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ABSTRACT

This report gives an overview of the objectives and methods, as well as the results and con-
clusions of the project "Verificatie dynamische modellen van windparken (Erao-3)". Three
validation exercises have been executed:

« the first validation compares models of different project partners with regard to a voltage
dip in a hypothetical benchmark system;

« the second validates the Constant Speed Stall wind farm model using measurements on
the Alsvik wind farm;

« the third validates the Variable Speed Pitch model using measurements on the JWT wind
turbine.

The Constant Speed Stall and Variable Speed Pitch validations are reported separately [16, 17].
Model improvements are documented in chapters 3 and 4. Appendix B gives an overview of
IEA Annex XXI. The conference and journal papers prepared or contributed to in the Erao-3
project are included in appendix C.

The three validation exercises showed different levels of success. The results of the first val-
idation showed only minor deviations from the results of others and these could be explained
by small differences between the models. In the second validation, detailed turbine data was
available and the model predictions were quite accurate. In the third validation the similarity
between measurements and simulations was limited. The unavailability of detailed data on
the system used for this validation played an important role with regard to the accuracy. To
increase confidence in the dynamic wind turbine and wind farm models, additional validation
work is still required.

This report is a contribution to IEA Annex XXI: Dynamic models of Wind Farms for Power
System studies.
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1 EXECUTIVE SUMMARY

This report is the first of a set of three reports that documents the results of the project "Verifi-
catie dynamische modellen van windparken (Erao-3)". The other two reports are titled:

 Constant Speed Stall Wind Farm Dynamic Model Validation: Alsvik measurements and
simulations [16];

* Variable Speed Pitch Wind Turbine Dynamic Model Validation: JWT measurements and
simulations [17].

The first chapter of this report gives an overview of the project objectives and methods, as well
as the project results and conclusions. Chapter 2 describes the results of the first validation
exercise in which different models are compared with regard to a voltage dip in a hypothetical
benchmark system. Model improvements are documented in chapters 3 and 4. Appendix B
gives an overview of IEA Annex XXI. The conference and journal papers prepared or con-
tributed to in the Erao-3 project are included in appendix C.

1.1 Project summary
1.1.1 Problem definition

In the Netherlands the first steps towards large scale implementation of offshore wind power
have been taken. The first offshore wind farm of about 100 MW, located near the coast of
Egmond in the province of North Holland has been built. Plans exist for a substancial amount
of offshore wind energy in the Dutch section of the North Sea. These offshore wind farm will
feed into the Dutch high voltage grid. The effects of large amounts of wind power on the grid
are not that well known yet. Wind power can cause problems for the European grid, as is
illustrated by the first of two recent incidents (see box).

On 30 december 2004 a critical condition developed in the high voltage grid of the Netherlands,

caused by an excess of wind power in the north of Germany. The excess resulted in large power

flows through the Netherlands, Belgium and France to the south of Germany. This had happened

before but during this particular event, an n-1 safe condition was no longer guaranteed in the Dutch

grid [24].

A second more serious incident occured on the evening of Saturday 4 november 2006 [14]. A high

voltage line in the North of Germany was taken out of operation to let a cruise ship, built at the

Meyerwerft in Papenburg, pass the high voltage line. At the same time, the load pattern in Germany

changed, which resulted in an overload of part of the German high voltage grid, causing a number

of automatic trips. This resulted in a separation of the European grid into three sections (islands).

A power shortage occurred in one of the island grid, which caused consumer load tripping in the

Netherlands, Belgium, France, Spain, Portugal and Italy. In total about 10 million people were

affected by this power failure. A total black-out was prevented, but this event demonstrated the

need for grid reinforcements as well as reseach on intelligent grid management.
Most European countries with plans for a considerable amount of wind power have started
research activities on the integration of wind power in the high voltage grid. In 2005 an IEA
Annex has been started to gather information on wind power integration practices and research
in a number of countries [10]. In the Netherlands, research started in 2003 to quantify the
effect of 6000 MW offshore wind power on the high voltage grid [9, 1, 11]. Only the steady
state behaviour has been considered so far, resulting in suggestions for grid reinforcement.
This investigation needs to be complemented with studies on the dynamic interaction of wind
power and the electrical grid. These studies range from power balance studies to transient event
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studies and innovative grid control concepts, for instance using (dynamic) grid state estimation.
Dynamic models of wind turbines and farms are needed in these studies.

The Erao projects, which started in 1999, intend to develop building blocks and knowledge
needed in wind farm and grid studies. In the Erao and Erao-2 projects, steady state and dynamic
models of wind turbines and wind farms have been developed by ECN and TUD-EPS [15,
18, 19]. These models have a number of applications. The dynamic models can be used to
investigate and improve the dynamic behaviour of the electrical system of a wind farm, for
instance by optimizing the control. A second level of application is the interaction between
wind farms and the high voltage grid, locally as well as on a national level. The type of dynamic
models needed will depend on the application. Generally individual wind farm studies require
more detailed models than national grid studies.

Major steps have been taken in the development of the dynamic models of wind turbines and
farms, but the development is not complete without a thorough validation. The basis for all
models, simple as well as complex, are turbine models which include the dynamic properties
necessary for controller design. These models have to be validated by comparing measure-
ments and simulations for a specific wind turbine or wind farm. After validation, the models
can be used in wind farm and local grid studies and as well as for the development of more
simple, reduced order or aggregate models, especially useful in studies of national grids.

1.1.2 Objective
The main objectives of the Erao-3 project are:

« to validate the constant speed turbine model and the variable speed turbine model devel-
oped in the Erao-2 project;

« to improve the Erao-2 models.

The project also intends to find measurements of wind turbines and wind farms in the Nether-
lands suitable for model validation. It is not the intention to perform measurements in the
Erao-3 project itself.

1.1.3 Method

Before any validation is executed it is relevant to know which operating conditions should be
predicted by a dynamic model and to which level of detail. The operating conditions, that
appear to be important from a grid operator’s point of view, are:

< wind farm power variations caused by wind speed changes (balancing demand and sup-
ply);

« wind farm responce to grid faults, especially voltage dips (fault ride through);

« power quality aspects of wind turbines and wind farms (active and reactive power varia-
tion, flicker, harmonics);

« voltage regulation by wind farm reactive power control (requires a PCC with an inductive
character)

 power curtailment and active power balance support by wind farm power control.




For the turbine manufacturer important operating conditions are:

« dynamic response of the turbine during different normal operation modes, i.e. the design
of wind turbine controllers (pitch control, electric torque and reactive power control);

« dynamic response of the electrical system of the wind farm as a whole (control of the
interface between wind farm and grid, especially in the case of DC connection to shore).

To validate dynamic models of wind turbines and wind farms, two sets of data are required:

» measurements of mechanical and electrical variables with a sufficiently high sample rate
to include the relevant dynamic behaviour;

* turbine parameters, mechanical as well as electrical, including the controller design (if
present).

When the project started, it was clear that this information can not be found easily.

In 2002-2003 nine research institutes joined the new IEA Annex XXI: Dynamic models of Wind
Farms for Power System studies. The overall objective of the IEA Annex 21 is to develop and
validate models of wind turbines and wind farms and to gather measurement data for validation
purposes [23]. The emphasis is on models suitable for evaluating power system dynamics and
transient stability. The Annex comprises the following main tasks:

« Establishment of an international forum for exchanging knowledge and experience within
the field of wind farm modelling for power system studies;

 Development, description and validation of wind farm models. The wind farm models
are developed by the individual participants of the Annex, while the description and
validation will be coordinated by the Annex as to give the state of the art and to pinpoint
key issues for further development;

* Set-up and operation of a common database for benchmark testing of wind turbine and
wind farm models as an aid for securing good quality models.

For The Netherlands, ECN and TUD participated in this Annex. The participation was part of
the Erao-3 project. Within the Annex three validation exercises were chosen:

* a "benchmark" exercise based on a hypothetical system chosen by Risoe;

« the validation of a constant speed stall wind farm model using measurements of the
Alsvik wind farm;

« the validation of a variable speed pitch wind turbine model using measurements of the
JWT wind turbine.

The benchmark exercise is described in this report (chapter 2), the constant speed stall and
variable speed pitch validation cases are documented in separate reports [16, 17]. The IEA
Annex XXI members agreed to perform the validations and report the results.

When wind turbine measurements and model simulations are compared, a number of compli-
cating factors are encountered:
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« the wind speed averaged over the turbine rotor plane (rotor effective wind speed) is
not known. The measured single point wind speed is significantly different from the
rotor effective wind speed. Therefore, comparing time histories of measurements and
simulations can not give much information about the accuracy of the model. A work
around for this problem is to compare measurement and simulation in the frequency
domain, i.e. by means of power spectra. This requires measurements with a sufficiently
high sample rate.

« the voltage measured at the generator terminals is often used as an input signal for the
simulation. The correlation with the rotor effective wind speed is lost however since the
instantaneous effective wind speed in the simulation is different from the measurement,
although it is a statistically correct representation. For a constant speed turbine, where
the correlation between wind speed and voltage is high, this leads to errors in the simu-
lated power spectral desity. This effect should be quantified if the voltage is used as an
input [16];

« the availability and accuracy of the turbine parameters is often a problem. Turbine man-
ufacturers are not always willing to supply the required data and even if they do, the
parameters of the measured turbine may be different, due to turbine modifications or
different control settings.

When a model validation is evaluated, these complicating factors should be taken into account.

Within the IEA Annex XXI different types of models are used by different participants [22].
This can not only lead to different results but also to different pre-treatment of the measure-
ments, for instance conversion to RMS values or positive sequence values. Different types of
models used in the Annex are:

¢ RMS phasor models (PSSE);
« instantaneous phasor models (Simulink, DigSilent, SimPowerSys, SimPow);

« abc models with or without power electronic switches (SimPowerSys, PSCAD).

The Erao-2 electrical system models are based on space phasor theory [8], which calculates
instantaneous values under symmetrical conditions. This is fundamentally different from the
phasor-type RMS models and abc models with or without PE switches. Space phasor models
are primarily developed for design of the converter controller and evaluation of electrical tran-
sients under balanced conditions. This suggests the use of the instantaneous positive sequence
voltage values as input. The Erao-2 electrical models do not include the switching of power
electronic converters, the IGBT converters are treated as controlled voltage sources. Therefore,
the frequency components in the range of the switching frequency (1 kHz) and higher are not
represented correctly in systems with a converter and should be disregarded.

1.1.4 Project results

This section summarizes the results of the Erao-3 project for the four main topics: the bench-
mark exercise, the validation of the Constant Speed Stall model and the Variable Speed Pitch
model (Alsvik wind farm and JWT turbine measurements) and the model improvements.

1. Benchmark exercise

10



In the benchmark exercise a short circuit is modelled in a hypothetical wind turbine grid con-
nection. The wind turbine is modelled by an induction machine and capacitor bank. The grid
connection consists of two transformers and a cable. The short circuit occurs at the low volt-
age side of the high voltage transfomer. The short circuit is modelled by a change in shunt
resistance.

The results of the Risoe and ECN/TUD models have been compared. The most important
deviations are the difference in oscillation frequency and damping of the oscillations. The
oscillation frequency in the Risoe benchmark simulations is higher and the Risoe damping
is lower. The deviations are probably caused by small differences between the Risoe and the
ECN/TUD models. The most important modelling difference is that the ECN/TUD transformer
model does not include the magnetizing inductance and the iron losses. Another difference
in the simulation results is that the currents after dip clearance are somewhat higher for the
ECN/TUD simulations then in the Risoe results. The torque and rotational speed are practically
equal, except for some high-frequency oscillations. This is not so strange, because exactly the
same mechanical model has been used. In general, the ECN/TUD simulation results are similar
to the Risoe simulation results.

2. Validation of the constant speed wind farm model for the Alsvik wind farm

The most direct method of validation of dynamic models of wind turbines and wind farms
is comparing measurements and simulation results. This validation process is hindered by a
number of problems:

* the time series of the rotor effective wind speed during the measurement is not known,
which makes comparing time series of measured and simulated variables difficult;

« voltage and wind speed measurements are not independent and this will result in errors
when the voltage is used as an input to determine the frequency response by simulation.

For the first problem a work around is found by comparing the frequency response of measure-
ments and simulations. Frequency domain representations are an excellent way to obtain the
properties of dynamic models. The second problem requires the quantification of the coher-
ence of voltage and wind speed. It was shown that the measured voltage is acceptable as an
input for the Alsvik validation.

Three measurement sets have been used for the validation of the constant speed stall (CSS)
wind farm model. In the first set, mainly mechanical parameters have been recorded. The volt-
age was not measured and a grid model was used to generate the voltage at the point of common
coupling of the wind farm. The results with this measurement set are not that good. There are
significant differences between the measured and the calculated Auto Power Spectral Density
(APSD) of the electric power, reactive power and mechanical torque. Some oscillations are
missing and the level of oscillation above 1 Hz is underestimated. These discrepancies can be
caused by several factors:

* inaccurate mechanical parameters, for instance the stiffness and damping of the tower
are not well known;

* incomplete modeling of the turbine rotor: only a simple steady state representation of
the rotor is used, blade lead-lag and flap oscillations are absent in the simulation;

« an insufficient level of detail of the models of the electrical components of the wind farm
(no saturation, simplified transformer and cable representations);

11
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« an inadequate representation of the grid (a single synchonous generator, no grid load
changes).

Especially the effect of the simplified rotor model and the grid model may be important. The
wind farm independent variation of the grid voltage is not present in the grid model. The
voltage in the simulation is much less variable than in the measurement. Including electric
load changes in the grid or using the measured voltage as an input will give a better result.

The second measurement set included measurements of the instantaneous phase voltages and
currents and is used to investigate the effect of the grid voltage variation on the simulation
results. First, the Alsvik farm was simulated with the same grid model as in set 1 and these
results are better than for set 1. Predicting the mechanical variables seems to be more difficult
than predicting the electrical variables. When the measured voltage is used as input, the results
are significantly better, especially for turbine 3. The only difference between measurement
and simulation is a broad peak in the spectra of current and power around 8 Hz. The reactive
power spectrum is practically identical. It would have been useful to use the measured voltage
as input in set 1 as well as to see to what extent this improves the result for the mechanical
variables, but unfortunately this voltage is not available.

The third measurement available for validation is a voltage dip. For this type of short mea-
surement of about 3 seconds, the exact value of the rotor effective wind is not that important
and time series of measurement and simulation are compared. To simulate the dip, the mea-
sured voltage is the main model input and has to be converted to the dg-reference frame. Since
the frequency is not exactly known, two assumptions have been examinded: constant voltage
phasor angle and constant voltage phasor rotational frequency. The second option gives the
best result. Frequencies are estimated with reasonable accuracy, the damping (electrical or
mechanical) is different.

Summarizing, the validation of the model for the Alsvik wind farm showed that:

« frequency response results for the electrical variables are good if the measured voltage
is used as input instead of using a grid model;

« frequency response results on mechanical parameters are less good, which may partly be
caused by variation of the grid voltage, which could not be included because it was not
measured;

« the voltage dip result was quite good, with some mismatch in the damping.

3. Validation of the variable speed wind turbine model for the JWT wind turbine

It was not possible to obtain a set of measurements for a variable speed wind turbine or farm
that satisfied all requirements for a validation. The IEA Annex XXI working group decided
that the JWT turbine presented the best choice, even though detailed turbine data is missing.
For the time being, a better option was not available. The lack of turbine parameters for the
JWT turbine limits the scope of this model validation, however. The validation covered three
cases of normal operation and a voltage dip.

For normal operation the power spectral density of the active and reactive power at the measure-
ment locations (grid side converter and total) have been compared. From a general perspective,
the APSDs of measurements and simulations were similar but the details were often different.
This is not surprising since detailed knowledge on the JWT turbine parameters and control was
missing. From the results for normal operation the following observation can be made:
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* The spectra for the active powers showed a better match than for the reactive powers. The
power control follows the wind power and if the wind input and the power control are
modelled correctly, this will result in a good representation of the active power, unless
the voltage spectrum in the measurement is different from that in the simulation, which
is not the case since the measured voltage was input for the simulations.

 The differences between the spectra of the measured and simulated reactive powers can
be explainded by differences in the reactive power controller design, which consists of
two separate designs, one for the stator reactive power via the rotor current and one for
the grid side converter reactive power via the converter current. Since the details of the
JWT turbine reactive power controllers were not known, a TUD-ECN design was used.
A different design and setting can easily lead to the observed differences in behaviour.

 Peaks occuring at specific frequencies in the measurement were not reproduced in the
simulations. This is no surprise, since the validation was limited by the missing turbine
data. As mentioned before, this is the major drawback of this validation.

Form the comparison of the voltage dip measurements and simulations a similar conclusion
can be drawn. The oscillation frequency in measurement and simulation was similar, but the
oscillation was more extreme in the simulation and the damping was less. The differences
between simulation and measurement are attributed to differences in parameter values. From
a general perspective, measurements and simulation results for the voltage dip are not that far
apart, however.

Due to the limitations in the JWT turbine measurements and data, detailed conclusions on
the accuracy of the VSP-DFIG model can not be drawn. Nevertheless, the validation results
showed that, even if most of the turbine parameters are not known, the dynamic simulation
produces results which are not that different from the measurements. This is a useful conclu-
sion, since detailed information on commercial turbines is often missing. On the other hand,
the validation did not lead to suggestions for model improvement, since the model could only
be validated in a global way.

It is recommended to execute additional validation exercises when a suitable set of VSP turbine
measurements and turbine data is available.

4. Model improvements

The following model improvements have been implemented:

» the DC link model was improved: the voltage dip and short circuit calculation dynamic
accuracy was improved,;

« effect of high frequency noise in the measured voltage on the feedback control;
» DFIG controller operating on rotating voltage phasors;
« afault ride through capability was implemented for the turbine with DFIG;

« inertial response control for variable speed turbines was implemented.

The improvement of the DC link model comprises the signals used in the control loops and is
relatively small. The second and third improvement are described in the VSP model validation
report [17]. The final two improvements are documented in chapter 3 and chapter 4.

Project conclusions and recommendations

13
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1. The results for the Benchmark exercise were good. There were small differences which
could be explained by differences between the models.

2. For the constant speed wind farm model it was shown that the measured voltage is ac-
ceptable as an input for the Alsvik validation.

3. The results for the first Alsvik measurement set, mainly mechanical measurements, are
not that good. There are significant differences between the measured and the calculated
APSD:s of the electric power, reactive power and mechanical torque. Some oscillations
are missing and the level of oscillation above 1 Hz is underestimated. A possible expla-
nation is given. However, this did not lead to model improvements.

4. The results for the second Alsvik measurement set are much better. Predicting the me-
chanical variables seems to be more difficult than predicting the electrical variables.
When the measured voltage is used as input, the results are significantly better.

5. The third Alsvik measurement is a voltage dip. The prediction of the transient response
to the voltage dip was quite good, with some mismatch in the damping.

6. The lack of turbine parameters for the JWT turbine limited the scope of the variable
speed turbine model validation.

7. From a general perspective, the APSDs of measurements and simulations for the JWT
turbine were similar but the details were often different. This is not surprising since
detailed knowledge on the JWT turbine parameters and control was missing.

8. For the voltage dip measurements and simulations for the JWT turbine the oscillation
frequency in measurement and simulation was similar, but the oscillation was more ex-
treme in the simulation and the damping was less. The differences between simulation
and measurement are attributed to differences in parameter values.

9. The JWT validation exercise did not lead to suggestions for model improvement. Still
some improvements were made which impove and extend the control in the variable
speed turbine model.

10. No Dutch wind farm or wind turbine measurements suitable for dynamic model valida-
tion could be contributed to Annex XXI.

It is recommended to:

« execute additional validation exercise(s) for the variable speed turbine model.

« extend the database with suitable variable speed turbine and wind farm measurements.

1.2 Commercialisation of project results

Electric power companies are developing an interest in tools to investigate electrical system
configurations. Recently, Vattenfall expressed their interest in the steady state and economic
model library, called EeFarm, which was developed with support of Novem and the Ministry
of Economic Affairs in the Erao-1 project. The discussions on a possible transfer of the model
showed that there still are steps to be taken towards a user friendly second version of the
EeFarm model library. Similar considerations hold with respect to the dynamic model library of
Erao-2 and Erao-3. Although the dynamic model library is better structured due to the chosen
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computer language (Simulink), the library needs to be restructured and fine tuned. Until now
the main focus has been on the development of new models and validation of existing models
and not yet on the development of a well structured library using the full (library) capabilities
of Simulink. First steps towards this goal have been taken in the fall of 2006 but this is still far
from completed.

1.3 Contribution to BSE-DEN programme objectives

In the project proposal an estimate of the contribution of the Erao-3 project to the BSE-DEN
programme objectives has been given. The point of departure of the calculation has been that
the demands of grid operators with respect to the dynamic impact of wind power on the grid
will increase and that validated dynamic models of wind farm are needed to meet this demand.
These criteria still hold. The assumption of increasing demands on dynamic behaviour of wind
farms proved to be correct, as can be seen from the requirements imposed on wind power
implementation by for instance the Irish grid operator (demands specification of the detailed
dynamic behavior of a wind farm, for instance during a frequency dip) or E.On Netz (demands
voltage dip ride through capability). The model validation results of the Erao-3 project con-
tribute to these requirements by developing validated dynamic models that can be used to study
for instance frequency and voltage dip behavior and secondly by indicating accuracy limita-
tions under specific model and turbine data conditions.

The project proposal estimated an amount of prevented primary energy of 8.8 PJ in 2020, by
assuming a delay in the installed offshore wind power, due to a lack of validated dynamic
models. The increasing demands by grid operators on the dynamic behavior of wind farms
has materialised. Therefore, the only reason to adjust this estimate could be an only partial
fulfilment of the project objectives. The project objectives are to validate two types of wind
farm, constant speed and variable speed. Both objectives have been realised, the validation
of the variable speed case was not optimal however, due to the lack of turbine data for the
chosen turbine measurements (a better combination of measurements and turbine data was
not available). For this drawback, a reduction on the originally estimated prevented primary
energy appears to be logical. Although the effect is difficult to estimate, a reduction by 20% is
assumed, which results in a energy benefit of 7 PJ in 2020.

Innovation

The recently published EWEA report on Large Scale Integration of Wind Energy in the Euro-
pean Power Supply [6] concludes that the major issues of wind power integration are changed
approaches in operation of the power system, connection requirements for wind power plans
to maintain a stable and reliable supply, extension and modification of the grid infrastructure,
influence of wind power on system adequacy and the security of supply [6]. The same report
concludes that dynamic studies provide the basis for improved connection practices. The dy-
namic models of wind turbines and wind farms, necessary for these studies, are not readily
available and the existing models have not been validated. This project is a step towards a
validated library of dynamic models of wind turbines and wind farms. Secondly, a database
of measurements has been compiled by IEA Annex XXI, of which this project was part. The
database is available for future validation exercises.

Bottlenecks solved

Validated dynamic models of wind turbines and wind farms are essential for the realisation
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of a significant amount of offshore wind power in the power system of Europe. The project
contributed to the validation of two categories of wind farm models: constant speed stall and
variable speed pitch. Prior to the start of Annex XXI no suitable measurements for the valida-
tion of dynamic models for power system studies were available. The Annex made a start by
compiling a measurement database.

Cost of renewable energy

The project proposal indicated the following costs that can be reduced by dynamic simulations
of wind farms and power system studies:

 dynamic simulations of wind farms increase reliability, prevent over dimensioning of
components and reduce investment costs;

 dynamic simulations of wind farms quantify the effect of the wind farms on the grid
and meet the request of grid operators with regard to knowledge of wind farm dynamic
behaviour, during normal operation as well as during faults;

« dynamic simulations of power systems which include large amounts of wind power en-
able alternative grid and wind farm control strategies and increase confidence in stable
and reliable operation.

Without validated tools to perform these calculations, potential problems caused by the inter-
action of large amounts of wind power and the grid may not be noticed and eventually cause
unneccasary problems.
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2 COMPARISON OF ECN-TUD BENCHMARK SYSTEM MODEL
WITH RISOE BENCHMARK SYSTEM MODELS

2.1 Introduction

The IEA Annex XXI participants decided to perform a comparison of models of the Annex
participants (benchmark), based on a hypothetical electrical system described in the appendix
of the report Risoe-R-1331 *Simulation and verification of transient events in large wind power
installations’ by Soerensen et al. [21]. In this chapter, similation results from the ECN-TUD
model will be compared to the results from the Risoe models. This chapter starts with a short
description of the benchmark system and the model of ECN and TUD. Next, the simulation
results are compared. This chapter ends with a discussion of the results.

2.2 Benchmark system to be modelled

The benchmark system to be modelled is shown in figure 1. It contains a constant speed
wind turbine with an induction generator that is connected to the 50kV grid via a 960/10.5kV
transformer, a 10kV cable, a 10kV/50kV transformer and a 50kV grid. Actually, the Risoe
models do not completely model the constant speed turbine, it is represented by the aerody-
namic torque, the rotor mass, the shaft and the gear box ratio. A capacitor bank is connected
to the rotor terminals. The capacitor bank is delta-connected. The induction generator in the
Risoe benchmark models is a T-equivalent circuit. The mechanical system is modelled by a
2-mass model. The induction generator and capacitor bank are connected to a 10kV/50kV
transformer. This transformer is connected to the grid transformer by a cable. The 50kV grid
in the Risoe benchmark models is a Thévenin equivalent circuit, both transformers are mod-
elled by a T-equivalent and the cable is modelled by a w-equivalent. A detailed description of
the Risoe benchmark models and the used parameters can be found in the Risoe report [21].
The main parameters are also listed in section 2.6.

In the benchmark simulation, a short-circuit is applied at the low-voltage side of the 10kV/50kV
transformer. The short-circuit is a balanced 3-phase short circuit. The Risoe simulations use
DigSilent Powerfactory and EMTDC.

Figure 1: Benchmark benchmark system to be modelled
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2.3 ECN-TUD benchmark system model

The ECN-TUD benchmark system model uses Simulink and the electrical components are
modelled in a dg-reference frame. For the dg-models all signals are constant in steady-state
situations. This will result in a significant increase in simulations speed. The models are
described in the report ’Electrical and control aspects of offshore wind farms 1l (Erao II) -
Vol. 1: Dynamic models of wind farms’, ECN-C-04-050 [18]. The same parameters as in the
Risoe-report have been used, see section 2.6.

2.4 Comparison ECN-TUD and Risoeresults

In this section the simulation results obtained from the ECN-TUD models are compared to
the Risoe benchmark simulation results. The case that has been modelled is a balanced three-
phase short-circuit at the low-voltage side of the 10kV/50kV transformer. The dip is cleared
after 100 ms. Figure 2 shows the ECN-TUD benchmark system model and the location of the
short circuit. The response of the grid to the voltage dip is not an aspect of investigation and
is not correctly represented. If the voltage dip is large enough, this will not affect the result.
Figure 3 shows the short circuit model. A shunt resistance to ground is inserted at the short
circuit location.
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>
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P! signais
P i
Constant speed wind
turbine with AM dg model M
(c) 2003 Tim van Engelen & P w
Jan Pierik (ECN), -
Johan Morren (TUD) T Plot_figures

i1

R1

Pulse
Generator

Figure 3: Short circuit model in ECN-TUD benchmark system model

The voltage at the terminals of the wind turbine during the voltage dip is shown in figure 4. The
voltage dip start at t=0 s for the benchmark simulations while it starts at t=1s for the ECN-TUD
simulations. A detailed view of the same voltages during the start of the voltage dip is shown
in figure 5. A detailed view of the terminal voltage just after dip clearance is shown in figure 6.

18



——EMTDCU,,
- EMTDC U

— EMTDC U,
. DIgSILENT U,
. DIgSILENT U,,,

cor. DIGSILENT U,

Line voltage [kV]

-3 L
-0.05 0 0.05 0.1 0.15
Time [s]

—— ECN/TUD Uy,

—— ECN/TUD Upg
—— ECN/TUD Ug,

Line voltage [kV]

L 1 1
SQS 1 1.05 T 115
time [s]

Figure 4: Voltage at turbine terminals in the Risoe (top) and ECN-TUD maodels (bottom)
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Figure 5: Detailed view of voltage at turbine terminals during start of dip in the Risoe (top)
and ECN-TUD models (bottom)
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Figure 6: Detailed view of voltage at turbine terminals after dip clearance in the Risoe (top)
and ECN-TUD models (bottom)

The stator currents of the turbine are shown in figure 7. The electrical torque of the generator
is shown in figure 8. In order to see the long term fluctuations in the torque, it has been plotted
again in figure 9. The rotational speed of the turbine is shown in figure 10.
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Figure 9: Generator torque for longer period in the Risoe (top) and ECN-TUD models (bottom)
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Figure 10: Generator rotational speed in the Risoe (top) and ECN-TUD models (bottom)
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2.5 Discussion

In this section the differences between the Risoe and ECN-TUD simulation results will be dis-
cussed. The most important deviations are the difference in oscillation frequency and damping
of the oscillations. The oscillation frequency in the Risoe benchmark simulations is higher
and the Risoe damping is lower. These deviations are probably caused by small differences
between the Risoe and the ECN-TUD models. The most important difference in the models
is that the ECN-TUD transformer model does not include the magnetizing inductance and the
iron losses. Another difference between the Risoe and ECN-TUD simulation results is that
the currents after dip clearance are somewhat higher for the ECN-TUD simulations then for
the Risoe benchmark results. The torque and rotational speed are practically equal, except for
some high-frequency oscillations. This is not so strange, because exactly the same mechanical
model has been used. In total, the ECN-TUD results are similar to the Risoe results and give
no reason for model adaptations or improvements.
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2.6 Appendix: Benchmark system parameters

Ury 50kV
Ry, 21156 Q
Ay 8.2998 ()

1. 30KV grid ( Gso) data

1.58 uF
0.7568 Q2
0.4473 (3

158 ulf

S 16 MVA
U, 50 KV
Us 10.5 kV
R, 0.4052 ©
Xp 7.655 Q
X 19530 &
R 0.4052 3
X' 7.655 O
2. 5010 kV transformer (Tg, ) data
Sh 23 MVA
U, 0.96 kV
Ny 1500 rpm
R, 0.004 Q
X 0.05Q
X 1.6 Q
Ry 0.004 Q
X/ 0.05 Q

3. Induction generator data

3. Wind farm 10 kV collection cable (Cacy ) data

5 2MVA
U, 10.5 kV
U, 0.96 kV
R, 0.2756 ©
X 1.654 ©
X 6890 Q2
R/ 0.2756 ©
X 1.654 O

4. 107096 kV transformer (Tyr ) data

Ty 4.176 - 10° ke m®
Lyen 93.22 kg m’
Kne 8.949 . 10’ Nm / rad
f &0

6. Mechanical system data

Figure 11: Benchmark system parameters
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3 MODEL IMPROVEMENT: PROTECTION OF WIND TUR-
BINESWITH DOUBLY-FED INDUCTION GENERATOR

3.1 Introduction

Most new wind turbines that are installed nowadays are variable speed turbines with a doubly-
fed induction generator (DFIG). This turbine has a power electronic converter between the
rotor windings and the grid. A major drawback of wind turbines with a DFIG, is their operation
during grid faults. Faults in the power system, even far away from the location of the turbine,
can cause a voltage dip at the connection point of the wind turbine. The dip in the grid voltage
will result in an increase of the current in the stator windings of the DFIG. Because of the
magnetic coupling between stator and rotor this current will also flow in the rotor circuit and
the power electronic converter. This can lead to destruction of the converter. It is possible to
try to limit the current by current control on the rotor side of the converter, however this will
lead to high voltages at the converter terminals, which might also lead to destruction of the
converter.

The method which is proposed limits the high current in the rotor and provides a by-pass for it
via a set of resistors that are connected to the rotor windings. With these resistors it is possible
to survive grid faults without disconnection of the turbine from the grid. Because generator
and converter stay connected, synchronism of operation remains during and after the fault and
normal operation can be continued immediately after the fault has been cleared. A control
strategy has been developed that takes care of the transition back to normal operation. Without
this transition control, large transients would occur. When the dip duration is longer than a
few hundred milliseconds, the short-circuit resistors can be disconnected and the system can
resume normal operation at reduced grid voltage. It can even supply reactive power to the grid
during the fault.

3.2 Fault response and protection of DFIG

This section analyses the response of a DFIG to a dip in the voltage at its terminals. The
stator voltage equation of the induction machine can be written in different ways. For ease of
explanation it is written as a space-vector in a stationary reference frame:

175 - Rs;s + E\PS (l)
In normal operation the space-vectors rotate at a synchronous speed with respect to the refer-
ence frame. Ignoring the stator resistance the derivative of the stator flux is directly propor-
tional to the grid voltage. When the voltage drops to zero (in case of a fault at the generator
terminals) the stator flux space-vector will stop rotating. This will produce a dc-component
in the stator flux. The dc-component in the rotor flux of the machine is fixed to the rotor and
will continue rotating. This will thus add an alternating component to the dc-component of
the stator flux. The maximum value that the currents reach depends mainly on the dip depth
and the stator and rotor leakage inductance. How fast the dc-component will decay is mainly
determined by the transient time constants of the stator and rotor.

The voltage dip will cause large (oscillating) currents in the rotor circuit of the DFIG, to which
the converter is connected. A high rotor voltage will be needed to control the rotor current.
When this required voltage exceeds the maximum voltage of the converter, it is not possible
any longer to control the current as desired. This implies that a voltage dip can cause high
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induced voltages or currents in the rotor circuit that can destroy the converter. In order to avoid
breakdown of the converter switches, there should be a by-pass for the rotor currents in case
of a voltage dip. This can be done by connecting a set of resistors to the rotor winding via bi-
directional thyristors, also called a crowbar, as is shown in figure 12. When the rotor currents
become too high the thyristors are fired and the high currents do not flow through the converter
but into the by-pass resistors. Meanwhile it is not necessary to disconnect the converter from
the rotor or the grid. Because generator and converter stay connected, the synchronism of
operation remains established during the fault.

When the fault in the grid is cleared, or the dc offset in voltage and current has decayed far
enough, the resistors can be disconnected by stopping the gate signals of the thyristors and the
generator can resume normal operation. A control strategy has been developed that takes care
of the transition to normal operation. Without special control action large transients would
occur. During the period that the resistors are connected to the rotor circuit the controller
signals should be limited to a small band around the values they had at the moment that the
fault occurred. The controllers will try to control the currents, the power, the rotational speed
and so on to the reference values. This is not possible however as long as the by-pass resistors
are connected to the rotor circuit. When the signals are not limited large overshoot in the
signals will occur.

Generator Grid

=) )
{b.- L {:1#

=II. fLomop e '|T T
Control

Thyristors : | Control

By-pass |

resistors :

Figure 12: DFIG by-pass resistors in the rotor circuit

An important issue is the value of the by-pass resistance. On the one hand the resistance should
be high, to limit the short-circuit current. On the other hand it should be low to avoid a too
high voltage in the rotor circuit. A too high voltage can result in breakdown of the isolation
material of the rotor and the converter. It is further possible that when the voltage becomes
higher than the dc-link voltage, large currents will flow through the anti-parallel diodes of the
converter, charging the dc-link to an unacceptable high voltage. The thermal time constant of
the rotor will be high enough to handle the short-circuit currents for a short period and the
by-pass resistors should be designed for it.

3.3 Moddling

The model of the DFIG and its control has been presented in the Erao-Il already and will not
be repeated here. Three sub-blocks of the Erao-11 model have been changed to include the
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crowbar protection. These will be explained here shortly. One block has been added to the
’Comp-DFIG-abc’ block shown in figure 83 of the Erao-I1 report, which models the induction
machine. The block that has been added models the crowbar resistances. Figure 13 shows
how the ’protection’ block is included in the model. The block itself is shown in figure 14.
The output voltage of the block is equal to the input voltage, as long as the protection is not
activated. The block *mag(ir)’ determines the magnitude of the rotor current. When this current
becomes too high, the protection is activated, and the output voltage is obtained from the input
current times the crowbar resistance. The two ’rate limiters’ model the turn-on and turn-off
time of the thyristors. When the protection is activated, there is a certain period in which it will
not be de-activated, even if the rotor current drops below the threshold value. This is done to
avoid that the protection turns on and off continuously, because of the oscillations in the rotor
current. The time delay is obtained from the integrator and gain at the right side of the model.
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Figure 14: Protection block that models the crowbar resistances

During the period that the resistors are connected to the rotor circuit the controller signals are
limited to avoid large oscillations at the moment that the protection circuit is disabled. The
torque control block that was shown in Figure 78 of the Erao-I1 report is shown again in figure
15, but now with different blocks for the wm-controller’ and the ’ig-controller’, to limit the
output of these controllers. The content of the "wm-controller’ block is shown in figure 16. The
output of the Pl-controller is limited and the difference between the output of the PI controller
and the limited output is fed back, to avoid saturation of the controller. A similar block is used
for the current controller. The reactive power control block has been changed in a similar way
as the torque controller block.

141000 Fiom

4 " [Tezef] |

wm_controller From1

[T_e]

Figure 15: Torque controller block
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Figure 16: Torque controller block

3.4 Simulation results

In order to show the effectiveness of the protection scheme, simulation results will be pre-
sented. The wind turbine is connected to a 10kV distribution network, which is modelled as a
Thévenin equivalent circuit with a short-circuit impedance of 50MVA and an X/R ratio of 0.75.
Data of the 2.75MW DFIG is given in section 3.6. The by-pass thyristors are activated when
the rotor current exceeds 1.1pu. All values refer to the stator with the nominal generator power
and voltage as the base values. The maximum allowable rotor (line-line) voltage is 0.35pu.
The value of the by-pass resistors is 0.1pu.

In the first case the behaviour of the DFIG during a voltage dip of 85% (15% remaining voltage)
and 200ms is simulated. The stator voltage and current are shown in figure 17a and 17b and
the rotor voltage and current are shown in figure 17c and 17d, respectively. A large peak in the
stator and rotor current can be noticed. The rotor current is not flowing through the converter
however, but in the by-pass resistors. The power that is consumed by the resistors is shown in
figure 17e. The rotor voltage oscillates to 0.3pu. This is slightly below the maximum rotor
voltage of 0.35pu. Due to the drop in stator power, the wind turbine will accelerate. Because
of the large inertia of the wind turbine rotor the increase in rotational speed is limited however,
as can be seen from figure 17f. When the dip lasts longer eventually the pitch controller can be
used to reduce the aerodynamic power and to limit the increase in rotational speed.

After about 50ms the by-pass resistors are disconnected and the DFIG can resume normal
operation (at a lower voltage). The clearance of the voltage dip results again in high oscillating
currents and the by-pass resistors will be turned on again to protect the converter. After the
current has decayed far enough the resistors are disconnected again and the turbine can resume
normal operation.

By appropriate control the wind turbine can supply reactive power during the dip, as is de-
manded by some grid connection requirements for wind turbines. When the by-pass resistors
are de-activated the turbine can resume normal operation and supply reactive power. This will
be shown in an example. The same network and wind turbine as in the previous example are
used. Now a 50% - 1s dip is applied. The stator voltage is shown in figure 18a and the active
and reactive power supplied by the DFIG are shown in figure 18b and 18c respectively. It can
be seen that 0.25pu reactive power is supplied, while the generator is still supplying ~0.5pu
active power. When more reactive power has to be supplied, the active power should be re-
duced, or a higher current should be allowed. Figure 18d shows the rotor current. During the
dip it is operating at 1pu. The rotor voltage is shown in figure 18e and the rotational speed is
shown in figure 18f.
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Large reactive power peaks can be noted at the occurrence and clearance of the fault. They
are caused by the (de-)magnetizing of the machine. The large amount of reactive power that
is absorbed immediately after fault clearance may cause voltage stability problems and in a
further study it should be investigated how it can be limited.
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Figure 17: Voltage dip of 85%, 0.2 seconds applied to DFIG with protection: (a) stator voltage;
(b) stator current; (c) rotor voltage; (d) rotor current; (e) power consumed in by-pass resistors;
(f) rotational speed of generator
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Figure 18: Voltage dip of 50%, 1 second applied to DFIG with protection: (a) stator voltage; (b)
DFIG active power; (c) DFIG reactive power; (d) rotor current; (e) rotor voltage; (f) rotational
speed

3.5 Conclusion

A method is demonstrated which keeps the generator connected to the grid in case of a grid
failure so that it can resume power generation after clearance of the fault in the grid. The key is
to limit the high currents in the converter by providing a by-pass in the rotor circuit via a set of
resistors that are connected to the rotor windings without disconnecting the converter from the
rotor or from the grid. The wind turbine can resume normal operation within a few hundred
milliseconds after the fault has been cleared. For longer voltage dips, the generator can even

31



Validation of dynamic models of wind farms (Erao-3)

supply reactive power to the grid. Simulation results show the effectiveness of the proposed

method.

3.6 Machineand controller parameters

The machine and controller parameters that have been used during the simulations are given

below.

Machine parameters:

Apparent power Syom
Mutual inductance L,
Stator leakage inductance L
Rotor leakage inductance L,
Stator resistance R,

Rotor resistance R,

Pole number p

Inertia J

By-pass resistor Ry,

2.5 MW
25pu
0.11 pu
0.07 pu
0.0021 pu
0.0021 pu
3

240 kg m2
0.86 pu

Controller parameters:
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4 MODEL IMPROVEMENT: INERTIAL RESPONSE CONTROL
FOR VARIABLE SPEED WIND TURBINES

4.1 Introduction

In the AC grid as we know it today, the grid frequency is controlled by conventional power
plants. The goal of frequency control is to keep the frequency within a small band around 50
(or 60) Hz and to maintain the power balance [12], [4]. The inertia of synchronous machines
plays a significant role in maintaining the stability of the power system during a transient
situation. Differences between the supplied and demanded power will immediately result in a
change in the rotational speed of the synchronous generator, and correspondingly to a change
in the grid frequency, according to the following equation:

d
Jwm, Ewm = Pgen = Pload 2

with J the total inertia of the system, w,, the mechanical rotational speed of the generator
and Py, and P,,q the total power supplied by all generators in the system and the power
demanded by all loads in the system, respectively. The more rotational mass (the more in-
ertia) the synchronous generators have, the less the rotor-speed of the generators will change
during an imbalance of power. The relatively large amount of rotating mass in the present in-
terconnected power systems tends to keep the system stable following a disturbance. With an
increasing penetration level of variable speed wind turbines, assuming that they (at least partly)
replace conventional generation, the stabilisation is becoming increasingly difficult because of
the decreasing level of inertia that is connected to the grid, or that is ’seen’ by the grid [20].
The inertia is reduced because the control of the variable speed wind turbines decouples the
mechanical and electrical systems and a change in system frequency will not be experienced
by the wind turbine rotor. This will be undesirable when there are a large number of wind tur-
bines, especially in periods of low load and on small power systems [3]. The lower the inertia
of a system, the more and faster the frequency will change after abrupt variations in generation
or load. It has been noticed recently, that it is necessary to let variable speed wind turbines
contribute to the system inertia [3],[13], [2]. It has been shown that supplementary control
loops can be implemented, which let the turbines contribute to the inertia of the system.

Two different control strategies to give variable speed wind turbines an inertial response will be
investigated in this chapter. With inertial response is meant that the wind turbine will increase
its power supplied to the grid, during a drop in the grid frequency. The first control strategy has
been proposed in [3]. Basically, it gives the wind turbine a response to frequency deviations that
is equal to the inherent behaviour of a synchronous machine. The additional amount of power
supplied is proportional to the derivative of the frequency. It will be called inertia control.
The second control strategy implements on the wind turbine the primary frequency control that
is used by conventional power plants. The amount of power supplied is proportional to the
difference between the measured and the nominal frequency. It will be called droop control.
The goal of this chapter is to investigate how both types of control can be implemented in
a wind turbine and to compare the different solutions, to see which one gives the smallest
frequency deviation.

The inertia of a wind turbine will be strongly dependent on the size and rated power of the tur-
bine, which are steadily increasing throughout the years. The report starts with deriving scaling
rules for the inertia of modern variable speed wind turbines. Based on these scaling rules the
potential for short-term frequency control is considered. Next, two different control loops that
can be used to implement inertial response will be discussed. After a short description of the
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simulation setup, the implementation of the controllers will be discussed and their operation
will be evaluated by time-domain simulations. The chapter concludes with a discussion of the
results and a summary.

4.2 Wind turbineinertia

After a drop in network frequency conventional power plants will immediately release energy
from their rotating mass. The energy stored in this rotating mass is given by:

E =0.5Jw? (3)

with J the inertia of the machine and wm the rotational speed of the machine. In electrical
power engineering often the so-called inertia constant H is used, which is defined as:

B Jw,zn
28

with S the nominal apparent power of the generator. The inertia constant has the dimension
time and gives an indication of the time that the generator can provide nominal power by only
using the energy stored in its rotating mass. Typical inertia constants for the generators of the
large conventional power plants are in the range of 2 - 9 s, depending on the type of power
plant in which they are used and on the nominal rotational speed [7]. The kinetic energy of a
wind turbine consists of the kinetic energy of the rotating blades, the gearbox and the electrical
generator. The inertia of the turbine blades will be much higher than that of the electrical
generator. The latter will have a much higher rotational speed however, which will also result
in a large amount of kinetic energy. The inertia J of a body can be expressed as:

4)

J = Z miriz (5)

where r; is the radial distance from the inertia axis to the representative particle of mass m;
and where the summation is taken over all particles of the body. To approximate the inertia of
a wind turbine it can be assumed that the blade has its mass middle-point at about 1/3 of the
radius. The total moment of inertia for a three-bladed turbine is then given by:

T=3m(5)? = sy ©)
with m;, the mass of one blade and m,- the mass of the whole rotor including the three blades.
For a typical 2MW wind turbine the total mass of the rotor is about 40 tons [5]. The rotor
diameter for this turbine is about 75m. According to (6) this gives an inertia of 6.3 million
kgm2. The wind turbine has a nominal rotational speed of 1.8 rad/s. Thus the amount of energy
stored can be calculated from (3) and is about 10 MJ. The inertia of the electrical generator is
about 200 kgm2 and with a nominal rotational speed of 104 rad/s, this gives an energy of about
2 MJ. So the total kinetic energy that is stored is 12 MJ and the inertia constant, with (4), is 6
s, which is more or less equal to the average of conventional power plants. The size of modern
wind turbines is steadily increasing, in order to increase the rated output power of the turbine.
With the size of the turbine, also the diameter and mass of the blades will increase, which
means an increasing inertia. The rotational speeds tends to decrease however with increasing
power, which will decrease the kinetic energy stored in the blades. From [5] some trends and
developments in wind turbine manufacturing and design can be obtained. The approximate
relation between rotor diameter and rated power of MW-class wind turbines is given by:
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P, =195 - d*'% O

and the approximate relation between rotor mass and diameter is given by:

m, = 0.486 - d*° (8)

With P, the rated power of the wind turbine in MW, d,. the diameter of the rotor in m, and m,,
the rotor mass in kg. Combining these two equations gives the relation between rated power of
the wind turbine and rotor mass as:

m, = 14500 - P12 9)

To give a trend for the energy stored in the rotating mass of a wind turbine, we need to know
the rotational speed. The rotational speed of a turbine is directly coupled to the speed of the
blade tips (tip speed) which is an important design parameter for wind turbines. Tip speeds for
wind turbines are roughly between 70 and 90 m/s [5]. The total energy stored in the rotating
mass can be obtained from (3) and (6) as:

1
E [ - 2 2 l
T (10)
It should be noted that rw,, is the tip speed. Assuming that this will be 80 m/s on average, the
equation can, with (9), be written as:

E=52-10°p!2 (11)

One should be aware that this is just a rough estimation! The most important conclusion from
this equation is that the energy stored in the rotating mass tends to increase slightly more than
linear with the rated power of the turbine.

4.3 Controller implementation

The control of the doubly-fed induction generator has been described in the Erao-Il report
already. A speed controller generates a torque setpoint, which generates a setpoint for the
current control of the generator. The electrical torque controller is used to extract maximum
power from the wind. A change in rotor speed wm will result in a change in the torque setpoint.
In order to create inertial response, an additional term will be added to this torque setpoint.
The value for this additional torque term, which should improve the inertial response of a
wind turbine, can be implemented in different ways. Two different control schemes will be
described here. The first one is given in [3]. It is meant to mimic the inherent behaviour
of the synchronous generators that are used in conventional power plants. It is based on the
observation that by taking the derivative of the kinetic energy available at any speed wm, the
power that can be extracted from a rotating mass can be obtained as [3]:

dEk dwm
P _ T, Tom 12
a = Ten g (12)

Substituting H for J, the following result is obtained:
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(13)

with w, the grid frequency. With P and @ the per-unit quantities of power and speed this can
be written as:

= dw
P=2H -w— 14
Chen (14)
And the per-unit torque as:
= dw
T=2H — 15
o (15)

The controller is shown in figure 19. Noise on the speed measurement may cause large vari-
ations in the torque setpoint. In order to minimize the impact on mechanical drive train (the
rotating mechanical system) loads, the rate of change of power injection was modified by
adding a first order filter after the ‘fl—“t’ input [3]. The delay due to this filter not only reduces
the rate of increase of the electromagnetic torque but also reduces the magnitude of the peak
torque [3]. This type of control will be called ’inertia control’. The second type of controller
that will be investigated can be considered as a proportional controller. The additional torque
setpoint is based on the absolute deviation of the frequency from the nominal value:

T = kp(wo - wmeas) (16)

where £, is the proportional constant, and wq the nominal speed. This type of control is equal
to the primary frequency control that is applied to the conventional synchronous generators.
As this is called droop control, the control strategy according to (16) will also be called "droop
control’. The controller is shown in figure 20.

dt Low-pass Tinertia
— 2H
filter

Figure 19: Inertia controller

Tcu,ref + Tref

Tinenia

Figure 20: Droop controller

4.4 Moddling

This section describes the implementation of the proposed controllers in the wind turbine
model of the variable speed wind turbine with doubly-fed induction generator. In the same
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way it can be implemented in the control of the permanent magnet generator. Figure 21 shows
the implementation of the inertia control and figure 22 shows the implementation of the droop
control. The ’Start’ block in both implementations is used to active the controller after a few
seconds. When the controllers are activated already when the simulation starts, oscillations
occur.

num(z)

= ir

w_qref A R

lq_cantroller
o

=

% .‘_| phi
&
w_slip
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H Z
wm_controller Fram1
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Figure 21: Torque controller block of DFIG with inertia control implementation
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Figure 22: Torque controller block of DFIG with droop control implementation
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45 Casestudy description

The goal of this chapter is to show that it is possible to implement “inertial response’ in wind
turbines and to compare different ways of implementation. In order to achieve this goal, a case
study has been defined. In the case study the system of figure 23 will be used. The grid is
modelled by a 200MVA synchronous machine. The two loads are 10 and 90MW respectively.
The nominal voltage of the grid is 13.8kV. To this grid a wind farm is connected, through a
34kV cable and a 34kV/13.8kV transformer. The wind farm is assumed to consist of 6 DFIG
wind turbines of 2.75MW, so in total 15MW. Only one turbine is modelled. Its current is
multiplied by six. An additional load of 10MW is connected to the grid. This changes the total
load from 100MW to 110 MW.

Grid model
Turbine Transformer Cable Transformer Connection Synchrqnous
SB0VI34k\ 34kV 34k 150KV paint machine
1 |
| |
Load Load

Figure 23: Simulation setup

The grid frequency in response to the connection of the additional 10MW load is shown for
three cases in figure 24. The solid line gives the response without additional control imple-
mented on the wind turbines. Due to the weak network that has been assumed, the grid fre-
quency will drop rapidly to about 49.7Hz after which the speed controller of the synchronous
machine (which represents the grid) brings it back to 50Hz. The overshoot is due to the (pa-
rameter value) of the integrating part of the PI controller that is used for the speed controller.
When the wind turbines are modified with the inertia controller, the drop in frequency is less.
This situation is presented by the dashed line in figure 24. The time that it takes to bring the
frequency back to 50Hz increases while also the overshoot is larger. Only a small time window
is shown. The oscillation will damp out slowly.

When the droop controller is implemented, also in figure 24, the frequency goes faster to 50Hz
and without overshoot. The drop in frequency is even slightly less than in case of the inertia
controller, although the differences are small. A value of 50 kNm/Hz has been used for the
droop constant k,. A higher value of the droop constant will result in a smaller frequency
deviation, but will also imply that the wind turbine has to supply more power. Therefore the
value should not be too large, as the turbine will not be able to supply this power from its
Kinetic energy.

During the drop in frequency, the controllers cause the power that the wind turbines supply to
the grid to increase. The power (in p.u.) for the inertia control and the droop control is shown
in figure 25. From these figures the interesting point can be noted that the increase in active
power output is significantly lower for the droop control than for the inertia control, resulting
in lower over-currents and lower electrical and mechanical stresses. The base values that have
been used are given in table 1.
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Figure 24: Grid frequency: without wind turbine contribution (solid line), with inertia control
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Figure 25: Wind turbine active power: with inertia control (dashed line) and with droop control
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Table 1: Base values of the inertal response cases

Parameter

Nominal value

Parameter

Nominal value

Stator power
Stator voltage
Rotational speed

2.75 MW
960 V
105 rad/s

Rotor power
Rotor voltage

750 kW
690 V
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In case of the droop control also the rate of increase of the power (dP/dt) is much lower, and
this is expected to give lower mechanical stress and torque pulsations in the drive train. It leads
at least to much lower shaft torque excursions, as can be seen from figure 26.
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Figure 26: Wind turbine shaft torque: with inertia control (dashed line) and with droop control
(dotted line)

The DFIG wind turbines have a power electronic converter connected to their rotor circuit.
These power electronic converters can’t withstand over-current for a long time. This might
limit the amount of additional power that is supplied to the grid during frequency deviations,
as the rotor current should be limited. The rotor converter current for both cases is shown
in figure 27. It can be seen that it doesn’t exceed the nominal value. The current might be
dependent on the operating point however. For other operation points the current might be
higher, but no large excursions above the nominal current have to be expected.
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Figure 27: Wind turbine rotor converter current: with inertia control (dashed line) and with
droop control (dotted line)

4.6 Resultsand discussion

Two different supplementary controllers that give a variable speed wind turbine with doubly-
fed induction generator an ’inertial response’ have been compared. With these controllers, the
drop in frequency after a disturbance is shown to be smaller than without the controllers.

When comparing the two different implementations, the droop controller seems to be prefer-
able above the inertia controller. The drop in frequency is slightly lower; there is no overshoot
in the frequency response, the required power is smaller and mechanical and electrical stresses,
on the mechanical system and power electronic converter, are lower. As the total amount of
power supplied will be more or less the same, it can be assumed that the power supplied by the
power plant will be larger. The active power supplied by the synchronous machine is shown in
figure 28. With the inertia controller implemented, a short peak in synchronous machine power
can be noted, but the supplied power immediately drops due to the high amount of power sup-
plied by the wind turbine with inertia controller, figure 28. On the other hand, for the wind
turbine with droop controller, the additional amount of power supplied by the synchronous
machine is larger, meaning that the wind turbine has to supply less power.
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Figure 28: Synchronous generator active power: with inertia control (dashed line) and with
droop control (dotted line)

The power sharing between the wind turbines and the synchronous generator will depend on
how fast the controllers are acting. This can be seen from figure 29, where the stator power
for both controller types is shown again, but now with a faster controller on the synchronous
machine. Comparing the results to figure 25, it can be seen that the power for the inertial
controller is more or less the same.

The additional power supplied in case of a droop controller is significantly lower however,
when a faster controller on the synchronous machine is used. This implies that the synchro-
nous machine will supply more power. It will also have significant influence on the frequency
response. This can be seen from figure 30 where the frequency responses are shown. It can be
seen that now the inertia controller results in a smaller frequency drop, although the differences
are again small. It should be noted that the additional power supplied by the droop controller
is also much smaller.

42



1.4

1.3f
3
12} [

\
11r

Power [pu]
=

0.9

i o

’ eI
v
0.8F

,
0.7F '

0.6
8

10 12 14 16 18 20
time [s]

Figure 29: Wind turbine active power for a faster control on synchronous machine: with inertia
control (dashed line) and with droop control (dotted line)
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Figure 30: Grid frequency for a faster control on synchronous machine: without wind turbine
contribution (solid) with inertia control (dashed line) and with droop control (dotted line)

So far only situations have been considered in which the wind turbine operated at almost full
power. The question should be answered whether the proposed solutions also work for wind
turbines operating at reduced power levels. To investigate this the simulations have been per-
formed again for an average wind speed of 8 m/s. The turbine operates at about 30% of its
rated power then. The resulting wind turbine output power and grid frequency waveforms are
shown in figure 31 and figure 32 respectively. The frequency for the case with the inertia con-
trol damps out slowly. The speed controller of the synchronous machine has the same value as

it had in the first simulation. The results of figure 31 and figure 32 are comparable to figure 25
and figure 26.
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Figure 31: Wind turbine stator power with turbine operating at lower wind speed: with inertia
control (dashed line) and with droop control (dotted line)
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Figure 32: Grid frequency with turbine operating at lower wind speed: with inertia control
(dashed line) and with droop control (dotted line)

4.7 Conclusion

Two different control loops that implement ’inertial response’ in the control of variable speed
wind turbines have been compared. It has been shown that both limit the drop in frequency after
a disturbance. Which of the two controller types results in the smallest frequency drop depends
on the speed of response of the synchronous generator controllers. For faster controllers the
inertia controller seems to be slightly preferable. More in general, the droop controller has
some important advantages over the inertia controller however. The amount of power that is
required to limit the frequency drop is smaller and consequently the mechanical and electrical
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stresses are lower. Also the rate of increase of power, dP/dt, is lower, which will further reduce
the mechanical stresses, especially the shaft torque.

The inertia constant for the variable speed wind turbines that have been considered is in the
same range as that of conventional power plants. Both have inertia constants in the range of
about 2 - 6 s. That means that introduction of wind turbines doesn’t decrease the inertia of the
grid, as long as the correct controllers are implemented on the wind turbines.
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5 AVAILABILITY OFDUTCH MEASUREMENTSFOR MODEL
VALIDATION

An effort was made to acquire measurement data on one of the variable speed turbines installed
in The Netherlands. The problem is that the requirements on measurements for the validation
of a dynamic model are high:

« detailed information on the turbine design and parameters is required, especially regard-
ing the controller design (pitch controller as well as the electrical controllers);

« the measurement should have a high sample rate and adequate anti-aliasing filtering;
« preferably simultaneous measurement of mechanical as well as electrical variables;

« the wind turbine should preferably be a representative, commercial turbine.
For the Erao-3 project the use of the following Dutch measurement data have been investigated:

« Kema measurement on the Proefwindcentrale;
« Measurements on turbines in the Multi Megawatt Testveld of ECN (MMW);
« Measurements of the data-aquisition system of the Dowec turbine;

« A short circuit measurement on a turbine at the Multi Megawatt Testveld.

The Proefwindcentrale turbine is not a representative, commercial turbine. The MMW have a
low sample rate and do not include individual voltages and currents. The measurements on the
Dowec turbine have a relatively low sample rate and are too short for the calculation of spectra.
The short circuit measurement, which was planned in a different project, was not executed due
to lack of cooperation from the turbine manufacturer. Therefore, no contribution of Dutch
measurements to the IEA data basecould be made.
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A REQUIRED TURBINE DATA AND MEASUREMENTS FOR
VALIDATION OF WINDTURBINESDYNAMIC MODELS

For the validation of dynamic models of wind turbines the following data and measurements
are required:

« turbine parameters, i.e. rotor data, drive train parameters, generator and converter data
and finally the control parameters;

» statistical wind speed data: Weibull parameters;

* (estimated) turbulence level at the wind turbine location, position of the turbine in a wind
farm;

» measurements during normal operation at different wind speeds;

» measurement(s) of voltage dip(s) or short circuit(s).

The statistical wind speed parameters are used to generate statistically correct wind speed input
files for the model validation. Since the measurements will be used to validate relatively high
frequency behavior, the sample rate of the measurement needs to be sufficiently high. For
validation of normal operation, spectral analysis has to be used, which requires filtering of
the measurements before sampling. The measurement sets need not be very long, about 10
minutes. It is best to have a few measurements for each wind speed interval and cover the
whole range of operation, i.e. divide the range in 5 intervals and perform 3 measurements
per interval. Voltage dip and short circuit measurements can be shorter in length than normal
operation measurements, about 1 minute, since these will be compared in the time domain and
the dip itself is of limited length (for instance 50 ms). The turbine operating conditions during
the dip or short circuit are not that important (the operating condition of the turbine will have
little effect on the result).

Turbine parameters

Rotor diameter, nr of blades, Cp(V,0) tables, C(V,0) tables, tower height,
tower stiffness, tower damping, nacelle mass, rotor mass, rotor moment
of inertia, structural data tower and blades!, aerodynamic profi le data
blades!, hydrodynamic profi |e data towert

Mechanical drivetrain | gear box ratio, drive train eigenfrequency, drive train stiffness, drive train
damping

Generator? generator type, moment of inertia, nr of pole pairs, stator dg inductances,
stator resistance, rotor dqg inductances, rotor resistance, mutual induc-
tances, fi eld winding inductance, fi eld winding resistance, fi eld strength,
saturation curve

Converter? converter type, switching frequency, single line diagram, DC link capaci-
tor, DC link inductor, grid side harmonic fi Iter parameters
Converter control control diagrams, DC voltage setpoint, DC voltage control parameters, re-

active power setpoint, reactive power control parameters, electromechani-
cal control parameters

Pitch control pitch control diagram, pitch control parameters

Power-speed control power-speed control curve, including any hysteresis

lasused in PHATAS

2the type of generator or converter determines which parameters are required
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Measured variables and sample rates for normal operating conditions

Type variable samplerate [HZ]
Mechanical rotor position 20
rotational speed rotor 20
blade pitch angles® 20
pitch angle setpoints® 20
blade pitch speeds® 20
blade pitch speed setpoints® 20
mechanical torque 2048
blad root momentsin lead lag 20
tower top tilt-rotation and torsion 20
rotor speed setpoint? 20
Aerodynamic | wind speed 2
wind direction 2
yaw angle 2
Electrical? rotational speed generator 2048
all stator phase voltages 2048
al stator phase currents 2048
al machine converter phase currents (rotor or stator) 2048
al machine converter phase voltages (rotor or stator) 2048
DC link current 2048
DC link voltage 2048
al grid converter phase currents 2048
electrical torque setpoint 2048
reactive power setpoint(s) 2048
3al blades

4if aconverter is not present, some measurements expire

The high sample rate is determined by the frequency range of the power spectral densities to
be used for validation. The given values are typical, i.e. suitable for most purposes. The
sample rate should preferably be 8 times higher than the highest frequency of interest. From
the measured instantaneous phase voltages and currents the instantaneous active and reactive
power at the different locations (stator, machine side converter and grid side converter) can
be calculated. It is also possible to calculate the instantaneous dgO or positive-negative-zero
sequence values at these locations, if required.

Measured variables and sample rates for a short circuit or voltage dip

Type variable samplerate [HZ]

Electrical® | rotational speed generator 2048
al stator phase voltages 2048
al stator phase currents 2048
all machine converter phase currents (rotor or stator) 2048
al machine converter phase voltages (rotor or stator) 2048
DC link current 2048
DC link voltage 2048
al grid converter phase currents 2048
electrical torque setpoint 2048
reactive power setpoint(s) 2048

5if aconverter is not present, some measurements expire

50



B ITEA ANNEX XX| CO-OPERATION

IEA Annex XXI Dynamic Models for Power System Studies started in 2003 and was completed
in december 2006. The participants are:

Sintef (Norway), operating agent
Risoe (Denmark)

Chalmers (Sweden)

VTT (Finland)

UMIST (UK)

NREL (USA)

UCD (Ireland)

Ineti (Portugal)

ECN and TUD (Netherlands)

John Tande
Poul Soerensen
Ola Carlsson

Bettina Lemstroem, Sanna Uski

Olimpo Anaya-Lara

Eduard Muljadi

Mark O’Malley, Alan Mullane

Ana Estanqueiro

Jan Pierik, Johan Morren, Edwin Wiggelinkhuizen

The collaboration in IEA Annex XXI focussed on:

» making measurements and turbine parameters available for the model validations;

documenting the models of the participants;

« discussing views about the validation method and model requirements for a given model

application;

» comparing and discussing validation results.

At the end of 2006, the data base contained the following wind turbine and wind farm mea-

surement sets:

Name WT type variables | measurement type | sample rate (Hz) | WT data
Alsvik 4 CSS M, E NO, VD 31.25,62.5,256 | M, E
Azoren 5 CSS E NO 40 M, E
Cart 1VSP M, E NO, VD ? M, E,C
JWT 1VSP E NO, VD 2048 NA
Olos 5 CSS E NO 1 M, E
Smola 20 CSAS E NO, VD 25 ?
wt500 1CSS E NO 35 M, E
Riso benchmark | hypothetical | - - - -

CSS = constant speed stall, VSP = variable speed pitch, CSAS = constant speed active stall

M = mechanical, E = electrical, C = control

NO = normal operation, VD = voltage dip, SC = short circuit

NA = not available

Riso benchmark is a hypothetical system for comparison of different models

The Alsvik set (constant speed turbines) and the JWT set (variable speed turbine) are the most
suitable for a first validation exercise and were chosen by the Annex XXI participants for the
joint validation effort.

The IEA Annex XXI organised meetings 7 meetings and a separate meeting to prepare the

workshop at the Athens conference:

ECN-E-07-006
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Validation of dynamic models of wind farms (Erao-3)

Venue Year ECN-TUD participation
Oslo 2002 y
Madrid conference 2003 y
NREL 2003 y
Chalmers 2004 y
Dublin 2004 y
Lissabon 2005 y
Amsterdam 2005 y
Athens conference 2006 n

Participants prepared a literature list with information on their models and model development.

The Annex prepared papers for the wind energy conferences in London (2004) and IEEE Trans
PWRS, Special Section on Power System Performance Issues Associated with Wind Energy
(2006). Participants prepared papers for the the wind energy conference in Athens (2006).
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Benchmark Test of Dynamic Wind Generation
Models for Power System Stability Studies

John Olav G Tande, lan Norheim, Ola Carlson, Abram Perdana, Student Member IEEE, Jan Pierik,
Johan Morren, Student Member IEEE, Ana Estanqueiro, Joao Lameira, Poul Sgrensen, Member IEEE,
Mark O’Malley, Senior Member IEEE, Alan Mullane, Member IEEE, Olimpo Anaya-Lara, Member
IEEE, Bettina Lemstrém, Sanna Uski, Eduard Muljadi, Senior Member IEEE

Abstract— This paper presents benchmark testing of dynamic
wind generation models for power system stability studies. The
paper gives the rationale for the proposed testing, a description
of the test procedure and example benchmark test results. The
example benchmark test results compare model performance
with measurements of wind turbine response to voltage dips. The
tests are performed for both a fixed-speed wind turbine with
squirrel-cage induction generator and a variable-speed wind
turbine with doubly-fed induction generator. The test data
include three-phase measurements of instantaneous voltage and
currents at the wind turbine terminals during a voltage dip. The
benchmark test procedure includes transforming these
measurements to fundamental positive sequence RMS phasors,
and from that calculation of active and reactive power for
comparison with simulation results. A total of ten simulation
models are tested. The results give a clear indication of accuracy
and usability of the models tested, and pin-point need both for
model development and testing.

Index Terms— Measurements, Modelling, Power system,
Wind energy

. INTRODUCTION

YNAMIC wind generation models for power system
stability studies are at present not a standard feature of
many software tools, but are being developed by research

Manuscript received August 30, 2006. This work was prepared as a joint
effort of IEA Wind R&D Annex 21. The co-funding by national research
programmes is acknowledged.
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institutes, universities and commercial entities. Accurate
dynamic wind generation models are critical; hence model
validation is a key issue and taken up by a working group
(Annex 21) under the International Energy Agency (IEA)
Wind R&D agreement. Annex 21 includes participants from
nine countries, and has since start-up in 2002 developed a
systematic approach for model benchmark testing. See [1] and
[2] for a status on the Annex works; a final report is due by
end 2006.

The rationale for the proposed benchmark testing is that
currently dynamic wind generation models are being applied
for assessing grid connection of large wind farms, but model
accuracy are in many cases unknown. This at best leads to
uncertainty in the market, and at worst to an erroneous design
jeopardising power system stability. The challenge is twofold.
Firstly, the technology in modern wind farms is fairly
complex, and their dynamic behaviour may differ significantly
depending on the wind turbine type and manufacturer specific
technical solutions. Thus, it is not trivial to develop accurate
wind generation models. Aspects of wind farm modelling are
outlined further in Section Il of this paper; for more detailed
coverage see e.g. [3]-[5]. Secondly, model validation must be
transparent and adequate for providing confidence. In this
respect, this paper contributes by proposing the benchmark
procedure as described in Section I11.

The example test results presented in Section IV
demonstrates the usability of the benchmark procedure. The
tested wind generation models (ten in total) are all developed
by the participants of Annex 21. The models vary in detail,
from instantaneous type models to phasor type models, and
also in format from being programmed from scratch, possibly
in Matlab/Simulink to being part of commercial power system
software tools like PSCAD/EMTDC, SIMPOW, PSS/E and
DIgSILENT.

The description of the benchmark test procedure and
presentation of test results provide for a significant technical
contribution. The paper is the first to present a systematic
comparison of wind generation models against measurements.
The paper concludes (Section V) that results give a clear
indication of accuracy and usability of the models tested, and
pin-point the need for both model development and testing.

Symbols used in this paper are listed in the Appendix.
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Il. DYNAMIC WIND GENERATION MODELS

Accurate simulation of wind farms relies on detailed
modelling of the applied wind turbine technology, e.g. the
dynamic behaviour of a fixed-speed wind turbine may differ
significantly from that of a variable-speed wind turbine. Fig. 1
shows the main wind turbine types, but there will also be
manufacturer specific variations, in particular related to
control system solutions. Aggregated models may be applied,
i.e. letting one wind turbine model representing multiple
turbines in a wind farm, but the impact of the spatial
distribution and the internal wind farm grid must be reflected.

Fixed speed, stall/pitch

Doubly-fed induction generator

Fig. 1: Main types of wind turbine technologies.

Space limitations of this paper do not allow for a detailed
presentation of all the various models developed by the
participants of the Annex. Hence, in the following only the
common building blocks of the models are presented, whereas
example publications on models developed by the Annex
participants are [3]-[23].

A. Wind turbine model building blocks

A detailed wind turbine model may include the following
components:

- wind speed

- turbine aerodynamics

- mechanical drive-train

- generator

- capacitors or frequency converter

- control system

- other issues (relay protection, tower swings, etc)

A fair wind speed and turbine aerodynamic representation
is required for simulating the aerodynamic torque fluctuations.
One challenge in this relation is to include the effect of wind
speed variations over the turbine area, i.e. an effect that may
cause enhanced periodic power fluctuations from wind
turbines. This can be done using wind field simulations and
detailed blade profile data or by application of the following
relation:

T, =05pAuC, (4, A)o; ! (€

Here, T, is aerodynamic torque, p is the air density, A is the
swept turbine area, u; is the weighted average wind speed over
the three rotating turbine blades, Cy(4,5) is the turbine
aerodynamic efficiency as a function of tip-speed ratio () and
blade pitch angle (/5), and @ is the rotational speed of the
turbine. The weighted average wind speed over the three
rotating turbine blades, u;, can be determined from wind field
simulations or by filtering of a single point wind speed time-
series.

The mechanical drive train is commonly approximated by a
two-mass model, i.e. the turbine and generator inertia with a
shaft and an ideal gearbox between them. Applying pu values
with reference to the generator the two-mass model is given

by:

d
%: 2a|)—7t (Tt —dm(wt ‘“’g)— k‘gt) )
d

:tg = za;'bg (dm(wt *“’g)“‘et *Tg) (3)

Here, dw/dt is the time derivate of the turbine rotational
speed, a, is the base angular frequency, H, is the turbine
inertia, dy, is the mutual damping, ay is the rotational speed of
the generator, k is the shaft stiffness, & is the shaft twist,
day/dt is the time derivate of the generator rotational speed,
and Hg is generator inertia.

The generator models applied may be of varying
complexity. Third-order models are commonly used in tools
for simulation of large power systems, whereas more detailed
models may be used in tools for analyses of smaller systems.
These detailed models may include stator dynamics (fifth-
order model), and further particulars such as full three-phase
description.

The capacitors applied for reactive compensation of fixed-
speed wind turbines are commonly modelled as one or more
shunt impedances.

In tools for simulation of large power systems the
frequency converter is commonly described as an ideal
component, i.e. neglecting losses and the switching dynamics.
In more detailed studies these effects may be included, e.g. for
assessment of harmonics.

The control system model for a fixed-speed wind turbine is
commonly split into two independent blocks, i.e. one for the
pitching of the blades and one for switching the capacitors.
The control system of variable-speed wind turbines may be
fairly complex, including speed control for optimising the
production, but also producing a smooth output power, and
further special regulation may be implemented for low-voltage
ride-through and other off-normal grid situations.

Other issues such as relay protection and tower swings may
be included in some models. The relevance of including such
issues depends on the scope of the analysis.

B. Wind farm models

Wind farm models may be built to various level of detail
ranging from a one-to-one modelling approach to full
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aggregation. The one-to-one approach is more computer
demanding and in many cases not practical, hence aggregated
wind farm models are often applied in power system studies.
The aggregation is however not trivial, i.e. considering that a
wind farm may consist of hundreds of wind turbines
distributed over a large area with different impedance of line
feeder from one turbine with respect to the others, different
wind speeds at each turbine and different voltage drops on
each bus. Aggregated models must therefore be applied with
care. Possibly a cluster-by-cluster aggregation may be a fair
compromise between one-to-one modelling and full
aggregation.

I1l. BENCHMARK TEST PROCEDURE

The benchmark test procedures suggested by IEA Wind
R&D Annex 21 consider operation during normal conditions
and wind turbine response to a voltage dip. In both cases the
test data include three-phase measurements of instantaneous
voltages and currents at the wind turbine or wind farm
terminals. The benchmark test procedure includes
transforming these measurements to RMS fundamental
positive sequence values of voltage, active power and reactive
power for comparison with simulation results. The benchmark
test may include both validation against measurements and
model-to-model comparisons.

A. Dynamic operation during normal conditions

This test is for validating model capability to simulate wind
turbine or wind farm characteristic power fluctuations during
normal grid conditions. The test is outlined below.

Input:

- Wind speed time series (and optionally voltage time
series)

Output:

- Time series plot of active power output, reactive power,
and voltage (optionally)

- Power spectral density of active power output

- Short-term flicker emission

- Optionally plots of reactive power versus voltage and
reactive power versus active power

B. Response to voltage dip

This test is for validating model capability to simulate wind
turbine or wind farm response to a voltage dip. The test is
outlined below.

Input:

- Voltage time series and constant aerodynamic torque (or
optionally wind speed time series)

Output:

- Time series plot of active and reactive power output

- Time series of voltage at wind turbine terminals

C. Transformation of measurement data
Assuming a perfectly balanced three-phase system it

requires a minimum of data processing to transforming the
measured instantaneous values of voltages (u,, Uy, and uc) and
currents (ig, iy, and i;) to RMS voltage (U), current (1), active
power (P) and reactive power (Q):

U = Jul+u?+u? 4)

|- [i2+i2 +i? ©)
3

P=u,i, + Ui, +U., (6)

(u, —u )i, + (u, —u,)iy + (u, —up)i,

Q:_ \/g )

The recommendation of the Annex is however not to use
the above egs. (4) - (7), but rather to calculate the fundamental
positive sequence voltage and current phasors, and from these
calculate the active and reactive power for comparison with
simulation results. The fundamental voltage and current
phasors are determined wusing the complex Fourier
transformation (shown here for the voltage in phase a only):

:
U, = TE j u,(t)e ' 'dt (8)
t-T

Here, U,; is the fundamental voltage phasor of phase a, T is
the fundamental period time and @, is the fundamental
frequency in radians. The positive sequence values are given
by (shown here for voltage only):

U, =U,+U, " +U_e*"%)/3 ©)

Here, U, is the fundamental positive sequence voltage
phasor, Uy; is the fundamental voltage phasor of phase b and
U, is the fundamental voltage phasor of phase c. Calculation
of the active and reactive power is now straight forward:

S, =43U,1"=P +jQ,

Here, S. is the complex apparent power, the subscript plus-
sign (+) indicates that the value is based on the fundamental
positive sequence, and the superscript asterisk-sign ()
indicates the complex conjugate. Active and reactive power
calculated according to eq. (10) is hereafter in this paper
denoted positive sequence active and reactive power.

(10)

The reason for using the fundamental positive sequence
values is twofold. Firstly, perfectly balanced conditions can
not generally be assumed, and events of voltage dips are often
unbalanced. Secondly, most power system simulator models
are phasor-type models, meaning that the electrical variables
(voltages and currents) are represented as positive sequence
values. This is also discussed in [25]. The use and calculation
of the positive sequence values are described in detail in [24].
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IV. BENCHMARK TEST RESULTS

This section presents example benchmark test results of
wind turbine response to voltage dips. Example of benchmark
test of operation during normal operation is found in [1]. The
voltage dip measurements are from a 180 kW fixed-speed,
stall-controlled wind turbine and an 850 kW variable-speed,
pitch controlled wind turbine. The data are part of the IEA
Wind R&D Annex 21 measurement database described in [1].
The data in the database are for the use of the Annex partners
only.

A. Fixed-speed wind turbine

This test considers a 180 kW fixed-speed wind turbine with
squirrel-cage induction generator and stall control. The
assumed wind turbine data are listed in the Appendix.
Measurements of three-phase instantaneous voltages and
currents at the wind turbine terminals are recorded with a
sample rate of 256 Hz during a voltage dip. The sample rate
should preferably be higher, say at least 1 kHz, so for the
purpose of this paper, the data are numerically re-sampled to
1250 Hz. The measured instantaneous data are shown in Fig.
2.

500 | | | |
S
Q
g
=)
>
| | | |
_ | | | |
500 1.6 1.65 17 1.75
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Fig. 2: Measured instantaneous three-phase voltages and
currents at wind turbine terminals during a grid fault causing a
voltage dip. The original data are indicated by dots.

Analysis of the measurement data reveals some unbalance
just when the dip occurs, but apart from this, no significant
difference is observed between positive sequence values and
those calculated using egs. (6)- (7), see Fig. 3.

Active power (pu)

Reactive power (pu)

Time (s)

Fig. 3: Instantaneous (dotted line) and positive sequence (solid
line) values of measured active and reactive power at wind
turbine terminals during a voltage dip.

The measurements are compared with simulation results of
models developed by the Annex partners:

- Model A is built in Matlab/Simulink with a third-order
generator model and a two-mass model of the mechanical
drive train.

- Model B is built in Matlab/Simulink using a fourth order
machine model and two-mass shaft model.

- Model C is implemented in PSCAD/EMTDC by using
the standard component library components. The
generator is modeled by the Squirrel-cage Induction
Machine component, the mechanical drive-train with the
Torsional Shaft Model component (multi-mass) and the
capacitor bank with Capacitor components.

- Model D is built in DIgGSILENT using an RMS
simulation which applies a standard third-order model of
the induction generator, together with a user-built two-
mass model of the mechanical drive train.

- Model E is part of a wind farm simulation tool (InPark)
programmed in Fortran. It applies a fifth-order model of
the induction generator, the representation of the
structural oscillations first mode, and a two-mass model
of the mechanical drive train.

- Model F is part of a renewable energy power systems
modular simulator (RPMSim). It applies a fifth-order
model of the induction generator and a two-mass model
of mechanical drive train.

- Model G is built in Matlab/Simulink with a fifth-order
generator model and a two-mass spring and damper
model of the mechanical drive train.

- Model H is built in PSS/E using a standard third-order
model (CIMTR3) together with a user-built two-mass
model of the mechanical drive train.

The models (A-G) apply the measured voltage dip as input,
whereas H simulates a grid fault that approximates the dip, see

Fig. 4.
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Fig. 4: Measured (M) and simulated (H) positive squence
RMS values of voltage at wind turbine terminals.

Comparing the measured and simulated response in active
and reactive power (Fig. 5 and Fig. 6), the models provide for
varying results. This is in part due to differences in model
type, but also due to variations in model input data. In
particular it is noted that the wind turbine data as given in the
Appendix are uncertain, and slightly different parameters have
been applied in some models:

The stated generator inertia seems very small (Hg = 0.12
s), and in models A-D and H a higher inertia was applied
(Hg = 0.24 s) providing for fluctuations in active power
with a frequency closely matching the measurements.
The reasoning is that in a two mass representation, the
generator inertia should be lumped with the inertia of the
high speed shaft.

The shunt capacitor is rated Q. = 60 kvar, but it is not
know if it was connected at the time of the voltage dip.
Using Q. = 16 kvar (models A-C and H) provides for a
better match between simulations and measurements.

The presence of the high frequency components shown
in the simulation by model F is probably caused an
underdamped mechanical ringing in the flexible shaft.
Model G did not use the positive sequence RMS values
of the voltage as an input but instead used the
instantaneous values, since this model calculates
instantaneous values. This explains the presence of the
high frequency components in the result of model G.

Active power (pu)

_M*

AN F
YGAAT A

Time (s)

5

Fig. 5: Measured (M) and simulated (A-H) positive sequence

active power at wind turbine terminals during a voltage dip.
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Reactive power (pu)

M

Time (s)

Fig. 6: Measured (M) and simulated (A-H) positive sequence
reactive power at wind turbine terminals during a voltage dip.

B. Variable-speed wind turbine

This test considers an 850 kW variable-speed wind turbine
with doubly fed induction generator and pitch control. The
assumed wind turbine data are listed in the Appendix.
Measurements of three-phase instantaneous voltages and
currents at the wind turbine terminals are recorded with a
sample rate of 2048 Hz during a voltage dip. The measured
instantaneous data are shown in Fig. 7.
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Fig. 7: Measured instantaneous three-phase voltages and
currents at wind turbine terminals during a grid fault causing a
voltage dip.

Analysis of the measurement data reveals that the dip is
unbalanced and a significant difference is observed between
positive sequence values and those calculated using egs. (6)-
(7), see Fig. 8.
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Fig. 8: Instantaneous (dotted line) and positive sequence (solid
line) values of measured active and reactive power at wind
turbine terminals during a voltage dip.

The measurements are compared with simulation results of
user-built models in PSS/E (1) and SIMPOW (J). Both models
use a third-order representation of the generator and a two-
mass model of the mechanical drive train. Model J uses a
piecewise linear representation of the measured (positive
sequence RMS) voltage dip as input, whereas in model | a
fault is simulated that roughly approximates the measured
voltage dip, see Fig. 9.
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Fig. 9: Measured (M) and simulated (I and J) positive squence
RMS values of voltage at wind turbine terminals.

Comparing the measured and simulated response in active
and reactive power (Fig. 10), the models provide for fair
results. The sharp spikes in the PSS/E simulation results are of
no practical implication and are due to the applied short-
circuit that gives an instantaneous drop and increase of the
voltage.

It is noted that the applied wind turbine data as given in the
Appendix are uncertain. This also goes for the applied control
structure; the models (I and J) are of generic nature reflecting
main characteristics of DFIG wind turbines and are not a one-
to-one representation of manufacturer specific details.
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Fig. 10: Measured (M) and simulated (I and J) positive
sequence values of active and reactive power at wind turbine
terminals during a voltage dip.

It is suggested in [25] that the applied third-order generator
model may not be well suited for accurate simulation of a
DFIG wind turbine response to a voltage dip. For one, to
obtain reasonable voltage dip simulation results (as shown
here) it requires integration time steps in the order of 0.1 ms.

This makes the simulation slow in tools like PSS/E (that
operates at fixed time-steps) and less suitable for practical use.
A possible improvement may thus be to assume instant rotor
current control, and then only consider the main limitations in
converter voltage and current. This would allow for using a
steady-state generator model and larger integration time steps.

V. CONCLUSION

This paper has presented results from studies conducted by
the IEA Annex 21 on ‘Dynamic models of wind turbines for
power system studies’. The systematic approach developed by
the Annex for model benchmark testing was described and
examples were shown which compare wind generation models
against measurements of wind turbine response to voltage
dips. The test results were illustrated for both fixed-speed
wind turbines with squirrel-cage induction generator and
variable-speed wind turbines based on doubly-fed induction
generators. In order to compare measured results with those
from a phasor/RMS type simulation, especially in the case of
voltage dips, the Annex recommends transforming the
measured voltage and current to positive sequence values and
from these deducting the active and reactive power.

The benchmark test results showed for the majority of the
models a good agreement with the measurements. This
demonstrates generally satisfactory model performance, but
also that benchmark testing is important for providing
confidence. It can be summarised that the results provided a
clear indication of accuracy and applicability of the models
tested and identified the necessity for both model development
and testing.

APPENDIX
List of symbols
Yij turbine blade pitch angle (rad)
P air density = 1.225 kg/m® at 15°C, 1013.3 mbar
A tip speed ratio = oR/u
o fundamental frequency (rad/s)
w base angular frequency = 2750 rad/s for a 50 Hz system
@y generator angular speed (rad/s)
@ turbine angular speed (rad/s)
é shaft twist (rad)
A turbine rotor area = nR? (m?)
Cp turbine efficiency, function of 2 and g
dn mutual damping (pu torque/pu speed)
fa nominal grid frequency (Hz)
Hyg generator inertia (s)
H, turbine inertia (s)
| current (A)
I fundamental positive sequence current (A)
1, i, ic instantaneous current (A)
Jg generator inertia (kg-m?)
J; turbine inertia (kg-m?)
K shaft stiffness (pu torque/electrical rad)
K shaft stiffness (Nm/mech rad)
Ng gearbox ratio
P active power (W)
P number of generator pole pairs
Q reactive power (var)

Qe shunt-capacitor (var)
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R turbine rotor radius (m)

S apparent power (VA)

Sk short-circuit apparent power (VA)

Sh nominal apparent power (VA)

T fundamental period time (s)

Tq torque at generator shaft (Nm)

T torque at turbine shaft (Nm)

U voltage (V)

U. fundamental positive sequence voltage phasor (V)
Uat, Up1, Ug fundamental phase voltage (V)

Ua, Up, Uc instantaneous phase voltage (V)

U(t) weighted average wind speed over rotor blades (m/s)
Un nominal voltage (V)

Zy base impedance (ohm)

Data conversion formulas

u?2
Zy = n
Sn
wpn = 27an
H 0.5J,2
t= 2 2
Spng P
2
B 0.5 g@b
97" ¢ 2
SnP
_ kaay
2.2
S.pny
Fixed speed wind turbine data
Nominal power, P, (kW) 180
Nominal voltage, U, (V) 400
Nominal apparent power, S, (kvar) 204
Nominal frequency, f, (Hz) 50
Number of pole pairs, p 3
Stator resistance, R;s (pu) 0,012
Stator leakage reactance, Xis (pu) 0,075
Rotor resistance, Rys (pu) 0,008
Rotor leakage reactance, X,s (pu) 0,171
Magnetizing reactance, Xy (pu) 2,684
Shunt-capacitor, Q. (kvar) 60* / 60
Generator inertia (incl. high speed shaft), Hg (s) 0,12**
Turbine inertia, H; (s) 2,77
Shaft stiffness, k (pu torque/electrical rad) 0,46
Gearbox ratio, ng 23,75
Turbine rotor radius, R (m) 11,63

(1)
(12)

(13)

(14)

(15)

*The shunt capacitor is rated Q. =60 kvar, but may not have been in operation
at the time of the measurements. Assuming Q. = 16 kvar provides for a better

match between simulations and measurements.

**The generator inertia Hy = 0,12 s does not include the high speed shaft and
other high speed rotating parts. Assuming the total high speed inertia to be Hy
=0.24 s provides for a better match between simulations and measurements.

Variable speed wind turbine data

Nominal power, P, (kW) 850
Nominal voltage, U, (V) 690
Nominal apparent power, S, (kvar) 944
Nominal frequency, f, (Hz) 50
Number of pole pairs, p 2
Stator resistance, Rys (pu) 0,006
Stator leakage reactance, X;s (pu) 0,072
Rotor resistance, Rys (pu) 0,009
Rotor leakage reactance, X,s (pu) 0,112
Magnetizing reactance, Xu (pu) 4,238
Frequency converter rating, S; (kvar) 300
Generator inertia (incl. high speed shaft), Hg (5) 0,54

8

Turbine inertia, H; (s) 4,17

Shaft stiffness, k (pu torque/electrical rad) 1,16

Gearbox ratio, ng 57,54

Turbine rotor radius, R (m) 26,00
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Abstract

Dynamic models of wind farms can be used to optimise
wind farm control, to investigate wind farm transient
behaviour and to study the effect of the wind farm on the
grid. The first part of the paper gives an overview of a
model of a constant speed wind farm model. In the second
part, this model is validated. A problem that can occur
when validating models by closed loop measurements will
be described and quantified.

Keywords — wind farm models, wind farm dynamics,
model validation.

|. INTRODUCTION

In The Netherlands, offshore wind power is on the brink
of implementation. Specific plans exist for two offshore
wind farms of about 100 MW, located 12 and 25 km
from the coast of the province of North Holland. The
effect of the incorporation of 6000 MW offshore wind
power in the Dutch high voltage grid is currently being
investigated. Only the steady state behaviour has been
considered so far, resulting in suggestions for grid rein-
forcement. This needs to be complemented by studies
on the dynamic interaction of large amounts of wind
power and the high voltage grid.

Wind turbine and wind farm control can play a role
in grid control and thereby increase the value of wind
power. Currently, there is relatively little experience
with large wind farms and their effect on grid control.
The models to evaluate these effects, locally as well as
on the level of a grid control area, are now becoming
available.

Dynamic models of wind farms have been developed
by a number of research institutes in Europe and Amer-
ica. ECN and TUD have developed steady state and
dynamic models of wind farms in the Erao-1 and Erao-
2 project [1, 2, 3]. The dynamic models, in combina-
tion with grid models, can be used to study a number of
dynamic phenomena, viz. voltage and frequency tran-
sients, small signal stability, effect of wind power on
rotating reserve, grid response during a short circuit and

other extreme events. These studies will improve wind
turbine, wind farm and grid control.

Before the models can be used with convidence, they
should have been validated by comparing model results
to measurements. In this paper the first step in the val-
idation process is taken, viz. the validation of the con-
stant speed stall controlled wind farm model. This will
later be followed by a similar exercise for the variable
speed pitch control wind farm model.

I1. ROTOR EFFECTIVE WIND SPEED AND TERMINAL
VOLTAGE

Before the actual validation can be executed, two crit-
ical issues have to be addressed. Both issues influence
the validation method.

The first issue deals with the determination of the ro-
tor effective wind speed. The measured instantaneous
single point wind speed of a meteo mast is not a good
dynamic representation of the instantaneous rotor effec-
tive wind speed at each of the turbines in a wind farm
during a measurement. This is caused by the distance
between the meteo mast and the turbines, the variation
of the wind speed over the rotor planes, the rotational
sampling by the rotors and the wakes in the farm. The
rotor effective wind speed of a particular wind turbine is
difficult to measure, maybe the turbine itself is the best
measuring device, but a model would be required to re-
produce the rotor effective wind speed. The accuracy
of this model would compromise the model validation
or make validation impossible by introducing a vicious
circle.

Statistically, the rotor effective wind speed is well
known however. This fact can be used to construct
a statistically correct time series of the rotor effective
wind for a given turbine type based on the average
wind speed of a measurement. The method is described
in [4] and in [5]. As long as only dynamic changes
in voltage, current, power and other turbine variables
are compared, i.e. the frequency response of a model
is validated, the exact second to second value of the
rotor effective wind speed during the measurement is



not needed. To validate the dynamic model, the Auto
Power Spectral Density functions (APSDs) of simula-
tion and measurement are compared. The major draw
back of this method is that a high measurement sample
frequency and proper signal conditioning (anti-aliasing
filters) are required, in order to prepare correct APSDs
with a sufficiently high cut-off frequency.

A second complication to be investiged before the val-
idation can be executed, is which source to use for the
second model input variable: the wind turbine termi-
nal voltage. At first glance, it seems obvious to use the
measured terminal voltage, if available. There is a prob-
lem with this choice however, if the frequency response
of the model is compared to the frequency content of
the measurement. The voltage is not an independent
variable: for a constant speed turbine, it may strongly
depend on the rotor effective wind speed. System iden-
tification theory shows that this makes it impossible to
determine the transfer function of the turbine between
voltage and current or power (see Appendix A.1). Sec-
ondly, the correlation between wind speed and voltage
will lead to an error or bias in the simulatated dynamic
behavour and the resulting APSDs. Appendix A de-
scribes the analytical background of this problem and
quantifies it for the Alsvik wind farm. It is shown that,
for the specific case of the Alsvik wind farm, the error
in the frequency response caused by using the measured
voltage as an input is small, because the coherence be-
tween the rotor effective wind speed and the voltage is
expected to be small, due to two circumstances:

e multiple turbines in operation;

« asubstantial amount of noise on the voltage signal
caused by load changes deeper in the grid.

I11. ALSVIK WIND FARM MODEL

The dynamic model of the constant speed stall wind
farm which is validated in this paper has been devel-
oped by ECN and TUD in the Erao-2 project. The
model is programmed in Simulink, a simulation lan-
guage for dynamic modelling and controller design.
The preprocessor, which generates the normalised rotor
effective wind speed, is written in Matlab. The model
consists of two main parts:

« the Alsvik wind farm model;
« the grid model.

The model of the Alsvik wind farm includes models of:
« four constant speed stall controlled turbines;

« four 10 kV cables connecting the turbines to a 10-
150 kV transformer.

The model of the constant speed stall controlled turbine
includes:

« the turbine transformer;

« the constant speed stall model for the Alsvik tur-
bine.

The Alsvik constant speed stall model includes:

« the fourth order dg-model of an asynchronous gen-
erator;

« the rotor effective wind calculation including tur-
bulence, wind shear and tower shadow;

« the rotor model based on tables of power and thrust
coefficients;

 the mechanical model of the turbine.
The mechanical model of the turbine includes:

« a two masses-spring-damper model of the drive
train;

 two single mass-spring-damper models for the
tower and the nacelle (tower mation in two direc-
tions: nodding and naying).

In some of the simulations a grid model is included,
which consists of models of the following components:

¢ a10-150 kV transfomer;

* a150 kV cable;

* a150-13.8kV transfomer;

* a13.8 kV cable;

* two consumer loads (resistors);

* a voltage and frequency controlled synchronous
generator (fifth order dynamic model).

For the mathematical description of the constant speed
stall wind turbine model, the electrical component mod-
els and the grid model is referred to [2], available at the
web site of ECN (www.ecn.nl).

IV. ALSVIK NORMAL OPERATION, 256 HZ SAMPLE
FREQUENCY, MEASURED VOLTAGE INPUT

Current turb. 3 (-—)and Simulation with measured voltage as input (- -)
T T T T T T T
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Figure 1: APSD of the measured effective current of
Alsvik turbine 3 and simulated current (mea-
sured voltage as input)



Figure 1 gives the APSDs of the current of turbine 3.
Level and shape of the measured and simulated APSD
of the turbine 3 current are very similar, except for
the range between 6-10 Hz, where the measurement is
more volatile than the simulation. This indicates that
there is still something missing in the model.

Power turb. 3 (——)and Simulation with measured voltage as input (- -)
T T T T T T T

APSD P3 Meas (--) and P Simu (- -) (kWZ/Hz)

10 12 14 16 18 20
Freq. [H2]

Figure 2: APSD of the measured power of Alsvik tur-
bine 3 and simulated power (measured voltage
asinput)

Reactive power turb. 3 (--)and Simulation with measured voltage as input (- -)
T T T T T T T T

APSD Q3 Meas (--) and Q Simu (- -) (kvAlez)

Welch, Fs=256.0 Hz, t= 600 s, win=B192, ov= 0, fft=8192, D6, 372.132
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Figure 3: APSD of the measured reactive power of
Alsvik turbine 3 and simulated reactive power
(measured voltage as input)

Figures 2 and 3 give the APSDs of the power and the re-
active power calculated from the measurements and the
simulation. The APSDs of the power of turbine 3 again
only differ in the 6-10 Hz range. For the reactive power
the agreement is almost perfect over the complete fre-
quency range.

V. ALSVIK TURBINE 3 VOLTAGE DIP

The second measurement available for validation is a
voltage dip. For this short measurement of about 3 sec-
onds, the exact value of the rotor effective wind is not

that important and time series of measurement and sim-
ulation are compared. To simulate the dip, the measured
voltage is the main model input and has to be converted
to the dqO-reference frame. Since the grid frequency is
not exactly know, a constant voltage phasor rotational
frequency of 50 Hz is assumed. This assumption leads
to a variable voltage phasor angle (the angle between
ud and ugq), and this is important for a good validation
result for the voltage dip.

Alsvik sim 14 volt dip, measured (top), simulated (bottom)
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Figure 4: Alsvik voltage dip, measured and simulated
effective voltage (f = 50 Hz constant)

Figure 4 compares the measured effective voltage and
the effective voltage calculated from u, and u,, the two
inputs for the model, assuming that the frequency is 50
Hz and constant.
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Figure 5: Alsvik voltage dip, measured and simulated
effective current of turbine 3 (f = 50 Hz con-
stant)

Figure 5 compares the measured and simulated effec-
tive current. The levels of the simulated current peaks
are similar to the levels in the measurement. However,
the negative excursion is larger. The two main frequen-
cies present in the measurement are also found in the
simulation, but with different levels of damping. This
is an indication of inaccurate modelling of the generator



(fifth order model without saturation) or of the mechan-
ical transmission. Underestimation of the damping may
be an important consideration when the model is used
in a grid stability study. Figure 6 and 7 show similar
differences as for the current.

X16° Alsvik sim 14 volt dip, measured (top), simulated (bottom)
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|
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Figure 6: Alsvik voltage dip, measured and simulated
power of turbine 3 (f = 50 Hz constant)

x10° Alsvik sim 14 volt dip, measured (top), simulated (bottom)
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Figure 7: Alsvik voltage dip, measured and simulated
reactive power of turbine 3 (f = 50 Hz con-
stant)

V1. CONCLUSIONS

In the validation of dynamic models of wind turbines
and wind farms, measurements and simulation results
have been compared. The validation process was com-
plicated by two problems:

« the time series of the rotor effective wind speed
during the measurement are not known, which
makes comparing time series of measured and
simulated variables difficult;

« voltage and wind speed measurements are not in-
dependent. This will result in errors when the volt-
age is used as an input to determine the frequency
response by simulation.

For the first problem a work around is found by com-
paring measurements and simulations in the frequency
domain. Frequency domain representations are an ex-
cellent way to obtain the properties of dynamic models.
The second problem requires the quantification of the
coherence of voltage and wind speed. It was shown
that the measured voltage is acceptabel as an input for
the Alsvik wind farm validation.

In the first model validation case (normal operation),
the measured voltage is used as input and the simula-
tion results compare well to the measurements. The
only major difference between measurement and sim-
ulation is a broad peak in the spectra of current and
power around 8 Hz. The reactive power spectrum is
almost identical.

The second measurement available for validation is a
voltage dip. Oscillation frequencies are estimated with
reasonable accuracy, the damping (electrical or me-
chanical) is different.

Summarizing, the validation of the model for the Alsvik
wind farm showed that:

« the frequency response results under normal con-
ditions are good for the electrical variables, when
the measured voltage is used as model input in-
stead of using a grid model,;

« the transient response result for a voltage dip was
reasonable, with some mismatch in the oscillation
frequencies and the damping.

Frequency response results under normal conditions for
the mechanical parameters (not shown in this paper)
proved to be less good. This may partly be caused
by the grid voltage variations, which could not be in-
cluded in the validation for the mechanical parameters,
because the voltage was not included in that measure-
ment set.
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APPENDIX

In model validation, the measured terminal voltage is
often used as an input of the model. It that case, the
grid impedance and the dynamic behaviour of the grid
is not included in the model. This choice will be called
open loop model validation. The reason for this choice
is that the grid impedance is not known and the grid
voltage behind the grid impedance is not measured. In
this appendix will be demonstrated that the direct use
of the measured terminal voltage as an input will pro-
duce an error in the model outputs. This is caused by
the correlation between the wind speed and the mea-
sured voltage and the fact that the (rotor effective) wind
speed during the measurement is not known. This cor-
relation makes it impossible to determine the open loop
transfer function between terminal voltage and turbine
current or power. It will also have an effect on the
current and power time series calculated by the open
loop model, as well as on the APSDs of these signals.
Prior to using a measured voltage as an input in an open
loop model validation process, the error thus introduced
should be quantified. This appendix will first show how
closed loop measurements affect the model validation
proces by determining the transfer function from termi-
nal voltage to turbine currunt. Secondly, the correlation
between wind speed and terminal voltage will be used
as a criterion for the use of the measured voltage as in-
put in the Alsvik validation.

A.1 VERIFICATION OF A TURBINE MODEL USING THE
CLOSED LOOP MEASUREMENT OF TERMINAL VOLTAGE

noise source w represents the variable wind speed and
enters the turbine model parallel to the voltage input
v. A second noise source u represents the grid voltage
and enters the system at the grid impedance. It will be
shown that the architecture of the feedback system af-
fects the model validation problem. Referring to figure
8 and rewriting to a two-input-two-output system:

y = Hyw+ Hyv
G H H, GoH,
= (H
i —am T 1o m”

Since the cross-power spectral density function S, =
Suw = 0:

G1HH,
(i + 1= G1Hy 1 — G Hs
G2H2 G2 ¥

1-— Gng)(l - Gle) Suu
G1H1 GlHl

1-— Gng)(l - G1H2
Go Go
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G 1H
S, = 141

) )" Sww +
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S v (

)*Sww +

+( )*Suu

If Sww = 0 (zero wind speed variation):

GoHoy Go *
Sy =& 15 (1= )" Suu

= [€ [ N
Sy (=& ) (=5 )" Suu
- H,

So, if the only independent input is the grid voltage u,
which enters the closed loop at the feedback block grid
impedance, then the closed loop relation between y and
v iS a correct representation of the open loop proces
transfer function Hs and validation is straightforward.

If Sy, = 0 (zero grid voltage variation):

turbine G1H 1 Ho G1Hy \*
w Sy (Hi+ P2 (28, 1) Sww
H - G H G H
‘“‘Rhl_\\A _ Svo (1_51}12)(1_&11;2)*511@
o 1
v 2 T @

grid impedance
Gl/

Figure 8: Schematic representation of two input-one
output system with feedback and second independent
input

Figure 8 gives a schematic representation of a wind tur-
bine, connected to the grid by an impedance. The first

So, if a noise source enters the turbine model parallel to
the feedback voltage, the closed loop relation between
y and v is no longer a correct representation of the open
loop proces transfer function H,. In the ultimate case
that only this noise source exists, so Sy, = 0, the value
of 1/G1 will be estimated in stead of Ho.

A.2 CONCLUSIONS FROM SYSTEM IDENTIFICATION
THEORY

» The architecture of the closed loop system, i.e.
the signal routing, determines whether a validation



problem occurs. If an input signal enters the model
parallel to the feedback signal, a bias term exists.
If no parallel input signal exists, then there is no
bias term.

Open loop validation of a turbine model using the
(closed loop) measurement of the terminal voltage
as a turbine model input may lead to errors due to
a bias term caused by the feedback loop.

« For the wind turbine model with grid impedance,
the transfer function between terminal voltage
and turbine current equals the inverse of the grid
impedance if the wind speed is the only input re-
sponsible for the variation of the terminal voltage.
This makes it impossible to estimate the open loop
wind turbine transfer function from the voltage at
the turbine terminal to the turbine current.

The previous observations are equivalent to the ob-
servation that the wind speed and the voltage do
not constitute independent variables but are cor-
related. The magnitude of this correlation in the
relevant frequency domain should be checked be-
fore the voltage is used as an input in open loop
validation.

A.3 ESTIMATION OF THE CORRELATION BETWEEN WIND
SPEED AND VOLTAGE

Alsvik, 1 turbine, grid model incl.
1 T T T

Coherence Vweff - utop (=)

o
w
T
T
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Figure 9: Coherence between rotor effective wind speed
and terminal voltage for a single Alsvik turbine in op-
eration, no grid load variations (simulation)

Simulations will be used to estimate the correlation be-
tween the wind speed and the terminal voltage for the
Alsvik wind farm. Figure 9 gives the coherence be-
tween the rotor effective wind speed and the terminal
voltage for a single Alsvik turbine in operation. The fig-
ure shows a high coherence (0.90-0.98) at multiples of
3P and a relatively high coherence over the full range of
1-10 Hz (0.55 on average). This is not in favour of using
the voltage as a model input. The coherence should re-
duce if the number of turbines in operation is increased

and also if uncorrelated voltage variations caused by
load changes in the grid are taken into account.

Alsvik, 4 turbine, grid model incl.
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Figure 10: Coherence between rotor effective wind
speed and terminal voltage for 4 Alsvik turbinesin op-
eration, no grid load variations (simulation)

Figure 10 gives the coherence between the rotor effec-
tive wind speed and the terminal voltage for a group
of 4 Alsvik turbines in operation. Since the rotor po-
sitions are not synchronised, the rotationally sampled
wind speeds of the different turbines are not strongly
correlated and this reduces the correlation between the
wind speed of a single turbine and the terminal volt-
age. However, the average coherence of 0.45 is still
relatively high.

Alsvik, 1 turbine, grid model plus grid load variation
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Figure 11: Coherence between rotor effective wind
speed and terminal voltage for an Alsvik turbineinclud-
ing grid load variations causing 1 V voltage noise (sim-
ulation)

Figure 11 gives the coherence between rotor effective
wind speed and terminal voltage for an Alsvik tur-
bine including grid load variations causing 1 V random
noise. These voltage variations still are significantly



smaller than the variations in the Alsvik measurements:
about 3 V. The reduction at the multiples of 3P now is
more substantial and the overall level is low except for
the range below 1 Hz.

This shows that multiple turbines in operation and a
substantial amount of noise in the terminal voltage
caused by load changes in the grid sufficiently reduce
the correlation between the wind speed and the terminal
voltage. Therefore it is permissible to use the measured
(closed loop) voltage of the Alsvik wind farm to calcu-
late APSD functions of currents and powers in the open
loop model validation. This method will still introduce
an error, but since the coherence is relatively low, the
error is small.
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wind energy " speed is realized by the use of the well-known dqO transformation (Park transformation)
not only for the generator but also for all other electrical components. The use of the Park
transformation is common practice in electrical machine models, but not in the modelling
of other electrical components. For single turbines, simulations in the dq0 reference frame
are 100 times faster than simulations in the abc reference frame. After a discussion of the
Park transformation and its most important properties, it is explained how models in the
dqoO reference frame can be obtained. The dq0 models of the most important electrical com-
ponents are presented. The mechanical and aerodynamic models that are needed for
dynamic simulation of wind turbines are discussed briefly. The models are applied in Part
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Introduction

A tendency to increase the amount of electricity generated from wind can be observed.' As the penetration of
wind turbines in electrical power systems increases, they may begin to influence overall power system oper-
ation.” The interaction between the wind farms and the grid will be an important aspect in the planning of the
farms.? Especially the behaviour during voltage dips is important. Wind turbines supply fluctuating active and
reactive power to the grid owing to the fluctuating wind. This will cause voltage fluctuations. It is essential to
ensure that the grid is capable of staying within the operational limits of frequency and voltage for all fore-
seen combinations of wind power production and consumer loads* and to ensure appropriate transient and
small-signal stability of the grid.’

The behaviour of wind turbines with respect to their interaction with the grid is therefore studied at differ-
ent places.” In order to facilitate the investigation of the impact of a wind farm on the dynamic behaviour of
the power system, adequate models of wind turbines and grid components are required. Although the speed of
computers has significantly increased over the years, computational speed is still one of the limiting factors in
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Figure 1. Inrush currents of a three-phase induction machine in the (a) abc and (b) dqO reference systems

(dynamic) simulation of power systems. One of the problems is the complexity of the models, which limits
the computational speed. When reduced models are used, simulation of complex systems such as wind farms
can be done much faster, but the results may be less accurate.?

The Park transformation (some-times called the Blondel-Park transformation) is well known from its use
in electrical machinery. The electrical signals are transformed to a stationary rotating reference frame. As this
stationary frame is chosen to rotate with the grid frequency, all voltages and currents in the dg0 reference frame
are constant in steady state situations. Therefore modelling in the dg0 reference frame is expected to increase
the simulation speed significantly, as a variable step size simulation program can apply a large time step during
quasi-steady state phenomena. An example is shown in Figure 1, where the inrush currents of a three-phase
induction machine are shown in the abc and dqg0 reference systems respectively. The time step that can be
applied without introducing significant errors will be much larger in the case of the dg0 reference system. The
drawback of modelling in a dq0 reference frame is that the models for grid components are not available and
therefore have to be developed.

A research project on the grid integration of large wind farms has been initiated to develop dynamic models
suited for grid impact studies. The most important for grid interaction are the models of the electrical compo-
nents. Models in the dg0 reference frame have been developed for electrical wind turbine generators (induc-
tion generator, doubly-fed induction generator, permanent magnet generator), power electronic converters,
transformers, cables (lines) and synchronous generators (conventional power plant). For the dynamic behav-
iour of wind turbines, mechanical and aerodynamical models are also needed. The following models have been
developed: turbine rotor, mechanical drive train and rotor effective wind.

In this contribution a description will be given of the models that have been derived. The article starts with
a discussion of the Park transformation and a description of the way in which models in the dq0 reference
frame can be obtained for different electrical components, followed by a description of the electrical compo-
nent models. Afterwards wind models and turbine models are given. Results obtained with these models in
dynamic simulations are presented in Part 2 of this article.

Park Transformation

In the study of power systems, mathematical transformations are often used to decouple variables, to facilitate
the solution of difficult equations with time-varying coefficients, or to refer all variables to a common refer-
ence frame.” Probably the best known is the method of symmetrical components developed by Fortescue."
This transformation is mostly used in its time-independent form and applied to phasors in electrical power
system studies."" Another commonly used transformation is the Park transformation, which is well known from
the modelling of electrical machines. The Park transformation is instantaneous and can be applied to arbitrary
three-phase time-dependent signals.

For 6, = w,t + ¢, with @, the angular velocity of the signals that should be transformed, ¢ the time and ¢
the initial angle, the Park transformation is given by

Copyright © 2005 John Wiley & Sons, Ltd. Wind Energ. 2005; 8:265-278
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C

Figure 2. Relationship between abc and dq quantities

[Xag0] = [Tugo (@)X ] (1)
with
X4 X,
[Xaol=| X, | and [Xauc]=|x, (2)
Xo Xe

and with the dg0 transformation matrix T, defined as

cos 6, COS(Od - 2—”) cos(ed + 2—”)
3 3
(Tiao] = \E —sind; - sin(ed - ?”) - sin(@d + ?”) 3)
S RS Bl
G ) 7
and its inverse given by
| cosf —sin@ L_
- 2 2n ) 2 1
[quo] 1 = \/; COS(ed - ?) —Sln(ed — ?) Tz (4)
2n ) 2 1
_COS(Qd + ?) - sm(@d + ?) w3

The positive g-axis is defined as leading the positive d-axis by /2, as can be seen from Figure 2.

Voltages and currents of electrical systems are often given as a set of differential equations. A short descrip-
tion will be given of how these differential equations can be transformed to the dq0 reference system. The
derivative of a vector in the abc reference system is given by

d d

] = (a0 01 /1xu0]) )

With the chain rule for derivatives,
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d d d
- [quo] = [quo CA )] - [Xabc] +| [quo (A )] [Xahc] (6)
dr dr dr
d d d 1
[quo 0, )] - [Xabc] = [quo] - 5 [quo (6, )] [quo G )] [quo] @)
dr dr dr
d d 1(d -1
[quo (9d )] 5 [Xabc] = 5 [quo] — Wy w_ 5 [quo (ed )] [quo (ed )] [quo] (8)
d
Knowing that, for x = x(?),
isinx:cosxE and icosx:—sinxg 9)
dr dr dr dr
and that w, = d@ydt, the following result is obtained:
q 0 -10
—~[T1g0 O [ T1po @) = 4|1 0 0O (10)
dt
0O 0O
and it can be easily seen that
d d
[Tay0 O] —[Xane ] = —[Xag0 ] + @ay[X g0 (11)
dr dr
with y given by
1 7d 0 -1 0
y=5{5m@wm)nm%n¥=l 0 0 (12)
¢ 0 00

It can be seen from (12) that differential equations will cause a cross-relation between the d- and the g-axis.
Some additional properties of the Park transformation can be derived. As the transformation is orthogonal, it
holds that

[T.00 (0 Tiyo 0] =[Tp0(0 )Ty (6)] =[1] (13)

The transformations of (3) and (4) are unitary. Note that, by replacing the factor x/2/73 by a factor 2/3 in (3)
and (4), the transformation will be amplitude-invariant, implying that the lengths of the current and voltage
vectors in both the abc and dq0 reference frames are the same. This amplitude-invariant transformation is
mostly used in the modelling of electrical machines."

The voltages and currents in the dg0 reference frame are constant in steady state situations. Be aware that
also non-fundamental harmonics are correctly transformed, as x,, x, and x. are time signals, including all har-
monics. In the steady state a non-fundamental frequency component with frequency ), will appear as a sinu-
soidal signal with frequency @, — @, in the dg0 domain. The highest frequency that can be represented
accurately in the dq0 frame depends on the time step used.

With (13) it can be shown that the Park transformation conserves power:'

PO = [Vase] T
= [T @ V]| [T O] Tio]
= Vago ] ([0 @] [T @] i
=[Vago] [Taso @) Tiy0©)] [0
[Vaso] Tiago] (14)
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The Park transformation is often used in control loops, as it offers the possibility of decoupled control between
active power and reactive power. Be aware, however, that active power and reactive power cannot be directly
related to the d- and g-axis components. These components are just a representation. The instantaneous active
power and reactive power can be obtained directly from the voltages and currents in the dq0 reference system:"

D = Valq + Vi, (15)

q =Vylg —Valy

Models of Electrical Components
Introduction

In this section, some of the most important electrical component models will be presented. More detailed
descriptions of some specific models that have been derived can be found in References 14-19.

Electrical machine models

Mostly electrical machine models are already given in a dg0 reference frame. Therefore it is not necessary to
present all these models here. They can be found in the literature, see e.g. References 5, 6, 9 and 20-22. As
an example, the model for a doubly-fed induction generator (DFIG) will be given. The model of the machine
is based on the fifth-order two-axis representation. A synchronously rotating dg reference frame is used with
the direct d-axis oriented along the stator flux position. In this way, decoupled control between the electrical
torque and the rotor excitation current is obtained. This reference frame is rotating with the same speed as the
stator voltage. When modelling the DFIG, the generator convention will be used, which means that the cur-
rents are outputs and that real power and reactive power have a positive sign when they are fed into the grid.
Using the generator convention, the following set of equations results:

. dl//ds
Vas = _Rslds - ws!l/qs + dt
. dyys
Vgs = _Rslqs - wsl//ds + % (16)
dWa
Var = _Rridr - wrl//qr + dwtd
dy
Voo = —Rely — O W4 + %

with v the voltage (V), R the resistance (€2), i the current (A), @, and , the stator and rotor electrical angular
velocities (rad s™') respectively and y the flux linkage (V s). The indices d and ¢ indicate the direct and quad-
rature axis components of the reference frame and ‘s’ and ‘r’ indicate stator and rotor quantities respectively.
All quantities are functions of time.

The generator model that has been used to model the induction machine is almost equal to the model
described above in (16). The only difference is that the rotor voltages v, and v, are set to zero. The model of
the permanent magnet synchronous generator can be found in References 17 and 19.

Converter Model

Modern wind turbines use a power electronic converter to connect either the rotor or the stator to the grid. In
this subsection the converter model will be described. Back-to-back converters consisting of two voltage source
converters with a DC-link in between are used. The DC-link separates the two converters and therefore they
can be controlled independently of each other. The generator-side converter is used to control the stator (syn-
chronous machine) or rotor (doubly-fed induction generator) currents of the electrical generator of the wind

Copyright © 2005 John Wiley & Sons, Ltd. Wind Energ. 2005; 8:265-278
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Figure 3. Three-phase full-bridge voltage source converter

turbine. By controlling these currents, active and reactive power and speed and torque of the generator can be
controlled. The grid-side converter is used to pass the generator power to the grid and to control the DC-link
voltage.

The voltage source converters (VSCs) are based on IGBT switches. The three-phase full-bridge grid-side
IGBT-VSC is shown in Figure 3. The converter is also modelled in the dq0 reference frame. It has been
modelled according to the switching function concept.”> The switching of the IGBTs in the converter is not
taken into account. It is assumed that the filters of the converter reduce the higher-frequency components.?* It
has been shown that good simulation results can be obtained with this model.***

Consider the system of Figure 3. The voltage balance across the filter inductors and resistors is

di
AV, =V — Vo = “ 4+ Rii,
g Lf dt f
di
Avy = Vi = Vgpy = Ly 4 Ry, (A7)
dr
di.
Avc =V — Vgcn = Lf lt + Rfic

With the Park transformation these equations can be transformed to the dg0 reference frame:*
di
Avy = Riy + L d—: + 0, Ly,

by
Av, = Ri, + L, i —w.Li, (18)

Avy = Riiy + L dio
dr
The w-terms cause a coupling of the first two equations, which makes it difficult to control both currents inde-
pendently. The last terms can be considered as a disturbance on the controller output and are not taken into
account for the controller. The i, and i, errors can be processed by a PI controller to give v, and v, s respec-
tively. To ensure good tracking of these currents, the cross-related flux terms are added to v . and v, to
obtain the correct reference voltages.
Treating the cross-related terms as a disturbance, the transfer function from voltage to current (for both the
d- and the g-component) of (18) can be found as

G(s) = — (19)
§)=—"—
LfS + Rf
Using the internal model control principle®” to design the current controllers yields
ki c -
K(s) =k, +=- =2 G1(s) (20)
s s
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Figure 4. Single-phase equivalent circuit of a cable (transmission line)
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Figure 5. Cable models in dq0 co-ordinates

where ¢, is the bandwidth of the current control loop and k, is the proportional gain and k; the integral gain
of the controller. The proportional and integral gains become®

k,=a.L; Q1)
ki =a.R;

The instantaneous active and reactive powers delivered by the converter are given by (15). With the d-axis of
the reference frame oriented along the stator voltage position, v, is zero and, as long as the supply voltage is
constant, v, is constant and the active and reactive powers are proportional to i, and i, respectively.

Cable (transmission line)

The general equations relating voltage and current on a transmission line or a cable recognize the fact that all
impedances of a transmission line are uniformly distributed along the line. For lines of up to about 250 km,
lumped parameters can be used, however.”® The single-phase equivalent circuit of a lumped line (cable) is
shown in Figure 4.

The dq0 models of a three-phase RL line with shunt capacitors are shown in Figure 5. The voltage and
current relations are given as'®
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Figure 6. Transformer equivalent circuit with magnetizing current and iron loss neglected

. di .
Avd =Vg — Vg1 = Raldl + La d_dl - (DLalq|
t

di
Av, = vy =V = Riig + Ly f — oLy (22)
. diy
AVO =V — Vo1 = (Ra + 3Rg)l() + (La + 3Lg)$
and
. dva
lgel = C? - (DCVql
d
i =C=L 1 @Cv, (23)
dr
. dvy,
a=C
Locl dar

To obtain the models, it is assumed that the shield of the cables is grounded, which is true in most cases. The
shunt capacitors in the lumped cable model represent the capacitance between cable and shield. The dg0 models
obtained for the RL circuit assume that a ground return exists. As the cable shield is grounded, the ground
return exists and the models of Figure 5 can be used.

Transformer

In this subsection the transformer model will be discussed. Normally the magnetizing current of a transformer
is small and can be neglected. The single-phase equivalent circuit of a two-winding transformer is shown in
Figure 6, where R = R, + @’R, and L = L, + a’L,, with a = N//N,.

The dg0 models of the transformer are shown in Figure 7. The zero-sequence model depends on the type
of transformer (star-start, star-delta, etc.). The zero-sequence model represents a star-delta transformer with a
ground star connection at the primary side.”

Grid model

A simple grid model has been developed to simulate the interaction between a wind farm and the grid and to
be able to test the voltage and frequency control capabilities of different types of wind farm. The main require-
ment for the grid model is a dynamic behaviour similar to a large high-voltage grid. The main component of
the grid model is a synchronous machine model equipped with voltage and frequency control. The synchronous
machine model is the three-winding representation in dg co-ordinates. Damper windings are not taken into
account. The generator convention is adopted:
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Figure 7. Equivalent transformer model for d, q and 0 sequence components
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with L,, L,, Lyg, Ly and L, the synchronous machine inductances and R, and Ry, the stator and field winding
resistances respectively.

For the voltage regulator and exciter a type 1 model is used.*® The inertia and speed controller of the syn-
chronous machine complete the model:

dw,
J = Tmec - ];:
dl’ h 1
P
Tmech = e (25)

Kiw
Pmech = (pr + )(a)set - ws)
N

The grid model further consists of some cables and loads. The parameters of the grid model have been chosen
to have a fair amount of transient behaviour, not necessarily found in large-scale grids. This choice is made to
demonstrate the wind farm control capabilities.

Comparison

It should be shown that the models in a dg0 reference frame give correct simulation results. The best solution
would be to compare the simulation results with measurements. As this was not possible at the moment, dg0
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Figure 9. Response of rotor current to a dip in grid voltage for (a) abc model and (b) dq0 model

simulation results have been compared with results of simulations with well-known and accepted models in
the normally used abc reference frame.'* The responses of a doubly-fed induction machine to a step in the
mechanical torque (slow dynamics) and to a dip in the grid voltage (fast dynamics) have been considered.
The response of the rotor current of the machine to a step in the mechanical torque is shown in Figure 8 and
the response to a dip in the grid voltage in Figure 9. Only very small differences between the responses in the
abc and the dq0 reference frame can be observed from these figures. One should be aware that the high rotor
currents caused by the dip may destroy the converter if no measures are taken.*'*> The simulation time for the
dq0 model is about 100 times shorter than for the abc model."

In the abc model the switching operation of the power electronic converters is not taken into consideration.
A comparison has been made between the behaviour of a converter in the dq0 reference frame and a complete
IGBT converter that also takes into account the switching operation of all switches. The IGBT converter that
has been used is obtained from the SimPower Systems Blockset of Matlab. Again the behaviour during a dip
in the grid voltage has been simulated. The d-axis current of the converter is shown for both models in Figure
10. It can be seen that, except for the high-frequency ‘noise’ due to the switching operation of the IGBT con-
verter, the response to the dip is almost the same. The response is more dependent on the parameters of the
converter controller than on the type of model.”
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Figure 10. Response of d-axis converter current to a dip in grid voltage for reference IGBT model (full line) and dq0
model (broken line)

Other Models
Introduction

To simulate the dynamic behaviour of wind farms, not only models of the electrical system are required, but
also dynamic models of the wind and the wind turbine (including the generator). The description of the wind
and turbine models will be brief, as they are not the focus of this article. A more detailed description can be
found in e.g. Reference 33.

Wind model

To evaluate the dynamic behaviour of wind turbines and wind farms, the short-term variation of the wind has
to be known. Since wind speed variation is a statistically determined phenomenon, a wind model is needed
that will calculate a realization of the stochastically changing wind speed in time. The objective of wind mod-
elling in this type of problem is to generate a single-point wind speed realization, which gives instantaneous
aerodynamic torque values that are statistically equivalent to the values experienced by the rotor of the mod-
elled turbine. Furthermore, the wind speed averaged over the turbine rotor has to be determined, including
variations caused by the passing of the blades through the inhomogeneous wind field over the rotor area. This
inhomogeneous wind field is caused by turbulence, wind shear and tower shadow.** When a power measure-
ment of a turbine is observed, the effect of the wind field inhomogeneity can most clearly be seen by regular
changes in power with a frequency of the number of blades times the turbine’s rotational frequency, often
called nP. The wind model aims at a realistic representation of this effect.

The effect of wind speed variations on the aerodynamic torque is determined by the C,(4, pitch angle) curves
and for a given rotor diameter. This implies that a realization depends not only on the statistical properties of
the wind but also on the size and aerodynamic properties of the turbine rotor. The method employed makes
use of the auto power spectral density (APSD) of the longitudinal wind speed changes at a single point.*

Turbine model

In addition to the already discussed generator and converter models, the turbine model consists of submodels
for:

* aerodynamic behaviour of the rotor;
* rotating mechanical system (drive train);
* tower (i.e. motion of the tower top);
* power limitation by pitch control or stall.

Copyright © 2005 John Wiley & Sons, Ltd. Wind Energ. 2005; 8:265-278
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The mechanical model for the turbine rotor, low- and high-speed shaft, gearbox and generator rotor is a two-
mass/spring/damper model. The torque of the gearbox and generator on the nacelle is determined, since it inter-
acts with the tower sideways motion. The simple tower model consists of a mass/spring/damper model for the
translation of the tower top in two directions: front—aft (nodding) and sideways (naying). This is not sufficient
if tower top rotation has to be modelled as well. In that case a lumped parameter model for rotation is used,
consisting of a number of mass/spring/damper models in series.

The variable speed turbine includes two control loops: the turbine aerodynamic power is limited by pitch
control and the electrical power is controlled to maximize energy production (optimal lambda control). This
requires additional component models (sensor and actuator models) and the design of two controllers. How to
design controllers for wind turbines can be found in Reference 34.

Conclusion

Dynamic models of offshore wind farms have been developed based on individual turbine models. The models
include aerodynamic aspects and mechanical details of the turbine, the electrical system of the turbine, the
cable connections inside the farm and the connection to the substation onshore. These models present a pow-
erful tool for the investigation of wind farm dynamics and wind farm—grid interaction and for the develop-
ment and optimization of wind farm controllers.

The electrical systems modelled in the wind farms are:

* the directly coupled induction generator (IG);

* the cluster-coupled induction generator (CC);

the doubly-fed induction generator (DFIG);

e the permanent magnet generator with full converter (PM).

The turbines modelled in the wind farms are:

* the constant speed stall turbine (CSS);
* the variable speed pitch turbine (VSP).

A simplified grid model has been included to enable simulation of wind farm—grid interaction. All electri-
cal models, including the models of cables and transformers and the grid model, are based on the Park trans-
formation to increase computational speed in quasi-steady state conditions. For single turbines the simulation
time is reduced by a factor of 100. All models have been implemented in Simulink to ensure full control over
the details by the user and to have a powerful graphical interface. Simulink makes modification and extension
of the wind farm models very easy and efficient.

The wind farm models can be used to develop wind farm control, to investigate dynamic interaction within
the farm and between wind farm and grid and also to study wind farm response to wind gusts and grid faults.
These applications are demonstrated in a number of case studies in Part 2 of this article.
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Key words: Owing to an increasing penetration of wind turbines and large wind farms in electrical
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elreizt&ctzlriy;ﬁ?; Dynamic wind farm models for power system studies have been presented in Part 1 of the
1§ark tmnsforméﬁon; article. In this contribution, these models are applied in a number of case studies to deter-
wind energy mine the impact of wind farms on the power grid. Four turbine concepts are evaluated with

respect to their grid interaction. Case studies involving normal behaviour, voltage dip

behaviour, voltage control capability and behaviour during frequency deviations will be
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Introduction

As the penetration of wind turbines in electrical power systems increases, they begin to influence overall power
system operation."> Two aspects are of major concern. The first is that large wind farms are a source of fluc-
tuating active and reactive power. This fluctuating power will have its impact on the power balance and on the
voltage at the connection point, while central power stations have to compensate for the fluctuating power. The
second concerns the response of wind farms to voltage and frequency dips. Nowadays it is common practice
that farms shut down immediately after a dip. With an increasing amount of wind energy this may worsen an
already existing problem in the grid.

It is essential to ensure that the grid is capable of staying within the operational limits of frequency and
voltage for all foreseen combinations of wind power production and consumer loads.? The interaction between
the wind farms and the grid will be an important aspect in the planning of the farms.* To be able to study this
interaction, models for dynamic simulation of wind farms are required. Because of the large number of com-
ponents in these farms, these models should enable fast simulation. This can be achieved by using models in
the dq0 reference frame. In Part 1 of this contribution a description has been given of the way in which models
of different electrical components in the dg0 reference frame can be obtained. Wind and turbine models are
also briefly outlined in Part 1. In this Part 2 the models are used in a number of case studies that are performed
to demonstrate the effectiveness of the proposed modelling method. Four different wind farm concepts have
been studied in the project that is summarized in this contribution. They are based on the following turbine
concepts:
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* constant speed stall turbine with directly coupled induction generator (CSS-IG, reference case);

* constant speed stall turbine with cluster-controlled induction generator operating in variable speed mode
(CSS-CC);

* variable speed pitch-controlled turbine with doubly-fed induction generator (VSP-DFIG);

* variable speed pitch-controlled turbine with permanent magnet synchronous generator (VSP-PM).

For each of the park concepts, one or more ‘events’ are evaluated in a case study.

The contribution starts with simulation results of the normal operation of a wind farm with induction gen-
erators. It continues with an evaluation of the voltage dip behaviour of the permanent magnet generator. This
is followed by the voltage control capabilities of the doubly-fed induction generator. The frequency dip
response of cluster-coupled induction machines and the contribution of permanent magnet wind turbines to
frequency control conclude this contribution.

Simulation Set-up

All case study simulations have been done in Simulink®, a Matlab-based platform that is widely used for
dynamic simulation. The near-shore wind park (NSW park) that is planned to be built in the North Sea about
12 km from the Dutch coast will be used as a case study. The wind farm will consist of 36 turbines with a
2.75 MVA doubly-fed induction generator. The park layout is shown in Figure 1. For convenience, only one
string of 12 turbines is simulated. Each of the turbines is connected to the 34 kV grid by a three-winding trans-
former with a nominal power of 2.5 MW. This transformer has a 960 V winding connected to the stator and a
690 V winding to the rotor via a frequency converter. The wind farm is connected to the 150 kV grid via a
transformer with a nominal power of 125 MVA.

Normal Behaviour of Wind Farm with Induction Machines

The response of one string of the wind farm to a gust in the wind speed has been simulated. The gusts are
important for the grid behaviour of the park, as this will lead to a gust in the output power of the park and will
thus cause changes in the voltage at the connection point. The reactive power settings of the turbines are kept
at zero during the simulation.

It is assumed that the gust travels through the farm with a relatively high speed. Normally the average wind
speed of the gust would be taken as the gust travelling speed; in the case study simulation this was increased
to increase the effect of the gust and to reduce simulation time. It is assumed that the time between affecting
two turbines will be 5 s. The rotor effective wind speed at the first turbine that experiences the gust is shown
in Figure 2. The wind speed before the gust is about 5 m s™'. The wind speed increases to 20 m s~ during the
gust.

The increasing wind speed will cause an increasing output power of the turbine. The output power of the
first turbine is shown in Figure 3. The output power of the whole first string of the wind farm is shown in
Figure 4. The large change in output power of the wind farm will affect the voltage of the 150 kV grid at the
point of connection. The voltage at the park side of the 150 kV transformer is shown in Figure 5. Be aware
that the change in output voltage of the wind farm shown in Figure 5 is only due to one string. The resulting
change in output voltage due to the whole park will be significantly higher.

Voltage Dip Behaviour of Wind Turbines with Permanent Magnet Generator
Introduction

The contribution of power from wind turbines to the total energy production has so far mostly been small as
compared with the power supplied by the large centralized power plants. Automatic disconnection of wind tur-
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bines in the case of a grid disturbance, as required by many grid operators,”® is not a problem in this case.
When the amount of wind energy is increasing, the disconnection of many turbines could lead to a lack of
power and to instability of the local grid.’

To allow wind farm connection to the grid, a number of grid operators require voltage dip ride-through capa-
bility already, especially in places where wind turbines provide a significant part of the total power supply.

Copyright © 2005 John Wiley & Sons, Ltd. Wind Energ. 2005; 8:279-293



Grid Interaction of Offshore Wind Farms. 283

Lina-to-ling voltage
ui,

100%

- | W T_ i

| LWES vaILE OF
the voltage band

el
T

150

1500 3000 Time in ms

|

Figure 6. Voltage dips that wind turbines should be able to handle without disconnection (E.ON Netz requirements)
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Examples are Denmark® and parts of Northern Germany.” The requirements concerning immunity to voltage
dips as prescribed by E.ON Netz, a grid operator in Northern Germany, are shown in Figure 6. Only when the
grid voltage drops below the curve (in duration or voltage level) is the turbine allowed to disconnect. There
are large differences between the requirements in different countries. E.ON requires that wind turbines stay
connected during voltage dips where the voltage drops to 15% for 300 ms, whereas in Australia 0% voltage
for 175 ms is required and in Denmark 25% voltage for 100 ms."

In this section the voltage dip behaviour of a variable speed wind turbine with permanent magnet genera-
tor will be investigated. The protection and voltage dip behaviour of a variable speed wind turbine with doubly-
fed induction generator are described in Reference 11. The protection is based on a crowbar in the rotor circuit
to protect the converter by providing a bypass for the rotor currents during a disturbance.

Simulation set-up

The voltage dip is assumed to occur somewhere in the 150 kV transmission grid. The dip results in a reduced
voltage level at the 34/150 kV transformer. During the simulations the grid has been modelled as an ideal
voltage source. Only one turbine has been used during the simulations, as during voltage dips the behaviour
of the farm is primarily determined by the behaviour of the individual turbines. The output current of the
turbine transformer has been multiplied by a factor 6, as the behaviour of the cables and transformer will also
depend on the current level. When this current level is too low, the behaviour may be incorrect. The simula-
tion set-up is shown in Figure 7. From left to right the turbine, the turbine transformer, the 34 kV cable, the
34/150 kV transformer and the 150 kV ideal grid are shown. The parameters represent the NSW park with
only one turbine connected. All simulations have been done with the turbine operating at nominal power.

The wind turbine concept that has been used is the direct drive, variable speed turbine with permanent magnet
synchronous generator. This turbine has a full back-to-back converter connected between the stator and the
grid. The voltage dip behaviour of this turbine can thus mainly be considered as the voltage dip behaviour of
the grid-side converter.

A detailed description of the converter model that has been used is given in Reference 12. When the grid
voltage drops, the converter should increase the grid current to be able to supply the same amount of power
to the grid. The current of the converter is limited, however, owing to the limited thermal capacity of the semi-
conductor switches. Therefore the power that is delivered by the wind turbine to the converter should also be
limited, because otherwise the DC-link voltage will increase too much. A protection scheme is implemented
in the model. The converter currents and the DC-link voltage are limited. When necessary, the electrical torque
setpoint of the converter that is connected to the permanent magnet generator is reduced. As a result the turbine
will speed up. This increase in rotational speed is limited by the pitch controller of the turbine.

Copyright © 2005 John Wiley & Sons, Ltd. Wind Energ. 2005; 8:279-293
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Figure 8. Rotor average wind speed and aerodynamic power of PM during 50%/0.5 s dip

Simulation results

A 50%/0.5 s dip in the voltage has been applied. The rotor average wind speed during the dip is about
15 m s™'. The wind turbine then operates at nominal power. The rotor average wind speed V,, and the aerody-
namic power in the wind, P,, are shown in Figure 8. Owing to the limited thermal capacity of power electronic
components, the current should not become too high for longer times. Therefore the current of the converter
should be limited when the fault occurs. At the moment the fault occurs, the grid voltage drops and the current
of the grid-side converter has to increase when the same power as before the fault should be supplied to the
grid. The current will be limited, however, to avoid thermal breakdown of the converter. As a result the DC-
link voltage will increase as long as the power from the turbine is not decreased. Therefore also the generator
controller will decrease its setpoint. This can be seen from the power curve in Figure 9. When the power is
decreased, also the electrical torque will decrease, see again Figure 9. As a result of the decreasing electrical
torque the turbine will speed up, at least as long as the aerodymical torque remains the same. The increase in
rotational speed w,, is shown in Figure 9. At the moment the speed increases, the pitch angle controller has to
react to limit the speed increase. In Figure 9 it can be seen that there is first a short peak in the rotational speed
as the dip occurs. Afterwards the rotational speed is slightly increasing. A dip of 0.5 s is too short, however,
to get a significant increase in speed. Almost no pitch controller action has been noted. When the dip persists
for a longer time, the speed may increase, however, and the pitch angle controller may not be fast enough to
limit the speed increase.

The DC-link voltage is shown in Figure 10. Note that the voltage is practically constant, because the switch-
ing operation of the converters has not been modelled. Otherwise there would be a high-frequency ripple on
the voltage. The DC-link controller reacts fast enough to control the voltage. In reality it will not always be
necessary to keep the DC-link at the pre-fault voltage. A small increase or decrease in voltage will be allowed.
In Figure 11 the voltage and current of the grid-side converter are shown. It can be seen that the current is
limited (after a controller overshoot) to about 1 pu. At the moment the dip is cleared, the current drops to about
half the nominal current. It takes some time before the converter adjusts the current to the value before the dip
occurred.
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Figure 9. Active power, reactive power, electric torque and slip of PM during 50%/0.5 s dip
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Figure 10. DC-link voltage of PM during 50%/0.5 s dip

Final remarks

In general it can be concluded that voltage dip ride-through of direct drive wind turbines with full converter
connection to the grid does not present a problem. To limit the currents in the converter, the power of the per-
manent magnet generator should be limited when the grid voltage drops. That this is possible can be seen from
Figure 9. To avoid overspeeding of the turbine, the pitch controller should limit the rotational speed of the
turbine. From the figures it can be seen that the rotational speed of the turbine is limited at 1 pu.
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Figure 11. Voltage and current of grid-side converter of PM during 50%/0.5 s dip

At the starting point of the dip and during grid voltage recovery, small peaks can be seen in the current of
the grid-side converter. They are due to the limited bandwidth of the current controller. The converter will be
able to cope with these currents for a short time.

Voltage Control Contribution of Wind Farms with Doubly-fed Induction Generators
Introduction

Nowadays the total amount of wind power that is connected to the grid is still rather small. Therefore in most
cases the contribution of wind power to voltage deviations is small and node voltages remain within the allowed
deviations from their nominal value. With regard to voltage deviations and voltage control, the increase in
wind power capacity, especially of large offshore installations, has two important consequences. The first con-
sequence is that, when the total power of the wind farm increases, the contribution from wind to the voltage
deviations at the connection point will increase. The second is related to the way in which voltage control
nowadays is implemented. The large centralized power plants take care of the voltage control in the grid. The
rest of the grid is passive. Transformer taps are not adjusted dynamically but have a number of positions, so
they cannot control dynamic voltage variations. When wind power increasingly replaces power from conven-
tional generators, it will be more difficult to control the node voltages adequately with conventional power sta-
tions only, and it will become necessary that wind power also makes a contribution." In fact the synchronous
generators of the centralized power stations control the voltage by supplying reactive power to the grid or con-
suming reactive power from the grid. Large wind farms should be operated in the same way.

Wind turbine concepts that use a power electronic converter allow independent control of the active and
reactive power output of the wind turbine. As the reactive power can be controlled independently of the active
power, the wind turbine can contribute to voltage control. In this section it will be investigated how a wind
farm with doubly-fed induction generators can contribute to voltage control. Reactive power is supplied to the
grid according to a certain droop characteristic.

Simulation set-up

One string with 12 turbines will be used to investigate the voltage control possibilities of the wind turbines.
The wind turbines are connected in a string with a 34 kV cable. The total cable length between two turbines
is always 660 m. The turbines are connected to the cable via a transformer. Between the coast and the turbine
that is closest to the coast is a 15 km 34 kV cable. This cable is connected to the 150 kV grid via a 34/150 kV
transformer. The grid is modelled as a 200 MW synchronous machine with two consumer loads, a transformer
and a cable. The synchronous machine controls the voltage at its terminals in the grid. A simplified represen-
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Figure 12. Simulation set-up with only one turbine shown
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Figure 13. Source and impedance

tation of the simulation set-up is shown in Figure 12. (Only one turbine is shown, the simulations include a
string of 12 turbines.)

Voltage deviations at the grid connection point (the high-voltage side of the 34/150 kV transformer) can be
caused by the (varying power of the) wind farm, by load changes or by faults in the grid. Controlling the reac-
tive power in the wind farm can compensate for these voltage deviations.

When the layout of the park is known, the voltage level and the active and reactive power at the connec-
tion point can be determined from the wind farm layout. Consider the single-line diagram in Figure 13, where
a source supplying active and reactive power and an impedance are shown. As long as the angle & between V,;
and V, is small, the voltage drop is approximately given by'*

_RP+0X

1

AV (1)
When the voltage V; is the voltage at the terminal of the wind turbine and Z = R + jX is the total impedance
between the turbine and the connection point (transformers and cables), the controller of the wind turbine can
calculate the voltage difference AV and thus V, when it knows the impedance Z and the active power P and
reactive power Q that are supplied by the turbine. The active and reactive power at the connection point can
be calculated in a similar way based on the active and reactive power supplied by the wind turbine and on the
losses in the (known) impedances.

In Figure 13, V,; can be defined as the terminal voltage of the turbine and V, as the connection point voltage
at the 150 kV side of the grid transformer. The impedance Z is given by the total impedance of the cable and
the transformers.

It should be noted that the impedance Z is different for each turbine, as the cable length increases further
into the park. However, as the impedance of the cable to the coast is much higher than for the cables in the
park, the park cables can be neglected. This will introduce a small error, but the approximation will be good
enough, as can be concluded from the simulations.
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Figure 14. Droop characteristic

1.1 ; r 1 ;
1.05 ------------- = 08 g
— : : =" '
=0
=" ! T 06 :
@ ' =z :
) ! =] :
3 H o :
S | 3 e fromeees e
Y o ] g |
' | ; 0.2 f-eereeeeees bomeeeeeees femmcocooeeeed
0.9 : : 0 : :
0 5 10 15 0 5 10 15
time [s] time [g]

Figure 15. Voltage and active power at grid connection point

Droop characteristic control

Conventional turbines control the voltage according to a so-called droop characteristic. This droop character-
istic control can be considered as a forward controller. The reactive power that is supplied to the grid depends
on the voltage at the connection point. The relation between voltage and reactive power is obtained from the
droop characteristic. An example of a droop characteristic is shown in Figure 14. In this section the wind farm
reacts on voltage changes somewhere in the grid. Based on the grid voltage, a certain amount of reactive power
is supplied to the grid or absorbed from the grid. In this way it contributes to the voltage control in the same
way as is done by the large conventional power plants.

Simulation results

In the simulations that will be shown in this subsection, the droop characteristic control is implemented in the
wind turbines. The voltage at the connection point is calculated, based on local parameters, as described in the
previous subsection. Based on this voltage, a certain amount of reactive power is supplied to or consumed
from the grid. Figure 15 shows the voltage and the active power at the grid connection point. Figure 16 shows
the ratio between the voltage at the connection point and the reactive power that is supplied to the grid. In this
way a wind farm behaves like a conventional power plant in its contribution to voltage control.
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Figure 16. Voltage—reactive power characteristic

Frequency Dip Behaviour of a Variable Speed Stall Cluster-Controlled Wind Farm
Introduction

Although the grid frequency in the largest part of Western Europe can be considered to be practically constant,
there are some locations with island grids in which considerable frequency deviations may occur. Wind farms
connected to an island grid should be able to stay in operation during frequency dips and thereby support fre-
quency recovery. In the following simulation the response of a cluster-controlled wind farm is determined. In
this type of farm a number of stall-controlled turbines are connected to a single AC-DC-AC converter. The
converter controls the common speed of these turbines based on a measured wind speed. In this way the tur-
bines operate at near-optimal tip speed ratio as long as the wind speed differences between the turbines are
not too big.

Simulation set-up and results

A cluster of three turbines is simulated. The grid frequency dip is simulated by a change in the frequency set-
point of the synchronous machine in the grid model. At r = 10 s the setpoint is decreased to 45 Hz and at
20 s it is changed to the normal value of 50 Hz (Figure 17). This dip is significantly larger than any expected
dip in a large grid, in magnitude as well as rate, since grid frequency changes take time, and corrective action
will be taken before this level is reached. The 5 Hz dip has been chosen as a worst-case scenario and to demon-
strate the wind farm behaviour more clearly.

The total combined consumer load of Py, and Py, is 73 MW, which is supplied partly by the synchro-
nous machine (of the grid model) and partly by the wind farm, see Figure 17. The frequency dip causes a
voltage dip ugq, Which is counteracted by the synchronous machine voltage controller, dUy,. The initial voltage
dip is of the same magnitude as the frequency dip, about 10%.

The grid-side converter voltages v, and v, follow the grid voltage dip (Figure 18). The grid-side converter
d-component of the current, i,.,, remains almost constant, while the g-current i ., becomes more negative. The
grid-side converter power P, and reactive power Q..,, are not affected by the frequency dip and corresponding
voltage dip. The DC voltage uy. shows no effect either.

The converter effectively decouples the turbines and the grid. In spite of the frequency dip, the turbine
operate as if no grid dip occurs (Figure 19): aerodynamic powers P,;, P, and P, stator currents i, i, and ig
and voltages v, vy, and vy and relative turbine speeds s, s, and s; follow the changes in rotor effective wind
speed.
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Figure 19. Response of cluster-controlled turbines to a 10% frequency dip: turbine variables

Grid Frequency Control by a Variable Speed Wind Farm with Permanent
Magnet Generators

Introduction

It is not common to incorporate frequency control capability into wind farm operation. Generally, wind farm
control aims at maximum power output dictated by the instantaneous wind speed. In rare cases the wind farm
power is limited or a constant margin is kept to the instantaneous maximum output (sometimes called delta
control). Delta control enables grid frequency support by wind power.

Simulation set-up and results

The control of a wind farm equipped with variable speed pitch-controlled turbines with a permanent magnet
generator has been adapted for frequency support by implementing delta control and a control loop on fre-
quency deviations.

In Figure 20 the power production, grid frequency and pitch angle are compared during a step in consumer
power for a wind farm with and without grid frequency support. The step results in a frequency dip of about
1 Hz. The dip is corrected by the synchronous machine in the grid model, without support by the wind farm,
within 4 s after the consumption increase. The recovery is faster if the wind farm supports the frequency control
by reducing the pitch angle and providing a temporary increase in power. The differences are small owing to
the relatively small amount of extra wind power (about 5 MW) and the relatively slow increase in the wind
power. During the frequency dip the wind power initially decreases owing to the corresponding voltage dip.
Compared with the reaction of the frequency controller on the synchronous generator, the wind farm needs
more time to react to the dip owing to the time constant of the pitch servo. For the mechanical power supply
to the synchronous machine a zero time delay was assumed. In reality the frequency recovery will be slower
and the effect of assistance by the wind farm larger. The reaction can be much faster if the inertia of the rotor
is used to supply more power, assuming the frequency dip is a short-time event, e.g. for starting a heavy load
motor.
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Figure 20. Variable speed pitch-controlled wind farm with PM generators and delta control with (O) and without (—)
[frequency control support by the wind farm for a step in consumer power of about 100 MW

Conclusions

Models of wind farms, based on detailed wind turbine models as described in Part 1 of this article, have been
used to investigate the dynamic behaviour and response during grid disturbances. This contribution only
describes a limited number of the case studies that have been performed. More case studies can be found in
Reference 15.

Gusts in the wind speed will result in large power fluctuations. The power fluctuations can cause severe
voltage fluctuations in the electricity grid. This is especially true for constant speed turbines with induction
machines, as they do not offer reactive power and/or voltage control possibilities.

In the variable speed pitch wind farm with permanent magnet generators (VSP-PM), all the essential para-
meters can be controlled. Therefore good voltage dip ride-through can be achieved. The power supplied by
the generator is limited by the controllers during the dip. This is required because otherwise the current in the
converter or the voltage in the DC-link becomes too high. To avoid overspeeding, the pitch controller will be
activated. Owing to the short duration of the voltage dip, no significant increase in rotational speed can be
noted from the simulations that have been presented.

The wind turbine concepts with converters are suitable for grid voltage control. Different voltage and reac-
tive power control strategies are possible. In the final case, droop control has been implemented on each turbine.
With this type of control the wind farm behaviour is similar to conventional power plant behaviour during
voltage deviations.
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The response of a wind farm to a grid frequency dip (5 Hz, 10 s) strongly depends on the presence of a con-
verter. A full converter between wind turbine and grid decouples the turbines from the grid disturbances. The
turbine itself is therefore hardly effected by a frequency dip. This has been shown for a set of cluster-coupled
induction machines.

Both variable speed pitch wind farms (with doubly-fed induction generator and permanent magnet genera-
tor) can be equipped with grid frequency control support, which has been demonstrated for wind turbines with
a permanent magnet generator. Since permanent frequency control capability implies maintaining a power
margin, called delta control, this option may not be cost-efficient.
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Abstract--In this contribution a dynamic model
of a direct-drive wind turbine with permanent
magnet generator is presented. While deriving the
model, special attention has been paid to
increasing the computational speed of the
simulations. An important increase in speed is
realised by the use of the dq0 transformation (Park
transformation).

A description is given of the way in which the
dq0 models can be derived. The usefulness of the
model in dynamic simulations is shown by a case
study.

Index  Terms—Dynamic  modelling, Park
Transformation, Wind Energy
I. INTRODUCTION

tendency to increase the amount of electricity

generated from wind can be observed [1]. As
the penetration of wind turbines in electrical
power systems will increase, they may begin to
influence overall power system operation [2]. The
behaviour of wind turbines with respect to their
interaction with the grid is therefore studied at
different places [3]-[6]. In order to facilitate the
investigation of the impact of a wind farm on the
dynamics of the power system, an adequate
model of the wind turbines is required. Although
personal computers become faster and faster,
computational speed is still one of the limiting
factors in (dynamic) simulation of power systems.
One of the problems is the complexity of the
models, which limits the computational speed.
When reduced models are used simulation of
complex systems like wind farms can be done
much faster, but the results may be less accurate
[7].

The Park transformation (some-times called
Blondel-Park transformation [8]) is well-known
from its use in electrical machinery. The electrical
signals are transformed to a stationary rotating

reference frame. As this stationary frame is
chosen to rotate with the grid frequency, all
voltages and currents in the dqO reference frame
are constant in steady state situations. Therefore,
modelling in the dqO0 reference frame is expected
to increase the simulation speed significantly, as
a variable step-size simulation program can apply
a large time step during quasi steady-state
conditions.

Nowadays, for wind turbines with a rated
power above 1MW, variable speed concepts are
usually applied, that are either based on doubly-
fed induction machines or converter-driven
synchronous machines [9]. This paper presents a
dq0 model of the direct-drive synchronous
machine and its converter. With these models
fast dynamic simulations can be performed.

First a short explanation will be given of the
way in which models of electrical components in
the dqO reference frame can be obtained. This
explanation is followed by a description of the
wind turbine models in the dqO reference frame.

Case study simulations will illustrate the
usefulness of the models.
Il. PARK TRANSFORMATION

The Park transformation is well-known from the
modelling  of electrical machines. The
transformation represents instantaneous values
and can be applied to arbitrary three-phase time-
dependent signals. For O7=w,t+p, with oy the
angular frequency of the signals that should be
transformed, t the time and ¢ the initial angle, the
Park transformation is given by [10]:

lxquJ: leqO(gd )[Xabc] )

with:

[quo]: xq and [xabc]: x: (2)
X, X,



and with the dq0 transformation matrix Ty
defined as:

cosb, cos(&d - 2{) cos(ﬂd + 27”}

[quo]: \/g —sinb, —sin(@d —%Tj —sin(@d +2T”j (3)
1 4 L
V2 V2 V2
The positive g-axis is defined as leading the
positive d-axis by n/2, as can be seen in Fig. 1.

X

C
Fig. 1. Relationship between abc and dq quantities

The transformations of (3) are unitary and
conserve power [11]. Note that by replacing the

factor 2/3 by a factor 2/3 in (3) the
transformation  will be amplitude-invariant,
implying that the length of the current and voltage
vectors in both abc and dqO reference frame are
the same.

The voltages and currents in the dq0 reference
frame are constant in steady-state situations. It
should be noted that also non-fundamental
harmonics are correctly transformed as x,, x, and
X. are time signals, including all harmonics. In
steady state a non-fundamental frequency
component with frequency @, will appear as a
sinusoidal signal with frequency (ws-a@,) in the
dq0 domain. The highest frequency that can be
represented accurately in the dq0 frame depends
on the time step that is used.

Simulation software for electrical systems often
has a special package in which the steady-state
behaviour of a system is simulated. When the
system enters a transient state however, another
software package is used. The advantage of
modelling in a dqO0 reference frame is that the
switch between steady-state situations and
transient situations is inherently incorporated in
the model. In steady state situations all signals
are constant just like in steady-state simulation
software. When the system enters a transient

state, the signals are no longer constant, but the
models are still valid.

The Park transformation is often used in control
loops, as it offers the possibility of decoupled
control between active and reactive power. The
active and reactive power cannot directly be
related to the d and the g axis component. These
components are just a representation. The
instantaneous active and reactive power can be
obtained directly from the voltages and currents
in the dqO reference system [12]:

P=vyi;+v,i,

(4)

O=v,i; —v4i,

I1l. GENERATOR MODEL

Using the generator convention, the stator
voltage equations of the synchronous machine
are given by:

. dy
vds = _Rslds - wsl//qs - dld
5
'y dY s ©)
vqs - ,\'lqs +a)su/d.&' - dl

with v the voltage [V], R the resistance [QY], i the
current [A], s the stator electrical angular
velocity [rad/s] and w the flux linkage [Vs]. The
indices d and q indicate the direct and quadrature
axis components. All quantities in (1) are
functions of time.

The flux linkages in (5) are:
Vi = (Lds +L, )idv + le
Voo =Ly + L),
with ¥ the excitation flux of the permanent
magnets linked with the stator windings, L, the
mutual inductance [H], and Lgs and Lg the stator
leakage inductances [H].

The electrical torque T, of the permanent
magnet synchronous machine is given by [13]:
T, = 2pi, lig Lo~ L, )+ | )

Here p is the number of pole pairs. For a non-
salient-pole machine the stator inductances Lgs
and L4 are approximately equal. This means that
the equation becomes:

(6)

Te zzpiqsyjf (8)
The stator electrical angular velocity is given by:
a)S = pa)m (9)

with @, the mechanical angular velocity [rad/s],
which can be obtained from:

% ](Tm_TL)

(10)

a J
with J the inertia constant of the rotor [kg-mz] and



Tn and T, the mechanical and electrical torque
[Nm] respectively.

In order to apply independent controllers for the
two coordinates the influence of the g-axis on the
d-axis-components and vice versa must be
eliminated. This can be done by decoupling the
two components, in the way shown in Fig. 2. The
decoupling components should be added to the
reference signals.

Fig. 2. Decoupling of the generator axes

With the decoupling applied, the linear transfer
function of iys to uys is given by:

i,ls 1
uds (S) Lss + Rs
The proportional and integral constants for the PI-
controller can be obtained as [14]:

k,=alL,, k =aR, (12)

with . is the bandwidth of the current control
loop.

The torque is proportional to the current iz., as
can be seen from (8). The angular velocity w,
depends on the torque as can be seen from (10).
The electrical torque is proportional to the current
iqs, and the controller is designed in a similar way
as that of the current igs. The proportional and
integral constants for the speed controller are
[13]:

22
kzpwf,k
J

_ 2pzl//fR5

. 1
= (13)

P

IV. VOLTAGE SOURCE CONVERTER

The generator is connected to the grid by a back-
to-back converter consisting of two voltage
source converters with a dc-link in between. The
Voltage Source Converters (VSC’s) are based
on IGBT switches. The three-phase full-bridge
grid-side IGBT-VSC is shown in Fig. 3.

The converter is also modelled in the dq0
reference frame. It has been modelled according
to the switching function concept [15]. The

switching of the converter is not taken into
account. It is assumed that the filters of the
converter reduce the higher frequency
components [16]. It has been shown in [17], [18]
that good simulation results can be obtained with
this model.
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Fig. 3. Three-phase full-bridge Voltage Source Converter

Consider the system of Fig. 3. The voltage
balance across the inductors and resistors is:

di
Ava =Van _vagn :Lf .%+Rf .ia
t
di
AVb:Vbn_ngn:Lf'T:“‘Rf'ib (14)
di,
A, =vy v =L, .ﬁm, i,

With the Park transformation this equation can be
transformed to the dq reference frame [11]:

. di .

Av, =R, +L, ~7;’+a)eL/.1q
di (15)
—R q ;

Av, =R, +L, 'E—O)EL/»ld

The last term in both equations causes a coupling
of the two equations, which makes it difficult to
control both currents independently. The last
terms can be considered as a disturbance on the
controller and are not taken into account for the
controller. The iy and i, errors can be processed
by a Pl controller to give Vyer and Vg rer
respectively. To ensure good tracking of these
currents, the cross-related flux terms are added
to vyrer and v to oObtain the correct reference
voltages.

Treating the cross-related terms as a
disturbance, the transfer function from voltage to
current (for both the d- and the g-component) of
(15) can be found as:

Gls)=—

ey (19)

Using the Internal Model Control principle [14] to
design the current controllers yields:

LG
A

K(s)=k, +—L=

S
where «, is the bandwidth of the current control
loop, k, is the proportional gain and k; is the

(17)



integral gain of the controller. The proportional
and integral gain become [14]:

k,=al, k=aR, (18)
The active and reactive power delivered by the
converter are given by:

P:vdgi.d +vqgi.q (19)
O =V, =Vl

with the d-axis of the reference frame along the
stator-voltage position, v, is zero and as long as
the supply voltage is constant, v, is constant. The
active and reactive power are proportional to iy
and iy then.

V. WIND TURBINE MODEL

To simulate the dynamics of a wind farm, not
only models of the electrical system are required,
but also a dynamic model of the wind turbine
excluding the generator. This part of the dynamic
model of the turbine includes the following
components:

e turbine rotor;

e mechanical drive train;

o tower;

e rotor effective wind;

e wind turbine pitch controller.
A description of the wind and turbine models can
be found in [10] and [19].

VI. CASE STUDY SIMULATIONS

A. Introduction

Two case studies will demonstrate the
effectiveness of the proposed modelling method.
All simulations have been done in Simulink®, a
toolbox extension of Matlab that is widely used in
dynamic simulation. The Near Shore Wind park
(NSW park) that is planned to be built in the
North Sea about 12 kilometres from the Dutch
coast will be used as a case study. The wind farm
will consist of 36 turbines with a 2.75 MVA
doubly-fed induction generator. For the case
study these turbines are replaced by 2.5 MW
direct drive turbines. For convenience only one
string of 12 turbines is simulated. The turbines
are connected in series via 34kV cables. Each of
the turbines is connected to the 34kV grid by a
three-winding transformer with a nominal power
of 2.6MW. The wind farm is connected to the
150kV grid via a transformer with a nominal
power of 125MVA.

B. Fast changing wind speed
The response of one string of the wind farm to

a fast increasing wind speed has been simulated
in the first case study. This situation is important
for the grid behaviour of the park, as it will lead to
a fast increase in the output power of the park
and thus will cause fluctuations in the voltage at
the grid connection point. The reactive power
settings of the turbines are kept constant during
the simulation.

Due to the distance between the turbines the
wind speed doesn’t start increasing at the same
time for all turbines. It is assumed that the gust
will affect first the turbine with the largest distance
to shore, and it will come closer and closer to the
shore, affecting each turbine. The rotor effective
wind speed at the first turbine that experiences
the gust is shown in Fig. 4. The increasing wind
speed will cause an increasing output power of
the turbine. The output power of the first turbine
is shown in Fig. 5. The output power of the sixth
turbine is shown in Fig. 6.
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Fig. 4. Wind speed
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Fig. 5. Output power of first wind turbine

The output power of the whole first string of the
wind farm is shown in Fig. 7. The large changes
in output power of the wind farm will also affect
the voltage of the 150kV grid at the point of
connection. The voltage at the park side of the
150kV transformer is shown in Fig. 8. It should be
noted that the change in output voltage of the
wind farm shown in Fig. 8, is only due to one
string. The resulting change in output voltage due
to the whole park will be about 3 times higher.
The turbines offer the possibility to control the



reactive power output. It should be investigated
whether or not it is possible to decrease the
voltage fluctuations by controlling the reactive
power output of the turbines.
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C. Voltage dip behaviour

In this section the voltage dip behaviour of the
permanent magnet wind turbine is considered.
The turbine has a full back-to-back converter
connected between the stator and the grid. This
converter decouples the turbine from the grid.
The voltage dip behaviour of the turbine can thus
mainly be considered as the voltage dip
behaviour of the converter.

When the voltage drops, the converter should
increase the current, in order to be able to supply
the same amount of power to the grid. The
current of the converter is limited however, to
protect it from over-currents. Therefore the power

that is delivered by the wind turbine should be
limited, because otherwise, the dc-link voltage
will increase too much. A protection scheme is
implemented in the model. The converter
currents and the dc-link voltage are limited. When
it is necessary the electrical torque set point of
the converter that is connected to the permanent
magnet generator is limited. As a result the
turbine will speed up. The increase in rotational
speed is limited by the pitch controller of the
turbine.

A 30% - 10 seconds dip in the voltage has
been applied. The rotor average wind speed
during the dip was about 15 m/s. The wind
turbine then operates at nominal power. The
converter active and reactive power are shown in
Fig. 9 and Fig. 10 respectively The current and
voltage of the grid-side converter are shown in
Fig. 11 and Fig. 12 respectively. The dc-link
voltage is shown in Fig. 13.
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Fig. 9. Active power of converter
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VIl. SUMMARY

In this contribution the advantages of modelling
in a dqO reference frame has been presented. It
has been shown, that the Park transformation
can be used to translate wind turbine models
from the abc reference frame to models in the
dq0 reference frame. This has been
demonstrated by deriving a model of a
permanent magnet wind turbine. Two case study
simulations showed the use of the models to
evaluate the impact of wind farms on the
electricity grid. From these case studies it can be
concluded that sudden wind speed changes can
have a significant impact on the grid voltage. With
an appropriate control, the turbine can withstand
voltage dips.
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ABSTRACT

With an increasing amount of wind energy installed, the behaviour of wind turbines during grid disturbances becomes
more important. Grid operators require that wind turbines stay connected to the grid during voltage dips.

This contribution presents a combined control technique that can be used to keep direct-drive wind turbines with
permanent magnet generator connected to the grid during voltage disturbances.

INTRODUCTION

World wide there is an ambition to install a large
amount of wind power and to increase the fraction of
energy that is produced by wind turbines. The
interaction with the grid becomes increasingly important
then. To enable large-scale application of wind energy
without compromising system stability, the turbines
should stay connected and contribute to the grid in case
of a disturbance such as a voltage dip. They should —
similar to conventional power plants — supply active and
reactive power for frequency and voltage support,
immediately after the fault has been cleared.

To allow wind turbine connection to the grid, a number
of grid operators require voltage-dip ride-through
capability already. Especially on places where wind
turbines provide for a significant part of the total power
supply. Examples are Denmark [1] and parts of
Northern Germany [2]. The requirements concerning
immunity to voltage dips as prescribed by E.ON Netz, a
grid operator in Northern Germany, is shown in Fig. 1.
Only when the grid voltage drops below the curve (in
duration or voltage level), the turbine is allowed to
disconnect.

Line-to-line voltage
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Fig. 1. Voltage dip that wind turbines should be able
to handle without disconnection (E.On Netz)

Especially variable speed wind turbines, such as wind
turbines with doubly-fed induction generators or direct-
drive permanent magnet generators, require careful
attention. These turbines use power electronic
converters, which should be protected against over-
currents and over-voltages during disturbances.

A number of publications have been presented on the
voltage dip behaviour of doubly-fed induction
generators [3] — [5], whereas only few information can
be found on the voltage dip behaviour of direct-drive
permanent magnet wind turbines. In this contribution
we will investigate the operation of a permanent magnet
wind turbine during voltage disturbances.

A combined control method has been developed to keep
the wind turbine connected to the grid during voltage
dips. The paper will give a description of the model of
the permanent magnet generator that has been
developed. A thorough description of the controllers
will be presented and it will be explained how these
controllers can be combined to keep the wind turbine
connected during a dip. Simulations will be presented to
show the behaviour of the controllers and the turbine
during a voltage dip. The wind turbine model and also
the grid model are based on realistic parameters.

MODEL DESCRIPTION

Most direct-drive wind turbines will use permanent
magnet synchronous generators. In this section the basic
equations describing the machine behaviour will be
given, followed by the way in which controllers can be
obtained.

Generator
The machine model that has been used is based on the
following set of equations:

dt
dy ,,
dt

Vas = _Rslds _wsl//qs -

(M

vqs = _Rslqs +wsl’/d5 -



with v the voltage [V], R the resistance [Q2], i the current
[A], o, the stator electrical angular velocity [rad/s] and
v the flux linkage [Vs]. The indices d and ¢ indicate the
direct and quadrature axis components. All quantities in
(1) are functions of time.

Due to the limited space it will not be possible to give a
complete description of the generator model and its
control. It can be found in [6], [7].

Converter

The permanent magnet synchronous machine is
connected to the grid by a three-phase back-to-back
converter consisting of two Voltage Source Converters
(VSCs) and a dc-link. The dc-link separates the two
Voltage Source Converters, and therefore they can be
controlled independent of each other and only one
converter has to be considered. The controller of the
converter will be based on a stationary dq0 reference
frame. All signals will be constant in steady-state and
therefore easily PI controllers can be used to obtain the
reference signals without steady-state errors. The
controller is based on two control loops. The inner loop
is a current controller, which get its reference from the
outer loop controller, which can be for example a
reactive power or torque controller.

The switching function concept has been used to model
the converter [8]. Using this concept, the power
conversion circuits are modelled according to their
functions, rather than to their circuit topologies. If the
filter is designed well, the higher harmonics that are
generated by the switching process will be attenuated. It
can be shown that, with a well-designed filter, in the
lower frequency range the frequency components of the
reference voltage and the practical obtained voltage are
equal if the switching frequency is sufficiently large [9].
The whole system can then be replaced by a system,
creating sinusoidal waveforms, exactly equal to the
reference waveforms. One should be aware that this is
only valid for frequencies far below the resonance
frequency of the filter. In case of a grid-connected
converter, with a grid-frequency of 50Hz, this
requirement will mostly be met.

Current control

The controllers of the VSC will be obtained with
reference to the converter shown in Fig. 2. A vector-
control approach is used for the supply side converter,
with a reference frame oriented along the grid voltage
vector. Such a reference frame enables independent
control of the active and reactive power flowing
between the converter and the grid.

ﬁ
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Fig. 2. Three-phase full-bridge Voltage Source
Converter

Consider the system of Fig. 2. The voltage balance
across the inductors and resistors is:

di
Av,=v, —V,., =L, ~%+Rf -q,
t
di
AVb:th—ngn:Lf'%"‘Rf'ib 2)
di

Av, =v, =V, =L, -7;+Rf 3

With the Park transformation this equation can be
transformed to the dg reference frame:

. di .
Av, :Rfld +Lf -7td+0)FLflq
3)

di
Av, =R, +L, -j—weLfld

The last term in both equations causes a coupling of the
two equations, which makes it difficult to control both
currents independently. The last terms can be
considered as a disturbance on the controller. Reference
voltages to obtain the desired currents can be written as:

Av, =Av, +©,L,i,

. . “)
Av, =Av, -0 L,
with:
AV, =R,i, +L, -‘%
)

, ) di,
Av, =R, +L, E
The i, and i, errors can be processed by a PI controller
to give v,” and v, respectively. To ensure good tracking
of these currents, the cross-related flux terms are added
to v;” and v, to obtain the reference voltages.

Treating the cross-related terms as a disturbance, the
transfer function from voltage to current of (5) can be
found as (for both the d- and the g-component):

1
G(S) L,s+R, ©)

A scheme of the controller is given in Fig. 3.

Avy + 1 Iy
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Fig. 3. Scheme of current controller

Using the Internal Model Control principle [10] to
design the current controllers yields:

K(s)=k, +k_ -467(s) %)



where o, is the bandwidth of the current control loop, k,
is the proportional gain and £; is the integral gain of the
controller. The gains become [11]:

kp =a.L,; k; =a.R, (8)
The active and reactive power delivered by the
converter are given by:

P=vyi,+v,i, 9
O=V,,i; =Vl ©)
with the d-axis of the reference frame along the stator-
voltage position, v, is zero and as long as the supply
voltage is constant, v; is constant. The active and
reactive power are proportional to i, and i, then.

Dec-link controller

In this sub-section a description will be given of the dc-
link voltage controller that has been used. The dc
voltage controller is designed by use of feedback
linearisation [12].

The capacitor in the dc-link behaves as an energy
storage device. Neglecting losses, the time derivative of
the stored energy must equal the sum of the
instantaneous stator power P, and grid power Pg:

1 dli) |

2 ¢ dt F-F (10)
This equation is nonlinear with respect to v,. To
overcome this problem a new state-variable is
introduced:

W=, (1)
Substituting this in (10) gives:

1 _,dw

—C—=P -P 12
2 dt T f (12)

which is linear with respect to W. The physical
interpretation of this state-variable substitution is that
the energy is chosen to represent the dc-link
characteristics [12]. With the dg-reference frame of the
current controller along the d-axis, (12) is be written as:
1 _dw

ECWZP.V_VCJIQ (13)
and the transfer function from i; to W is then found to
be:

2v
Gls)=-—% 14
(s)=-—2 (14)
As this transfer function has a pole in the origin it will
be difficult to control it. An inner feedback loop for

active damping will be introduced [ 12]:
i, =i, +GW (15)
With G, the active conductance, performing the active

damping, and i, the reference current provided by the
outer control loop, see Fig. 4. Substituting (15) into (13)

gives:
1 .
2 dd_V;/:Px_Vdid -v,G W (16)

Which is shown in Fig. 4. The transfer function from i,’
to W becomes [12]:
2v,

< (S):_SC+2vdGa (a7)

Using the internal model control principle [11] and
since (17) is a first-order system, the following
controller is proposed:

Fls)=%6"(5)= - % & %G (18)
N 2v, s

Which is just an PI-controller. A suitable choice will be

to make the inner loop as fast as the closed-loop system

[12]. When the pole of G’(s) is placed at -oy the

following active conductance is obtained:

A

_a,C
“ v,

The PI-controller parameters are then given as [12]:

G (19)

A 2 A
k :_OtdC, k.:_adC (20)
’ 2v, 1 2v,

The controller is completed by a feed-forward term
from Py to i,’. This feed-forward term is needed to
improve the dynamic response of the dc-link controller.
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ref + F(s) d |+ d v, 1 . c

Fig. 4. dc-link controller structure

SIMULATION SETUP

The simulation set-up is shown in Fig. 5. From left to
right the turbine, the turbine transformer, the 34kV
cable, the 34kV/150kV transformer and the 150kV ideal
grid are shown. The layout and the data have been
obtained from The Near Shore Wind park (NSW park)
that is planned to be built in the North Sea about 12
kilometres from the Dutch coast. One turbine is
considered. In first instance the behaviour of a single
turbine is most important when the voltage dip
behaviour of wind turbines is investigated. All
controllers and protective devices have to be developed
for a single turbine. Therefore the behaviour of only one
turbine will be investigated during the simulations.

In our investigation a three-phase fault will be studied.
The fault is assumed to occur somewhere in the 150kV
transmission grid. They result in reduced voltage levels
at the 34kV/150kV transformer. During the simulations
the grid has been modelled as an ideal voltage source.
And the dip is modelled as a decreasing grid voltage.
All simulations have been done with the turbine
operating at nominal power. The results for the
simulations are presented in the following sections. Due
to the limited space it will not be possible to give a
description of mechanical and aerodynamical models.
They can be found in [13].
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Fig. S. Simulation set-up for voltage dip simulations

The direct-drive variable-speed turbine has a full back-
to-back converter connected between the stator and the
grid. The voltage dip behaviour of this turbine can thus
mainly be considered as the voltage dip behaviour of the
converter.

When the voltage drops, the converter should increase
the current to be able to supply the same amount of
power to the grid. The current of the converter is limited
however. Therefore the power that is delivered by the
wind turbine should be limited, because otherwise, the
dc-link voltage will increase too much.

A protection scheme is implemented in the model. The
converter currents and the dc-link voltage are limited.
When it is necessary the electrical torque set point of the
converter that is connected to the permanent magnet
generator is limited. As a result the turbine will speed
up. The increase in rotational speed is limited by the
pitch controller of the turbine.

SIMULATION RESULTS

A 50% - 0.5 seconds dip in the voltage has been applied
to the wind turbine. The rotor average wind speed
during the dip was about 15 m/s. The wind turbine then
operates at nominal power. The rotor average wind
speed and the aerodynamic power in the wind are
shown in Fig. 6. The active and reactive power supplied
by the stator of the permanent magnet synchronous
machine are shown in Fig. 7.
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Fig. 6. Roter average wind speed and aerodynamic
power

The current of the converter should be limited to 1 pu.
At the moment the fault occurs the grid voltage drops
and the current of the grid-side converter should
increase to be able to supply the same power to the grid.
The current will be limited however. As a result the DC-
link voltage will increase, as long as the power from the
turbine isn’t decreased. Therefore also the generator
controller will decrease it’s setpoint. This can be seen

form the power curve in Fig. 7. When the power is
decreased also the electrical torque will decrease, see
again Fig. 7. As a result of the decreasing electrical
torque the turbine will speed up, at least as long as the
aerodymical torque remains the same. The increase in
rotational speed wm is shown in Fig. 7. At the moment
the speed increases the pitch angle controller reacts to
limit the speed increase. When the dip will hold on for a
longer time the speed may increase however, as the
pitch angle controller is maybe not fast enough to limit
the speed increase.
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Fig. 7. Active power, reactive power, electric torque
and speed

The dc-link voltage is shown in Fig. 8. Note that the
voltage is so flat because the switching operation of the
converters has not been modelled. When this would be
done, there would be a high-frequency ripple on the
voltage. The dc-link voltage remains almost the same
during the voltage dip, as can be seen from the figure.
This means that the dc-link controller reacts fast enough
to control the voltage. In reality it will not always be
necessary to keep the dc-link at the pre-fault voltage. A
small increase or decrease in voltage will be allowed.
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Fig. 8. DC-link voltage

In Fig. 9 the voltage and current of the grid-side
converter are shown. It can be seen that the current is
limited (after a controller overshoot) to about 1 pu. At
the moment the dip is cleared, the current drops to about



half the nominal current. This is due to the fact that
during the dip the turbine was only supplying half of its
nominal power. It takes some time before it is operating
at nominal power again. For that reason it also takes
some time before the current is back at its nominal
value.

uzony [pu]
iconv [pu]

time [s] time [s]

Fig. 9. Voltage and current of grid-side converter

CONCLUSION

In this paper the voltage dip behaviour of a variable
speed pitch controlled wind turbine with permanent
magnet generator has been considered. Models of the
generator, the converter and its controllers have been
presented with a special focus on those parts that are
essential for the behaviour of the wind turbine during
voltage dips. In the turbine all the essential parameters
can be controlled. Therefore good voltage ride-through
can be achieved. The power supplied by the generator is
limited by the controllers during the dip. This is
required because otherwise the current in the converter
or the dc-link voltage becomes too high. To avoid
overspeeding the pitch controller is activated.
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Abstract:

Dynamic models of wind farms for power system
studies are at present not a standard feature of many
software tools, but are being developed by research
institutes, universities and commercial entities.
Accurate dynamic wind farm models are critical;
hence model validation is a key issue and taken up by
IEA Wind R&D Annex 21. This international
working group includes participants from nine
countries, and has since start-up in 2002 developed a
systematic approach for model benchmark testing.
This paper present this methodology, including
example benchmark test results, but also gives an
overview of the various wind farm models now being
available from both Annex partners and external
entities.

Keywords: wind farms, power system, modelling.

1 Introduction

The worldwide development of wind power
installations now includes planning of large-scale
wind farms ranging in magnitudes of 100 MW as well
as application of wind power to cover a large fraction
of the demand in isolated systems. As part of the
planning and design of such systems, it is well
established that the stability of the electrical power
system needs to be studied. The studies are commonly
conducted using commercial available software
packages for simulation and analysis of power
systems. These packages normally facilitate a set of
well-developed models of conventional components
such as fossil fuel fired power stations and
transmission network components, whereas models of
wind turbines or wind farms are not standard features.
Hence, the user is left to build his or hers own wind
farm model. This is not at all trivial and certainly not
efficient. Rather a coordinated effort is expected to
enhance progress, and consequently Annex 21 under
the IEA Wind R&D agreement was started mid 2002
with participants from nine countries.

This paper presents the status of works by the Annex,
i.e. including overview of dynamic wind farm models

(section 2), measurement database (section 3) and
procedure for benchmark testing of models (section
4), and finally example benchmark test results (section
5).

The overview section on dynamic wind farm models
gives brief model descriptions, including a summary
table of models developed by the Annex participants.
The models considered are for various software tools
(PSS/E, SIMPOW, DIgSILENT, Matlab/Simulink,
etc) and for various wind farm technologies (fixed
speed wind turbines, variable speed wind turbines
with doubly feed induction generator, direct drive
wind turbines with multi-pole synchronous generator,
etc).

Model validation is a key issue for creating
confidence. The use of invalidated models in power
system studies may result in dramatically erroneous
conclusions, i.e. grossly over- or under-predicting the
impact of a wind farm on power system stability. The
Annex consequently suggests benchmark procedures
for validating model performance, i.e. validation
against measurements  and model-to-model
comparisons. In the paper the procedure for this is
explained together with example test results. The
procedure considers both wind turbine / wind farm
operation during normal fault free conditions and
response to grid fault.

The current situation with on the one hand very
varying level of confidence and knowledge about
wind farm grid interaction modelling, and on the other
hand ever larger wind farm projects being planned,
the importance and relevance of the Annex works is
highlighted. A key issue is thus dissemination of
Annex results, i.e. being the goal of this paper.

Symbols used in this paper are listed in the Appendix.
2 Dynamic wind farm models

Accurate simulation of wind farms relies on detailed
modelling of the applied wind turbine technology, e.g.



the dynamic behaviour of a fixed speed wind turbine
may differ significantly from that of a variable speed
wind turbine. Figure 1 shows the main types, but there
will also be manufacturer specific variations, i.e. in
particular related to control system solutions.
Aggregated models may be applied, i.e. letting one
wind turbine model representing multiple turbines in a
wind farm, but the impact of the spatial distribution
and the internal wind farm grid must be reflected.

Full converter, gear

Fixed speed, stall

Figure 1: Main types of wind turbine technologies.

Space limitations of this paper does not allow for a
detailed presentation of all the various models
developed by the participants of the Annex. Hence, in
the following only the common building blocks of the
models are presented, whereas a brief summary of the
models developed by the Annex participants is listed
at the end of this section.

2.1 Wind turbine model building blocks

A detailed wind turbine model may include the
following components:

- wind speed

- turbine aerodynamics

- mechanical drive-train

- generator

- capacitors or frequency converter

- control system

- other issues (relay protection, tower swings, etc)

A fair wind speed and turbine aerodynamic
representation is required for simulating the
aerodynamic torque fluctuations. One challenge in this
relation is to include the effect of wind speed
variations over the turbine area, i.e. an effect that may
cause enhanced 3p power fluctuations from wind
turbines. This can be done using wind field

simulations and detailed blade profile data or by
application of the following relation:

T, =0.5pAu’C, (1, B)o; * (1)

Here, u; is the weighted average wind speed over the
three rotating turbine blades, i.e. determined from
wind field simulations or by filtering of a single point
wind speed time-series.

The mechanical drive train is commonly approximated
by a two mass model, i.e. the turbine and generator
inertia with a shaft and an ideal gearbox between
them. Applying pu values with reference to the
generator the two mass model is given by:

d
%: 2“:9 (dm(“’t _5"9)+ ko, _Tg) ©)

The generator models applied may be of varying
complexity. Third order models are commonly used in
tools for simulation of large power systems, whereas
more detailed models may be used in tools for
analyses of smaller systems. These detailed models
may include stator dynamics (fifth order model), and
further particulars such as full three-phase description.

The capacitors applied for reactive compensation of
fixed speed wind turbines are commonly modelled as
one or more shunt impedances.

In tools for simulation of large power systems the
frequency converter is commonly described as an
ideal component, i.e. neglecting losses and the
switching dynamics. In more detailed studies these
effects may be included, e.g. for assessment of
harmonics.

The control system model for a fixed speed wind
turbine is commonly split into two independent
blocks, i.e. one for the pitching of the blades and one
for switching the capacitors. The control system of
variable speed wind turbines may be fairly complex,
including speed control for optimising the production,
but also producing a smooth output power, and further
special regulation may be implemented for low-
voltage ride-through and other off-normal grid
situations.

Other issues such as e.g. relay protection and tower
swings may be included in some models. The
relevance of including such issues depends on the
scope of the analysis.



2.2  Wind farm models

Wind farm models may be built to various level of
detail ranging from a one-to-one modelling approach
to full aggregation. The one-to-one approach is more
computer demanding and in many cases not practical,
hence aggregated wind farm models are often applied
in power system studies. The aggregation is however
not trivial, i.e. considering that a wind farm may
consist of hundreds of wind turbines distributed over a
large area with different impedance of line feeder
from one turbine with respect to the others, different
wind speeds at each turbine and different voltage
drops on each bus. Aggregated models must therefore
be applied with care. Possibly a cluster-by-cluster
aggregation may be a fair compromise between one-
to-one modelling and full aggregation.

2.3 IEA Annex 21 models

Development of dynamic wind farm / wind turbine
models is ongoing amongst the participants of the
Annex, see Table 1 (next page) for a brief summary.

3 Measurement database

An important activity of the Annex is the
establishment of a database with technical
descriptions, simulations and measurement data from
wind turbines and wind farms. The data currently
contained in the database is listed below.

WT500; Sample data of fixed speed, stall
controlled 500 kW wind turbine, measurement
during normal operation.

- Alsvik; Data from 4x180 kW wind farm (fixed
speed, stall controlled), measurement during
normal operation, measurement and simulated
response to voltage dip.

- Olos 5x600kW; Data from 5x600 kW wind farm
(fixed speed, stall controlled), measurements
during normal operation.

- Azores; Data from 4x100 + 1x150 kW wind farm
(fixed speed, stall controlled), measurements
during normal operation.

- Jung; Measurement of 850 kW DFIG wind turbine
response to voltage dip.

- Risg benchmark; simulated response of fixed
speed wind turbine on voltage dip (simulations in
EMTDC and DIgSILENT).

- Data from Smgla wind farm, Norway, 20x2 MW

fixed speed, active stall wind turbines (Bonus),

measurements include normal operation and
response to voltage dips.

The present dataset provides a fair basis for testing
benchmark procedures, but should be expanded with

data and measurements to constitute a better basis for
model validation. Firmly planned new data to be
added are from a 70 MW wind farm in Donegal,
Ireland, with fixed speed, “grid code compliant” wind
turbines (Bonus with thyristor switched capacitors;
measurements are prepared by University College
Dublin to be ongoing before end 2004). Further work
is still in progress on collecting measurements from
variable speed wind turbines, and during transient
events, e.g. voltage dips. VTT, ECN/TUD and
Chalmers are all active in pursuing such data
collection.

The data in the database is for the use of the Annex
partners only.

4 Benchmark test procedure

A first set of benchmark test procedures have been
developed. The proposal so far is as outlined in this
section.

The test should be kept simple, i.e. to start with
considering only the following results:

Dynamic operation during normal conditions:
- Input:
- Wind speed time series (and optionally
voltage time series)
- Output:
- Time series plot of active power output,
reactive power, and voltage (optionally)
- Power spectral density of active power output
- Short-term flicker emission
- Optionally plots of reactive power vs voltage
and reactive power vs active power

Response to voltage dip:
- Input:
- Voltage time series and constant aerodynamic
torque (or optionally wind speed time series)

- Output:
- time series plot of active and reactive power
output
- time series of voltage at wind turbine
terminals

The benchmark test may include both validation
against measurements  and model-to-model
comparisons.

Measurement data from a 180 kW fixed speed, stall
controlled wind turbine and an 850 kW DFIG wind
turbine are now used as a first case for testing the
proposed benchmark procedure.



Partner | Tool Model Type Validated | Comment
Chalmers | Matlab Fixed speed Dynamic/Transient Yes/Yes | Models and study reported, see [1] and at
DFIG Dynamic/Transient Yes/Yes | http://www.elteknik.chalmers.se/
Direct Drive Dynamic/Transient  |(Yes/Yes)!| !Converter validated in lab.
PSSE Fixed speed Dynamic/Transient Yes/Yes
DigSilent | Fixed speed Dynamic/Transient Yes/Yes
DFIG Dynamic/Transient No/No
ECN/TUD | Matlab Fixed speed Dynamic/Transient No/No | Models and study reported, see [2]-[3]
DFIG Dynamic/Transient No/No | *Model include cluster control of multiple
Direct Drive Dynamic/Transient No/No | induction machine wind turbines connected to
Full Converter? Dynamic/Transient No/No | one common frequency converter
INETI INPark Fixed speed Dynamic/Transient® | Yes/Yes |3INPark model was developed by INETI for
Direct Drive Dynamic/(Transient) No/No | grid integration assessment. LIB modular
INDUSAT | WP Aggregate Dynamic/Transient* | Yes/Yes |routines available by request. Models and
Matlab Fixed speed Dynamic/Transient Yes/No |study reported, see [4]-[6].
Direct Drive Dynamic/(Transient) No/No | *Wind park aggregate models are developed by
UTL - Technical University of Lisbon being
under revision by UTL/INETI for actual
technologies, see [7].
NREL PSSE Fixed speed® Dynamic/Transient Yes/No | Models and study reported, see [8]-[9].
DFIG® (Dynamic)®/Transient | No/No |°PSSE model developed by NREL in
Fixed-Speed® (Dynamic)®/Transient | No/No | cooperation with Southern California Edison
Var Slip® (Dynamic)®/Transient | No/No |°PSSE models (manufacturer specific)
Full Converter® | (Dynamic)®/Transient | No/No |developed for ERCOT by PTI, tested by
RPM-Sim | Fixed speed’ Dynamic/(Transient) | Yes/No |NREL
"RPM-Sim is a stand alone model for
simulation of wind turbines and hybrid
systems. The RPM-Sim models are available at
wind.nrel.gov/designcodes/simulators/rpmsim/
wind field is modeled by aggregation.
Risg/AAU | DigSilent | Fixed speed Dynamic/Transient Yes/Yes | Models and study reported, see [10]-[11].
DFIG Dynamic/(Transient)® | No/No | Matlab model library available at
Matlab Fixed speed Dynamic/Transient Yes/No | www.iet.aau.dk/Research/wts.htm
DFIG Dynamic/(Transient)® | No/No | wwuw.iet.aau.dk/Research/spp.htm
89DFIG model to be expanded with crow bar
SINTEF |PSSE Fixed speed Dynamic/Transient Yes/Yes | Models and study reported, see [12]-[14].
DFIG Dynamic/(Transient)®® | No/No |'**DFIG model to be expanded with crow bar
Direct Drive Dynamic/Transient No/No |*PSCAD is used for detailed studies of power
Matlab Fixed speed Dynamic/Transient Yes/Yes |electronics’ impact on power system stability
DFIG Dynamic/(Transient)* | No/No
Direct Drive Dynamic/Transient No/No
SIMPOW | Fixed speed Dynamic/Transient Yes/Yes
PSCAD" - - -
ucD Matlab Fixed speed Dynamic/(Transient) No/No | Models and study reported, see [15].
PSS/E DFIG Dynamic/(Transient) No/No
Full Converter Dynamic/(Transient) No/No
UMIST Matlab Fixed speed® Dynamic/Transient No/No | Models and study reported, see [16]-[18].
DFIG® Dynamic/Transient No/No | DFIG models available at
PSCAD DFIG* Dynamic/Transient No/No | www.dgsee.umist.ac.uk/dfig/index.html
33rd and 5th order models
5th order model
VTT ADAMS® | Fixed speed Dynamic/Transient No/No | Models and study reported, see [19].
Matlab®® SADAMS and PSCAD-models are run jointly
PSCADY by Matlab

Table 1: Summary of models developed by the participants of IEA Wind R&D Annex 21.




5 Example test results

5.1 Fixed speed wind turbine

In this section example test results are presented
comparing measurements and simulations of a 180
kW fixed speed, stall controlled wind turbine. Results
are shown for normal operation, Fig 2-3, and for the
event of a voltage dip, Fig 4-5. The applied wind
turbine data are given in the Appendix.

The time-series plot of active power output, Fig 2,
shows fair agreement between the measurement and
simulation. The time lag between the two is because
the wind speed is measured at some distance up-
stream of the wind turbine.

The power spectral density (PSD) plot of active power
output, Fig 3, indicate significant power fluctuations
at 0.7 Hz (1p = turbine rotational frequency,
fluctuation probably due to unbalanced blades), 1.1
Hz (fluctuation probably due to tower swing) and 2.1
Hz (3p, fluctuation due to variations in wind speed
over the rotor area). The employed model makes a fair
fit, but misses the 1p fluctuation as rotor blade
unbalance is not included in the model.

1

The wind turbine response in active power output to
the voltage dip, Fig 4-5, is significant. The frequency
of the simulated response matches the measured
fluctuation (~10 Hz), but the measured power
fluctuation amplitude is somewhat higher than the
simulated. The match in frequency indicates that the
model is fair, but more accurate simulation of the
voltage dip and/or more detailed generator (stator)
representation must be applied for better match in
fluctuation amplitude.
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Figure 4: Time-series of measured and simulated
active power output from fixed speed, stall controlled
wind turbine during voltage dip.
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Figure 2: Measured and simulated active power output
from fixed speed, stall controlled wind turbine.
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Figure 3: Power spectral density (PSD) of measured
and simulated active power output from fixed speed,
stall controlled wind turbine.
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Figure 5: Time-series of measured and simulated
voltage dip at wind turbine terminals.

5.2 Variable speed wind turbine

In this section example test results are presented comparing
measurements and simulations of a 850 kW DFIG wind
turbine. Results are shown for the event of a voltage dip, Fig
6-7. The applied wind turbine data are given in the
Appendix.

The simulated response in active power output of the
wind turbine to the voltage dip, Fig 6-7, reflects the
measured response, but not accurately. The main
challenge is that the response is to a large degree
governed by the control system of the wind turbine,
and that this is not known in detail.
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Figure 6: Time-series of measured and simulated
active power output from variable speed DFIG wind
turbine during voltage dip.
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Figure 7: Time-series of measured and simulated
voltage dip at wind turbine terminals.

6 Conclusion

In general the progress is good on model
development. Models are available on various
platforms (Matlab, PSSE etc), some are freely
available, and the Annex participants take model
validation seriously providing confidence.

The common major challenge is seemingly to validate
the response of models on grid faults such as severe
voltage dips. Relevant measurements are not easy to
obtain and a further difficulty is that the response is
very dependent on the detailed control of the wind
turbine(s), i.e. specifications that are commonly
regarded as a business secret by the manufactures.
Hence, a proposal emerging as a spin-off from the
Annex works is to update IEC 61400-21 to specify
standardized procedures for measurements and
documentation of the response of wind turbines on
voltage dips, and by this lay the foundation for model
validations. This work has now started aiming to

prepare a draft revision of IEC 61400-21 by June
2005.

This paper has described the status of works by IEA
Wind R&D Annex 21. The work is ongoing, planned
to being concluded by end 2005, and by then a more
elaborate presentation of models and benchmark test
results are expected.
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Appendix

List of symbols

turbine blade pitch angle (rad)

air density = 1.225 kg/m® at 15°C, 1013.3 mbar

tip speed ratio = oR/u

Mechanical drive train eigenfreq (locked generator) (rad/s)

S 2™

Wy base angular frequency = 2n50 rad/s for a 50 Hz system

o generator angular speed (rad/s)

WA network impedance phase angle (rad)
oy turbine angular speed (rad/s)

a shaft twist (rad)

A rotor area = nR? (m?)

Cy turbine efficiency, function of 2and g
dm mutual damping (pu torque/pu speed)
fo mechanical drive train eigenfreq (locked generator) (Hz)
fa nominal grid frequency (Hz)

Hyq generator inertia ()

Hy turbine inertia (s)

Jg generator moment of inertia (kg-m?)

It turbine moment of inertia (kg-m?)

k shaft stiffness (pu torque/electrical rad)
ng gearbox ratio

p number of generator pole pairs

Qc shunt-capacitor (var)

R rotor radius (m)

Sk short-circuit apparent power (VA)

Sy nominal apparent power (VA)

Tg torque at generator shaft (Nm)

T torque at turbine shaft (Nm)

u(t) weighted average wind speed over rotor blades (m/s)
Un nominal voltage (V)

Zy base impedance (ohm)
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Fixed speed wind turbine data

Nominal power, P, (kW) 180
Nominal voltage, U, (V) 400
Nominal apparent power, S, (kvar) 204
Nominal frequency, f, (Hz) 50
Number of pole pairs, p 3
Stator resistance, Rys (pu) 0.017
Stator leakage reactance, X;s (pu) 0.105
Rotor resistance, Rys (pu) 0.015
Rotor leakage reactance, Xs (pu) 0.107
Magnetizing reactance, Xu (pu) 3.188
Shunt-capacitor, Q. (kvar) 60
Generator inertia, Hg (5) 0.28
Turbine inertia, H; (s) 3.14
Mechanical drive train eigenfreq, f, (Hz) 0.81
Gearbox ratio, ng 23.75
Turbine rotor radius, R (m) 11.60




Variable speed wind turbine data

Nominal power, P, (kW) 850
Nominal voltage, U, (V) 690
Nominal apparent power, S, (kvar) 944
Nominal frequency, f, (Hz) 50
Number of pole pairs, p 2
Stator resistance, Rys (pu) 0.004
Stator leakage reactance, Xis (pu) 0.046
Rotor resistance, R,s (pu) 0.006
Rotor leakage reactance, Xps (pu) 0.072
Magnetizing reactance, Xu (pu) 2.724
Frequency converter rating, S; (kvar) 300
Generator inertia, Hq () -
Turbine inertia, H; (s) 5.23
Mechanical drive train eigenfreq, f, (Hz) -
Gearbox ratio, nq 57.69
Turbine rotor radius, R (m) 26.00




