtalelse alene vejledende for medlemmerne. Omkostningerne til den
uvildige sagkyndige tredjemand afholdes af de medlemmer, der har stemt for
indhentelse af en udtalelse hos en uvildig sagkyndig tredjemand. Ethvert med-
lem af styregruppen er endvidere berettiget til for egen regning at indhente en
udtalelse fra en uvildig sagkyndig tredjemand om forhold, der matte veere
uenighed om til vejledning for vurderingen af den konkrete problemstilling. Sa-
fremt der ikke kan opnas enighed omkring den opstadede uenighed lgses tvister
i henhold til pkt. 12.
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Regnskab

Regnskabet for styregruppen falger kalenderaret. Fagrste regnskabsar lgber dog

fra vedtaegtens ikrafttreeden.

Arsregnskabet udarbejdes af DTU og revideres af en af styregruppen valgt

statsautoriseret eller registreret revisor. Revisor valges for ét ar ad gangen.

10.3 Arsregnskabet skal indeholde en opggrelse over afholdte drifts- og vedligeholdel-

10.4

10.5

11.

11.1

11.2

sesudgifter samt eventuelle anleegsudgifter, herunder udgifter til yderligere
skovfeeldning eller ny- og reinvesteringer, der er truffet beslutning om at gen-

nemfgre i henhold til denne vedtaegt.

Arsregnskabet med revisorpategning foreleegges p& Arsmadet til godkendelse

af styregruppen.

Det reviderede og godkendte regnskab skal af DTU indsendes til Miljgministeri-

et, Skov- og Naturstyrelsen til orientering.

Misligholdelse

Safremt et standplads-medlem, som er ejer af standpladsen vaesentligt mislig-
holder sine forpligtelser i henhold til denne vedtaegt samt beslutninger truffet i
henhold til vedteegten, herunder manglende betaling af pligtmaessige penge-
ydelser til DTU eller manglende overholdelse af miljgkrav og gvrige krav m.v.,
der pahviler det pageeldende standplads-medlem, og safremt standplads-
medlemmet ikke retter for sig efter at have modtaget skriftligt pdkrav herom 2
gange med hver 30 dages frist, kan Miljgministeriet, Skov- og Naturstyrelsen
efter indstilling fra DTU uden yderligere varsel forlange den misligholdende
standpladsmedlems ejendom afstds efter bestemmelserne fastsat i "Deklaration
om tilbagekgbsret og forbud mod pantseetning mv.”, der indgar som en del af

aftalegrundlaget i kgbsaftalerne for standpladserne.

Safremt et standplads-medlem, som er lejer af standpladsen veesentligt mislig-

holder sine forpligtelser i henhold til denne vedtaegt samt beslutninger truffet i
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henhold til vedteegten, herunder manglende overholdelse af miljgkrav og gvrige
krav, der pahviler det pageeldende standplads-medlem, og safremt standplads-
medlemmet ikke retter for sig inden 30 dage efter at have modtaget skriftligt
pakrav herom, er DTU forpligtet til at handtere dette i regi af DTU’s lejekon-

trakt med lejer.

Safremt DTU veesentligt misligholder sine forpligtelser i henhold til denne ved-
teegt og ikke retter op pd situationen inden 30 dage efter at have modtaget
skriftligt pakrav herom, kan standplads-medlemmerne anmode Staten om en
forhandling om DTUs fremtidige rolle som driftsansvarlig og administrator for
testcenteret, herunder hvilke tiltag, der kan iveerkseettes for at rette op pa den
opstaede situation, herunder om der eventuelt i en periode skal fgres tilsyn
med DTU eller om der eventuelt kan udpeges en anden organisation eller lign.,

som kan varetage opgaver, som i henhold til denne vedtaegt varetages af DTU.

Det misligholdende styregruppemedlem er i gvrigt erstatningsansvarlig efter
dansk rets almindelige regler, herunder i forhold til DTU. Tilsvarende geelder
for Miljgministeriet, Skov- og Naturstyrelsen, safremt tilbageoverdragelseskra-
vet, jf. pkt. 11.1, overfor standpladsejere efter domstols- eller voldgiftsprgvel-

se, jf. pkt. 12 viser sig at veere uberettiget.

Tvister

Vedtaegterne er undergivet dansk ret. Safremt der opstar uoverensstemmelse
mellem medlemmerne i tilknytning til styregruppen og denne vedtaegt og de
beslutninger og afggrelser m.v., der treeffes i henhold til denne vedtaegt, skal
de medlemmer, der er opstaet uoverensstemmelser mellem indlede forhandlin-
ger med henblik pa at Igse tvisten. Om ngdvendigt skal forhandlingerne sgges

Igftet op pa hgjt plan i medlemmernes organisationer.

Safremt der ikke ved forhandlingerne opnas nogen lgsning, skal medlemmerne
sgge at opnd enighed om i faellesskab at udpege en uafhaengig og sagkyndig
maegler, der kan maegle og komme med ikke-bindende forslag til tvistens lgs-

ning.
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Nar ovennaevnte har vaeret forsggt, kan uoverensstemmelser efter DTU s valg
enten indbringes for de almindelige domstole med veerneting i Kgbenhavn eller
kreeves afgjort endeligt ved voldgift efter "Regler for behandling af voldgiftssa-
ger ved Det Danske Voldgiftsinstitut". Forhold der angéar inddrivelse af forfald-

ne krav, kan ske gennem de almindelige domstole.

Safremt tvisten skal afgeres ved voldgift udpeges Voldgiftsretten af Voldgiftsin-
stituttet i overensstemmelse med ovennavnte regler. Klageren kan i sit klage-
skrift komme med forslag til sin voldgiftsdommer, mens indklagede i sit svar-
skrift kan komme med forslag til sin voldgiftsdommer. Den tredje voldgifts-
dommer, der er voldgiftsrettens formand, bringes i forslag af Det Danske Vold-
giftsinstitut, medmindre parterne inden udlgbet af fristen for indklagedes svar i

feellesskab foreslar en formand. Stedet for voldgift er aftalt til Kebenhavn.

Vedteegtsendringer

Vedtaegtsaendringer kan indstilles af DTU og/eller af ejerne af standpladserne,
idet Miljgministeriet, Skov- og Naturstyrelsen treeffer beslutning om vedtagelse
og gennemfgrelse af vedteaegtsaendringer. Afslas et gnske fra standpladsejerne
om vedtaegtseendringer, der er vasentlige for det eller de pagaldende med-
lemmer, kan medlemmet vaelge at afstd standpladsen efter bestemmelserne
fastsat jf. pkt. 3.1 i "Deklaration om tilbagekgbsret og forbud mod pantseetning

m.v.”, der indgar som en del af aftalegrundlaget for kgb af standpladsen.

Ikrafttraeden

Denne vedteegt treeder senest i kraft pa ibrugtagningsdatoen for testcenteret,
det vil sige den dag, hvor testcenteret er faerdigetableret og funktionsdygtigt,
det vil sige, at testcenteret er tilsluttet elnettet, og der er mulighed for at gen-
nemfgre malinger pa testcenteret. Senest pd ibrugtagningsdagen oplgses den
projektfalgegruppe med deltagelse af standpladsejerne, Miljgministeriet, Skov-
og Naturstyrelsen og DTU, der er nedsat af DTU i projekt- og anleegsfasen for

testcenteret.

Oplgsning
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15.1 Beslutning om oplgsning af styregruppen treeffes af Miljgministeriet, Skov- og
Naturstyrelsen. Ejerne af standpladserne og/eller DTU kan indstille overfor Mil-
joministeriet, Skov- og Naturstyrelsen, at styregruppen oplgses, idet der henvi-
ses til bestemmelserne fastsat i pkt. 2 og pkt. 3.1. i "Deklaration om tilbage-
kgbsret og forbud mod pantseetning mv.”, der indgadr som en del af aftale-
grundlaget for kgb af standpladsen. Afslds et gnske fra standpladsejerne om
oplgsning af styregruppen, kan det eller de medlemmer, der har begaeret op-
lgsning veelge at afstd standpladsen efter bestemmelserne fastsat i pkt. 3.1. i

"Deklaration om tilbagekgbsret og forbud mod pantsaetning m.v.”.

16. Tinglysning

16.1 Denne vedtaegt vil vaere at tinglyse servitutstiftende pd de under testcenteret

herende ejendomme, som har pligt til at veere medlem af styregruppen. Pata-

leberettiget er Miljgministeriet, Skov- og Naturstyrelsen og DTU.

17. Eksemplarer af vedteegten

17.1 Denne vedteegt er udfeerdiget i ét originalt eksemplar, der opbevares af Miljg-

ministeriet, Skov- og Naturstyrelsen.

**k*x

Den / 2010

Miljgministeriet, Skov- og Naturstyrelsen.

BILAG:

Bilag A: Kortskitse over Testcenter @sterild og testcenteranleegget

Bilag B: Skgnsmeessigt anlaegs- og driftsbudget for Testcenter @sterild
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Lejeaftale mellem Danmarks Tekniske Universitet, DTU og Staten, reprae-
senteret ved Miljgministeriet, Skov- og Naturstyrelsen vedrgrende leje af
statsejede arealer for testcenteranlaegget og DTU s varetagelse af opgaver

som driftsansvarlig m.v.
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Power Distribution Solutions — SIEMENS
Branches

* MEV: Main Electrical Vendor / **O&G: Oil & Gas

Primary Electrical packages & turn-key solutions
Distribution
Secondary Setc):londary dilftributiorrl] updtclg privatedcgnsulmers,
Distribution gﬁwgrnetwor s, over head lines and diese

Generator Solutions for medium size power plants
Switchgear and industry turbines

Chemical, O&G, Electrical packages and MEV* concepts for
Automotive automotive & chemical industries, O&G** plants,
Semiconductor semiconductor industry

SIPLINK Power Quality & Power Flow Control
R s Solutions with DC - Power Links (SIPLINK),
energy transfer between different networks

SIPLINK SIPLINK (SIHARBOR)
Back to Back Solutions for onshore power supply in
ship yards or harbors for network connection

Solutions for distribution networks for peak load
management, power quality and micro grids for
utilities and Industry
Balance of Plant (BoP) for windparks,
BoP Renewable concentrated solar power (CSP) and photovoltaic
(PV), also in combination with Energy Storages
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General purpose of SIPLINK

Copyright © Siemens AG 2010. All rights reserved.




SIEMENS
SIPLINK in back-to-back connection

_ Busbar1
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SIEMENS
Reference: Flender-Werft AG "SIPLINK for Shipyards“, Germany

Customer: Flender Werft AG .

Country: Germany
Project: Flender Shipyard Ship construction in Germany: Optimal energy flow between the

shipyard and on-board networks.

SIPLINK showed here what highly modern energy management can do:
whether 50 or 60 Hz is used, this innovative technology regulates the
supply of on-board power from the shipyard network — and
simultaneously ensures that the shipyard network can make any

Scope of Supply necessary compensation. In the other direction, it feeds energy freed up
from on-board generator testing into the shipyard network. This enables
1 MVA Island-network power supply for testing on-board generators with differing power factors.

50/60 Hz ship networks

<hip genarators o the shipyaraneowork | I S
ship generators into the shipyard-network

450V; 50 Hz Intelligent energy flow between the shipyard and on-board networks

Exchange of active power between both
networks in case of peak-load

Reactive power compensation & load tests
of the ship-generators
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SIEMENS

Reference: SIPLINK shore to ship connection FSG, Germany

Customer: Flensburger
Schiffbaugesllschatt
Country: Germany

Project:
Date: 07.2007

. =Ships shall be provided with different voltages (440V / 60Hz, 600V / 60
SIPLINK shore to ship c. FSG Hz, 690V / 60 Hz) from the 5KV, 50Hz network via converter.

=Converter capacity of 1.0 MVA
=Energy recovery from the on-board generators to the network
=Sound pressure level 45dB (A) in 65m

=Short Eroiect execution: 7 month

=SIPLINK system solution on the base of Flender Werft project

=Delivery of Siemens standard products

Scope of Supply =Client services by local Siemens departure

= SIMOVERT Masterdrive converter with Active
Front End

GEAFOL static converter transformers

Medium voltage control panel 8DH10 . . .
um vottag P =Good cooperation of Siemens regions

Low voltage control panel SENTRON 3WL . . .
=Installation and commissioning assistance from the customer

SlMATIC ,87_390 controller =Compliance of difficult delivery schedules
Unit container-installed
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SIEMENS

City Network Ulm (SIPLINK N2 1 and Ne 2)

)

Neu-Ulmg_  transmission

transmissio Ulm

. £ (Baden-Wiirttem- (Bayern) .
grld 1 berg) ( "\‘k grld 2
\xﬂnJ"“'}j,vfﬂ
Erbach »)

Senden

Vohringen

“The Siemens system allows us to-utilize existing energy reserves at times
of peak demand without having to buy in costly regulating energy*

Jurgen Schéffner; Chief Technical Officer of SWU Energie GmbH
Page 8 10.11.2010 Jussi Mantynen




SIEMENS
City Network Ulm (SIPLINK Ne 1 and Ne 2)

= Controlled power
exchange between to
different MV grids during
peak demand times.

» Reduction in purchase of
costly balancing power

= Supply of reactive power
to both grids

= Transfer Power
approx. 2 MVA each
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SIPLINK in Y- connection
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Busbar 1
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Busbar 2
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SIPLINK

t

SIEMENS
thruster supply system with DC-Bus

]

~

Zﬁ;
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SIEMENS
Transocean SEDCO 706 / 706 Drilling Rig

» Reliable power supply
to thrusters.
Load distribution.
Black-out with no effect.

8\ WE'RE NEVER OUT.OF OUR us#m"—f': '«

A . 1

Iransocoan inc. Provides Updita

T T ®e= = Reduction of running gen-
| sets in low load situation

= Supply of reactive power
to both grids

= Power approx.
4 x5 MVA

10.11.2010 Jussi Mantynen



SIEMENS

Transocean 5 Drilling Vessels

Customer: Transocean

Country: Korea, USA

Project: New enterprise class » Fail-safe energy supply for the consumer

Date: since 2006 = Decrease of the number of running generators in low load mode

Together with the client, the subdivision Siemens E D MV 3 developed
a solution with inverters, which can provide energy from two different
sources without time delays when switching over.

= SIPLINK, transformers and motors for
thruster drives and auxiliary drives

= S|PLINK, transformers and inverter
switchgear for draw works

= S|PLINK, transformers and inverter

switchgear for mud pumps = Decrease of maintenance costs
= Generators for power generation = Decrease of operating costs
= 11 KV switchgear = No switching time when switching over
= Distribution transformer = High safety level
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SIPLINK Examples of Use: SIEMENS
Optimization of Energy Supply for a new Supply Area

Energy supply via the 110 kV-Grid

or direct supply
via SIPLINK without
grid reconstruction

Back feed
Into the HV-Grid
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SIPLINK Examples of Use: SIEMENS
High availability for industry grids: SIPLINK Multi Feed

* No voltage dips

Independent Busbar Independent Busbar

150 kv 150 kV 150 kV > 70 ms aIIOWEd

 Each safe busbar is
i connected to

r
ok oK % é 35KV 3 busbars and
Z

1 independent feeder
simultaneously

| * SIPLINK allows

I
2 immediate power
@ @ | ] @ @ transfer in case of a
T failure in any of the
6 kv 6 kv 6 kv 6 kv :
infeeds
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Curve in case of SIEMENS

in Feeding Power System

Short Circuit Recovery too late
in feeding system

: > Process is lost
Time to

restore process

time
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Voltage Curve in case of Failure SIEMENS
in Feeding Power System with SIPLINK

Short Circuit

. ; No Production Loss
in feeding system

—» SIPLINK feeds in the Power needec

pening time
faulty feeder

v

Process still in operation

time
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SIEMENS
A glimpse at the future

Existing local grids will be expanded by
renewable energies which are not
constant energy sources

Autonomy will be gained by utilizing
energy storage which is connected by
power electronics

Connection to the HV grid is made
utilizing power electronics to ensure the |

stable operation of the energy storage.

HV grids will only take care of
balancing power between independent
island grids or bulk power transfer via
long distances.

@
e
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SIEMENS

Disclaimer

This document contains forward-looking statements and information — that is, statements related to future, not past, events. These statements
may be identified either orally or in writing by words as “expects”, “anticipates”, “intends”, “plans”, “believes”, “seeks”, “estimates”, “will” or
words of similar meaning. Such statements are based on our current expectations and certain assumptions, and are, therefore, subject to
certain risks and uncertainties. A variety of factors, many of which are beyond Siemens’ control, affect its operations, performance, business
strategy and results and could cause the actual results, performance or achievements of Siemens worldwide to be materially different from any
future results, performance or achievements that may be expressed or implied by such forward-looking statements. For us, particular
uncertainties arise, among others, from changes in general economic and business conditions, changes in currency exchange rates and
interest rates, introduction of competing products or technologies by other companies, lack of acceptance of new products or services by
customers targeted by Siemens worldwide, changes in business strategy and various other factors. More detailed information about certain of
these factors is contained in Siemens’ filings with the SEC, which are available on the Siemens website, www.siemens.com and on the SEC’s
website, www.sec.gov. Should one or more of these risks or uncertainties materialize, or should underlying assumptions prove incorrect, actual
results may vary materially from those described in the relevant forward-looking statement as anticipated, believed, estimated, expected,
intended, planned or projected. Siemens does not intend or assume any obligation to update or revise these forward-looking statements in light
of developments which differ from those anticipated.

Trademarks mentioned in this document are the property of Siemens AG, it's affiliates or their respective owners.
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APPENDIX E

ABB: Proposal for 33 kV switchgear with extension for
grid connection of test facility

Report number Risg-1-3100(EN)
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Erik Koldby, DKABB/PP-FES, 2010-10-19

Connection of the test facility

Power and productivity
for a better world™ ’




@sterild Proposed test station 33 kV switchgear
with extension for grid connection test facility

i- ___________________ 33 kV switchgear in the
| Frestrup 195 MVA test center substation:
| substation 2 bus panel with

150/60/33 kV
Transformer
Ydd connected

© =

feeders with circuit breaker
and 2 disconnectors

bus coupler

3 feeders with circuit breaker
and 1 disconnector

To 60 kV Substation Nors <—

—_

- 1 _ o

approx 4 km to test center

Test center 33 kV ~

substation T - T
Test facility

| I
| I
| I
| I
I | ' I Busbar 1 :

there may in the future be a I Busbar 2

request for testing with a specific | I
| I
| I
| I
' |

system grounding \ N\ \ NN N \ \ ANEERN Busbar 2 has

In these simplified drawings only infeed from the

the neutral point point for the -, test facility

main grid are shown. The ,test __J giﬂirérs ouupn%?/ng

facility is assumed to have a (see note)

transformer and thus have a R _— -~
possibility to allow system . f

neutral grounding Y Y
To turbines To turbines

Note regarding system grounding
As different system grounding
principles are used world wide,

AL DD
© ABB Group
Mmpp

October 22, 2010 | Slide 2



3 (and 4) bus systems
How are they made

The standard solutions allow one or
two busbars. As it can be seen, the
dimensions do not allow a third busbar. -
Thus the connection to a 3rd (or even
4th) must be made with cables as it : ’
can be seen on the figures (ABB type
ZX2, 36 kV) ¥

© ABB Group
October 22, 2010 | Slide 3



Dsterild
Improved flexibility with 3 busbars

© ABB Group
October 22, 2010 | Slide 4

To 60 kV Substation Nors

approx 4 km to test center

&

~

Ydd

125 MVA
150/60/33 kV
Transformer

connected

Tes

t center 33 kV

’Ik substation
\
|

33 kV switchgear in the

test center substation:

2 bus panel with

feeders with circuit breaker
and 2 disconnectors

bus coupler

feeders with circuit breaker
and 1 disconnector

1 bus panel with

feeders without circuit breaker
and 1 disconnector

feeder with 1 circuit breaker and
1 disconnector

Busbar 1

Busbar 2

N

Auxiliary supply +
system grounding  \

Y
To turbines

To turbines

Busbar 3

J /I Test facility



Dsterild
Assume two central test facilities - and a 4 bus system

Note regarding test facility 2:
Obvious possibilities besides the
“HVDC” solution are:

A test device like the traditionally
used “test container”, but larger.
A transformer for individual
regulation of the 33 kV voltage to
a single turbine

Most likely there are more
possibilities, but all these are
assumed to have a size so they
can be located at the “test facility
2 location” or be located close to
the turbine under test .

. 1
| Frgstrup 125 MVA :
: substation 150/60/33 kv |
| Transformer |

] Ydd connected |

< |
| |
| |
' |
I
| ¥ |
S R

33 kV switchgear in the

test center substation:

2 bus panel with

feeders with circuit breaker
and 2 disconnectors

bus coupler

feeders with circuit breaker
and 1 disconnector

1 bus panel with

feeders without circuit breaker
and 2 disconnectors

2 feeders with 1 circuit breaker

and 1 disconnector

© ABB Group

| Test Test center 33 kV ~
: (facility t2 ) ’Ik substation )i ~
See note

: i/l N N ) Test facility
I ] | L I Busbar 1
l I ] I I ] I I Busbar 2
| \ \ \ NN N\ \ \ \ AN
I
| I I
| o

T 1 [T ] i1 11 [T I
| T /7 7/ /7 /7 /7 / /‘/l / /I /7 Auxiliary supply +
| \ | | | | | | | system grounding  \
: . i Busbar 3
| Busbar 4

J \' J y y

\ ] \ J

Y Y
To turbines To turbines

October 22, 2010 | Slide 5



@sterild. Increased flexibility
Can it be obtained in a cheaper way than with multi-bus?

33 kV switchgear in the
test center substation:

125 MVA 1 2 bus panel with
150/60/33 kV 13 (15) feed ith circuit break
Transformer (15) feeders with circuit breaker

and 2 disconnectors
2 bus coupler
2 longitudinal disconnectors
(value in paranthes for the optional
f 2nd test facility, here shown as an
- | 1

I
I
I
I
I
Ydd connected |
I
I
I
I
I

autotransformer for tests of
abnormal voltages)

33 kV substation

Test facility 1

| |
| |
| |
| |
|

|
| N\ \ \ \ |
| l I N\ I I Busbar 1 :

1 \ 1
I ] | | ] T . T | ] I T Busbar2 |
| NEENERNIEN N \ \ YN, IR N N N NN |
: e el I

1 1
I __I X Test facility 2 % _I |

1 7T w 1 I
! I I
| 7 |
I ,\_/
———————— — — — e — — — — e s e S s s s S E— — — — e — — — e e —— S S S S S e e s s )

1 ) L ]
| Y
To turbines To turbines

AL ED ED
©ABB G
2. Mpm
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EUDP Teststand — functional specification

Developers view on
Grid-code compliance

October 15‘th 2010

Peter Nielsen, Vattenfall Wind Power

Peter Nielsen, Wind Power Technology | VATTENFALL [ X
\—




Grid Code Requirements

Differ from country to country
Standardisation on its way (long term)

Main performance requirements
Operating range (Voltage, frequency...)
Active power control

Curtailment
Fast Ramp Down
Frequency control
Reactive power control
Voltage control
PF control / Q control
Stationary PQ requirements
Grid Faults
LVRT Requirements both on turbine level and wind farm level
Grid support
Virtual Inertia, PSS etc.. (future)

VATTENFALL

-—



Wind Turbine Specific Performance Requirements

Set-points

Wind

WTG Medium Voltage
Interface.

Grid code requirements (WTG)
apply HERE —_

MV ARRAY CABLES

SUBSTATION

HV GRID

VATTENFALL ' _-’



Wind Turbine Test Requirements

To reproduce MV grid interface @ rated WTG power

Measure/apply Set-point Set point
PQ
LVRT Wlnd
Negative sequence
Harmonics

Flicker

Developers gain :
Better and more reliable WTG through testing
Higher availability
Transparent test results and methods
Validated simulation models

VATTENFALL ..:,



Wind Farm Performance Requirements

Set-points

z z z
O O O
O @) O
O O O
= = =
= = =

MV ARRAY CABLES

WTG feedback

v

|
IR
o
=
zZ
O
)
O
=
=

Wind Farm TSO Interface.
Grid code requirements apply

HERE
HV GRID (TSO)

SS CONTROL

VATTENFALL

-—



Contract structures...

Set-points

Wind

WTG CON
WTG CON
WTG CON

MV ARRAY CABLES WTG feedback

v

SUBSTATION MV SG COMP CON

SUBSTATION TRANSFORMER OLTC CON

SUBSTATION HV SG

WTG CONTR%)L

SS CONTROL

Grid Code

VATTENFALL 5_“,

-—



Full-scale testing...?

Full Wind Farm Representation

FULL SCALE TEST

,,,,,,, _( Hardware-in-the-loop
+

Real-time simulation

Not Feasible Good enough ?

——

FULL SCALE WTG
TEST VALIDATED

;< 4 SIMULATION

MODEL

e

VATTENFALL -;



Wind Farm Test - scope

Set-points

z z z
O O O
O O O
O O O
= = =
= = =

MV ARRAY CABLES

SUBSTATION MV SG COMP CON
SUBSTATION TRANSFORMER OLTC CON H

SUBSTATION HV SG
HV GRID
Legend:

Physical Hardware Real Time Simulation

WTG feedback

v

WTG CON%ROL

SS CONTROL

VATTENFALL .._,

-—



Conclusions — Benefits for developers

Financial impact for developers of 2"d order nature
Advantages by getting better and more reliable products from the wind turbine suppliers
Validated models for system simulations
Development platform for future control functions (revenues)

Possible to get identical test conditions across different WTG suppliers
Ease of turbine selection for projects

Possibility to test WTG under realistic operating conditions through WFC
Programmability and reproducibility

VATTENFALL ‘:_:



Conclusions — Functional Specification

Include wind farm controller

Use back to back converter to emulate grid

Tests at WTG as well as wind farm level

Use substation and compensation equipment controllers in HW

Add real-time simulation capability

VATTENFALL ..:,
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ans the world to us™

Testcenter Qsterild

Introduktion til tekniske koncepter for udformning af Testfacilitet

15. oktober 2010, Lars Hajbjerg Nielsen, Plant Modelling



Baggrund

« | forbindelse med etablering af det nationale testcenter for vindmgller ved Qsterild
Klitplantage undersgges forskellige tekniske koncepter til afpravning af
vindmgllers netkompatibilitet.

« Den aktuelle testfacilitet til afpravning af vindmgllers netkompatibilitet skal bade
kunne tilfredsstille geeldende krav til afpravning af wind power plants og samtidig
vaere tilstraekkelig fleksibel til at kunne imgdekomme fremtidens netkrav (grid
codes).

« Testfaciliteten kunne understgtte udvikling og afprgvning af nye koncepter, f.eks.
mgller med nye generatortyper eller nye koncepter for effektelektronik.

« Testfaciliteten skal kunne anvendes ved validering og certificering af
komponenter, simuleringsmodeller etc.

N

Introduktion til tekniske koncepter for udformning af Testfacilitet Wind. It means the world to us.™



Relevante tests ?

« Test af aktiv- og reaktiv effekt reguleringsevne (fx step respons tests)
« Test af frekvensregulering
« Test af spaendingsregulering
« Test af speendingsvariationsomrader / spaendingsasymmetri
« Test af frekvensvariationsomrader
« Test af beskyttelsesfunktioner
 Test af Low Voltage Ride Through egenskaber
« Test af kortslutningsbidrag (symmetrisk/asymmetrisk)
« Test af Power Plant Controller (reguleringsfunktioner)
« Aktive power regulering (balancering, gradient regulering, limiter etc.)
» Frekvens regulering (spinning reserve etc.)
» Reaktiv effekt regulering (Q-regulering, PF-regulering etc.)
» Spaendingsregulering

« Low voltage Ride Through egenskaber (plant niveau)
« 7?7

w

Introduktion til tekniske koncepter for udformning af Testfacilitet Wind. It means the world to us.™



Testcenter Qsterild

Vindmaglle Industriens oprindelige oplaeg til elekirisk layout

150/60 kV station Frgstrup o 150 kV
150/36 kV
Step-up transformer
VAN
// Tt -—
| == ~__ / o~ 1
! e RS Testcenter Dsterild |
v -7 36 kV-transformer feeders RN v

AUX_1
T Bus coupler

-
L4

¢ T 36 kV

[ + I T + I 1 )}( I T + T
| | | |
| | | |
| | | |
\ \ \ \
WTG 1 WTG 2 WTG 3 WTG 4
Introduktion til tekniske koncepter for udformning af Testfacilitet

P

r

1

I
I
|

A

WTG 5 WTG 6 WTG 7

Wind. It means the world to us.™



Mulige lgsninger ?

Decentral testfacilitet (placeret ved den enkelte vindmglle)

? 36 KV

| 1

S Series Reactance Circuit Breaker i

\\ x /

—— % -7
Short Circuit
Circuit Breaker

Series Reactance

Variable Short Circuit
Impedance Reactance

Test Container =

5 Introduktion til tekniske koncepter for udformning af Testfacilitet Wind. It means the world to us.™



Mulige lgsninger ?

Central testfacilitet (placeret ved 36 kV-koblingsanlaeg)

L= 1l | =/L_
-7 = T ~ \
7 \
/ \

/ \
/ HVDC-VSC Test system \
\ /!

\ _ 7

S

36 kV

6 Introduktion til tekniske koncepter for udformning af Testfacilitet Wind. It means the world to us.™
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SIEMENS Enerey

Name Peter Weinreich-jensen
Division Energy
Department Transmission & Distribution
Address Borupvang 3
DK-2750 Ballerup
Phone 44 77 57 27
Mobile 21208173
Fax
E-mail peter.weinreich-

jensen@siemens.com

Date 15.02.2011

Osterild
Test Facility for Grid Connection

This Document is some comments to the design of the grid used for the test facility.
Neutral grounding of the 33 kV system

Several studies has shown that the best compromise for reducing earth fault currents and transient
over voltages is obtained by low-resistance grounding of the internal medium voltage cable grid.
Therefore low-resistance system grounding is recommended to be applied in wind farms with an
internal medium voltage cable grid.

Even though resonance grounding seems attractive this method has other disadvantages (risk of
Ferro-resonance, more complex, and more expensive) which usually makes it not recommendable
for wind farm collection grids.

Isolated system grounding is not recommendable due to risk of very high transient over voltages in
case of single-phase earth faults followed by single-phase earth fault re-ignition.

Determination of earth fault current
For operation with low impedance neutral grounding the earth fault current should be:

e as high as necessary to ensure fast and selective tripping even in case of arc or fault
resistances and

e aslow as possible
e to reduce burning and melting effects in faulted equipment,
e to prevent high touch and step voltages and transferred potentials,
e to reduce arc blast or flash hazard to personnel in close proximity to the ground fault
e to reduce the voltage dip in low voltage systems supplied by the low impedance grounded
system during a ground fault and
e to prevent interferences on secondary equipment.

The 33 kV feeders of the test facility should be protected by overcurrent-time protection relays.

Siemens A/S Address: Headquarter: Phone: +45 44 77 44 77
CVR no. 16993085 Borupvang 3 Borupvang 3 Fax: +45 44 77 44 88
DK-2750 Ballerup DK-2750 Ballerup www.siemens.dk

Denmark



SIEMENS
Dsterild — Test facility for Grid Connection

For detection of earth faults in the 33 kV system the earth fault stages IE>> and IE> of these relays
can be used.

Because the earth current of a feeder under normal operation is equal or near zero the setting
values of the earth fault stages can be set to currents smaller than the maximum load currents.

To consider additional arc or fault resistances the setting value of the earth fault stages should be
only 50% of the minimum earth fault current calculated without consideration of fault impedances.

The setting value of the earth fault stages should be

o clearly higher than the capacitive earth fault current contribution of the longest 33 kV feeder
e atleast 10% - 20% of the nominal current of the current transformer

For a 6 MW wind turbine a current in the range of 110 A per feeder will be generated.
The system must be designed for wind turbines up to 16 MW.
For a 16 MW wind turbine the current will be in the range of up to 280 A per feeder.

Current transformers with a nominal current of 300 A or 400 A should be used in the 7 feeder of
the test system.

Setting the earth fault stage of the overcurrent time protection relay to 20% of the nominal value of
the current transformer would result in primary values of 60 A resp. 80 A.

To have a safety factor of two between setting value and minimum earth fault current, the minimum
earth fault current should be at least 120 A resp. 160 A. Therefore it is recommended to limit the
maximum earth fault current to 200 A.

Design of equipment for neutral grounding

The neutral grounding devices should be designed to limit the maximum earth fault current to a
value of 200 A.

For calculation of maximum earth fault current a voltage factor of c=1.1 according to IEC 60909 /2/
shall be considered.

The 150/33 kV transformer has a delta winding at the 33 kV side.
Therefore the neutral resistor can not be connected to this transformer.

Alternatively the neutral resistor can be connected to a stand-alone earthing transformer or an
earthing transformer with a low voltage winding for auxiliary supply.

For the 33 kV system of the test facility it is recommended to use an earthing transformer with a
low voltage winding for auxiliary supply of the converter test system.

Summary

Earth faults at the 33 kV feeders can be detected by earth fault stages (ANSI 51N) of the over
current-time relays of the feeders.

Page 2 of 3



SIEMENS
Dsterild — Test facility for Grid Connection

In case of an earth fault at the 33 kV busbar the earth fault is fed only from the earthing transformer
with the earthed 33kV neutral. Therefore this fault can not be detected by an earth fault stage of a
protection device in the 150/33 kV power transformer feeder.

To detect earth faults at the busbar the earth-fault stage of the overcurrent time relay in the
earthing transformer has to be used. This earth-fault stage should switch off the circuit breaker of
the 150/33 kV power transformer. The earth fault protection of the earthing transformer gives also
a back-up protection for earth faults at the 33 kV feeders.

To realize a back-up protection for earth faults at the busbar the displacement voltage measured at
an open delta winding of the busbar voltage transformer or the neutral current measured at a
single phase current transformer in the neutral connection between resistor and earth can be used.
It is proposed to install a single phase current transformer in the neutral connection and a separate
overcurrent-time relay. This protection device should also be used for a thermal overload
protection for the neutral resistor.

Insulation Coordination

Siemens has a long history for delivering insulation coordination studies for large wind farms.

In general all the studies show that the SIWL phase to phase of the 33 kV MW switchgear is the
dimensioning factor for the insulation of the switchgear.

The limitation of the SIWL is done by applying arresters in the 33 kV network (phase-ground).
It is difficult to protect 3 phase encapsulated switchgears against phase-to-phase transients
because it is not possible to install arresters between the phases. (In 3 phased insulated

switchgears arresters are installed between phase and ground.)

To limit phase-to-phase over voltages by installing arresters between phase-ground are very
difficult.

Single phase encapsulated switchgear do not have any problems with phase-to-phase over
voltages due to their design. Therefore single phase encapsulated switchgear are used in several
large wind farm projects.

Siemens recommend using this kind of switchgear for the @sterild test center.

Copies of the insulation coordination studies can not be handed over due to the confidentiality
agreements Siemens have with our customers.

Kind regards

Peter Weinreich-jensen

Page 2 of 3



Memo

Test Center @sterild. System earthing
2011-02-17

It is proposed that there is made a system earthing study for the 33 kV system(s) of test center @sterild

The switchgear must include a possibility to connect system earthing to the system neutral point. There are
several possible solutions for the system earthing. The overview here is taken from ABB Switchgear manual

(ed. 11, page 107-108). The manual is available on
http://www02.abb.com/global/seitp/seitp161.nsf/0/26ed7fc021b62000c1256f570051b81a/Sfile/index _abb de.html

3.5 Effect of neutral point arrangement on fault behaviour in three-phase high-voltage networks above 1 kV

Table 3-22
Arrangement of neutral isolated with arc current-limiting low-resistance earth
point suppression coil Ror X
2
—
M M
:‘-::—: Cg II ==E=CE I :':L':CE FTFCE
Z 1 E 1
b5 wl<zie

Examples of use

Networks of limited
extent, power plant
auxiliaries

Overhead-line
networks
10...123 kV

Cable networks
10...230 kV system
e. g.in towns

High-voltage networks
(123 kV) to 400 kV
(protective multiple
earthing in |. v. network)

Between system
and earth are:

Capacitances, (inst. trans- Capacitances,
former inductances) Suppression coils

Capacitances,
Neutral reactor

(Capacitances),
Earth conductor

125/ 23

inductive: 4 to 60
resistive: 30 to 60

2to 4

Current at fault site with
single-phase fault

Calculation (approximate)

.l

| 1/jwCeg very high resistance
Z

Ground-fault Residual ground-

current fault current

1¢ (capacitive) Ig

lg = j3wC - E, la = 3wCe(d+)v) E,

Ground-fault current /,,
3E,

[

b =ln - 100 # XX

B 5 =B~ & = loss angle 1% X,
v o e s me
v = interference Is— 2%+ 23Xk (continued)
Table 3-22 (continued)
Arrangement of neutral isolated with arc current-limiting low-resistance earth
point suppression coil Ror X
lalla loe Ixlls inductive: 0.05 to 0.5 0.5t00.75
resistive: 0.1 to 0.05
Uiema ' Un =1 1to(1.1) inductive: 0.8 to 0.95 0.75t0 = 0.80
resistive: 0.1 to 0.05
Uomax/ Un =0.6 0.6 to 0.66 inductive: 0.42 to 0.56 0.3t00.42
resistive: 0.58 to 0.60
Voltage rise in yes yes no no
whole network
Duration of fault 10 to 60 min 10 to 60 min <1s <1s
Possible short-time earthing with subsequent selective
disconnection by neutral current (< 1 s)
Ground-fault arc Self-quenching Self-quenching Partly self-quenching Sustained

up to several A

usually sustained

Detection Location by disconnection, ground-fault wiping-contact ~ Selective disconnection by  Short-circuit
relay, wattmeter relay. (With short-time earthing: dis- neutral current (or short- protection
connection by neutral current) circuit protection)

Risk of double earth fault yes yes slight no

Means of earthing
DIN VDE 0141

Measures against interfer-

ence with communication
circuits
DIN VDE 0228

Earth electrode voltage Ug < 125V
Touch voltage = 65 V

Generally not Not necessary

necessary

needed only with railway block lines

Earth electrode voltage U > 125 V permissible

Touch voltages = 65V

QOverhead lines: possibly required if approaching over

a considerable distance

Cables: generally not necessary

System earthing practice differs from country to country. Properly designed the system earthing will not
affect the turbine performance, but inadequate designed earthing systems can lead to inacceptable
overvoltages. Thus an earthing system study is proposed as well as an insulation coordination study is
proposed. In case a test facility in installed, system earthing considerations must also be made for the wind
turbine side of the test facility

Erik Koldby, ABB
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Dsterild Test Facility

ESTABLISHMENT BUDGET COSTS IN Dkk

Phase 2: Pre-construction

SUMMARY OF BUDGET COSTS FOR 16MW TEST FACILITY

costtype unit av. unitcost no. of units

budget cost

Applications for funding from all sources full hour 1,023 1,100 1,046,598
Obtaining permissions necessary (e.qg. for new buildings) full hour 912 150 136,735
Preparatory work for establishment contracts full hour 1,076 800 804,535
Pre-qualifying suppliers full hour 1,256 450 566,095
Writing of tender documentation full hour 1,226 1,550 1,888,285
Inviting tenders and assessment of tender returns full hour 1,215 360 415,308
Awarding of contract(s) to most suitable bidder(s). full hour 1,140 460 538,208
Expenses full 614,000
Sub-total m
Phase 3: Construction
Aquisition of land full 0
Buildings for switchgear, grid emulator, etc full m? 10,000 300 3,000,000
Building services, landscaping, roads, architecture 1,000,000
Buildings and equipment for personnel delta 200,000
MV switchgear (double busbar) delta 2,700,000
Converter-based grid emulator, associated trafos and equipment full 50,000,000
Short circuit (container-based) test equipment full 18,750,000
Auxilliary equipment (e.g. measurement, comms, control, interface computers) full 500,000
External cabling for the above equipment full 840,000
Project management & design work full hour 1,226 1,400 1,639,505
Monitoring/supervision of construction full hour 1,112 900 840,455
Testing, commissioning & training full hour 1,047 650 667,440
Expenses 679,000
Project contingency full % 5 4,041,000
Sub total m
Total for Phases 2 and 3 (rounded to nearest 1000) m
Funding proportions (rounded):
50% from grant source (e.g. GreenlLabs) 45,434,000
~14% Vestas 12,981,000
~14% Siemens 12,981,000
~22% DTU 19,472,000
OPERATION AND MAINTENANCE COSTS IN DKK
Phase 4: Operation
Contract for MV switching and grid emulator operations (25 hour/year/stand) full hours 175 800 140,000
Contract for maintenance and repair of MV switchgear delta 2 % of capital cost per year 54,000
Contract for maintenance and repair of converter-based grid emulator full 2 % of capital cost per year 1,000,000
Contract for maintenance and repair of container-based test equipment full 2 % of capital cost per year 375,000
Maintenance and repair costs of remaining equipment (contract/in-house) full 75,000
Management personnel costs delta hour 150 1,100 165,000
Day-to-day technical operation personnel costs delta hour 300 800 240,000
Building maintenance equipment and personnel costs delta hour 75 500 37,500
Administration/accounts personnel costs delta hour 375 500 187,500
Insurance: personal liability, accident, building and equipment delta lump sum per year 150,000
Utility costs: electricity, water, etc. delta annual cost 120,000
Contribution to contingency fund 0
Total for Phase 4 w
Annual O&M costs per stand (rounded to nearest 1000) m

29apr2011
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ID |Task Name 2010 2011 2012 2013 2014
: JIFIMTAIM[J[JTATS]OI[N JIF[MTAIM[J[J[ATsSIO[N[D|J[F[M[AIM[J]]J D|[JI[F[MA JIJTATS JIFIMTATM[J[JTA
2 |1st Phase Activities: EUDP Project @
3 WP1 Functional description [
4 WP2 Assessment of solutions @
5 WP3 Organisational solutions ===
6 WP4 Business case (e ——)
7 Final report 4 01/05
8
9 |@sterild Test Centre @
10 Construction start 4 01/08
1 Grid connection & energisation ¢ 01/02
12 Handover of completed test stands J =+
13
14 |2nd Phase Activities: Implementation 1 [
15 Preparatory activities L2
16 Ongoing project activities
17 Appointment of advisor % 08/08
18 Secure funding ¢
19 Writing of applications [
20 GreenLabs submission 4 30/09
21 GreenLabs negotiation
22 Funding award <& 27101
23 Tender preparation = )
24 Engineering activites [—————
25 Pre-qualification process =
26 Tender documentation writing s
27 Contracting process @
28 Invitations to tender [ ——
29 Assessment of tender returns [
30 Contract negotiations and signing
31
32 |3rd Phase Activities: Implementation 2 )
33 Equipment design and procurement <
34 Converter equipment —_—
35 Balance of plant, cabling, etc E
36 Civil construction & P
37 Building design =
38 Building construction —
39 Roads, landscaping, etc [
40 Test facility equipment P——
41 Converter etc. installation [=—=
42 Cable pulling (=]
43 Energisation < 30/05
44 Testing & commissioning (=]
45 Training ]
46 Hand over & 25/06
47
48  |4th Phase Operation < 01/01
49 Formation of operating entity < 01/01
Project: @sterild Test Facility Task G Progress Summary Pe————====@  External Tasks . ] Deadlne
Date: 29apr2011 Split S Milestone Project Summary )  External Milestone <

Page 1
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Use of transformer tap changers to reduce
required capacity of test converter

1. Introduction
The present short report briefly analyses the coordination between AC-AC converter and wind turbine
side transformer at the new Risg DTU’s test facility, in order to achieve a preliminary assessment of the
voltage and current requirements for the AC-AC converter and point out the possible need for an offline
tap changer on the transformer which lies between such converter and the wind turbine undergoing the
test.

The schematic layout of the test facility that can be considered for the sake of this work is depicted in
Figure 1. The AC grid feeds a transformer, downstream of which lies an electronic AC-AC converter
based on self-commutating power electronic switches. The grid side of the converter can be reactive
neutral towards the external network, while the wind turbine side must accommodate the PQ
requirements of any required test. Between the electronic converter and the wind turbines is another
transformer, which may have an offline tap changer in order to reduce the requirements to the
maximum voltage of the wind turbine side of the converter.

n
w
o Z
o
(D Y e
- S
Ay e | L8
e POC . £
AC grid Grid side Transformer g
transformer AC-AC converter with tap changer | |
Self-commutated ‘

SWITCH

Figure 1 Test facility layout

The focus of this report is on the PQ capability test, in which the wind turbine is required to provide the
desired active and reactive power characteristic. The reference shape of such capability, independently
of the actual characteristics of the wind turbine, can be extrapolated from the grid code, and is here
shown in Figure 2, where the rated active power of the wind turbine is used as base value for the per
unit system. The rated power factor is cos ¢ = 0.9, which leads the PQ diagram to be as in Figure 2.

The electronic converter must allow the POC to match the PQ requirements, so that it can be operated
to carry out complete PQ capability measurements, respecting its designed maximum ratings, i.e.
maximum voltage Uy, and current Ly, ;.



P [pu]

Figure 2 PQ requirement for a wind turbine based on grid code

2. Main hypotheses for the calculations - Equivalent circuit
A number of reasonable hypotheses can be formulated for this initial investigation, that allow for a
simplification of the equations involved. The following assumptions are deemed to be sound:

e The voltage is controlled at the POC by the test facility and is thus considered constant at the
desired value. Such voltage is therefore a given datum in the analysis.

e The series impedances of transformer and converter are purely inductive, neglecting any
resistive loss.

e The shunt (magnetizing) reactance of the transformer, as well as its shunt resistance (core
losses), are neglected.

e As a consequence of the two previous assumptions, the transformer can be modeled as the
cascade of a series reactance and an ideal transformer.

e The converter internal voltage can be modeled as a sinusoidal (50 Hz or 60 Hz) voltage source,
thus accounting only for the fundamental component.

e Three phase voltages and currents, as well as the components’ parameters, are supposed to be
symmetrical and balanced, so as to reduce the study to the single phase equivalent.

The assumptions above permit a simple equivalent circuit to be drawn. Referring to one phase, it can be
sketched as in Figure 3. Converter internal voltage and reactance are indicated with U, and X,
respectively, the transformer reactance is called Xt and the transformation ratio is m. The operation, as
assumed above, is analyzed on the grid code-based PQ requirement in Figure 2.



CSwr = U2 *

Uwr = U2

Figure 3 Single phase equivalent circuit

3. Main equations
As derived from the hypotheses introduced above, the transformer can be represented by the cascade
of a series reactance (Xy) and an ideal transformer with ratio m. The input voltage and current of the
transformer can thus be written as:

(-l =[] ] e

Then, the converter internal voltage and current are easily determined by:

] m J-(XT+Xc)
(-6 17 - 5
I¢ 0 1 I 0 1 L)
m

It is evident that the converter current can be modulated by tuning the transformation ratio, remaining
firmly linked to the wind turbine current all over the PQ curve. Moving on the PQ curve, the converter
voltage, on the other hand, traces a locus around the offset dictated by U,, which extent is depending
on the value of the reactances.

It is also interesting to compute the complex power the converter is demanded to supply, which is, in
per unit:

% . (X7+X(o) I

Se=Uc-Ip=[m-Up+j- T2 ] .2

Taking the POC voltage U, as a reference and substituting the generic expression I, = |I;] -
(cos @ + j - sin @), where |I,| is the actual turbine current, the equation thus gives:

1 . 12
SC = |U2| . |]2| ccos@ +j- [—|U2| . |IZ| 'Sln(p+(XT+XC)'m_22]-



Such equation is the mathematical formulation of the conservation of complex power. The negative sign
for the first term of the reactive component is due to the definition of ¢.

4. Operation without tap changer on the transform
As stated above, the AC-AC converter must be able to move over the entire range of possible active and
reactive power. Not only should it cover the constraints posed by the wind turbine, but also provide the
reactive power that is consumed by the transformer leakage and magnetizing reactances, as well as the
consumption of its internal impedance, so as to make sure that the POC comply with the PQ
characteristic specified by the grid code.

At constant transformation ratio, that means that the converter is required, depending on the voltage in
the POC, to span the area embraced by the lines drawn in Figure 4.

P lpul

Figure 4 PQ requirements for the AC-AC converter constant transformation ratiom = 1

The plot above refers to a solution with transformation ratio m = 1, transformer reactance X; = 0.1 pu
and converter internal reactance X, = 0.1 pu. The voltage is varied in the range 0.85pu < Uyr <
1.15 pu, as those are considered to be the actual extreme values for PQ capability testing. It is noticed
how the PQ curve for the converter is deformed, due to the reactive power consumed on the internal
and transformer’s reactance. Furthermore, the applied POC voltage also influences the shape of the
curves. As obvious, for higher POC voltage the characteristic is pulled towards lower values of Q, since
the lower current reduces the reactive power consumption of internal and transformer’s reactance.

The converter voltage must obviously vary in order to accommodate the PQ requirement of the wind
turbine. The variation range can be observed in Figure 5, where the amplitude of U, when spanning the
whole PQ diagram is depicted and maintaining constant rated transformation ratio.
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Figure 5 Converter voltage amplitude moving on the PQ diagram with constant transformation ratio m = 1. The x-axis
represents the position over the PQ curve, moving all along it.

It can be noticed, as expected, that for higher values of the POC voltage, the converter valves are

significantly more stressed. Figure 6 shows the converter current when the operational point moves
along the PQ diagram shown in Figure 2.

Il [pul]
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Figure 6 Converter current amplitude moving on the PQ diagram with constant transformation ratio m = 1. The x-axis
represents the position over the PQ curve, moving all along it.

As expected, keeping the same PQ diagram, the converter current decreases when the POC — and thus
converter — voltage is augmented, and vice versa. As a consequence, the stress of the valves — now
referring to their current —is larger when diminishing the POC voltage.



5. Introduction of a tap changer in the transformer
In general, one could approach the design of the power electronic converter by making use of the worst
cases reported in Figure 5 and Figure 6, extracting the maximum voltage and current respectively. Such
design would however not be optimal, since both maximum voltage and current of the converter would
be significantly higher than those at rated operation.

Alternatively, a tap changer can be introduced in the transformer, allowing the converter voltage and
current to be stepped up or down according to the needs.

P lpul

Figure 7 PQ requirements for the AC-AC converter with varying transformation ratio: for Uy, = 1.15 pu the transformer
ratio is m = 0. 88, while for Uy = 0.85 puitism = 1.17

Figure 7 shows the PQ curve for the converter when the tap changer is installed on the transformer. It
can be observed that the PQ curve for the converter can basically be rendered independent of the
voltage.

In Figure 8 the converter voltage amplitude variation when moving over the PQ diagram is reported,
changing the transformation ratio according to the POC voltage. As can be seen, tuning the
transformation ratio can bring the voltage to behave similarly to rated conditions.
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Figure 8 Converter voltage amplitude when moving on the PQ diagram: for Uy, = 1. 15 pu the transformer ratio is
m = 0.88, while for Uy, = 0.85 pu, m = 1.17. The x-axis represents the position over the PQ curve, moving all along it.

In particular:

e When the POC voltage is maximum (Uyr = 1.15 pu), a transformation ratio m = 0.87 can be
used to have a voltage pattern equal to that at rated operation.

e When the POC voltage is minimum (Uy,r = 0.85 pu), a transformation ratio m = 1.18 brings
the voltage pattern to be the same as at rated operation.

lid [pu]

Span over the grid code requirement

Figure 9 PQ Converter current amplitude when moving on the PQ diagram: for Uy, = 1. 15 pu the transformer ratio is
m = 0.88, while for Uy, = 0.85 pu, m = 1.17. The x-axis represents the position over the PQ curve, moving all along it.



Figure 9 above reports the effect of the tap changer on the amplitude of the converter current, again
moving on the PQ diagram depicted in Figure 2. The benefits are apparent even under this perspective,
as the current profile results close to that at rated conditions.

A practical example - Realistic values for the test facility

For the sake of example, based on the analysis carried out above, some calculations can be made,
starting from the assumption that the PQ requirement of Figure 2 must be matched at the POC and
aiming at the determination of the maximum figures for the converter — i.e. voltage U,,,,, and current
Lnax- The following data can be used as a first example:

e Rated turbine active power P, = 16 MW.

e Rated turbine power factor cos ¢ = 0.9.

e Rated turbine voltage U, = 33 kV.

e Rated transformer primary side voltage Ur,, = 10 kV.

With the figures stated above, and varying the POC voltage so as to be 0.85U, < Uy r < 1.15U,, the
converter valves would need to be designed on the following values:

e When no tap changer is installed on the transformer:
0 Maximum voltage Uy,q = 12.5 kV.
0 Maximum current g, = 1.2 kA.
0O MVAratingS = 26 MV A.

e When atap changer is installed on the transformer:
0 Maximum voltage Uyq = 11.2 kV.
0 Maximum current [, = 1.02 kA.
0 MVAratingS = 19.8 MV A.

In order to reduce the requirements as stated above, the transformer tap changer should be able to
change the transformation ratio —in pu — between 0.87 and 1.18.

Notice that, in this case, line-to-line voltages are considered and the turbine rated active power is used
as base value for the per unit notation, and bearing in mind that the analysis above was proceeded with
a single phase equivalent diagram.

It is also worth to point out that the values reported above are not real figures, mainly for the following

reasons:

e The actual value of the series impedances X, and X7 has a significant effect on the calculated
values, and such figures are not known.

e Many of the other data are assumptions, at the time being, since they are not known yet.

e The model was simplified in order to more clearly illustrate the situation. A more detailed model
would obviously lead to a more exhaustive analysis and calculation.



6. Conclusion
As a conclusion, it is clear that the insertion of the tap changer would indeed bring some benefits about,
as the maximum ratings for the converter internal voltage and current would be lowered, thus reducing
the stress on the valves, limiting the losses and in turn decreasing the cost of the power electronic
device. An optimal coordination between the components in the test facility could be reached, along
with an optimal utilization of the characteristics of the converter.

It is worth to state that the tap changer should probably not be on-load, principally for two reasons:

e The PQ test is carried out for a given POC voltage, which is kept constant and therefore requires
constant transformation ratio m during the measurement.

e The on-load operation aiming at controlling the POC voltage may conflict with the control action
performed by the converter, possibly giving rise to voltage instability.

The insertion of the tap changer, on the other hand, increases the cost of the transformer. However,
such drawback should be well surpassed by the benefit due to the reduction of the cost of the
converter. A more thorough economic analysis must be performed in order to ascertain that an
economic benefit be guaranteed.
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Literature Survey Summary

This report presents the key points of a literatures survey for the project of Tesr Facility for
grid connection characteristics of wind power plants. The desired functions of wind turbine
test facility are described with reference to the studies in literature.

1 Functional description of the Test Facility
1.1 Tests for a single wind turbine
1.1.1 Active and reactive power control [1-17]

To test whether the active and reactive power output of wind turbines could meet the grid
requirements is one of the most important functions of the test facility. In references [1-17],
the control schemes of the present popular wind generation systems including wound rotor
induction generator, DFIG and PMSG have been introduced and demonstrated by
simulation tools. The results of the abovementioned literatures indicate that the maximum
power output, ramp rate limitation and set-point control may be significantly different with
different control schemes and for different types of wind power generators.

1.1.2 Voltage control [18-25]

Voltage control ability of wind turbines influences the steady-state stability as well as
transient stability of an electric power system, as shown in references [18-25]. The control
strategies are significantly different in time scales for different types of wind turbine. These
should be demonstrated by the testing facilities.

1.1.3 Frequency control & inertia response [26-38]

Nowadays, the control concepts that enable wind turbines to participate in grid frequency
control mainly include:
e Pitch control together with the provision of reserve capacity by operating the wind
turbine in part load mode;
e Inertia response which initiates the partial release of the kinetic energy immediately
when the frequency drop is detected, and help limiting the frequency drop
effectively.

Different control concepts may result in differences in effectiveness and power losses.
Therefore, a test facility would be better to demonstrate the effects.

1.1.4 Voltage dips and swells, voltage phase angle jumps [39-53]
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Voltage dips and swells might affect the wind power generators significantly due to their
effect on the rotor current, rotor speed, the DC-link voltage, as illustrated in references
[39-41, 43-52]. However, two aspects illustrated in references [42, 53] should be paid
special attention while developing the test facility, the first one is that the voltage sag
conditions experienced at the wind generator terminals can be significantly different from
the conditions at the PCC, depending on the network characteristics. The second is that the
negative-sequence component of the grid voltage increases when the voltage sag is
associated with large phase-angle jumps, which may have significant detrimental impacts
on wind turbines.

1.1.5 Voltage unbalance [54-57]

References [54-57] investigated the behavior of wind power generators to supply network
voltage unbalance. Due to the high unbalanced currents generated, voltage unbalance
affects both the generator and their control.

1.1.6 Low Voltage Ride Through: LVRT [58-70]

Low voltage rid through capability of squirrel-cage generator, DFIG and PMSG have been
studied in references [58-70]. The solutions have been related to a dynamic voltage restorer
for a squirrel-cage asynchronous generator, a crowbar circuit for a DFIG or PMSG, as well
as other schemes including kinetic energy storage or pitch control. The variability of the
wind power generators and their control strategies make the machine responses more
complicated because of the complex transients during a low voltage ride through.

1.1.7 Low order resonances [71-74]

Low order resonance issues may be introduced by the compensation devices in wind power
grid, and can be mitigated with flexible ac transmission system (FACTS) devices. However,
there 1s still potential low order resonance as studied in reference [73]. Under different
operation modes of the wind turbine and different capacity of capacitor banks, the orders
and amplifications of resonance voltage distortion may vary to a large extent.

1.1.8 Harmonic emission assessment [75-77]

For harmonic emission assessment, the shape and the frequency range of the harmonic
current spectrum, the variation of the harmonics with the wind turbine operating point, the
statistical characteristics of their magnitude and phase angle are the most important aspects.
While assessing the harmonic emission for wind turbines, both the continuous operation

and the switching operation of wind turbines may have to be investigated.

1.1.9 Voltage fluctuations caused by the wind turbine [78-82]
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Voltage fluctuations are often related to VAR requirements variation which may lead
variation of power flow and network losses [82]. The aerodynamic aspects of a wind
turbine in a wind power system (e.g., due to yaw error and turbulence) may be the cause of
voltage fluctuations, but not the only cause. In middle voltage network, there normally have
other fluctuating loads that may cause significant voltage fluctuations at the wind turbine
terminals [83].

1.1.10 PQ capabilities at different voltages and frequencies [84-88]

For steady-state operations, wind turbines must be able to decrease or increase the active
power output from a working point to a target value set by the transmission system operator.
During faults, the facility should limit the active current within the regulated limits which
varies according to different grid codes. In case of curent saturation, reactive current
limitation given by voltage controller saturation has priority over active current limitation.
For voltages higher than the normal operation, the wind turbine may seek if possible, to
maintain the active power level prior to the disturbance.

1.1.11 Operation during frequency variations [89-94]

References [89-94] proposed output wind power leveling during frequency variations to
reduce the adverse effects on power system frequency deviation. Load power estimation
method has often been used to predict the values of angular speed, torque and current
during and after a frequency disturbance. Thus, load power is estimated by a disturbance
observer and, output power command for wind farm 1s determined according to estimated
load. This method requires the test facility to consider the data acquisition on the angular
speed, torque, current and so on.

1.1.12 Operation at alternative system frequencies [95-98]

The output frequency of a generator is one of the important parameters that determine the
generator’s rating. The electrical output of the generator is normally maintained at a fixed
frequency, 50 Hz or 60 Hz, to match the frequency of a standard electrical grid. However,
with the development of power electronics, it is possible for wind turbine system to work
under alternative system frequencies.

1.1.13 Protection strategies [99-107]

In the past wind power plants typically had a small power penetration and the behavior of
the wind turbines during faults in the network was considered non critical and wind power
plants were simply pulled out of the system. Protection requirement of a wind turbine was
just restricted to simple current and voltage based measurement. However, the wind power
has developed so fast in recent years that proper protection may have to be introduced apart
from the basic requirements.

3/15



1.1.14 Start and stop scenarios [108-115]

Great concerns should be given to the system components namely the turbine, generator
and drive train during the starting dynamics of wind turbines. The system transient during
the starting period e.g. the hazardous torsional torques will damage the shaft connecting the
wind turbine and generator. The pitch control both helps to catch the wind at the optimal
angle of attack of the blade's airfoil and to turn the blades out of the wind when maximum
speed 1s exceeded. The relevant performance should be investigated.

1.2 Tests at a wind farm level
1.2.1 Virtual wind farm

A virtual wind power system may mainly consist of the wind turbine simulator, drive motor,
wind power generator, control devices and grid simulator.

1.2.1.1 Wind turbine simulator [116-119]

Simulations of wind turbine drive system are mainly focused on two fields: aerodynamics
and the mechanical drive chain systems of wind turbines. More detailed component models
by separately considering the units in the drive train system are the present concerns.

1.2.1.2 Grid simulator related literature [120-126]

Grid simulators are used to simulate the normal operational characteristics as well as the
faults on power grid. The faults in grids result in the abnormality of the voltage, frequency,
harmonics, depending on the short circuit capacity of the power transmission system, may
be interacted with the active power, reactive power, voltage control and frequency control
and protection strategies of wind power plants. Nowadays, the power grid could be
simulated with power electronics, by controlling the power converters, various methods are
achievable to simulate all kinds of grid faults, such as frequency variation, voltage dips and
swells, flickers, voltage unbalance, harmonics, resonances etc.

1.2.2 Operational tests on SCADA and SCADA-interface systems [127-136]

Supervisory control and data acquisition (SCADA) systems usually refer to centralized
systems which monitor and control entire sites, or complexes of systems spread out over
large areas (anything from an industrial plant to a nation). Most control actions are
performed automatically by Remote Terminal Units ("RTUs") or by programmable logic
controllers ("PLCs"). Host control functions are usually restricted to basic overriding or
supervisory level intervention. In this area, security issues and functions coordination and
data exchange of distributed application system in different location are of most concerns.
The test on SCADA and SCADA-interface systems would be one of the most important
features.

4/15



1.2.3 Compensation equipment [19, 23, 137-142]

Compensation equipment including capacitors, SVC and STATCOM plays an important
role in the integration of wind power plants. The developed test facility would provide tests
ability on the var compensation ability in real power systems.

1.2.4 Wind Power Plant Controllers [92, 143-148]

Many wind power plant controllers including pitch controller, DC-link voltage control for
DFIG and PMSG, maximum wind energy tracing controllers are needed for the steady
operation of wind power generation. By measuring and calculating the related data, the
grid-connection characteristics of wind power plants can be evaluated.

1.2.5 Varying Grid Strengths [103, 149-155]

Stability and power quality issues are quite different under varying grid strengths. The
grid-connection characteristics of wind power plants could be testified under different
short-circuit capacities.

2 Technical concepts for the Test Facility

Nowadays simulation tools are often used to investigate the system. With a real power
network and test facility, the test results will be more reliable for the steady and safe operation
of the wind power plants and the integrated power system.

Ideally, the developed test facility could be used at two levels i.e. the test of a single wind
turbine level and the test of a wind farm level.

The test facility would be related with modern power electronics equipment which could
provide the good flexibility and controllability, also appropriate reactive power compensation
might be necessary.

The test facility may do operational tests on SCADA and SCADA-interface systems. Since
SCADA plays an important role in controlling center operators and maintaining adequate
situational awareness. The integration of the test results to SCADA-interface systems would
effectively provide more efficient operation of modern power system with large wind power
penetration.

3. References

[1] K. Krajangpan, W. Sadara, and B. Neammanee, "Control strategies for maximum active power and
minimum copper loss of doubly fed induction generator in wind turbine system." in Power System
Technology (POWERCON), 2010 International Conference on, 2010, pp. 1-7.

5/15



[2]

[3]

[4]

[5]

[6]

[7]

8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

C. Dongkyoung and L. Kyo-Beum, "Variable Structure Control of the Active and Reactive Powers for a
DFIG in Wind Turbines," Industry Applications, IEEE Transactions on, vol. 46, pp. 2545-2555, 2010.
K. Remya and S. K. Kottayil, "Active Power Control in Variable Speed Wind Electric Generators." in
Advances in Computing, Control, & Telecommunication Technologies, 2009. ACT '09. International
Conference on, 2009, pp. 717-719.

B. Nait-kaci, M. L. Doumbia, K. Agbossou, et al., "Active and reactive power control of a doubly fed
induction generator for wind applications,” in EUROCON 2009, EUROCON '09. IEEE, 2009, pp.
2034-2039.

V. Cecconi, V. Di Dio, A. O. Di Tommaso, ef al., "Active power maximizing for Wind Electrical Energy
Generating Systems moved by a Modular Multiple Blade Fixed Pitch Wind Turbine," in Power
Electronics, Electrical Drives, Automation and Motion, 200S8. SPEEDAM 2008. International
Symposium on, 2008, pp. 1460-1465.

G. C. Tarnowski and R. Reginatto, "Adding Active Power Regulation to Wind Farms with Variable
Speed Induction Generators," in Power Engineering Society General Meeting, 2007. IEEE, 2007, pp.
1-8.

N. A. Janssens, G. Lambin, and N. Bragard, "Active Power Control Strategies of DFIG Wind Turbines,"
in Power Tech, 2007 IEEE Lausanne, 2007, pp. 516-521.

L. Xu and P. Cartwright, "Direct active and reactive power control of DFIG for wind energy
generation," Energy Conversion, IEEE Transactions on, vol. 21, pp. 750-758, 2006.

M. Dicorato, G. Forte, M. Trovato, ef al., "Control strategy for regulating reactive power exchange in
offshore wind farm." in Industrial Electronics (ISIE), 2010 IEEE International Symposium on, 2010, pp.
2363-2370.

L. Z. Zhu, N. Chen, W. Wang, ef al., "Reactive control strategy for wind farm considering reactive
power command," in Sustainable Power Generation and Supply, 2009. SUPERGEN '09. International
Conference on, 2009, pp. 1-5.

B. C. Rabelo, W. Hofmann, J. L. da Silva, ef al.. "Reactive Power Confrol Design in Doubly Fed
Induction Generators for Wind Turbines." Industrial Electronics, IEEE Transactions on, vol. 56, pp.
4154-4162, 2009

D. G. Xu, R. Li, Y. C. Liu, ef al., "Reactive power analysis and control of doubly fed induction
generator wind farm.," in Power Electronics and Applications, 2009. EPE '09. 13th European
Conference on, 2009, pp. 1-10.

Y. Q. Lang, B. Wu, and N. Zargari. "A Novel Reactive Power Control Scheme for CSC Based PMSG
Wind Energy System.," in Industry Applications Society Annual Meeting, 2008. 14S '08. IEEE, 2008, pp.
1-6.

B. Rabelo, W. Hofmann, J. L. Silva, ef al., "Reactive power control in doubly-fed induction generators
for wind turbines." in Power Electronics Specialists Conference, 2008. PESC 2008. IEEE, 2008, pp.
106-112.

J. Hea Gwang, K. Won Sang, L. Kyo Beum, ef al.. "A sliding-mode approach to control the active and
reactive powers for A DFIG in wind turbines.," in Power Electronics Specialists Conference, 2008.
PESC 2008. IEEE, 2008, pp. 120-125.

E. Bogalecka and M. Kosmecki, "Control of reactive power in double-fed machine based wind park." in
Power Electronics and Motion Control Conference, 2008. EPE-PEMC 2008. 13th, 2008, pp.
1975-1980.

Y. Q. Lang, B. Wu, and N. Zargari, "Reactive Power Control of Current Source Converter based Wind

6/15



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Energy System," in Electrical Power Conference, 2007. EPC 2007. IEEE Canada, 2007, pp. 479-483.
D. X. Zhou and X. M. Li, "Research on the Voltage Stability Control for Wind Turbine Group Based on
Dynamic Reactive Power Compensation," in Power and Energy Engineering Conference (APPEEC),
2010 Asia-Pacific, 2010, pp. 1-5.

Y. Q. Shi, H. Shen, L. Dong, ef al., "The coordination control of voltage and reactive power between
wind turbines and SVC in large scale wind farm," in Power System Technology (POWERCON), 2010
International Conference on, 2010, pp. 1-6.

C. F. Wang, L. Zhang, J. Liang, ef al., "A New Method of Reactive power-Voltage Coordinated Control
in Wind Farm." in Power and Energy Engineering Conference (APPEEC), 2010 Asia-Pacific, 2010, pp.
1-4.

R. Blasco-Gimenez, S. Aifié-Villalba, J. Rodriguez-D'derlée, ef al., "Voltage and frequency control of
SG based wind farms with uncontrolled HVDC rectifier,”" in Industrial Electronics (ISIE), 2010 IEEE
International Symposium on, 2010, pp. 2499-2504.

E. Vittal, M. O'Malley, and A. Keane, "Impact of wind turbine control strategies on voltage
performance.” in Power & Energy Society General Meeting, 2009. PES '09. IEEE, 2009, pp. 1-7.

A. Ozturk and K. Dosoglu, "Investigation of the control voltage and reactive power in wind farm load
bus by statcom and SVC." in Electrical and Electronics Engineering, 2009. ELECO 2009. International
Conference on, 2009, pp. I-60-1-64.

Z. Chen, F. Xue, W. Du, ef al., "On-line collaborative voltage stability control of power systems
intergrated with large-scale wind farms." in Universities Power Engineering Conference, 2007. UPEC
2007. 42nd International, 2007, pp. 1093-1097.

M. El Moursi, G. Joos, and C. Abbey, "High-performance voltage control scheme for wind park
integration," Renewable Power Generation, IET, vol. 1, pp. 151-159, 2007.

Z. X. Miao, F. Ling Ling, D. Osborn, ef al., "Wind Farms With HVdc Delivery in Inertial Response and
Primary Frequency Control," Energy Conversion, IEEE Transactions on, vol. 25, pp. 1171-1178, 2010.
X.Y. Zhang, H. M. Li, and Y. Wang, "Control of DFIG-based wind farms for power network frequency
support," in Power System Technology (POWERCON), 2010 International Conference on, 2010, pp.
1-6.

H. Xue. Y. F. Wang, and J. W. Zhang, "Synthesized Power and Frequency Control Strategies of Wind
Power Energy Storage Systems," in Power and Energy Engineering Conference (APPEEC), 2010
Asia-Pacific, 2010, pp. 1-4.

S. Grillo, M. Marinelli, F. Silvestro, ef al., "Transient support to frequency control from wind turbine
with synchronous generator and full converter," in Universities Power Engineering Conference (UPEC),
2010 45th International, 2010, pp. 1-6.

I. Erlich and M. Wilch. "Primary frequency control by wind turbines," in Power and Energy Society
General Meeting, 2010 IEEE, 2010, pp. 1-8.

L. R. Chang-Chien, W. T. Lin, and Y. C. Yin, "Enhancing Frequency Response Control by DFIGs in the
High Wind Penetrated Power Systems," Power Systems, IEEE Transactions on, vol. PP, pp. 1-1, 2010.
E. Valsera-Naranjo, A. Sumper, O. Gomis-Bellmunt, ef al.. "Design of a pitch control of a wind turbine
to improve system frequency response.” in Power Electronics and Applications, 2009. EPE '09. 13th
European Conference on, 2009, pp. 1-11.

E. Loukarakis, I. Margaris, and P. Moutis, "Frequency control support and participation methods
provided by wind generation." in Electrical Power & Energy Conference (EPEC), 2009 IEEE, 2009, pp.
1-6.

7/15



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

V. Courtecuisse, M. El Mokadem, X. Guillaud, ef al., "Use of real time simulation to validate primary
frequency control with wind turbine." in Power and Energy Society General Meeting - Conversion and
Delivery of Electrical Energy in the 21st Century, 2008 IEEE, 2008, pp. 1-8.

R. Li. S. V. Bozhko, and G. M. Asher, "Grid Frequency Control for LCC HVDC Link Connected Wind
Farms," in Industrial Electronics Society, 2007. IECON 2007. 33rd Annual Conference of the IEEE,
2007, pp. 1673-1678.

M. El Mokadem, V. Courtecuisse, C. Saudemont, ef al., "Experimental study of wind generator
participation to primary frequency control." in Electrical Machines and Power Electronics, 2007.
ACEMP '07. International Aegean Conference on, 2007, pp. 719-724.

J. Morren, S. W. H. de Haan, W. L. Kling, ef al., "Wind turbines emulating inertia and supporting
primary frequency control." Power Systems, IEEE Transactions on, vol. 21, pp. 433-434, 2006.

M. Arita, A. Yokoyama, and Y. Tada. "Evaluation of Battery System for Frequency Control in
Interconnected Power System with a Large Penetration of Wind Power Generation," in Power System
Technology, 2006. PowerCon 2006. International Conference on, 2006, pp. 1-7.

H. L. Zhou, G. Yang, and H. Geng, "Evaluation of the Control Limit of Rotor-Side Converters in
DFIG-Based Wind Energy Conversion Systems under Symmetrical Voltage Dips." in Power and
Energy Engineering Conference (APPEEC), 2011 Asia-Pacific, 2011, pp. 1-4.

C. Wessels and F. W. Fuchs, "Fault ride through of DFIG wind turbines during symmetrical voltage dip
with crowbar or stator current feedback solution." in Energy Conversion Congress and Exposition
(ECCE), 2010 IEEE, 2010, pp. 2771-2777

R. Parida, "Control and Operation of Variable-Speed Wind Turbines during Voltage Dips," in Power
and Energy Engineering Conference (APPEEC), 2010 Asia-Pacific, 2010, pp. 1-8.

M. Mohseni, S. Islam, and M. Masoum, "Impacts of Symmetrical and Asymmetrical Voltage Sags on
DFIG-Based Wind Turbines Considering Phase-Angle Jump, Voltage Recovery, and Sag Parameters,"
Power Electronics, IEEE Transactions on, vol. PP, pp. 1-1, 2010.

K. S. Zhang, P. Su, L. H. Ning, ef al., "Dynamic Response of Wind Turbine with Double-Fed Induction
Generator during Grid Voltage Dip." in Power and Energy Engineering Conference (APPEEC), 2010
Asia-Pacific, 2010, pp. 1-5.

J. Montanana, V. Leon, J. Roger, ef al., "Estimation of Wind Farms Working in Presence of Voltage
Dips Using the IEEE Std. 1459-2000." in Power Systems Conference and Exposition, 2009. PSCE '09.
IEEE/PES, 2009, pp. 1-6

E. Gomez-Lazaro, J. A. Fuentes, A. Molina-Garcia, et al., "Characterization and Visualization of
Voltage Dips in Wind Power Installations," Power Delivery, IEEE Transactions on, vol. 24, pp.
2071-2078, 2009

M. N. Eskander and S. I. Amer. "Mitigation of voltage dips and swells in grid-connected wind energy
conversion systems," in JCCAS-SICE, 2009, 2009, pp. 885-890.

P. Zhou, Y. K. He, D. Sun, ef al., "Control and Protection of a DFIG-Based Wind Turbine under
Unbalanced Grid Voltage Dips." in Industry Applications Society Annual Meeting, 2008. IS '08. IEEE,
2008, pp- 1-8.

I. Lopez, E. Gubia, P. Sanchis, ef al., "Wind Turbines Based on Doubly Fed Induction Generator Under
Asymmetrical Voltage Dips." Energy Conversion, IEEE Transactions on, vol. 23, pp. 321-330, 2008.

A. Junyent-Ferre, O. Gomis-Bellmunt, M. Martinez-Rojas, ef al., "Digital simulation of voltage dip
characteristics of wind turbine systems," in Electrical Power Quality and Utilisation, 2007. EPQU 2007.
9th International Conference on, 2007, pp. 1-6.

8/15



[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

E. Gomez-Lazaro, M. Canas, J. A. Fuentes, ef al., "Characterization of Measured Voltage Dips in Wind
Farms in the Light of the New Grid Codes," in Power Tech, 2007 IEEE Lausanne, 2007, pp. 2059-2064.
R. Saiju, G. Amold, and S. Heier, "Voltage dips compensation by wind farm(s) equipped with power
converters as decoupling element." in Power Electronics and Applications, 2005 European Conference
on, 2005, pp. 9 pp.-P.9.

J. Morren and S. W. H. de Haan, "Ridethrough of wind turbines with doubly-fed induction generator
during a voltage dip." Energy Conversion, IEEE Transactions on, vol. 20, pp. 435-441, 2005.

G. Saccomando, J. Svensson, and A. Sannino, "Improving voltage disturbance rejection for
variable-speed wind turbines," Energy Conversion, IEEE Transactions on, vol. 17, pp. 422-428, 2002.
O. S. Ebrahim and P. K. Jain, "Robust state control with narrowband disturbance rejection for wind
driven DFIG under grid voltage unbalance." in Electrical Power & Energy Conference (EPEC), 2009
IEEE, 2009, pp. 1-7.

J. Kearney and M. F. Conlon, "Analysis of a variable speed Double-Fed Induction Generator wind
turbine during network voltage unbalance conditions," in Universities Power Engineering Conference,
2007. UPEC 2007. 42nd International, 2007, pp. 1060-1064.

P. Sotoodeh, H. Gorgin. and H. Oraee, "Modeling of a BDFM-based wind turbine under unbalanced
grid voltage dips." in Power and Energy Conference at lllinois (PECI), 2011 IEEE, 2011, pp. 1-4.

X. W. Yan, G. Venkataramanan, P. S. Flannery, ef al., "Evaluation the effect of voltage sags due to grid
balance and unbalance faults on DFIG wind turbines," in Sustainable Power Generation and Supply,
2009. SUPERGEN '09. International Conference on, 2009, pp. 1-10.

D. Ramirez, S. Martinez, C. A. Platero, ef al., "Low-Voltage Ride-Through Capability for Wind
Generators Based on Dynamic Voltage Restorers," Energy Conversion, IEEE Transactions on, vol. 26,
pp- 195-203, 2011.

M. Rahimi and M. Parniani, "Efficient control scheme of wind turbines with doubly fed induction
generators for low-voltage ride-through capability enhancement," Renewable Power Generation, IET,
vol. 4, pp. 242-252, 2010.

M. Rahimi and M. Parniani, "Coordinated Control Approaches for Low-Voltage Ride-Through
Enhancement in Wind Turbines With Doubly Fed Induction Generators," Energy Conversion, IEEE
Transactions on, vol. 25, pp. 873-883, 2010.

S. M. Muyeen, R. Takahashi, T. Murata, et al., "Low voltage ride through capability enhancement of
wind turbine generator system during network disturbance." Renewable Power Generation, IET, vol. 3,
pp. 65-74, 2009.

M. Molinas, S. Jon Are, and T. Undeland, "Low Voltage Ride Through of Wind Farms With Cage
Generators: STATCOM Versus SVC." Power Electronics, IEEE Transactions on, vol. 23, pp. 1104-1117,
2008.

J. Dai, D. Xu, B. Wu, ef al., "Unified DC-Link Cwrent Control for Low-Voltage Ride-Through in
Current-Source-Converter-Based Wind Energy Conversion Systems." Power Electronics, IEEE
Transactions on, vol. 26, pp. 288-297, 2011.

W. Zhu and R.-f. Cao, "Improved low voltage ride-through of wind farm using STATCOM and pitch
control," in Power Electronics and Motion Control Conference, 2009. IPEMC '09. IEEE 6th
International, 2009, pp. 2217-2221.

X.-p. Yang, X.-f. Duan, F. Feng, ef al., "Low Voltage Ride-Through of Directly Driven Wind Turbine
with Permanent Magnet Synchronous Generator," in Power and Energy Engineering Conference, 2009.
APPEEC 2009. Asia-Pacific, 2009, pp. 1-5.

9/15



[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

S. Seman, J. Niiranen, R. Virtanen, ef al., "Low voltage ride-through analysis of 2 MW DFIG wind
turbine - grid code compliance validations." in Power and Energy Society General Meeting -
Conversion and Delivery of Electrical Energy in the 21st Century, 2008 IEEE, 2008, pp. 1-6.

S. M. Muyeen, R. Takahashi, T. Murata, ef al., "Low voltage ride through capability enhancement of
fixed speed wind generator," in PowerTech, 2009 IEEE Bucharest, 2009, pp. 1-6.

J. Mei, X.-f Mei, J.-y. Zheng, et al., "Low Voltage Ride through Characteristics Analysis of
Direct-Driven Wind Power System." in Electrical and Control Engineering (ICECE), 2010
International Conference on, 2010, pp. 3866-3870.

G. Joos, "Wind turbine generator low voltage ride through requirements and solutions." in Power and
Energy Society General Meeting - Conversion and Delivery of Electrical Energy in the 21st Century,
2008 IEEE, 2008, pp. 1-7.

F. J. Deng and Z. Chen, "Low-voltage ride-through of variable speed wind turbines with permanent
magnet synchronous generator," in ndustrial Electronics, 2009. IECON '09. 35th Annual Conference of
IEEE, 2009, pp. 621-626.

R. m. Zheng, M. H. J. Bollen, and J. Zhong, "Harmonic resonances due to a grid-connected wind farm."
in Harmonics and Quality of Power (ICHQOP), 2010 14th International Conference on, 2010, pp. 1-7.

D. Patel, R. K. Varma, R. Seethapathy, ef al.. "Impact of wind turbine generators on network resonance
and harmonic distortion." in Electrical and Computer Engineering (CCECE), 2010 23rd Canadian
Conference on, 2010, pp. 1-6.

R. K. Varma, S. Auddy. and Y. Semsedini, "Mitigation of Subsynchronous Resonance in a
Series-Compensated Wind Farm Using FACTS Controllers," Power Delivery, IEEE Transactions on,
vol. 23, pp. 1645-1654, 2008.

J. Balcells and D. Gonzalez, "Harmonics due to resonance in a wind power plant," in Harmonics And
Quality of Power, 1998. Proceedings. 8th International Conference on, 1998, pp. 896-899 vol.2.

S. Liang, Q. H. Hu, and W. J. Lee, "A survey of harmonic emissions of a commercial operated wind
farm," in Industrial and Commercial Power Systems Technical Conference (I&CPS), 2010 IEEE, 2010,
pp- 1-8.

S. Tentzerakis, N. Paraskevopoulou, S. Papathanassiou, ef al., "Measurement of wind farm harmonic
emissions," in Power Electronics Specialists Conference, 2008. PESC 2008. IEEE. 2008, pp.
1769-1775.

T. T. Sokratis and A. P. Stavros, "An Investigation of the Harmonic Emissions of Wind Turbines."
Energy Conversion, IEEE Transactions on, vol. 22, pp. 150-158, 2007.

M. R. L. Sheikh, S. M. Muyeen, R. Takahashi, ef al., "Minimization of fluctuations of output power and
terminal voltage of wind generator by using STATCOM/SMES." in PowerTech, 2009 IEEE Bucharest,
2009, pp. 1-6.

Z. H. Bie, G. Li, H. Liu, ef al., "Studies on voltage fluctuation in the integration of wind power plants
using probabilistic load flow." in Power and Energy Society General Meeting - Conversion and
Delivery of Electrical Energy in the 21st Century, 2008 IEEE, 2008, pp. 1-7.

N. Hosaka and T. Kumano, "Evaluation of voltage fluctuation in electric power system with wind power
generators," in Power and Energy Society General Meeting - Conversion and Delivery of Electrical
Energy in the 21st Century, 2008 IEEE, 2008, pp. 1-6.

R. Fadaeinedjad, G. Moschopoulos, and M. Moallem, "Using STATCOM to mitigate voltage
fluctuations due to aerodynamic aspects of wind turbines," in Power Electronics Specialists Conference,
2008. PESC 2008. IEEE, 2008, pp. 3648-3654.

10/15



[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

R. J. Thomas and X. Wang, "The Control of Large Wind-Farm-Induced Voltage Fluctuations," Energy
Conversion, IEEE Transactions on, vol. EC-2, pp. 1-8, 1987.

"IEC 61400-21, Wind turbines —Part 21: Measurement and assessment of power quality characteristics
of grid connected wind turbines," ed.

M. Altm. O. GolZksu, R. Teodorescu, ef al.. "Overview of recent grid codes for wind power
integration," in Optimization of Electrical and Electronic Equipment (OPTIM), 2010 12th International
Conference on. 2010, pp. 1152-1160.

M. Tsili and S. Papathanassiou, "A review of grid code technical requirements for wind farms."
Renewable Power Generation, IET, vol. 3, pp. 308-332, 2009.

A. D. Hansen and G. Michalke, "Multi-pole permanent magnet synchronous generator wind turbines’
grid support capability in uninterrupted operation during grid faults," Renewable Power Generation,
IET, vol. 3, pp. 333-348, 2009.

A. D. Hansen, N. A. Cutululis, P. Sorensen, ef al., "Grid integration impacts on wind turbine design and
development." in PowerTech, 2009 IEEE Bucharest, 2009, pp. 1-7.

L. Erlich, C. Feltes, F. Shewarega, ef al., "Interaction of large offshore wind parks with the electrical
grid," in Electric Utilitv Deregulation and Restructuring and Power Technologies, 2008. DRPT 2008.
Third International Conference on, 2008, pp. 2658-2663.

G. Callegari, P. Capurso, F. Lanzi, ef al., "Wind power generation impact on the frequency regulation:
Study on a national scale power system." in Harmonics and Quality of Power (ICHQOP), 2010 14th
International Conference on, 2010, pp. 1-6.

R. K. Thakur, "Analysis and control of a variable speed wind turbine drive system dynamics," in Power
Systems, 2009. ICPS '09. International Conference on, 2009, pp. 1-5.

A. Sumper, O. Gomis-Bellmunt, A. Sudria-Andreu, ef al., "Response of Fixed Speed Wind Turbines to
System Frequency Disturbances," Power Systems, IEEE Transactions on, vol. 24, pp. 181-192, 2009.

T. Yamazaki. R. Takahashi, T. Murata, ef a/., "Smoothing control of wind generator output fluctuations
by new pitch controller." in Electrical Machines, 2008. ICEM 2008. 18th International Conference on,
2008, pp. 1-6.

T. Senjyu, M. Tokudome, A. Uehara, ef al.. "A new control methodology of wind farm using short-term
ahead wind speed prediction for load frequency control of power system." in Power and Energy
Conference, 2008. PECon 2008. IEEE 2nd International, 2008, pp. 425-430.

M. H. Ali, J. Tamura, and W. Bin, "SMES strategy to minimize frequency fluctuations of wind
generator system." in Industrial Electronics, 2008. IECON 2008. 34th Annual Conference of IEEE,
2008, pp- 3382-3387

F. Blaabjerg, F. Iov, T. Terekes, ef al., "Power electronics - key technology for renewable energy
systems," in Power Electronics, Drive Systems and Technologies Conference (PEDSTC), 2011 2nd.
2011, pp- 445-466.

Z. Chen, J. M. Guerrero, and F. Blaabjerg, "A Review of the State of the Art of Power Electronics for
Wind Turbines," Power Electronics, IEEE Transactions on, vol. 24, pp. 1859-1875, 2009.

R. B. Godoy, H. Z. Maia, F. Jacques, ef al., "Design and Implementation of a Utility Interactive
Converter for Small Distributed Generation," in Industry Applications Conference, 2006. 41st IAS
Annual Meeting. Conference Record of the 2006 IEEE, 2006, pp. 1032-1038.

F. Blaabjerg, Z. Chen, R. Teodorescu, ef al., "Power Electronics in Wind Turbine Systems," in Power
Electronics and Motion Control Conference, 2006. IPEMC 2006. CES/IEEE 5th International, 2006, pp.
1-11.

11/15



[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

D. Li and H. Zhang, "A combined protection and control strategy to enhance the LVRT capability of a
wind turbine driven by DFIG." in Power Electronics for Distributed Generation Systems (PEDG), 2010
2nd IEEE International Symposium on, 2010, pp. 703-707.

M. Kumar Das, S. Chowdhury, and S. P. Chowdhury, "Protection and voltage control of DFIG wind
turbines during grid faults." in Developments in Power System Protection (DPSP 2010). Managing the
Change, 10th IET International Conference on, 2010, pp. 1-4.

T. Kawady, C. Feltes, I. Erlich, ef al., "Protection system behavior of DFIG based wind farms for
grid-faults with practical considerations." in Power and Energy Society General Meeting, 2010 IEEE,
2010, pp. 1-6.

H. L. Zhou, G. Yang. and D. Y. Li, "Short circuit current analysis of DFIG wind turbines with crowbar
protection," in Electrical Machines and Systems, 2009. ICEMS 2009. International Conference on,
2009, pp. 1-6.

S. Musunuri, "Protection requirements for a large scale wind park." in Power Systems Conference, 2009.
PSC '09., 2009, pp. 1-19.

I. S. Ilie. G. Chicco, P. Di Leo, ef al., "Protections impact on the availability of a wind power plant
operating in real conditions." in PowerTech, 2009 IEEE Bucharest, 2009, pp. 1-7.

F. W. Fuchs, J. Dannehl, R. Lohde, ef al.. "Research laboratory for power Electronic generator systems
in wind turbines comprising converters, generators, interaction and grid inferaction," in Power
Electronics and Applications, 2009. EPE '09. 13th European Conference on, 2009, pp. 1-15.

1. Esandi, X. Juankorena, J. Lopez, ef al., "Alternative protection system for Wind turbines with Doubly
Fed Induction Generator," in Power Engineering, Energy and Electrical Drives, 2009. POWERENG '09.
International Conference on, 2009, pp. 501-3506

A. Hamlyn, H. Cheung, W. Lin, ef al.. "Adaptive protection and control strategy for interfacing
wind-power electricity generators to distribution grids." in Power and Energy Society General Meeting
- Conversion and Delivery of Electrical Energy in the 21st Century, 2008 IEEE, 2008, pp. 1-8.

Z. G. Tian and T. D. Jin, "Maintenance of wind turbine systems under continuous monitoring," in
Reliability and Maintainability Symposium (RAMS), 2011 Proceedings - Annual, 2011, pp. 1-6.

Z. Daneshi-Far, G. A. Capolino, and H. Henao, "Review of failures and condition monitoring in wind
turbine generators," in Electrical Machines (ICEM), 2010 XIX International Conference on, 2010, pp.
1-6.

M. Ruba, L. Szabo. and F. Jurca, "Fault tolerant switched reluctance machine for wind turbine blade
pitch control." in Clean Electrical Power, 2009 International Conference on, 2009, pp. 721-726.

Z.L. An, W. Z. Liu, Y. Li, ef al., "The method for reducing starting resistant moment by suitable top
rake of magnetic pole in Permanent Magnet Generator driven by wind turbine," in Electrical Machines
and Systems, 2008. ICEMS 2008. International Conference on, 2008, pp. 402-404.

A. A. Shaltout and M. F. Mostafa, "Starting process of wind generators WEIG." in Power System
Conference, 2008. MEPCON 2008. 12th International Middle-East, 2008, pp. 492-496.

Y. Matsui. A. Sugawara, S. Sato, ef al., "Braking Circuit of Small Wind Turbine Using NTC Thermistor
under Natural Wind Condition.," in Power Electronics and Drive Systems, 2007. PEDS '07. 7th
International Conference on, 2007, pp. 910-915

A. Sugawara, K. Yamamoto, T. Yoshimi, ef al., "Research for Electric Brake Using NTC Thermistors on
Micro Wind Turbine." in Power Electronics and Motion Control Conference, 2006. EPE-PEMC 2006.
12th International, 2006, pp. 1597-1601.

R. R. Peters, D. Muthumuni, T. Bartel, ef al., "Dynamic model development of a fixed speed stall

12/15



[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

control wind turbine at start-up," in Power Engineering Society General Meeting, 2006. IEEE, 2006, p.
7 pp-

K. E. Johnson and N. Thomas, "Wind farm control: Addressing the aerodynamic inferaction among
wind turbines," in American Control Conference, 2009. ACC '09., 2009, pp. 2104-2109.

R. Fadaeinedjad, G. Moschopoulos, and M. Moallem, "The Impact of Tower Shadow, Yaw Error. and
Wind Shears on Power Quality in a Wind&#x2013:Diesel System." Energy Conversion, IEEE
Transactions on, vol. 24, pp. 102-111, 2009.

W. H. Hu., Y. Wang, X. W. Song, ef al.. "Development of wind turbine simulator for wind energy
conversion systems based on permanent magnet synchronous motor," in Electrical Machines and
Systems, 2008. ICEMS 2008. International Conference on, 2008, pp. 2322-2326.

R. Fadaeinedjad. G. Moschopoulos, and M. Moallem, "A New Wind Power Plant Simulation Method to
Study Power Quality," in FElectrical and Computer Engineering, 2007. CCECE 2007. Canadian
Conference on, 2007, pp. 1433-1436.

R. Achar, M. S. Nakhla, H. S. Dhindsa, ef al., "Parallel and Scalable Transient Simulator for Power
Grids via Waveform Relaxation (PTS-PWR)." Very Large Scale Integration (VLSI) Systems, IEEE
Transactions on, vol. 19, pp. 319-332, 2011.

R. M. Reddi and A. K. Srivastava, "Real time test bed development for power system operation, control
and cyber security," in North American Power Symposium (NAPS), 2010, 2010, pp. 1-6.

K. Namwon, K. Sang-Yong, L. Hyo-Guen, ef al., "Design of a grid-simulator for a transient analysis of
grid-connected renewable energy system," in Electrical Machines and Systems (ICEMS), 2010
International Conference on, 2010, pp. 633-637.

I. Munteanu, A. I. Bratcu, S. Bacha, ef al., "Hardware-in-the-Loop-based Simulator for a Class of
Variable-speed Wind Energy Conversion Systems: Design and Performance Assessment.," Energy
Conversion, IEEE Transactions on, vol. 25, pp. 564-576, 2010.

V. Jalili-Marandi, P. Lok-Fu, and V. Dinavahi, "Real-Time Simulation of Grid-Connected Wind Farms
Using Physical Aggregation," Industrial Electronics, IEEE Transactions on, vol. 57, pp. 3010-3021,
2010.

R. Mohammed, M. Chakir, S. Naima, ef al., "PGS: Pervasive Grid Simulator Library," in Modelling &
Simulation, 2009. AMS '09. Third Asia International Conference on, 2009, pp. 584-589.

R. Lohde and F. W. Fuchs, "Laboratory type PWM grid emulator for generating disturbed voltages for
testing grid connected devices." in Power Electronics and Applications, 2009. EPE '09. 13th European
Conference on, 2009, pp. 1-9.

M. Ili¢, "Transforming supervisory control and data acquisition (SCADA) into Dynamic Monitoring
and Decision Systems (DYMONDS): The missing link in smart grids," in Power and Energy Society
General Meeting, 2010 IEEE, 2010, pp. 1-4.

T. T. Cheng, Q. Chen, Z. J. Gao, ef al.. "The fault diagnosis system based on IEC61850 and
TEC61970." in Developments in Power System Protection (DPSP 2010). Managing the Change, 10th
IET International Conference on, 2010, pp. 1-4.

O. Bilgin, Y. Altun, and M. Mutluer, "Remote monitoring and diagnostic system of PLC controlled an
elevator using SCADA." in Electrical, Electronics and Computer Engineering (ELECQO), 2010 National
Conference on, 2010, pp. 212-216.

C. Zheng and M. Kezunovic, "Synchronized sampling uses for real-time monitoring and control,” in
North American Power Symposium (NAPS), 2009, 2009, pp. 1-6.

T. Sui, J. Teng, B. Li, ef al., "The Application of Multi-serial-interface System in Small-Scale

13/15



[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

Monitoring Device Based on C8051f020." in Information Engineering, 2009. ICIE '09. WASE
International Conference on, 2009, pp. 389-390.

A. Leirbukt, O. Breidablik, J. O. Gjerde, ef al., "Deployment of a SCADA integrated wide area
monitoring system." in Transmission and Distribution Conference and Exposition: Latin America, 2008
IEEE/PES, 2008, pp. 1-6.

L. w. Guo, Z. J. Wang, M. Wang, ef al., "Software Development of Electric Machine Testing System
and Reusability Design," in Innovative Computing, Information and Control, 2007. ICICIC '07. Second
International Conference on, 2007, pp. 474-474.

E. Chikuni and M. Dondo, "Investigating the security of electrical power systems SCADA." in
AFRICON 2007, 2007, pp. 1-7.

H.J. Yang, Y. H. Yang, and D. Y. Zhang, "The structure and application of flexible SCADA." in Power
Engineering Society General Meeting, 2006. IEEE, 2006, p. 4 pp.

S. Wu, X. zhu, and W. Li, "The Software Design of Data Acquisition Server Based on Multi-Agent
Technology." in Intelligent Control and Automation, 2006. WCICA 2006. The Sixth World Congress on,
2006, pp. 4396-4399.

A. Daneshi, N. Sadr Momtazi, H. Daneshi, ef al., "Impact of SVC and STATCOM on power system
including a wind farm." in Environment and Electrical Engineering (EEEIC), 2010 9th International
Conference on, 2010, pp. 117-120.

L. Lin, F. Sun, Y. H. Yang, ef al.. "Comparison of reactive power compensation strategy of wind farm
based on optislip wind turbines," in Sustainable Power Generation and Supply, 2009. SUPERGEN '09.
International Conference on, 2009, pp. 1-6.

I.j. Zhang, Z. d. Yin, X. n. Xiao, ef al., "Enhancement voltage stability of wind farm access to power
grid by novel SVC.," in Industrial Electronics and Applications, 2009. ICIEA 2009. 4th IEEE
Conference on, 2009, pp. 2262-2266.

M. Eidiani, Y. Ashkhane, and M. Khederzadeh, "Reactive Power Compensation in Order to Improve
Static Voltage Stability in a Network with Wind Generation," in Computer and Electrical Engineering,
2009. ICCEE '09. Second International Conference on, 2009, pp. 47-50.

Y. Hida, K. Iba, and R. Yokoyama, "Optimal allocation of SVCs against fluctuation of wind power
generators," in Electric Utility Deregulation and Restructuring and Power Technologies, 2008. DRPT
2008. Third International Conference on, 2008, pp. 184-187.

Y. Hu and Z. Chen, "STATCOM's Effects on Stability Improvement of Induction Generator based Wind
Turbine Systems." in Power and Energy Engineering Conference, 2009. APPEEC 2009. Asia-Pacific,
2009, pp. 1-4.

L. Y. Qu and W. Qiao, "Constant Power Control of DFIG Wind Turbines With Supercapacitor Energy
Storage." Industry Applications, IEEE Transactions on, vol. 47, pp. 359-367, 2011.

Y.-z. Sun, Z.-s. Zhang, G.-j. Li, ef al., "Review on frequency control of power systems with wind power
penetration." in Power System Technology (POWERCON), 2010 International Conference on, 2010, pp.
1-8.

J. Shu, B. H. Zhang, C. G. Wang, et al., "Investigation of control for grid integrated doubly fed
induction wind generator," in Power & Energy Society General Meeting, 2009. PES '09. IEEE, 2009, pp.
1-7.

X. B. Yuan, W. F., B. R, ef al., "Dc-link voltage control of full power converter for wind generator
operating in weak grid systems." in Applied Power Electronics Conference and Exposition, 2008. APEC
2008. Twenty-Third Annual IEEE, 2008, pp. 761-767.

14/15



[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

T. Senjyu, R. Sakamoto, N. Urasaki, et al., "Output power leveling of wind farm using pitch angle
control with fuzzy neural network." in Power Engineering Society General Meeting, 2006. IEEE, 2006,
p- 8 pp.

C. H. Shao, X. J. Chen, and Z. H. Liang. "Application Research of Maximum Wind-energy Tracing
Controller Based Adaptive Control Strategy in WECS," in Power Electronics and Motion Control
Conference, 2006. IPEMC 2006. CES/IEEE 5th International, 2006, pp. 1-5.

N. P. W. Strachan and D. Jovcic, "Stability of a Variable-Speed Permanent Magnet Wind Generator
With Weak AC Grids," Power Delivery, IEEE Transactions on, vol. 25, pp. 2779-2788. 2010.

S. N. Singh, x00D, J. stergaard, et al., "Reactive power capability of unified DFIG for wind power
generation," in Power and Energy Society General Meeting, 2010 IEEE, 2010, pp. 1-7.

S. Musunuri, "Protection requirements for a large scale wind park." in Protective Relay Engineers, 2009
62nd Annual Conference for, 2009, pp. 478-491.

H. R. Najafi, F. Robinson, F. Dastyar, ef al., "Transient stability evaluation of wind farms implemented
with induction generators," in Universities Power Engineering Conference, 2008. UPEC 2008. 43rd
International, 2008, pp. 1-5.

H. Li and Z. Chen, "Overview of different wind generator systems and their comparisons," Renewable
Power Generation, IET, vol. 2, pp. 123-138, 2008.

G. Di Marzio, J. Eek, J. O. Tande, ef al., "Implication of Grid Code Requirements on Reactive Power
Contribution and Voltage Control Strategies for Wind Power Integration," in Clean Electrical Power,
2007. ICCEP '07. International Conference on, 2007, pp. 154-158.

S. Foster, L. Xu, and B. Fox, "Grid Integration of Wind Farms Using SVC and STATCOM." in
Universities Power Engineering Conference, 2006. UPEC '06. Proceedings of the 41st International,
2006, pp- 157-161.

15/15



CONFIDENTIAL

Test Facility Report Risg-1-3100(EN)



Risg DTU is the National Laboratory for Sustainable Energy. Our research focuses on
development of energy technologies and systems with minimal effect on climate, and
contributes to innovation, education and policy. Risg has large experimental facilities
and interdisciplinary research environments, and includes the national centre for nuclear
technologies.

Risg DTU
National Laboratory for Sustainable Energy
Technical University of Denmark

Frederiksborgvej 399
PO Box 49

DK-4000 Roskilde
Denmark

Phone +45 4677 4677
Fax +45 4677 5688

www.risoe.dtu.dk



	1 Introduction
	2 Functional description of the Test Facility
	2.1 Introduction
	2.2 Description of tests for a single wind turbine
	2.2.1 Active and reactive power control (normal grid conditions)
	2.2.2 Voltage control (normal grid conditions)
	2.2.3 Voltage amplitude changes (normal grid conditions)
	2.2.4 Voltage unbalance (normal grid conditions)
	2.2.5 Operation at alternative system frequencies (normal grid conditions)
	2.2.6 Harmonic emission assessment (normal grid conditions)
	2.2.7 Grid resonances (normal grid conditions)
	2.2.8 Voltage fluctuations caused by the turbine (normal conditions)
	2.2.9 PQ capabilities at different voltages and frequencies (normal)
	2.2.10 Frequency control & inertia response (disturbed grid conditions)
	2.2.11 Low Voltage Ride Through: LVRT  (disturbed grid conditions)
	2.2.12 High Voltage Ride Through: HVRT  (disturbed grid conditions)
	2.2.13 Operation during frequency variations (disturbed grid conditions)
	2.2.14 Voltage phase angle jumps (disturbed)
	2.2.15 Protection strategies (disturbed)
	2.2.16 Start and stop scenarios (disturbed)

	2.3 Tests at a wind farm level
	2.3.1 Virtual wind farm emulation
	2.3.2 Operational tests on SCADA and SCADA-interface systems
	2.3.3 Compensation equipment model verification
	2.3.4 Tests of Power Plant Controllers
	2.3.5 Emulation of varying grid strengths

	2.4 Functional description summary

	3 Technical concepts for the Test Facility
	3.1 Introduction
	3.2 Concepts for the test equipment
	3.2.1 Direct 36kV connection: no test facility
	3.2.2 Short circuit test equipment 
	3.2.3 Centrally located test equipment based on power electronics (“converter-based”)
	3.2.4 Centrally located test equipment based on power electronics and a generator set (“hybrid solution”)
	3.2.5 Centrally located facility based on discrete reactive components

	3.3 Test Centre switchboard concepts
	3.3.1 Test Centre connection possibilities
	3.3.2 Test Facility requirements for the Test Centre switchgear
	3.3.2.1 No test facility or mobile test facility
	3.3.2.2 Centrally located fixed test facility
	3.3.2.3 Two centrally located test facilities each with a turbine connection


	3.4 Assessment of technical concepts

	4 Organisation
	4.1 Introduction
	4.2 Organisations required
	4.3 Current status of the organisations
	4.4 Tasks for the operation and maintenance of the Test Facility
	4.4.1 Operation management
	4.4.2 MV equipment technical operation
	4.4.3 Maintenance (planned) and repair (unplanned)
	4.4.4 Customer service functions

	4.5 Organisation model for the Test Facility operation and maintenance
	4.6 Organisation summary

	5 Business case
	5.1 Introduction
	5.2 Proposals for funding possibilities
	5.3 Estimates of costs
	5.3.1 Pre-construction task estimates
	5.3.2 Construction estimates
	5.3.3 Operations and maintenance costs

	5.4 Funding the establishment of the Test Facility
	5.5 The distribution and funding of running costs
	5.5.1 Running cost 
	5.5.2 Allocation of use of the test facility and consequent running costs


	6 Implementation plan
	6.1 Chosen solutions and test equipment capacity
	6.2 Implementation steps and time schedule
	6.3 Contract Conditions
	6.4 Interaction with the Østerild Test Centre
	6.4.1 Switch gear for connection of wind turbines and central test facility 
	6.4.2 Interface between the test stands and the mobile test equipment
	6.4.3 Earthing of the 33kV system
	6.4.4 Auxiliary power supply
	6.4.5 Planning permission and ground acquisition for the Test Facility 

	6.5 Scope of works
	6.5.1 Test Facility converter equipment
	6.5.2 Mobile short circuit equipment
	6.5.3 Maintenance contract
	6.5.4 Central test facility switchboard

	6.6 Functional specifications for equipment
	6.6.1 Centrally located unit
	6.6.1.1 Operator interface
	6.6.1.2 Maintenance interface
	6.6.1.3 Parameter ranges

	6.6.2 Short circuit mobile unit

	6.7 Budget estimate and business case
	6.8 Organisation

	7 Project summary and conclusion
	Appendicies.pdf
	C Udkast Vedtægter for styregruppe (7).pdf
	V E D T Æ G T E R
	for
	Styregruppe til drift og vedligeholdelse af
	Testcenter Østerild



