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ABSTRACT

To investigate dynamic interaction of wind farms and the electrical grid, dynamic models of wind farms
are needed. These models are not available however. The objective of the Erao-2 project has been (1)
to develop these models, (2) to demonstrate their use by evaluating wind farms with different types of
electrical systems and (3) to design and demonstrate controllers that can cope with grid code require-
ments.

Four types of wind farm models have been developed based on different types of turbines:

 Constant Speed Stall turbine with directly coupled Induction Generator (CSS-1G);

 Constant Speed Stall turbine with Cluster Controlled induction generator operating in variable
speed mode (CSS-CC);

* Variable Speed Pitch turbine with Doubly-Fed Induction Generator (VSP-DFIG);

« Variable Speed Pitch turbine with Permanent Magnet generator and full converter (VSP-PM).
For each type of wind farm, three cases have been evaluated:

 normal operation including flicker production;
* response to a grid frequency dip;

* response to a grid voltage dip.

For the wind farms which are able to support grid voltage or grid frequency, controllers for these pur-
poses have been developed and demonstrated.

Results and conclusions

The response of a wind farm to a grid frequency dip strongly depends on the presence of a converter.
A full converter, in the CSS-CC and VSP-PM wind farms, decouples the turbines from the disturbance.
But also the system with a partial converter (VSP-DFIG) is hardly affected by the frequency dip. The
constant speed wind farm (CSS-IG) on the other hand has serious problems with a frequency dip and
the corresponding voltage dip.

The constant speed wind farm can stay connected during the voltage dips that have been applied. The
high amount of reactive power that is required by this wind farm during a voltage disturbances can
be problematic. The Cluster Controlled wind farm (CSS-CC) can handle voltage dips if a resistor is
placed in parallel to the dc-link capacitor and the surplus of energy during the voltage dip is dissipated.
Wind farms using doubly-fed induction machines (VSP-DFIG) are the most problematic concept when
voltage dips are considered. A solution is to provide a controlled by-pass for the high currents in the
rotor. In the variable speed pitch wind farm with permanent magnet generators (VSP-PM) good voltage
dip ride-through is achieved.

The constant speed stall controlled wind farm (CSS-1G) can not assist in grid frequency control. The
cluster controlled wind farm in the Erao-2 study is based on a stall controlled turbine (CSS-CC). There-
fore it can not assist in grid frequency support either. Both variable speed pitch wind farms (VSP-DFIG
and VSP-PM) can support grid frequency, which has been demonstrated by simulations.

Only systems with converters are suitable for grid voltage control. The simulations demonstrate the
feasibility of voltage control for wind farms with doubly-fed induction generators. There is no large
difference between voltage control by wind farms with doubly-fed induction generators and voltage
control by the other wind farms with IGBT converters: CSS-CC and VSP-PM.

Recommendation

With the completion of the wind farm models based on individual turbines, verification of models should
now have a high priority.
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ExEcuTIVE SUMMARY

In The Netherlands offshore wind power is on the brink of implementation. 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. In 2003 an investigation has been started to quantify the effect of 6000
MW offshore wind power on the high voltage grid. Only the steady state behaviour has been
considered, resulting in suggestions for grid reinforcement. This investigation needs to be
complemented by a study on the dynamic interaction of wind power and the electrical grid.

Objective of Erao-2

To investigate dynamic interaction of wind farms and the electrical grid, dynamic models of
wind farms are needed. These models will be of great help in the evaluation of the behaviour
of wind power during normal grid operation as well as during grid faults and in the design
of controllers that enable wind farms to support the grid. Dynamic models of wind farms,
including the relevant electrical components and sections of the grid, are not available however.
The objective of the Erao-2 project is (1) to develop these models, (2) to demonstrate their
use by evaluating wind farms with different types of electrical systems and (3) to design and
demonstrate controllers that can cope with grid code requirements.

Part 1: Model development

The wind farm models are based on models of electrical components and controllers developed
in this project and already existing models of wind, rotor, tower, mechanical drive train and
pitch controller. The modelled electrical components and controllers are:

+ induction generator

+ doubly-fed induction generator

* permanent magnet generator

+ IGBT converter and converter controller

+ transformer

+ cable

« synchronous generator

+ consumer load

+ wind farm controller for grid frequency support
+ converter controller for grid voltage support

A simple grid model and a model of the flicker meter has also been developed.

An important aspect of dynamic models of electrical systems is computational speed. Electrical
transients have very small time constants, resulting in small time steps and long computation
time. In Erao-2 special attention has been paid to computational speed. An important increase
in speed can be realised by the use of the dqO-transformation, which has been applied to all
models of electrical components in the Erao-2 component library.

Volume 1 of this report gives a mathematical derivation of the electrical component models,
followed by the implementation of the models in Simulink, a computer program suitable for
dynamic simulation. Turbines are modelled by connecting the electrical component models to

ECN-C- -04-050 5
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the models of the rotor, tower, mechanical drive train and pitch controller. In the second step,
individual turbine models are connected by cable models to produce the wind farm model.

Results and conclusions from model development

Dynamic models of wind farms based on individual turbine models are large and complicated.
The number of state variables is high and some of the time constants are small, leading to a
relatively long simulation time. The level of detail is high however, which makes these models
suitable for the evaluation of wind farm dynamics and wind farm-grid interaction as well as for
the design of controllers.

The application of the dq0-transformation significantly reduces the simulation time during nor-
mal operation of the wind farm, when transients from electrical switching operation have died
out.

Part 2: Model demonstration

The second part of the Erao-2 project demonstrates the use of the developed wind farm models.
In a number of case studies, four types of wind farms have been compared. The wind farm
types use different turbines and different control methods, viz.:

+ Constant Speed Stall turbine with directly coupled Induction Generator (CSS-IG, refer-
ence case);

+ Constant Speed Stall turbine with Cluster Controlled induction generator operating in
variable speed mode (CSS-CC);

+ Variable Speed Pitch turbine with Doubly Fed Induction Generator (VSP-DFIG);

+ Variable Speed Pitch turbine with Permanent Magnet generator and full converter (VSP-
PM).

The layout of a proposed offshore wind farm, the Near Shore Wind farm (NSW), has been
taken as reference. The Near Shore Wind Farm is planned in the North Sea near the town of
Egmond in The Netherlands. One string of 12 turbines has been modelled with each of the
four types of turbines. A simplified grid model has been included to enable simulation of wind
farm-grid interaction.

For each type of wind farm, three cases have been evaluated:

+ normal operation including flicker production;
+ response to a grid frequency dip;

* response to a grid voltage dip.

For the wind farms which are able to support grid voltage or grid frequency, a converter con-
troller or a wind farm controller suitable for this purpose has been developed and demonstrated.
Volume 2 of this report describes the case study results.

Results and conclusions from case studies

Normal operation of the wind farms has been simulated by the response to a wind gust. The
simulations demonstrated proper operation of the generator and converter models, the converter
controllers and proper overall behaviour of the wind farm.

A limited flicker evaluation has been executed. Instantaneous flicker values have been deter-
mined over the complete range of operating conditions for the four types of wind farms. Flicker
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values of a single turbine have been compared to the values of a string of twelve turbines under
the same operating conditions and fictitious grid parameters. The constant speed stall wind
farm generates the highest flicker, the flicker production of the wind farms with partial and full
converter is lower.

Wind farm response to grid frequency and grid voltage dips

The response of a wind farm to a grid frequency dip (5 Hz, 10 sec) strongly depends on the
presence of a converter. A full converter, in the case of the CSS-CC and VSP-PM wind farms
decouples the turbines from the disturbance. But also the system with a partial converter (VSP-
DFIG) is hardly affected by the frequency dip due to the effective adjustment of the rotor cur-
rents by the rotor converter. The constant speed system on the other hand has serious problems
with a frequency dip and the corresponding voltage dip: depending on the depth and the con-
ditions at the start of the dip, current, power and reactive power peaks may exceed rated values
and may lead to a wind farm shut down.

The farm with constant speed stall turbines and directly connected induction generators (CSS-
IG) can stay connected during the voltage dips that have been applied (30%-10 sec, 50%-0.5
sec and 85%-0.2 sec). High currents are flowing during the voltage drop. Due to the high
thermal capacity of the induction machine these currents will be no problem. The currents may
trigger protective devices in the grid. The high amount of reactive power that is required by the
wind farm during a voltage disturbances can be more problematic. When the dip lasts too long
this may lead to voltage collapse.

The Cluster Controlled wind farm (CSS-CC) can handle voltage dips if a resistor is placed in
parallel to the dc-link capacitor and the surplus of energy during the voltage dip is dissipated.

Wind farms using doubly-fed induction machines (VSP-DFIG) are the most problematic con-
cept when voltage dips are considered. Large currents will flow in the rotor circuits and in the
converters. Due to the limited thermal capacity of the power electronic devices in the convert-
ers, these currents may destroy the converters. A possible solution is to limit the high currents
in the rotor by providing a by-pass over a set of resistors connected to the rotor windings. With
these resistors it is possible to survive grid faults without disconnecting the turbine from the
grid. One of the case studies demonstrates this solution. Manufacturers of DFIG systems are
working on this solution and are making progress in meeting the voltage ride-through require-
ment.

In the variable speed pitch wind farm with permanent magnet generators (VSP-PM), all the es-
sential parameters can be controlled. Therefore good voltage dip ride-through can be achieved.
The power supplied by the generator is reduced by the controllers during the dip. This is re-
quired because otherwise the current in the converters or the dc-link voltage becomes too high.
To avoid overspeeding the pitch controller is activated.

Wind farms assisting grid frequency or grid voltage

The constant speed stall controlled wind farm (CSS-1G) can not assist in grid frequency control.
The cluster controlled wind farm in the Erao-2 study is based on a stall controlled turbine
(CSS-CQ). It can not control aerodynamic power directly and therefore it can not assist in grid
frequency support either.

Both variable speed pitch wind farms (VSP-DFIG and VSP-PM) can be controlled to support
grid frequency, which has been demonstrated by simulations. The controller consists of two
parts: delta-control to realise a power margin and frequency feed-back to act on a frequency
deviation. Since frequency control capability for wind farms implies maintaining a power
margin, this feature may not be cost-efficient.

Only systems with converters are suitable for grid voltage control. Different voltage and reac-
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tive power control strategies have been investigated for the VSP-DFIG wind farm. It has been
shown that it is possible to control the power factor and that the wind farm can follow reactive
power setpoints. Two voltage control options have been investigated. In the first option each
turbine controls the voltage at its own terminal, in the second option the voltage at the grid
connection point is controlled. Droop control has been implemented on each turbine. With this
type of control, the wind farm behaviour during voltage deviations is similar to conventional
power plant behaviour. The results depend on the X/R ratio of the grid: low X/R ratios require
large amounts of reactive power to control the voltage and the wind farm converters are limited
in current and thus in reactive power. Nonetheless, the simulations demonstrate the feasibility
of voltage control for wind farms with doubly-fed induction generators.

There is no large difference between voltage control by wind farms with doubly-fed induction
generators and voltage control by the other wind farms with IGBT converters: CSS-CC and
VSP-PM. This has been demonstrated by simulations with a cluster of CSS-CC turbines and a
string of VSP-PM turbines. The results are similar to those of the VSP-DFIG wind farm.

Economic evaluation

The load flow program and the database with electrical and economic parameters developed
in the Erao-1 project has been used in an economic evaluation of the four wind farm electrical
systems. For a wind regime representative of the North Sea, the power production including
the electrical losses, has been determined for the layout of the Near Shore Wind farm. This
results in the contribution of the electrical system to the Levelised Production Costs (LPC).
The VSP-DFIG farm performs best: 1.42 Eurocent/kWh. The CSS-IG farm is of the same
magnitude: 1.62 Eurocent/kWh, while the other two farms have relatively expensive electrical
systems: 2.60 Eurocent/kWh (VSP-PM) and 4.57 Eurocent/kWh (CSS-CC). The high price for
the Cluster Controlled system is caused by the expensive converters.

Recommendations

With the completion of the wind farm models based on individual turbines, verification of
models should now have a high priority. The Erao-3 project has been started with model
validation as one of the objectives.

For the incorporation of dynamic models of wind farms in models of national grids, the com-
plexity of the wind farm models has to be reduced. Aggregated wind farm models, in which all
turbines are represented by a single equivalent model are more suitable for this purpose. How-
ever, aggregated models loose the wide range of applicability of the wind farm models based
on individual turbine models. It is recommended to develop aggregated wind farm models,
tailored to application in power system models. The wind farm models developed in Erao-2
can serve as reference in the development of these aggregated models.

Systems with DC cables to shore have not been included in the Erao-2 case studies. The
Erao-2 component library includes all models necessary to investigate DC connections, with
the exception of the thyristor converter. This converter however, is a less likely option for the
connection of offshore wind farms than the IGBT converter, due to its limited controllability
and large footprint. DC connections are currently more expensive than AC, but may offer a
number of advantages. It is recommended to include these systems in a future study and for
comparison purpose also develop a thyristor converter model.
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1 INTRODUCTION

Problem description

Offshore wind farms have to be large to be economical and with the increase of the contribution
of wind energy to the electric power production, the interaction between the wind farms and
the grid will be an important aspect in the design and planning of wind farms farms [7]. 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 [19].
A second aspect is to ensure appropriate transient and small signal stability of the grid [22].
Adequate grid control plays an important role but the electrical control and protection of large
wind farms is also an important issue.

Large wind farms are a source of fluctuating power and sometimes of reactive power as well.
The response of wind farms to voltage and frequency dips is a cause for worry: the farm may
shut down instantaneously. The dip itself is a sign of a serious grid control problem, and the
problem may become worse if wind power shuts down on a large scale. For conventional power
stations the requested behaviour during a grid dip is to stay in operation and supply (reactive)
power. This behaviour is prescribed in grid codes. It is likely that large offshore wind farms
also have to comply with these rules. In Germany, grid operator E.On Netz already requires
specific behaviour of wind farms during dips [12]. Depending on the type of wind turbine, viz.
constant or variable speed, and the design of the turbine and wind farm control, a wind farm
will have more or less problems to comply with these rules.

Objective of Erao Il

In order to investigate the dynamic interaction of wind farms and the electrical grid, dynamic
models of wind farms are needed. Dynamic models of wind turbines and wind farms will be
of great help in the design and evaluation of the behaviour of wind power during normal grid
operation as well as during grid faults. Dynamic models of wind farms, including the relevant
electrical components and sections of the grid, are not readily available however. The Erao-2
project has been started with the objective to develop these models and to demonstrate their
use by designing controllers to cope with grid code requirements and evaluate different types
of electrical systems in wind farms.

Method

An important aspect of dynamic models of wind farms is computational speed. Electrical tran-
sients have very small time constants, resulting in small time steps and long computation time.
In Erao-2 special attention has been paid to computational speed. An important increase in
speed can be realised by the use of the dgO-transformation (also known as Park transforma-
tion). This transformation is mainly used in electrical machine theory, in Erao-2 it is applied
to all electrical components.

The main characteristics of the simulation models for the electrical components are:
+ all electrical components are modelled in dg0-coordinates;
+ AC-DC-AC converters are modelled by controlled voltage sources;
+ the component models are implemented in Simulink.

Results
The component models developed in the Erao-2 project are listed in table 1.

ECN-C- -04-050 13
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Table 1: Dynamic models of components of wind farms developed in the Erao-2 project

Mechanical and aerodynamic (turbine):  turbine rotor!
mechanical drive train®
tower!
rotor effective wind!

Electrical (turbine & wind farm): induction generator
doubly-fed induction generator
permanent magnet generator
voltage source converter
transformer
cable

Electrical (grid): synchronous generator
frequency and voltage controller
consumer load
transformer
cable

Control (turbine & wind farm): converter controller
wind turbine pitch controller?
overall wind farm controller

Linput from ECN control tool [25]

Volume 1 of this report gives a description of the models. In chapter 2 a description of the Park
transformation is given, followed by a derivation of models of different electrical components
in the dgO-reference frame. Models of the electrical generators are derived, together with the
power electronic converter models. The chapter concludes with a description of models of the
other electrical components that are needed and a discussion of the zero-sequence components
in the models. Chapter 3 gives a description of the models that has been used for the wind,
the turbines, aerodynamic conversion, pitch control, etc. In chapter 4 the Simulink implemen-
tation of the four types of wind farms is described. Chapter 5 gives the flicker meter that has
been used. The final chapter lists conclusions and remarks and contributions to international
conferences can be found in appendices.

\Volume 2 of the Erao-2 report the focus is on the use of the four types of wind farm models in
a number of case studies. It demonstrates how the models can be used to calculate the flicker
contribution of a wind farm, simulate a response to a grid faults and develop wind farm control
to support the grid.

Validation

The electrical component models have only been validated partially, viz. by comparing abc-
models with switching converters to dg0-models with controlled voltage source converters
[10], [11]. For extensive testing and validation the Erao-3 project has been started, which
takes part in the IEA Annex XXI (Dynamic models of Wind Farms for Power System Studies).
This Annex is a joint effort of nine countries to set up a database of wind farm measurements
and to use these measurements for validation of dynamic models. The participating countries
are Norway (Coordinator), Sweden, Finland, Denmark, USA, UK, Portugal, Ireland and the
Netherlands. Observing countries are Canada and Ireland.

14 ECN-C- -04-050



1 INTRODUCTION

Future work

In the context of the implementation of large amounts of offshore wind power in the Nether-
lands [6], a consortium of parties involved in offshore wind power has been formed under the
name We@Sea. This group comprises wind farm developers, electricity companies, grid oper-
ators, research institutes and universities. We@Sea has defined a number of research activities
aiming to resolve the remaining bottlenecks for large scale offshore wind in the Netherlands.
One of the activities will be wind farm control, optimalization and the interaction between large
offshore wind farms and the grid. ECN and TUD will make the dynamic wind farm models
developed in the Erao-2 project available for this project and execute the research together with
some of the We@Sea partners.

ECN-C- -04-050 15



2 MATHEMATICAL MODELSOFELECTRICAL COMPONENTS

2.1 Modelling in a dg0-reference frame
2.1.1 Introduction

The models of all electrical components are derived in the dqO-reference system. To obtain
these models from the standard abc-models, the Park Transformation is used. The Park trans-
formation (sometimes called Blondel-Park transformation) is well-known from its use in elec-
trical 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
dqgO-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.

In the ERAO-2 project, dynamic models have been derived for: electrical generators (induc-
tion generator, doubly-fed induction generator, permanent magnet generator), power electronic
converters, transformers, cables, turbine rotor, mechanical drive train and rotor effective wind.
All models of electrical components are in the dqO-reference frame.

In this chapter first a description will be given of the way in which models of different electrical
components in the dgO-reference frame can be obtained. The model derivation will be shown
for two basic components: a three-phase RL line segment and a three-phase shunt capacitance.
Next, the models of the electrical generators will be derived, together with the power electronic
converter model. In this part also the control of the generators will be described. This is fol-
lowed by a description of the other electrical component models needed for wind farm models.
This chapter concludes with a discussion of the zero-sequence components in the models.

2.1.2 Park Transformation

In the study of power systems, mathematical transformations are often used to decouple vari-
ables, to facilitate the solution of difficult equations with time-varying coefficients, or to refer
all variables to a common reference frame [13]. Probably the most well-known, is the method
of symmetrical components, developed by Fortescue. This transformation is mostly used in its
time-independent form and applied to phasors, when it is used in electrical power system stud-
ies [15]. 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. The electrical signals are
transformed to a stationary rotating reference frame. As this stationary frame is chosen to ro-
tate with the grid frequency, all voltages and currents in the dgO-reference frame are constant
in steady state situations. Therefore, modelling in dg0-domain is expected to increase the sim-
ulation speed significantly, as the variable step-size simulation program can apply a large time
step during quasi steady state phenomena.

For 64=wqt+p, with w, angular velocity, t the time and ¢ initial angle, the Park transformation
is given by:

[xdq0] = [Tago (0a)] [Xabc] 1)

with:

16 ECN-C- -04-050



2 MATHEMATICAL MODELS OF ELECTRICAL COMPONENTS

Zd
[Xaq0] = | 4 (2)
xo

and
Lq
[Xabe] = | b 3)

Tc

and with the dq0-transformation matrix T 4,0 defined as:

cos 0,4 cos (Hd — 2?”) cos <0d + %’r)

2
[Tago (64)] = \/; —sinfy; —sin (Qd — 2{) —sin <9d + %ﬂ) (4)
V2 V2 V2

and its inverse given by:

5 cos fg 2 —sin by 2 %5
[quO (ed)]_l — \/g COS (gd - ?ﬂ —sin 9d — ?ﬂ' 75 (5)
Ccos Hd—i-%” —sin 0d+%7r \/Lﬁ

The positive g-axis is defined as leading the positive d-axis by 7/2, as can be seen from figure
1. Some additional properties of the Park transformation can be derived. As the transformation
is orthogonal:

[Taqo (02)] - [Tago (0)] " = [Tago ()] - [Tago (62))" = [1] (6)

Cc

Figure 1: Relationship between abc and dg

With equation 6 it can be shown that the Park transformation conserves power and therefore is
a valid transformation. The power conservation principle can then be shown as follows:
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P(t)= [VabC]T  [iabe]
= [[Tago (00)) ™ Vagol] "+ [Taqo (9)) ™ [iago)
= )" [T 6] 7]+ [T (60)) ™ fia) ™

= [Vago]” [Taqo (0a)] - [ Tago (02)] " [iago]
= [quU]T : [iqu]

T
|

The transformations of (4) and (5) are unitary, as is shown in (6) and conserves power as is
shown in equation (7). Note that by replacing the factor \/2/3 by a factor 2/3 in (4) and
(5) the transformation will be amplitude-invariant, implying that the length of the current and
voltage vectors in both abc- and dgO-reference frame are the same, however in that case the
conservation of power is lost. This amplitude-invariant transformation is mostly used in mod-
elling of electrical machines [15].

The voltages and currents in the dq0-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 harmonics. In steady state a non-fundamental frequency component with
frequency wy, will appear as a sinusoidal signal with frequency (wp-wy) in the dqO-domain.
The highest frequency that can be represented accurately in the dqO-frame depends on the time
step that is used.

With electric machines the d-axis is mostly chosen along the stator flux, which implies that
i, corresponds to real power and i, to reactive power (see (8)), since ideally v4 = 0. In
general the voltages will be phase shifted with respect to the d-axis which means that active
and reactive power cannot be related directly to the d and the g axis component (v, # 0). The
instantaneous active and reactive power can be obtained directly from the voltages and currents
in the dqg0-reference system [Aka 84]:

P = wvgiq +v4iq
Q = qud — ’Udiq

(8)

2.1.3 Modelling of basic components

In this section the dg0-models of two relevant circuits, a three phase line with series RL and a
three phase line with shunt capacitance, are obtained. With the models of these basic circuits all
further models, such as transformers, machines and cables, that are required can be obtained.
The derivation of the basic model starts by defining the voltage drop across the impedances of
the a-phase. The a-phase equation is then transformed to a dq0-equation with (4). The b and
¢ phase equations are written as a function of the a-phase and the zero-sequence component,
in order to eliminate these components. After some mathematical manipulations, the models
for the d, q and O phase can be obtained. First the dg0-equations for a three-phase series RL
line with a ground return will be given and afterwards the dg0-equations for shunt capacitances
will be derived.

Series RL

In this section the dg0-equations for a three-phase series RL line with ground return, shown
in figure 2, will be presented. The dgO-equations for the uniformly transposed line can be
obtained by considering the resistive and inductive drops of the a-phase equations. The send
end voltage with respect to local ground is given by:
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dig dip di. di
. g
Va1 = Rala + La% + Lab% + Lac% + Lag% + Va2 + Vg21 (9)
With vgo1 = vg2 — vg1.
i R e
Vo < Ve
Lac
i Rb Lb j Lbc
Vpy o= Vb2
. Lo
v la | — YY)
al+ + a2
Vagl Qag ag2
i Rg Lg
vz — 2228 o
g1 | I 92

Figure 2: Three-phase RL line with ground return

Using the relation i,=-(i,+iy+i.), the voltage drops across the three phases of the line can be
expressed in matrix form as:

[Vl,abc] - [V2,abc] = [R] [iabc] + % [L] [iabc] (10)
Where
Vgl Va2
[Vl,abc] = Ub1 [V2,abc] = Up2
Vel Ve2
Ro+R, R, R,
R]=| R, Ry+R, R,
R, R, Re+R,
Lo+ Ly—2Lag  Lap+Lg— Loy~ Lag Lac+ Lg— Leg — Lag
[L] = | Lgp+ Lg — Lag — ng Ly + Lg — 2ng Ly, + Lg — ch — ng

Loy + Lg - Lag - ch Ly + Lg - ng - ch L.+ Lg - 2ch

The equation of the voltage drop across the ground path is:

. di di di di
Vg1 = Vg2 — Vg1 = —Rgig — Lg(Tf - Lag(T: - ng*: - chth
. . . di diy, di
= Ry(iq+ip+ic)+ (Lg — Lag) d—; + (Lg — Liy) pria (Lg — Leg) cth (12)
For auniformly transposed line, R,=Ry=R., Loy =Lpc=Lcq, and Lqg=Lpg=Lc,. Letting Ls=L,+L4-
2Lag, Lin=LaptLy-2L,g=Ls-La+Lap, Rs=R,+Ry, and R,,=Ry, the resistance and inductance

matrices simplify to:

Ry Ry R

R]=| R Rs Rn (12)
Ry Rm R

19
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and

L
[L]=| Lwm Ls Lmn (13)
Ly,

The dg0-equations for the uniformly transposed line can be obtained by considering the resis-
tive and inductive drops of the a-phase equations. The resistive drop in the a-phase is given

by:
Ryiq + Ry, (ip + ic) (14)
Substituting i,=(i,+i,+i.)/3 to eliminate i and i., we obtain;
(Rs — Rm) iq + 3Rmio (15)
Expressing i, in terms of the dgO-currents, the resistive drop in the a-phase becomes:
(Rs - Rm) (’id cos by — ’iq sinf; + io) + 3Rn%0 (16)
Similarly, for the inductive drop in the a-phase, we have:

dig, d(ip +ic)

Ls— + Ly, 17
dt + dt 1n
Eliminating i, and i.:
dig dig
Ls— Lp) — +3Lpy—— 18
( ) ¢ t3Lm—, (18)

Using the inverse dg0-transform of (5) to express i, in terms of the dq0-currents, the inductive
drop in the a-phase becomes:

(LS — Lm) i (id cos by — iq sinf, + io) + 3Lm@ (19)
dt dt
Knowing that for x=x(t):
7 sinx = cos xd—f (20)
and
¥ cos = —sin xd—f (21)
(19) can be written as:
. dig dig . dbg . , dig dig dig
Ls— Ly,) |— — — — — — — 4+ — Lp,— (22
( ) | —igsinfy o + cos By 5~ lq COS 04 5 St 04 7 + 7 +3 o (22)

The dq0-transform can also be applied to the voltage difference Av, = v41 — v42, resulting in:
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Awvg cos g — Avg sin g + Avg (23)

Combining (16), (22), and (23), (9) can be written as:

Avgcosby — Avq sinfy + Avg = (RS - Rm) (Z'd cosfy — iq sin 6y + io) + 3R t0+

(Ls — L) [—z’d sin Hd% + cos Gd% — 14 COS Gd%"’ —sin Hd% + %J} + 3Lm‘%’
(24)
By equating the coefficients of the cosé, sinf,, and constant terms, we obtain:
Avg= (Rs — Ryp)ig+ (Ls — L) deg —(Ls — L) iq%a
Avg = (Rs — Rpp) g+ (Ls — L) %% + (Ls — Lyy,) iq“2a (25)

Avy = (Rs +2Ry,) i + (Ls + 2Ly,) %0

When the mutual inductances between phases and between phase to ground are zero, that is

Lay=Lpc=Lca=0and Lqy=Lp,=L.4=0, then L,=L,+L,, and L,,=L 4, +L4. With w,=df,/dt the
final result is:

Avg = Ryig + La% — deaiq
Avy = Ryig + Lo + wgLyig | (26)
Avg = (Rq + 3Rg) ig + (Lq + 3L) %o

The resulting equivalent dgO-circuits are shown in figure 3.

. Ra WdLaiq La
e, A YN
+ N +
Va Va2
d-axis circuit
) R, WLy L,
% () AL
+ N +
Var Vez
g-axis circuit
, R,*3R, L+3L,
— ] Y
+ +
vOl VOZ
0-axis circuit

Figure 3: Equivalent dgO-circuit of a series RL line
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Shunt C

The next step is to derive the dq0-equations for the voltage drops across the shunt capacitances
of the three-phase line shown in figure 4. Besides the phase to neutral capacitance of the
phases, we have also included the mutual capacitances between the phases.

+

bc

v ac

an bn cn

Figure 4: Shunt capacitances of a three-phase line

Let Cyp=Cp.=Cuc=C,, Conn=Cp,= C.y, and C,= C,,,+2 C,;. The equation of the a-phase
current in figure 4 may be expressed as:

d d d
‘zz = an 7, Yan ab™;, an — mn ac 7, an — Ucn 27
iq = C e +C’bdt(v Upn) + C dt(v Ven) (27)
. dvan dvpy, dven
a — an a ac —Um —Um 2
iqg = (Can + Cap + Cuc) p” C pr C o (28)

Exchanging the b and ¢ phase voltages with vg = (van + Vb + ven) /3 gives:

dVan dvo

.a = s m - m 2
i (Cs+ Cp) 7 3C I (29)
Applying the dg0-transformation to the current and the voltage of the a-phase we obtain:

. .. . d . dvo

igcos g —igsinfy +ig = (Cs + Cr,) — (vgcosbg — vgsinby + vog) — 30y, (30)

dt dt

In analogy to equations (19) to (25), by equating the coefficients of the cosé, sind,, and
constant terms, the following set of equations is obtained for the dg0-currents:

g = (Cs + Cm) dstd - (Cs + Cm) ’Uq%
ig = (Cs + Cm) Do 4 (Cs + Crp) 0402 (31)
io = (Cs — 2C,) B0
When the mutual capacitances between the phases are zero, that is C,;=Cy.=C,.= 0, then C,,,=
0 and C,=C,,, = C. With wgz=d0,/dt the final result is:

22 ECN-C- -04-050



2 MATHEMATICAL MODELS OF ELECTRICAL COMPONENTS

ig = C% — wqCy
iq = C%e + wyCy (32)
ig=C%Lo

The resulting equivalent dgO-circuits are shown in figure (6).

+ i +

C

|| O s

w,Cv,y

d-axis circuit g-axis circuit 0-axis circuit

Figure 5: Equivalent dgO-circuits of shunt capacitances of a three-phase line

Summary

The equations for the series resistor, series inductor, and shunt capacitor are derived in the
previous sections. The voltage-current relationships for the basic components are summarised
in table 2. These reationships can be used to derive models of the different components that
are needed. Examples of how this can be done can be found in some of the following sections
in which models of transformers and cables are derived.

Under the assumptions that are given during the derivation of the models, i.e. uniformly trans-
posed lines and the mutual inductances/capacitances between phases and phase to ground are
zero, the R, L, and C given in the table are equal to the line resistance, line inductance and
shunt capacitance.

Three-phase resistor R [igq0] = [ugq0]
Three-phase inductor | L4 [ige0] +w - Y - L [ige0] = [Waqo]
Three-phase capacitor C% [Ugqo] +w-Y - C - [uggo] = [iaq0]

R, 0 0 1 Lo O 0
R]=| 0 R, 0 Ll=| 0 L, 0
0 0 R,+3R, 0 0 Lu+3R,
cC 0 0] 0 —1 0
Cl=]0 C 0 Y]=|1 0 0
0 0 C 0 0 0

Table 2: Voltage-current relationship in dqO-reference frame for basic components

2.2 Models of wind turbine generators
2.2.1 Introduction

In this section a description will be given of the electrical models that have been developed
for the wind turbines that are used in the ERAO-2 project. The section starts with a thorough
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description of the Doubly-Fed Induction Generator (DFIG). The model of an Induction Ma-
chine (IM) can easily be derived afterwards. The section continues then with the modelling of
the Permanent Magnet Synchronous Machine (PM). At the end of the section a description is
given of the converter model that is used for the DFIG and the PM. The converter model is also
used for the Cluster-Coupled (CC) park concept.

2.2.2 Doubly-Fed Induction Machine

Introduction

In this section a description will be given of the Doubly-Fed Induction Generator. This type of
generator has a converter connected to the rotor windings instead of the stator windings. The
advantage is that variable speed operation of the turbine is possible whereas the converter can
be much smaller, and therefore also much cheaper. The power rating of the converter is often
chosen about 1/3 of the generator rating. A schematic drawing of a wind turbine with Doubly-
Fed Induction Generator is shown in figure 6. First a description of the generator model will
be given. Afterwards, the controller model will be described.

Generator Grid

@

Converter

Tt

- - —
£ 1

Figure 6: Wind turbine with Doubly-Fed Induction Generator

Generator model

In this section two different models of a doubly-fed induction generator will be developed. The
first model includes all dynamic terms whereas in the second model the transient flux terms of
the machine are neglected.

A dq reference frame is chosen to model the doubly-fed induction generator. The model that is
obtained is well known and can be found in literature [23], [13]. The generator convention will
be used, which means that the currents are outputs instead of inputs and 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:

Vs = —Rsigs — wstgs + dlgfs

. dipgs
Vgs = _Rszqs + wsthas + Z’/}g (33)
Var = —Rpigr — Wrdjqr + dlﬁf*

. d
Vgr = _erqr + wrar + g}”
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with
has = — (Ls + Lm) igs — Liniar
qu = - (Ls + Lm) iqs - Lmiqr (34)
Yar = — (Lr + Lm) tar — Limids
wqr = - (Lr + Lm) Lgr Lmlqs

with v the voltage [V], R the resistance [2], i the current [A], ws and w, the stator and rotor
electrical angular velocity [rad/s] respectively, L, the mutual inductance [H], L and L, the
stator and rotor leakage inductance [H] respectively and ¢ the flux linkage [Vs]. The indices
d and g indicate the direct and quadrature axis components of the reference frame and s and r
indicate stator and rotor quantities respectively. All voltages, currents and fluxes in (33) and
(34) are functions of time.

Sometimes the transients in the fluxes, represented by the derivative terms in equation (33), are
neglected. The most important reasons to do this is computational speed during simulations.
Another reason is that taking into account the rotor transients would require detailed modelling
of the converter [23]. When the transients are neglected, the following set of equations results:

Vds = _Rsids + ws ((LS + Lm) lgs + Lmlqr)
qu == _Rsiqs — Ws ((Ls + Lm) ids + LmidT) (35)
Udr = _Rridr + wy ((Lr + Lm) Lgr + Lmlqs)
Vgr = _Rriqr — Wy ((Lr + Lm) Lar + LmZdS)
The electrical angular velocity of the rotor, w,., equals:

with p the number of pole pairs [-] and w,, the mechanical angular velocity [rad/s]. The
electrical torque of the generator is given by:

Te =p (¢d7'iqs - wqrids) (37)

A synchronously rotating d-g reference frame is used with the direct d-axis oriented along the
stator flux vector position. In this way a 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 and assuming that the stator resistance is negligible, i.e, Rs « ws(Ls+L,,),
the angle of the stator flux vector can be calculated as:

0, = / wedt (38)

The reference frame of the rotor is rotating with the electrical frequency of the rotor w,.. The
angle of the rotor can be obtained as:

0, = /wrdt = /(ws — pwp, )dt (39)
With the dqgO-transformation used in (4) the active power delivered by the stator is given by:

Py = vgsiqs + 'quiqs (40)

and the reactive power by:
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Qs = 'quids - Udsiqs (41)

Due to the chosen reference frame, v, and v4, are zero. Therefore the reactive power and the
active power delivered by the stator can be written as:

) L .
P, = Vgslgqs = Ugs (Lr +mLm> Lgr (42)
and:
Qs = quids = Ws (_ (LS + Lm) ids — Lmidr) Ids (43)

As the stator current is equal to the supply current, it can be assumed that it is constant. If the
frequency is also constant, the reactive power is proportional to the direct component of the
rotor current iy,

Qs == Kl + KQidr (44)
With constants K; and Ks:
Ky = —ws (Ls + Ly,) i3, (45)
and
Ky = _wsLmids (46)

Speed and current control of the generator

The electrical and mechanical dynamics of a wind turbine have different time scales. The
electrical dynamics are much faster than the mechanical. Therefore, it is possible to control
the machine in a cascade structure, as shown in figure 7. The fast electrical dynamics can be
controlled in an inner loop and a speed controller can be added in a much slower outer loop.

w

Figure 7: Cascade control; IM=Induction Generator, Inv=Inverter, K.=current controller,
J=inertia of turbine, K ;=speed controller

The internal model control (IMC) principle [21] has been used to design the controllers K and
K.. The idea behind internal model control is to reduce the error between the system G(s), and

the model of the system é} (s) by a transfer function K(s). In figure 8 the principle is shown
for the current controller.
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i + u i
i K G(s)

G(s) ——0

C(s)
Figure 8: Internal Model Control (IMC): system G(s) and system model (A; (s)

One common way of choosing the transfer function K(s) is [5]:

K (s) = (Sjo)nc;l(s) 47)

where n should be at least one larger than the number of zeros of é\; (s), so that K(s) becomes
proper (always converging to zero) . The parameter « is a design parameter that is equal to
the closed loop bandwidth of the system. The system G(s) should be minimum phase, i.e. it

shouldn’t contain right half-plane zeros, as these will become unstable under feedback. The
controller C(s), inside the dashed line in figure 8, becomes [5]:

A -1
C(s)=(1-K (5 G<s>) K (s) (48)

For a first order system, n=1 is sufficient and the controller becomes then a PI controller. With
A
(48) and G (s) = G(s) the controller becomes [5]:

ki _

C’(s):kp—i—g:%G L(s) (49)
Where k,, is the proportional gain and k; is the integral gain. The closed loop system with
parameters exactly equal to the real parameters becomes:

Ga () = G () K (5) = - j_‘a (50)

Since the stator flux is almost fixed to the stator voltage, the flux is practically constant. This
implies that the derivative of the stator flux and of the stator magnetizing current are close to
zero, and can be neglected [16], [17]. The voltage equations of the rotor which have previously
been given in (33) can then be written as:

. dig,
Var = —Ryigr — Lv# - wrwqr (51)
Vgr = _erqr - LTTI; + wrthgy

The last term in both equations causes a cross-relation between the two current components.
Reference voltages to obtain the desired currents can be written as [16]:

U;;r = U;fr - WTLZJQT (52)

Vg = Vg + Wty (53)
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with
!/ _R . _ L didr
Var = rldr T dt 54
R 4
Vgr = —Lplgr — Lir—g4

The ig-and iy, errors are processed by a Pl controller to give v, and v, respectively. To ensure
good tracking of these currents, the cross-related flux terms are added to v,4, and vy, to obtain
the reference voltages. Treating w, ¥4, and w, ¥, as a disturbance, the transfer function from
the rotor voltage v’ to the rotor current iy, and from the rotor voltage v,,” to the rotor current
Iqr 1S given by:

1
CO=TR 59)
Using the IMC, the current controllers become:
ki Qe q

Where o is the bandwidth of the current control loop, k,, is the proportional gain and k; is the
integral gain. The two gains become [17]:

k, = acL, (57)
ki = acR, (58)
Speed control:
The rotational speed follows from:
dwpm, 1
— = (T, —T. 59
=7 ) (59)

It is assumed that the current controller is much faster than the speed controller, which implies
that for the evaluation of (59) electrical torque is than T.=T. ,.;. The reference torque is set
to:

Te,ref = Te,ref’ - Bawm (60)

where B, is an “active damping torque” [17]. Now the transfer function from rotational speed
to electrical torque becomes:

1

@)= 755,

(61)

Using again the internal model control method, the following gains of the speed controller are
obtained:

ks = asd (62)
kis = asB, (63)
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Where o is the desired closed-loop bandwidth of the speed controller. When B,, is chosen to
be B,=Ja, changes in the mechanical torque are damped with the same time constant as the
bandwidth of the speed control loop [17].

Converter

As can be seen from figure 6, the Doubly-Fed Induction Generator, has a converter connected
to its rotor windings. The generator side converter is used to control the rotor currents of the
machine, according to (51)-(58). With this rotor currents, the active power (or indirectly the
rotational speed) and reactive power of the machine can be controlled according to (40)-(41).
The grid-side converter draws or supplies power to the rotor-side converter and is operated to
keep the DC-link voltage constant. A further description of the converter is given in section
2.2.5.

2.2.3 Induction machine

The model of the induction machine can be obtained very easily now, as it is the model of
the Doubly-Fed Induction machine, with the rotor windings short-circuited. Equation (33)
modifies to:

) dibge
Vs = —Rslgs — wsPys + 75?

. dve s
Vgs = —Rsigs + wstas + 15?

) (64)
0=—Ryigr — wr¢qr + jgtdr
0 = —Ryigr + wrthay + Lot
with
VYas = — (Ls + L) ids — Lmiar
qu = - (Ls + Lm) Z'qs - Lmiqr
wdr I (Lr + Lm) Z'dr Lmids (65)
Ygr = — (Lr + L) igr — Linigs

To obtain electrical torque and power of the machine, (36)-(43) can be used. In wind tur-
bines the induction machines are normally directly connected to the grid. This means that no
converter is needed and that there is no possibility to control the torque directly.

2.2.4 Permanent Magnet Synchronous Machine

Introduction

The next generator type that is often used for wind turbine applications is the permanent mag-
net synchronous machine. It is especially used in direct-drive wind turbines, which have the
advantage that no gearbox is needed, which is favourable with respect to lifetime and main-
tenance. In this section the basic equations describing the machine behaviour will be given,
followed by the way in which controllers can be obtained.
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Generator model

Using the generator convention, the stator voltage equations are, in analogy to (33):

) dibgs
Vs = —Rsigs — wsgs — dlgf‘ (66)
Vgs = —Rsigs + wsthgs — ng

with v the voltage [V], R the resistance [€2], i the current [A], w, the stator electrical angu-
lar velocity [rad/s] and ¢ the flux linkage [Vs]. The indices d and q indicate the direct and
quadrature axis components. All voltages, currents and fluxes in (1) are functions of time.

The flux linkages in (66) can be calculated using the following set of equations:

wds = (Lds + Lm) tds + \ij
sz)qs = (qu + Lm) Z'qs

With W, the excitation flux of the permanent magnets linked with the stator windings, L, the
mutual inductance [H], and L4, and L, the stator leakage inductances [H].

(67)

The electrical torque T. of the permanent magnet synchronous machine is given by [20]:

T.=p- iqs [ids (Lds - qu) + \ij] (68)

Here p is the number of pole pairs. For a non-salient-pole machine the stator inductances L 4
and L, are approximately equal. This means that the equation becomes:

T, = pigs ¥y (69)

The stator electrical angular velocity is given by:

Ws = PWm (70)
with w,,, the mechanical angular velocity [rad/s], which can be obtained from:

dwm, 1
— = (T, —T. 71
o (T - T.) ()

with J the inertia constant of the rotor [kg-m?] and T,, and T. the mechanical and electrical
torque [Nm] respectively.

Control of the generator

From the voltage equations in (66) it can be seen that there is a cross relation between the two
axes. The d-axis voltage equation has a flux term that depends on the g-axis. Vice-versa the
g-axis has a flux term depending on the d-axis. 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 figure
9. The faults in the current components can be processed by the (PI) controllers and afterwards
the decoupling components should be added to the voltage reference signals.
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Figure 9: Decoupling of the generator axes

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

ids (S) _ 1
Ugs () ~ L,s+ R,

(72)

The proportional and integral constants for the Pl-controller can be obtained in the same way
as for the doubly-fed induction machine:

ky = aoLs (73)
ki = OéCRS (74)

With a is the bandwidth of the current control loop.
The proportional and integral constants for the speed controller are given by [20]:

2p*y
ky = Tf (75)
2p2¢]fRs
i 7
k L (76)

2.2.5 Converter

Introduction

Some of the generators described in the previous sections use a power electronics converter. A
description of this converter will be given in this section.

For the doubly-fed induction generator it should be possible to transport power in both di-
rections, and therefore a back-to-back converter consisting of two Voltage Source Converters
(VSCs) and a DC link is used. The converter is shown in figure 10. The DC link separates the
two Voltage Source Converters, and therefore they can be controlled independent of each other.
Therefore, only one converter has to be considered. To obtain sinusoidal line currents, a filter
can be placed between the converter and the grid. The phase voltages are referred to the node
n. The value of the arbitrary voltage reference node n depends on the circuit configuration.
It should not be confused with the neutral. The line voltages can be derived from the phase
voltages. For example the voltage v, is:
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Vabl = Vanl — Ubnl (77)
+
Idc
A A A A A A
Ial‘ ;Iaz
i A 4 ihz
bl i »
o Vdc__C
Icl‘ ? ? ‘ICZ
T = = = = = = T ‘
Vcnlvhnlvanl VanVbnyanZ
n 1 - T

Figure 10: Back-to-back converter

The controller of the converter will be based on a dg0-reference frame, implementing the vector
control method. All signals will be constant in steady-state and therefore PI controllers can be
used to realise the reference values without steady-state errors. A triangular carrier based Pulse
Width Modulation scheme is used to control the switches of the converter. 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. A
block diagram of a PWM converter with a vector controller is shown in figure 11.

E {;1»- Filter — :b A

PWM sample and hold

3 3 3
2 2 2
ab, ab ab,
dq dq dq
Viq W{; [

Current
Controller

red
"
dq

Figure 11: Scheme of PWM Voltage Source Converter with controller

Switching Function Concept

The switching function concept has been used to model the converter [27]. Using this concept,
the power conversion circuits are modeled according to their functions, rather than to their
circuit topologies. The switching function concept will be described shortly with reference
to the circuit configuration of a VSC as shown in figure 12 and the type of voltages that are
generated at the AC side. It is well known that with voltage source converters pulsating voltages
are generated at the AC side. In figure 15 an example of the voltage V ,,, is shown. This voltage
is obtained by alternatively switching the upper and the lower switch in phase a. The ON/OFF
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control signals for the switches are generated in some type of Pulse Width Modulator (PWM).
An example of the principle of such a modulator is shown in figure 15, where the desired output
voltage V,..ris compared with a triangular carrier. Whenever V,..;>V,; the upper switch is
closed, and when V,.. s>V, the lower switch is closed. In this way the output waveform has
the same shape as the output signal of the comparator. For each phase leg a separate modulator
is used, where the reference voltages are displaced over 120 or 240 degrees respectively. The
output voltage of a phase can mathematically be described as the product of the logical output
signal of the comparator, also called switching function SF, of phase a, and the DC link voltage
[27]:

Van = SFy - Vy (78)

;'a

A

I

b

V,=—
d .
bl
- - - T ‘
\Ilcn \Ilbn \Ilan
___________ al
Vref _:_Comparator 1 :
v i 1M o I
| |
tri J ......4

| |
- ]

;ia

A iy

il

+ T
— \Ilcn \Ilbn \Ilan
Vref
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Figure 13: Voltage source converter, switching function equivalent
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Figure 14: Voltage source converter, sinusoidal voltages equivalent

The voltage V 4, can also be obtained with the circuit from figure 13, where controllable voltage
sources are applied instead of switches in phase legs. The controllable voltage sources are
controlled by the same signals as with the phase leg after multiplication by V4. The mode of
figure 13 is obtained then. The switching functions can be expressed as Fourier series.

SF = i Ay, sin (nwt) (79)

n=1

It can be shown that in the lower frequency range the frequency components of SFxV ; and
V. are equal if the frequency of the carrier is sufficiently large [9].

Vref Vtri

J( — — —r— - N —

Figure 15: Pulse Width Modulation (I) and switching function (r) for one phase of the voltage
source converter

When the complete PWM-operation, or even the switching functions, of the VSC has to be
taken into account, the model of the converter becomes complicated, and simulation will be-
come very slow. 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]. A further as-
sumption is that the dc-link voltage V4 is constant. In reality this isn’t true, causing some
higher frequency terms in the output signals. The resulting model is then shown in figure 14.
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 be met and the model can be used for applica-
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tions like voltage regulation, as long as normal grid operation is assumed.

Converter model behaviour during voltage disturbances

It has been explained in the previous section that if the filter is designed well, the higher har-
monics that are generated by the switching process will be attenuated. 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, i.e.

fs >> fo (80)

with f 5 the switching frequency and f the fundamental harmonic of the voltage. During fast
phenomena the voltage will also have higher harmonic terms and the condition (80) will no
longer be valid. When there is no current control or voltage control applied, the harmonics will
not be present in the reference voltages and the voltage that is made by the converter is still
a good representation of the reference voltage. When control is applied, the reference voltage
will also have the higher harmonics in most cases, and the representation between the voltage
that is made and the reference voltage isn’t correct any longer.

To investigate whether the models based on the switching function concept can be used during
disturbances the ‘reduced’ model has been compared to a reference model. The SimPower-
Systems Blockset [8] of Matlab has been used to obtain this reference model of the converter.
The “universal bridge model’ with IGBTSs has been used. This block of the SimPower Systems
Blockset implements a 3-phase bridge converter with 6 IGBT switches with antiparallel diodes.
RC-snubber circuits are included in the IGBT-models. Typical parameters such as rise and fall
times and voltage drop can be defined in the model. The voltages and currents are measured
and transformed to the dgO-reference system. Sample-and-hold circuits are implemented in the
measurement loops. The measured voltages and currents are filtered with low-pass filters with
a cut-off frequency of 200 Hz. Ordinary PI controllers are used to obtain the desired currents.

The “reduced” model described in the previous section, has been compared to the “full” model.
A three-phase balanced voltage dip of 70% (the RMS value of the grid voltage is reduced to
30% of its pre-fault voltage) has been simulated. The grid voltage is shown in figure 16. The
converter current supplied to the grid is shown in figure 17.
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Figure 16: ‘Ideal’ voltage dip
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Figure 17: Converter current

The behaviour of the reduced model of the converter has been compared to the behaviour of
the full converter. In order to make comparison easier, the currents have been compared in
the dgO-reference frame. These current are constant in steady-state situations, which makes it
easier to compare them to each other. The d-axis current for the reduced and the full model are
shown in figure 18: on average the currents of the two models are the same and the initial peaks
at the moment of the step in voltage are also equal. The difference is due to the switching of
the converter in the full model. When the switching frequency is sufficiently high, these high-
frequency terms will be attenuated by a filter. More information on the comparison can be
found in [11] and in appendix B.
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Figure 18: Converter current in d-axis for complete model (solid line) and reduced model
(dashed line)

Grid current control

The controllers of the VSC will be obtained with reference to the converter shown in figure
19. 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.

+

- B
Ven Von Van Vaengbn¥gan
- 1 19790 9

Figure 19: Three-phase full-bridge Voltage Source Converter

Consider the system of figure 19. The voltage balance across the inductors and resistors is:

Ava:van—vagn:Lf~CZ%§+Rf-ia
Avb:l}bn—vbgnZLf'%—l—Rf-ib (81)

Avc:vcn—vcgn:Lf-%jLRf-ic

With the Park transformation this equation can be transformed to the dq reference frame:
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AvdZRfid-i-Lf' %-FweLfiq (82)
. dr .

Avq = Rflq + Lf . % — weszd

The last term in both equations causes a coupling of the two equations, which makes it difficult

to control both currents independently. This was also observed in the control of the generator

and the same solution can be applied here. The last terms can be considered as a disturbance

on the controller. Reference voltages to obtain the desired currents can be written as:

Av = Avlj+weLyig

Avy = Av; —weLfig (83)

with:

Av& = Rfid—l-Lf . %

/o . dig (84)
Avq = Rqu +Lf e

Treating the cross-related terms as a disturbance, the transfer function from voltage to current

of (84) can be found as (for both the d- and the g-component):

1

G(S) - Lf8+Rf

(85)

A scheme of the controller is given in figure 20.

Dvy + 1 ig
Q> Ls+R; -

WeLf o

A

We Lf

Vg + P 1 iy
Ls+R; -

Figure 20: Scheme of current controller

Using the Internal Model Control principle [17] to design the current controllers yields:

K (s)=ky+ % = %G‘l (s) (86)

where «. is the bandwidth of the current control loop, k,, is the proportional gain and k; is the
integral gain of the controller. The proportional and integral gain become [17]:

kp, = acLy; ki = acR (87)
P f f

The active and reactive power delivered by the converter are given by:

P = v441q + vggiq

. . 88
Q = Vggiq — Vdglq (88)
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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 iz and i, then.

DC-link controller

The DC-voltage controller is designed by use of feedback linearisation [14].

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 P:

1 d (UCQiC)

-C—% =pP,— P, 89

27 dt v (89)
This equation is nonlinear with respect to v,4.. To overcome this problem a new state-variable

is introduced:

W =3, (90)
Substituting this in (89) gives:
1 _dW
icﬁ =P, —-F, (91)

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 [14]. With the dg-reference
frame of the current controller along the d-axis, (91) can be written as:

1 _dw .
50@ = PS — Vqld (92)

and the transfer function from i, to W is then found to be:

2vd
G =_-2 93
(s) =4 (93)
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 [14]:

ig =)+ G W (94)

With G, the active conductance, performing the active damping, and ¢/, the reference current
provided by the outer control loop, see figure 21. Substituting (94) into (92) gives:

1 _dw
50@ = Ps - Udiil - ’UdGaW (95)

Which is shown in figure 21. The transfer function from i to W becomes [14]:

Ql}d

! —
Gls) = sC + 2v4G,

(96)
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Using the internal model control principle [17] and since (96) is a first-order system, the fol-
lowing controller is proposed:

_aaC aaGe

97
22}d S ( )

F(s)=2G7 (s) =
Which is just a Pl-controller. A suitable choice will be to make the inner loop as fast as
the closed-loop system [14]. When the pole of G’(s) is placed at -ad the following active
conductance is obtained:

G, = 2¢ (98)
2v4

The Pl-controller parameters are then given as [14]:

CwC o agC

k, = =
P 2Ud ’ ! 2’Ud

(99)

The controller is completed by a feedforward term from P to 4y,.

Wref +

Figure 21: DC-link controller structure

2.3 Other electrical components

Besides the models of the wind turbine generators, models of other electrical components are
needed for a complete offshore wind farm model. In this section the models will be derived of
the transmission line and cable, the transformer and the grid. Whether zero-sequence compo-
nents have to be taken into account during the simulations depends on the circuit configuration
and will be discussed in section 2.4.2.

2.3.1 Transmission line and cable

The general equations relating voltage and current in a transmission line or cable recognize the
fact that all impedances of a transmission line are uniformly distributed along the line. For lines
up to about 250 km lumped parameters can be used however [4]. The single-phase equivalent
circuit of a lumped line is shown in figure 22.

40 ECN-C- -04-050



2 MATHEMATICAL MODELS OF ELECTRICAL COMPONENTS
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Figure 22: Single-phase equivalent circuit of a transmission line

In the model that will be used, the two shunt capacitances are assumed to be both on one side
of the cable segment. The cable model can then be subdivided in two sections: a three-phase
shunt capacitor and a three-phase series resistance and inductance. The dq0-models of a three-
phase line with shunt capacitors and a three-phase RL line have already been obtained. The
voltage across the RL line segment is given in (26) by:

Avd = Vg2 — Uq1 = Raidl + La% - wLaiql
di
A’Uq = Vg2 —Vq1 = Raiql + La% + wlgig (100)
di
Avg = Vg2 — Vo1 = (Ra + 3Rg) i + (La + 3Lg) %
The current through the shunt capacitances is given in (32) by:
. dvgy
Tdel = CW —wCvg
d
igel = c% + wCug (101)
. dvo1
c = C—F—
20c1 dt

The resulting cable models for the d-, g-, and 0-axis are shown in figure 23.
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Figure 23: Cable models in dq0-coordinates

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 23 can
be used.

2.3.2 Transformer

The transformer model that has been used will be analysed in this section. A single-phase
equivalent circuit of a two-winding transformer is shown in figure 24. Normally the magnetis-
ing current i,,, is small and can be neglected. The model of figure 24 can then be reduced to
the model shown in figure 25, with R=R;+a?R, and L=L;+a%L,, with a=N/Ns.

a:1l iz

ideal

Figure 24: Single-phase equivalent circuit of a transformer
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@ a:l .
+ +

ideal

Figure 25: Transformer equivalent circuit with magnetising current neglected

The voltage-current relationship of the single-phase equivalent transformer of figure 25 can be
written as:

v, = Ri1 + L% + avy (102)
A capacitor has been placed at the primary side of the transformer. The capacitance represents
the winding capacitance of the transformer and is primarily needed for numerical reasons. The
effect on the results is small. The dgq0-models of the transformer are shown in figure 26. 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 [2].

_ R Ligy L
g1 1 i
1 vy M a: d2
¥ L ¥
Var —) N, N, Vaz
Cvy,
ideal
, R Liy, L
lq “ YA a:1l lg2
¥ +
Var — e Ny N, Vaz
Cvy,
ideal
. R L
[ i
| — 2228 02
¥ | I +
Voi —X) Vo2

Figure 26: Equivalent transformer model for d, g and zero sequence componenents
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2.3.3 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 the different types
of wind farms. The main requirement for the grid model is a dynamic behaviour similar to a
large high voltage grid. The main component of the grid model is an equivalent synchronous
machine, equiped with voltage and frequency control, to represent the dynamic behaviour of
the high voltage grid. The synchronous machine model that was chosen is the three winding
representation in dq coordinates. Damper windings are not taken into account. The generator

convention is adopted:

di di . .
deft‘i + meﬁ = —ug— Ra.ig — ws.Ly.ig (103)
di ditq :
Lmd?: + LfTJ; = Upq — Rfd.lfd (104)
di , . .
quftq = —Ug— RS.Zq + ws.(Ld.Zd + Lmd.’bfd) (105)
Lg, Lyg, Ly, Lina, Ly synchronous machine inductances
R, Ryq stator and field winding resistance
id, iq stator current in d and q axis
Ud, Ug stator voltage in d and g axis
ifdsUfd field current and voltage, transposed to stator winding
Ws synchronous machine electrical angular speed
For the voltage regulator and exciter a type 1 model is used [1] p. 293:
TeEfd = —KeEfd + V. — SeEfd (106)
Kys
Ve = E 107
s 1+ 7ys fd (107)
K,
V. = 108
" 1+ 745 (108)
1
Vo, = —— 109
a 1 + Trsudq ( )
Ve = Vo—Vs (110)

Te

&

fd

SErSE

Ky, 1y

arTa

Ty

exciter time constant

exciter output voltage

exciter constant

regulator output voltage

exciter saturation function

regulator input voltage

stabilizer output voltage

stabiliser amplification and time constant
regulator amplification and time constant
filter output voltage

input filter time constant
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The inertia and speed controller of the synchronous machine complete the model:

dwg

g _ o T, 111
- T, (1)

P,
Tnech = mech (112)

Ws

Kz'w

Prech = (pr+ )(Wset_ws) (113)

S

For the connection of the synchronous machine model to the wind farm model, the implemen-
tation of the cable model has been modified. In the cable model, used to connect wind turbines
in the farm and the farm to the high voltage transformer, the grid side voltage and farm side
current are input. To connect the synchronous machine to the wind farm, grid and farm side
cable currents are input and the voltages on both sides of the cable are output. This does not
affect the mathematical model.

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.
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2.4 Zero-sequence components
2.4.1 Introduction

A short review of zero-sequence components in voltages and currents will be given here, to
see whether short-circuit components can pass through transformers and whether these com-
ponents have to be taken into account during the modelling of different circuits.

2.4.2 Zero-sequence components

It is proven by Fortescue [3] that each unbalanced system of n related phasors can be resolved
into n systems of balanced phasors, called the symmetrical components of the original phasors.
According to Fortescue’s theorem, three unbalanced phasors of a three-phase system can be
resolved into three balanced systems of phasors. A system is balanced when the impedances,
voltages and currents in all phases are equal (except for the 120 degrees phase shift of voltages
and currents). The first two balanced sets are the positive-sequence and negative-sequence re-
spectively. They consist of three phasors equal in magnitude, displaced from each other by 120
degrees in phase, where the positive-sequence have the same phase sequence as the original
phasors and the negative-sequence have the opposite phase sequence. The zero-sequence com-
ponents consist of three phasors equal in magnitude and with zero phase displacement from
each other.

Although Fortescue introduced them as phasors, the symmetrical components can also be writ-
ten as time-dependent variables [15]. The time-dependent symmetrical components are given
by [15]:

UO U ejwt + U*e—jwt
2 =0%" =20 )
vt = \2f Uyelt + Uje 7! (114)
u= Qzejwt +Q§6_jwt
with the phasors:
Uy= = U, +U,+U,)
Yo — V3 \=a b e
Uy = 75 (U, +aly +a’U,) (115)
Q2 = \/ig (Qa + GQQb + a’QC)

where a=exp (j %’T) In literature the time-dependent components are usually expressed as u®,
u™, u™, while the steady-state phasors are written as Ug,U1,U> [15].

2.4.3 Star and delta connections

The windings of a three-phase transformer are always connected in a certain way. The two
most important types are the star connection and the delta connection, shown in figure 27 ()
and (b) respectively. These two configurations will first be considered in more detail.
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Figure 27: Star (a) and delta (b) connection of a three-phase system

Consider first the star connected system of figure 27(a). The line-to-line voltages can be written
in terms of line-to-neutral voltages:

Vap (t) = Van, (t) — vpp, (1)
Vbe (t) = Upn (t) — Ucn (t) (116)
Veq (1) = Ven () — van (t)

The zero-sequence component of this set of voltages can be determined with (114):
W0, (£) = —= (vap (£) + v (£) + vea (£)) = 0 (117)
ab \/g ab be ca

This shows that line-to-line voltages of a three-phase star connected circuit have no zero-
seqguence components. Be aware that the line-to-neutral voltages can have zero-sequence com-
ponents. When the neutral point is not grounded, it further holds that, due to Kirchhoff’s
current law:

Qg (t) +ip (t) +ic(t) =0 (118)
Consider now the delta-connected system of figure 27(b). The line currents are given as:
la (t) = lab (t) — lca (t)

ip (t) = lpc (t) — lgb (t) (119)
ic (t) =ica (t) — ipe (1)

The zero-sequence component of this set of currents can be determined with (114):

90 = 7 i () + 3 (0) + 10 (1)) =0 (120)

This shows that line currents into a three-phase delta-connected circuit have no zero-sequence
components. According to Kirchhoff’s voltage law it further holds that:

Vab (t) + Ube (t) + Vea (t) =0 (121)
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2.4.4 Three-phase transformers

In three-phase transformers, different combinations of the star and delta configurations can be
used. The first point that should be noted, is that the current in the secondary winding is equal
to the current in the primary winding multiplied by the winding ratio, under the assumption
that the relatively small magnetizing current can be neglected. In the same way is the voltage
at the secondary winding equal to the voltage at the primary winding multiplied by the wind-
ing ratio, under the assumption that the voltage drop across the winding resistance and leakage
inductance is negligible. The second point that should be noted is the fact that in a star-delta
connected transformers the line-to-line voltages at one side will become line-to-neutral volt-
ages at the other side and that line currents at one side will become phase currents at the other
side.

The zero-sequence equivalent circuits of three-phase transformers depend on the connections
of the primary and secondary windings. The most common type is the star-delta configuration
with a grounded star-point. The zero-sequence circuit of this type of transformer is show in
figure 28.

Z,

—
e A\

Figure 28: Zero-sequence equivalent circuit of star-delta transformer with grounded star point

It is shown previously that the line-to-line voltages of a star-connected circuit cannot have a
zero-sequence component. Therefore, in a star-delta transformer, the line-to-neutral voltages
at the delta side of the transformer will have no zero-sequence component, as long as the star
side of the transformer is grounded. The transformer will therefore cause no zero-sequence
voltage component at the star-side of the transformer.

As the neutral of the star winding is grounded, zero-sequence currents have a path to ground
through the star because corresponding induced currents can circulate in the delta winding. The
zero-sequence current circulating in the delta magnetically balances the zero-sequence current
in the star but cannot flow in the lines connected to the delta.

An ungrounded star winding is a special case, where the impedance between the star point and
ground is infinite. The zero-sequence impedance in figure 28 is infinite then, and zero-sequence
current cannot flow.

The line currents into a three-phase delta-connected circuit have no zero-sequence components,
as is shown previously, and therefore no zero-sequence currents can be transmitted through a
delta-delta transformer, although it can sometimes circulate within the delta windings.

The only type of transformer in which zero-sequence currents can be transferred is the star-star
transformer with both sides grounded.

Another point that should be mentioned is that there always must be two points that are
grounded in a circuit in order to make zero-sequence currents possible.
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245 NSW-park ERAO-II

We will now consider whether zero-sequence voltages or currents can occur in the NSW-park
ERAO-II. The zero-sequence network of the park is shown in figure 29

Turbine-trafo 34KV cable HV-trafo

Z, Z, Z,

i i
| |
l l
| |
| |
| |
| |
i i ‘

|
|
|
+
|

Figure 29: Zero-sequence equivalent network of NSW-park

Consider that, for any reason, the current in the grid will have a zero-sequence component. The
grid-side winding of the HV-transformer is delta-connected and therefore the zero-sequence
current can not pass to the 34kV cable. For the same reason it can be seen, that zero-sequence
currents in the cable can not pass through the turbine transformer to the turbine.

The cable-side winding of the HV-transformer is star connected. Therefore, the line-to-line
voltages can not have a zero-sequence component. The cable-side winding of the turbine-
transformer is a delta-configuration. Therefore the line currents can not have a zero-sequence
component. Thus, the cable does not have zero-sequence components in either the voltage or
the current.

The only cause for a zero-sequence current and voltage in the cable, can be a single-phase or
two-phase short-circuit from cable to earth. Zero-sequence current can then circulate through
the short-circuit and the ground-connection of the HV-transformer. It has already been said,
that this zero-sequence current will not pass through the turbine transformer to the wind tur-
bine. Since in the Erao-2 study single-phase or two-phase short-circuits in the cable will not
be considered, it is not necessary to include the zero-sequence components in simulations.
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This chapter gives a summary of the models to be used for:

+ the wind experienced by the rotor of a single stand alone turbine;

+ two types of turbines: constant speed stall (CSS) and variable speed pitch (VSP).

These models are described extensively in the ECN-reports [25] and in [26].

3.1 Wind model

The changes in wind speed experienced by the rotor of a single stand alone turbine are deter-
mined by the undisturbed wind speed changes far in front of the turbine and by the properties
of the terrain at the location of the turbine. Long term variations (1 or 10 minute average val-
ues) are determined by the Weibull distribution of the wind speed. The short term variations,
called turbulence, depend strongly on the properties of the location.

To evaluate the effect of wind turbines and wind farms on the grid, the short term variation of
the wind has to be known. Since wind speed variation is a statistically determined phenomenon,
a wind model will calculate a realisation of the stochastically changing wind speed in time.
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. The inhomogeneous wind field is caused by:

+ wind shear (air is being slowed down near the earth’s surface, causing a wind speed
gradient with height);

+ the tower (in front of the tower the air is also slowed down by stagnation).

When a power measurement of a turbine is taken, the effect of the wind field inhomogenity
can 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.

Summarizing, three effects will be included in the short term wind model: turbulence, wind
shear and tower shade. The resulting wind realisation will be called the rotor effective wind,
as opposed to the undisturbed wind.

3.1.1 Longitudinal turbulence model, tower passage and wind shear

The objective is to generate a single point wind speed realisation U + () which gives in-
stantaneous aerodynamic torque values which are statistically equivalent to the values resulting
from the logitudinal turbulence. The effect of wind speed variations on the aerodynamic torque
is determined by the Cy, (A, #)-curves and the rotor diameter:

TCo/U+4° (1) = Cp(N,0) - Lpm- R2((_] + ue(t))3/Q , (122)

This implies that the realisation not only depends on the statistical properties of the wind but
also on the size and and aerodynamic properties of the turbine rotor. The method makes use of
the Auto Power Spectral Density (APSD) of the longitudinal wind speed changes in a single
point and is derived in the documentation of the ECN CONTROLTOOL [25]. It is assumed that:
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1. the APSD is invariant in the rotor plane;
2. the effect of distance on the coherence decrement is invariant in the rotor plane;
3. the rotor is rigid;

4. the rotor speed is constant.

Assumptions 1-3 are sufficiently satisfied, for assumption 4 this is not always true. For variable
rotor speed, a statistically equivalent wind speed realisation can be made for the average speed.
Figure 30 shows the dependence of the coherence of wind speed variations for different rotor
diameters. For a given rotor diameter, the coherence of the variations decreases with the fre-
guency of the changes, i.e. faster changes are more likely to be different at different point in the
rotor plane. For a given frequency, the coherence of the variations also decreases for increasing
turbine diameter. The figure shows that for rotor diameters larger than 20 m the coherence of
variations above 0.3 Hz is practically zero at 10.4 m/s wind speed. At higher wind speeds, the
coherence at a given frequency will increase.
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Figure 30: Coherence spectra for turbines of different size

wind speed spectrum fixed position and rotor-effective;  V _ (naaf) = 10.4m/s
2
10

N \
10"
APSD V_ fixed positon (A)

10
/
Lon I~ I

X

APSD rotor-effective V  (C)

APSD[[misikz

102 )

‘0-mode’ in rotor-effective APSD (B)\

107

10°

o 0.5 1 1.5 2 2.5
frequentie [Hz]

Figure 31: Effect of rotor averaging and rotational sampling on the wind autopower spectra

Figure 31 demonstrates the effect of the rotor dependent statistically equivalent longitudinal
turbulence model. Line (A) represents the single point wind speed variations. If the rotor
averaging of the turbulence is applied, line (B) spectrum results. The rotor thus acts as a

ECN-C- -04-050 51



Erao I1, Volume 1: Dynamic models for wind farms

low pass filter: high frequencies are damped. This rotor effective spectrum is called the *0-
mode’ spectrum, as opposed to the nBP modes (n=1,2,...; B=number of blades; P=rotational
frequency) caused by the sampling of the tower wake and wind shear. Line (C) represents the
sum of 0-mode and nBP modes and is referred to as the ’rotor-effective’ wind speed.
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Figure 32: Wind speed variations in a single point (A) and averaged over the turbine rotor
(0-mode (B) and complete (C))

3.2 Turbine models

Most large wind turbines, installed for electricity production and connected to a utility grid,
are horizontal axis turbines. Four turbine types can be discriminated:

1. Constant speed stall controlled;
2. Constant speed active stall controlled:;
3. Constant speed pitch controlled;

4. Variable speed pitch controlled.

The majority of the current turbine designs are of type 1 or 4. Type 2 is developed only by a few
manufacturers and type 3 only works well with a method to increase the slip of the generator.
This option nowadays is abandonned in favour of (partial) variable speed design. In the Erao-2
study only turbine types 1 and 4 will be considered.

The turbine models consists of submodels for:

+ aerodynamic behaviour of the rotor;
+ rotating mechanical system (drivetrain);
+ tower (viz. motion of the tower top);

+ control system (power limitation by pitch control, yaw control is not included).
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3.2.1 Aerodynamic conversion, rotation and torsion

Figure 33 gives an overview of the aerodynamic and mechanical model. From right to left the
following aspects are included in the model:

+ axial force Fy, and aerodynamic torque T, on the rotor;
+ position of the rotor blades (azimuth ¥);

+ inertia of the blades and hub J,;

+ gearbox ratio i;

+ low and high speed shaft torsion ~;

* generator inertia J, and generator speed €2,,.

... rotor plane
fse = fast shaft equivalalent S
rotoriner?'r'a Jr *. wind speed \[,,
generaior inertia J shaft torsion parameters C dr kdr \l\ \\/\\/rotor aimuth F
?{ft?:)bo)i rotor speed Q r 0\ _ /
il rotorblade 1

y Q- Q g/ 15 % ‘

generator speed Q g N j
AN P 4
e (i-DILHT+i DT 0

Figure 33: Model of the mechanical system

The aerodynamic conversion model determines the axial force F,, and aerodynamic torque
T, and is based on the quasi-steady state rotor coefficients for power C),(\, 6) and axial force
(thrust) C(), 0). For pitch-to-vane turbines a correction for dynamic inflow is added. The
rotor characteristics depend on the rotor design and are calculated by an aero-elastic code,
for instance the ECN computer programme PHATAS. Figure 34 gives an example of the rotor
coefficients of a variable speed turbine as function of the pitch angle 6 and the tip speed ratio
A

The mechanical model for turbine rotor, low and high speed shaft, gearbox and generator rotor
consits of a two-mass spring and damper model. The torque of the gearbox and generator on
the nacelle is determined, since it interacts with the tower naying.

3.2.2 Tower mechanical model

Figure 35 gives an overview of the forces and moments acting on a turbine tower and the
resulting tower top motion. At the far right the thrust F,,. from the wind on the rotor is shown.
The reaction torque of the gearbox and generator (i — 1).J,8, + T is the second variable.
The rotor speed is represented by €,.. The tower top motion is decomposed in two directions:
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power coefficient curves for pitch angles from —10, step 2, to 30 deg
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Figure 34: Power and thrust coefficient of a ‘pitch to vane’ windturbine

in the direction of the wind speed (front-aft motion or 'nodding’) x,,.4, and perpendicular to
that direction (sideways motion or ’naying’) x,q,. The yaw angle and yaw torque are given by
o and Ty...;. The figure includes the effect of waves on the tower, which can be neglected for
land based turbines.

The simple tower model consists of two mass-spring-damper models for linear motion (trans-
lation): one for nodding and one for 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.

3.2.3  Pitch control and electrical torque setpoint

The pitch control algorithm regulates and limits the rotor speed and optimises energy yield
under the restriction of only positive tower tilt moments.

The control structure comprises:
+ 2 operation modes: partial load and full load
+ 2 actuation setpoints: pitch rate and electric torque

+ 3 measurements: pitch (reference) angle, rotor speed, electric power
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Figure 35: Axissymmetric monopile tower model

The principles of both the pitch control and electric torque control algorithm will be discussed
below.

Pitch control algorithm

Start-up is simply realised by moving the pitch angle with constant pitching speed from feath-
ering position towards working position. Shut down is out of the scope, because the overall
control system will manage this.

Partial load operation will take over as soon as the measured pitch angle is close to the pitch
angle setpoint for partial load operation. This setpoint is dependent of the measured rotor speed
and is naturally close to zero. Usually, the pitch angle during partial load operation is related
to the theoretical maximum aerodynamic efficiency (maximum power coefficient, C,), but in
practice requirements like noise and thrust loading could also be decisive. Therefore, the rotor
speed dependency of the pitch angle setpoint during partial load operation can be manually
adjusted to empirical values. The setpoint value is realised by servo control (proportional pitch
angle control) using a specific maximum pitching speed. Because of the required small pitch
adjustments during partial load operation maximum speed is set to 0.8 dg/s.

The transition to the full load control algorithm interacts with the electric torque control in order
to maximise the energy yield. A transition to partial load will only take place if the measured
pitch angle has already reached its working position and the rotor speed has decreased below
rated. Reversely, transition from partial load to full load operation is based on a rotor speed
threshold level, such that too many transitions are avoided.

During full load control the rotor speed is limited to a maximum value, while rated power
production is maintained.

The core is a linear PD control structure, that feeds the low pass filtered rotor speed (propor-
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tional part) and acceleration (differential part) back to a setpoint value of the pitching speed.
The pitch actuators of each blade will then set the pitch angle simultaneously to a suitable po-
sition to regulate the rotor speed between its rated and maximum value. The measured value
of the rotor speed is filtered by a cascade filter which consist of a fourth order inverse Cheby-
chev low pass filter (3p effects) and two band notch ellipse filters to reduce collective lead lag
effects and tower influences. To deal with the non linear aerodynamic behaviour, some non
linear extensions are added to meet satisfactory performance:

« linear controller gains are scheduled dependent on both the actual blade angle and ro-
tor speed; with gain scheduling the linear controller is adapted to the whole operation
envelope of the wind turbine;

+ an inactivity zone with hysteresis is implemented, to avoid undesired pitch angle ad-
justments due to small controller corrections caused by noise, tower shadow, rotational
sampling effects etc;

+ pitching bounds (speed and angle) are incorporated to limit the calculated pitch speed
values;

+ non linear compensation of the calculated pitching speed is used to cancel foreseen am-
plification due to ’dynamic inflow effects’ (rotor wake effects).

To ensure no excess of maximum rotor speed, a mechanism called *forced rotor speed limita-
tion’ is permitted to overrule the closed loop rotor speed control loop by forcing the pitch angle
quickly (3dg/s) -but for as short a period of time as possible- in vane direction. This is only
active if the actual rotor speed exceeds a certain safety level and is still accelerating to avoid
turbine shut down.

Power production optimisation is incorporated by a mechanism, named ’estimated wind speed
feed forward” which adds a non linear control action to the pitching speed setpoint based on the
reconstructed value of rotor effective wind speed. The reconstruction is based on filtered mea-
sured values of rotor speed, pitch angle, electric power and theoretical aerodynamic properties
of the rotor. In case of sufficient bandwidth of electric torque actuation, the power measure-
ment can be replaced by the electric torque setpoint. Estimated rotor speed feed forward results
in higher energy yield, less rotor speed fluctuations and smaller pitch actions. From viewpoint
of stability “estimated wind speed feed forward’ can be seen as DD feedback control of rotor
speed (jerk). For stability reasons and optimal use of this mechanism the following extensions
are added:

+ non linear scheduling to meet rated power production in the whole operation region;

+ “feed forward’ weakening to ensure stability and adjust the amount of power optimisa-
tion;

« if rotor speed is below rated level then this optimisation supports only pitch actions in
working direction;

« if rotor speed is near maximum rotor speed level then this optimisation supports only
pitch actions in vane direction.

A collection of Nyquist plots which cover the turbine operation area assess system stability.
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Electric torque setpoint

Electrical torque control is used to determine the power production below rated speed. It is also
a valuable actuation port to increase the energy yield around rated conditions if small electrical
torque variations (3%) of its rated value are permitted. A mechanism to cross the first bending
mode of the tower can also be incorporated.

The electric torque control algorithm generates the torque or power setpoint for the controller
of the generator side converter and consists of four operating ranges:

1. turbine start-up;
2. constant tip-speed-ratio operation (partial load);
3. transition between constant tip speed and constant power operation (full load);

4. finally constant power operation.

Figure 36 illustrates these operating ranges, best seen in the plots of power and torque against
rotor speed. In the torque-wind speed plot, the rectangular area indicates constant power during
speed excursions.
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Figure 36: NM92 characteristic curves

If the first bending mode of the tower is situated around its rated speed equivalent, a mechanism
has been integrated to cross this point of resonance quickly to avoid excessive tower vibrations
(excitation by rotor unbalance). The transition zone from partial load to full load is dynamically
implemented. The transition part as shown is valid in case of partial load control. From full
load control, the "constant’ power curve limit is extended until the pitch angle is in working
position. Mean rated power is guaranteed by additional corrections in full load.
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4 DYNAMIC MODELSOF WIND FARMSIN SIMULINK

This chapter lists and explains the four Simulink models of wind farms developed in the Erao-
2 project. In this chapter the term phasor is used for the dgO-vector representing voltages,
currents or fluxes in the Park reference frame, as discussed in chapter 2. It should not be
confused with phasors representing AC quantities with constant angular frequency. The dq0-
phasor angular frequency is variable.

In Simulink blocks inputs and outputs and a certain execution order should be defined. The
wind turbine has been considered as the starting point. The problems is that not both the voltage
and the current can be determined at the wind turbine. It has been assumed that the voltage is
determined by the grid voltage. The voltage at the wind turbine terminals can then be defined
from the voltage of the grid plus the voltage drop across the cable and transformer impedances.
For this reason the grid-side voltage and the turbine-side current has been considered as input
for all blocks. Based on these inputs the turbine-side voltage and the grid-side current are
determined as outputs.

4.1 Constant speed stall controlled wind farm

960 V 34 kV

S
© 0 & o
S

5 & & 6
c
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Figure 37: Electrical layout of a string of 12 CSS turbines

The constant speed stall (CSS) controlled wind farm model consists of 12 stall regulated tur-
bines with directly connected induction machines, one string of the Near Shore Wind farm. The
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model includes turbine transfomers, cables in the wind farm, cable to shore and high voltage
transformer in the substation on shore (figure 37). The main window of the Simulink model
connects twelve turbines 12 turb + cables through a transformer 34kV/150kV trafo to the 150

kV grid model (figure 38). Separate blocks generate individual wind input for all turbines and
plot simulation results.
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Figure 38: Simulink CSS wind farm model main window
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Figure 39: 12 turb + cables: 12 CSS turbines and interconnecting cables

The wind farm block (figure 39) connects 12 turbines and 12 cables. The voltage dgO-phasor
at each cable end is input for the turbine and transformer model, the current dq0-phasor is
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output. The turbine and transformer model calculates the current phasor, which is returned to
the cable model. The turbine current phasor and the current phasor from the cable connecting
the other turbines are added before entering the next cable. This is repeated for all 12 turbines
and cables.
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Figure 40: turb + trafo 1: CSS Turbine and 960V/34kV transformer 1

Figure 40 shows the turbine and transformer model, consisting of a NM92 turbine block and
a 960V/34kV transformer block. The cable voltage phasor and the current phasor from the
turbine are the inputs of the transformer block. The transformer block calculates low voltage
side output voltage and high voltage side current. The transformer output voltage is fed to the
turbine model, the output current is input to the 34 kV cable.
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Figure 41: NM92 configured as ...: constant speed stall turbine model

The turbine block consists of the generator model (AM dq), the calculation of the rotor effec-
tive wind (Rotor eff wind), the aerodynamic coefficients (CqCt) and the block containing the
mechanical equations of turbine shaft and tower (Turb full IM CSS).
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Figure 42: AM dq: induction generator model

The induction machine model (AM dq, figure 42) calculates the stator and rotor current pha-
sors, the electromagnetic torque and the rotor angular speed w,,,. Inputs are the stator voltage
phasors, the electrical angular speed w, and the mechanical torque.
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Figure 43: AM inverse: input for the voltage equations
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Figure 44. AM voltage eq: induction machine voltage equations

_qr

The stator and rotor voltage equations in figure 44 determine the stator and rotor flux phasors
VYsq + J¥sqa and g + j10rq (€quation 64 and 65). The current phasors are calculated from the
flux phasors in AM inverse, figure 43.
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Figure 45: EM torque: calculation of the electromagnetic torque

The electromagnetic torque is calculated from stator flux and stator current (figure 45), fol-
lowed by the calculation of the induction machine rotor speed (figure 46).
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Figure 46: Gen. speed: Induction machine speed
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Figure 47: Stator power: Induction machine power and reactive power
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Induction machine stator power and reactive power are calculated from the stator voltage and

current phasors (figure 47), which completes the induction machine model.
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To calculate the rotor effective wind, tower shadow, wind shear and rotational sampling is
taken into account (figure 48). A preprocessor is used to calculate a scaled relation between
the azimuth angle and the contributions of tower shadow, wind shear and rotational sampling
to the effective turbulence of the specified rotor. In the simulation, the turbulence is scaled with
to the instantaneous wind speed.
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Figure 49: CqCt: Torque and thrust coefficients

The areodynamic torque and thrust coefficients are calculated by look-up tables (figure 49).
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Figure 50: Turb full IM CSS: turbine shaft and tower

The motion of the turbine rotor, shaft and tower is modelled in figure 50. Yaw control is not
included in the model.
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Figure 51: 34kV cable: park cable

The cable model (figure 51) calculates grid side current and turbine side voltage from the input
variables turbine side current and grid side voltage. The d-component of the grid side current
is determined in figure 52, the d-component of the turbine side voltage is determined in figure
53.
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Figure 53: vd out: park cable calculation ud
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Figure 54: 34kV/150kV trafo: park transformer

The park transformer connects the wind farm to the 150 kV cable to feed the wind power to
the substation on land. The magnetizing current of the transformer is neglected and a capac-
itor has been placed at the primary side of the transformer, as has been explained in section
2.3.2. Therefore, the transformer model is similar to the cable model, see figure 54. The only
difference is the winding ratio %—;
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Figure 55: wind input: 0-mode wind input for individual turbines

The wind speed for each turbine is specified separately in the wind input block, see figure
55. Aerodynamic effects of the park layout can be included if the individual wind speeds are
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calculated by a wind farm aerodynamic code, i.e. FindFarm. The grid model used in all wind
farm models is described in section 4.5.
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Figure 56: Plot figures: Collection of turbine output variables

A selection of variables is collected for turbines 1, 6 and 12, as well as overall quantities for
the whole wind farm, see figure 56.
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4.2 Constant speed stall controlled WF with cluster controlled induction ma-
chines
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Figure 57: Electrical layout of four strings of 3 cluster controlled turbines

150 kV

One string of the cluster controlled constant speed stall (CSS-CC) wind farm consists of four
clusters of three stall regulated turbines (figure 57). The Simulink farm model consists of
only one group of three turbines including turbine transformers, the cluster converter, cables
in the wind farm, cable to shore and substation high voltage transformer. The Simulink model
connects the cluster through the 34 kV cable and 34kV/150kV transformer to the 150 kV grid
model (figure 58). Separate blocks generate individual wind input for all turbines and plot
simulation results.
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Figure 58: Simulink CC wind farm model: Main
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Figure 59: Simulink CC cluster model: cluster

The cluster block (figure 59) connects three turbines plus cables to the cluster converter. The
voltage phasor at the turbine side of the cluster converter is input for the turbine plus cable
model, the current phasor is output. The sum of the three turbine current phasors is returned to

the converter.
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Figure 60: Simulink CC cluster model: speed controller

The speed controller (figure 60) determines the setpoint for the common rotational speed of the
turbines in a cluster.
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Figure 61: Simulink CC turbine model: turbine + cable
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Figure 62: Simulink CC turbine model: tur + trafo

The turbine and transformer model in figure 62 contains the NM92 turbine block and a 960V/34kV
transformer block. The cable voltage phasor and the current phasor from the turbine are the
inputs of the transformer block. The transformer model calculates the low voltage side voltage
phasor and the high voltage side current phasor. The transformer model output voltage phasor

is fed to the turbine model, the output current phasor is input to the 34 kV cable model.
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Figure 63: Simulink CC electrical system model: NM92

The turbine model is identical to the turbine model in the CSS wind farm model and consists
of the generator model (AM dq), the calculation of the rotor effective wind (Rotor eff wind), the
aerodynamic coefficients (CqCt) and the block containing the mechanical equations of turbine
shaft and tower (Turb full IM CSS, figure 63). For the description of these blocks is referred to
section 4.1.
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Figure 64: Simulink CC electrical system model: Conv

The cluster converter block in figure 64 connects the grid and machine side converter to the
DC link. The inputs of the cluster converter block are the grid voltage phasor, the grid angular
frequency, the electrical power and current of all generators connected to the cluster converter
and the setpoint for the cluster rotational speed. The outputs are the voltage phasor of the
generators and the cluster angular speed.

&
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1/1100

Figure 65: Simulink CC electrical system model: machine conv

The machine side converter (figure 65) determines the stator voltage of the cluster generators.
The g-component of this voltage is scaled with the setpoint of the cluster angular speed. The
d-component is zero.
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Figure 66: Simulink CC electrical system model: Gridconv

The grid side converter determines the current phasor to the grid by generating a voltage dif-
ference over a small RL component between the converter and the grid. The setpoint for the
current phasor is calculated from the DC power to the grid that is required to keep the DC link
voltage constant and the setpoint for the reactive power to the grid.
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Figure 67: Simulink CC electrical system model: DC-link

In the DC link (figure 67) the DC currents generated by the grid and machine side converter
determine the DC voltage and the setpoint for the grid converter power.

The cable and transformer models are identical to those used in the CSS wind farm model, see
section 4.1.
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4.3 Variable speed pitch controlled WF with doubly fed induction machines
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Figure 68: Electrical layout of a string of 12 DFIG turbines

150 kv

One string in the variable speed pitch controlled wind farm with doubly fed induction machines
(VSP-DFIG) contains twelve turbines (figure 68). The Simulink model of this string includes
the turbines, the three-winding transfomers, the converters connected to the generator rotors,

the cables in the wind farm, the cable to shore and the substation high-voltage transformer.
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Figure 69: Simulink DFIG wind farm model main window

The Simulink model connects the 12 turbines to a 34 kV cable, a 34kV/150kV transformer
and the 150 kV grid model (figure 70). Separate blocks generate individual wind input for all

turbines and plot simulation results.
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Figure 70: Simulink DFIG wind farm model: 12 turbines

The turbines block (figure 70) connects the 12 turbines and 11 cables in one string of the NSW
wind farm. The voltage phasor at each cable-turbine connection is input for the turbine plus
transformer model, the current phasor is output. The turbine plus transformer model calculates
the current phasor, which is returned to the cable model. The turbine current phasor and the
current phasor from the cable connecting the other turbines are added before entering the next
cable. This is repeated for all turbines and cables.
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Figure 71: Simulink DFIG turbine model: NM92-compl

DFIG_Udql

The DFIG turbine model, figure 71), consists of two submodels: a mechanical and aerodynamic
part Mech+Aero and an electrical part Generator-Conv system.
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Figure 72: Simulink DFIG turbine model: Mech+Aero

The mechanical and aerodynamic part (Figure 72) consists of four Matlab S-functions, which
calculate the rotor effective wind, the pitch control and electromagnetic torque setpoint and the
turbine rotor, drive train and tower motion. See chapter 3 for a description.
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Figure 73: Simulink DFIG electrical system model: Generator-Converter system

The electrical part of the DFIG turbine model in figure 73 contains the models of the 3-winding
trafo, the generator and the converter connected to the generator rotor.
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Figure 74: Simulink DFIG electrical system model: DFIG dq

The input variables mechanical torque and electrical torque setpoint in figure 74 are passed to
the generator and the torque controller subsystems respectively. The output variables electrical
torque and rotational speed are calculated in the generator and the gen+conv subsystems re-
spectively. Other input variables for the Gen-conv-trafo subsystem are the grid voltage phasor
and the grid angular frequency. The current phasor into the 34 kV cable is calculated and the
grid angular frequency is passed as an output.
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Figure 75: Simulink DFIG electrical system model: Gen+conv+trafo

The three-winding transformer model in figure 75 is almost the same as the two-winding model
described in section 4.1. A small inaccuracy is introduced in this way.
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Figure 76: Simulink DFIG electrical system model: Gen+conv

The converter in figure 76 is able to control four quantities:

+ by changing the switching of the rotor side converter, the rotor voltage amplitude and
phase angle can be controlled,;

+ on the grid side, the current amplitude and phase angle can be controlled by changing
the switching of the grid side converter and thus the voltage at the converter terminals.

The rotor side voltage and phase angle (or the d- and g-component) are determined by two
controllers: the reactive power controller determines the d-component and the torque controller
sets the g-component. The rotor side converter realises these voltages.
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Figure 77: Simulink DFIG electrical system model: Q-controller

The reactive power controller compares the reactive power offset to generate a setpoint for the
d-component of the rotor current in figure 77. This setpoint is compared to the actual current
value. A second controller generates the setpoint for the d-component of the rotor voltage,
corrected for the crossterm wg;p, W
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Figure 78: Simulink DFIG electrical system model: Te-controller

The torque controller compares the torque offset to generate a setpoint for the g-component
of the rotor current (Figure 78). This setpoint is compared to the actual value. A second
controller generates the setpoint for the g-component of the rotor voltage, corrected for the
crossterm wgip ¥oq.
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Figure 79: Simulink DFIG electrical system model: Converter

The grid side converter (called rectifier in figure 79) makes the current phasor from the DC
link to the grid, based on a reactive power setpoint and the DC voltage. Two controllers in
the rectifier block (figure 80) determine d- and g-voltages by comparing the d- and g-current
setpoints to the actual d- and g-currents to the grid. The grid current components follow from
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the voltage difference over a small impedance between rectifier and grid (figure 80).
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Figure 80: Simulink DFIG electrical system model: Rectifier, grid side converter
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Figure 81: Simulink DFIG electrical system model: DC-link

The DC voltage determines the setpoint for the power to the grid, based on the DC current from
the inverter and the actual value of the DC voltage (Figure 81). The setpoint for the power to
the grid is fed to the converter to determine the current g-value.
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Figure 82: Simulink DFIG electrical system model: Generator

The generator model determines the rotor and stator current phasors based on the rotor and
stator voltage phasors, see figure 82. The shaft torque is also an input to the generator model.
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Figure 83: Simulink DFIG electrical system model: Comp-Dfig-abc
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Figure 85: Simulink DFIG electrical system model: Voltage equations

The voltage equations (see equation 33) constituting the generator model are represented by
figure 85.

The cable and transformer models are identical to those used in the CSS wind farm model.
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4.4 Variable speed pitch controlled WF with permanent magnet machines
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Figure 86: Electrical layout of a string of 12 PM turbines

One string in the variable speed pitch controlled wind farm with permanent magnet machines
contains 12 turbines (figure 86). The Simulink model of this string includes the turbines, the
transformers, the converters connected to the generator stators, the cables in the wind farm, the
cable to shore and the substation high voltage transformer.
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Figure 87: Simulink PM wind farm model: Main window
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Figure 88: Simulink PM wind farm model: 12 turbines

In figure 88 the twelve variable speed turbines, equipped with permanent magnet generators
and the eleven cables in one string are connected. The signal flow is similar to the DFIG model.
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Figure 89: Simulink PM turbine model: PM 1

The PM turbine model (figure 89) consists of two submodels: a mechanical and aerodynamic
part Mech+Aero and an electrical part Generator-Converter system.
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Figure 90: Simulink PM turbine model: Mech + Aero

The mechanical and aerodynamic part (figure 90) is identical to the VSP model of the VSP-
DFIG wind farm and consists of four Matlab S-functions, which calculate the rotor effective
wind, the pitch control and electromagnetic torque setpoint and the turbine rotor, drive train
and tower movement.
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Figure 91: Simulink PM electrical system model: Generator-conv system

The electrical part of the PM turbine model in figure 91 contains the models of the transformer,
the generator and the back-to-back converter.
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Figure 93: Simulink PM electrical system model: Machine + trafo
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Figure 94: Simulink PM electrical system model: PMdq + conv

The back-to-back converter between PM generator and grid (figure 94) is able to make the
voltage phasor at the generator and at the grid side by changing the firing of the generator and
grid side converter. These voltages are determined by current setpoints, which depend on the
desired reactive power, electromagnetic torque and DC link voltage.
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The grid side converter (called Gridconv in figure 95) determines the d- and g-current from the
DC link to the grid, dependent on a reactive power setpoint and the power setpoint calculated
in the DC link. Two controllers in the grid converter block (Figure 96) determine d- and g-
voltages by comparing the d- and g-current setpoints by the actual d- and g-currents to the
grid. The grid current components follow from the voltage difference over a small impedance
between rectifier output and grid. This converter operates similar to the grid side converter in
the DFIG model.
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Figure 95: Simulink PM electrical system model: Grid conv + DC link
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Figure 97: Simulink PM electrical system model: DC link

The DC voltage controller determines the setpoint for the power to the grid, based on the DC
current from the inverter and the actual value of the DC voltage (Figure 97). The setpoint for
the power to the grid is fed to the rectifier to determine the current d and g values.
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Figure 98: Simulink PM electrical system model: PMG + inverter

The input signals for the PMG and inverter are the setpoints for the electromagnetic torque and
the d-component of the stator current (figure 98). The two controllers generate voltages v, and
vg Which are input for the voltage equations of the PM generator model in figures 100 and 101.
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Figure 99: Simulink PM electrical system model: PM1
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Figure 101: Simulink PM electrical system model: PM3

Figure 101 lists the voltage equation which model the PM generator.
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Figure 102: Simulink PM electrical system model: u-decoupling

The setpoint for the voltage phasor is corrected for the cross coupling term w W s in figure 102.
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4.5
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Figure 103: Electrical layout of the equivalent grid model
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All wind farm models include a simplified grid model, to simulate the effect of changes in
active and reactive wind power as well as changes in consumer power on grid voltage and
frequency. The grid model is kept simple: only one large synchronous machine, a transformer,
a cable and two consumer loads (figure 103). The synchronous machine controls the grid
frequency and the grid voltage.
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Figure 104: 150V grid: Grid model main components

w_grid

Figure 104 connects the components of the grid model in Simulink. The voltage equations of
the synchronous machine model are evaluated in figure 105. Input variables are the field volt-
age and the stator voltage phasor. The field current and the stator current phasor are calculated.
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Figure 105: SM el: Synchronous machine voltage equations

The exciter and field regulator model on the synchronous machine (see figure 106) is a type
1 model [1]. It operates on the per unit value of the stator voltage amplitude and generates a
per unit value of the field voltage. The parameters have been taken from a SimPowerSystems
example and give a satisfactory grid voltage behaviour.
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Figure 106: Regulator + exciter type 1: Model for the field voltage control
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Figure 107: Speed regulator: grid frequency controller

Figure 107 shows the grid frequency controller. The synchronous machine inertia is modelled
in figure 108.

Product Proportionall  Integrator
Pe_SM

Figure 108: SM inertia: Synchronous machine and consumers equivalent rotating inertia

The cable model presented in the previous sections has been modified to connect the syn-
chronous generator to the wind farm models. Since the wind farm and the synchronous gen-
erator both calculate the current phasor and need the voltage phasor as input, the cable model
was modified (see figure 109). The equations of both cable models are the same.
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5 FLICKER METER

5.1 Introduction

Light flicker is the changing intensity of an electric light, caused by voltage variations. The
frequency of the variation is important: the annoyance caused by flicker depends on the rate
of change. Figure 110 gives the level of voltage changes as function of the frequency of the
changes which is just visible by humans. This curve, called the flicker curve, is empirically
determined by subjecting persons to light from a 60W lamp fed by a voltage with rectangular
variations of different intensity and frequency. The figure shows that the human eye is most
sensitive to variations in the range of 1000/60=16.67 Hz and therefore these variations will
receive the most weight in a flicker evaluation.

A flicker evaluation is part of the Power Quality assessment of grid connected wind turbines
(IEC 61400-21). The evaluation quantifies the voltage amplitude variations caused by a wind
turbine and compares them to the levels of the flicker curve.

10

% of nominal voltage
=
o

10' L L L L
10 10 10" 10° 10° 10"

frequency [1/min]

Figure 110: Flicker curve: the level of voltage amplitude variation visible by the human eye

Changes in power and reactive power of wind turbines and switching operations cause flicker.
Power fluctuations in the range relevant for flicker (0.5-35Hz) are mainly cased by:

+ turbulence;
+ wind shear;
+ tower shadow;

+ yaw misalignment.

For frequencies above 1Hz the blade passing frequency and its multiples dominate the power
spectrum and therefore are critical in the assessment of flicker. In constant speed systems, the
variations in aerodynamic power are almost instantaneously transmitted to variations in electric
power. Figure 111 gives an example of the measured flicker level caused by a constant speed
turbine as function of the relative power P/P, ;.4 produced by the turbine. The flicker level
P,; = 1 if the voltage variations are equal to the level in the flicker curve.
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Figure 111: Measured flicker levels P, as function of the relative power for a constant speed
turbine

The actual amount of flicker caused by a wind turbine not only depends on the turbine proper-
ties but also on the characteristics of the grid at the point of common coupling. A high short
circuit ratio will reduce flicker, while nearby producers or loads may increase the flicker level.
The aim of a flicker measurement is a test result which is independent of the grid conditions at
the test site. To accomplish this, the IEC61400-21 standard [24] specifies a method that uses
current and voltage time series measured at the wind turbine terminals to simulate the volt-
age fluctuations of a fictitious grid with no source of voltage fluctuations other than the wind
turbine. Prior to the description of the flicker meter, this method will be summarized.

Rfic L fic

Figure 112: Fictitious grid for flicker evaluation

The fictitious grid is represented by an ideal voltage source with instantaneous voltage w4, and
a grid impedance consisting of a resistance I y;. in series with an inductance L ;., see figure
112. The wind turbine is represented by a current source i,,. The ideal voltage source will
satisfy two criteria:

+ the amplitude is constant, i.e. no contribution to the flicker level of the voltage u ;.;

+ the instantaneous angle av,, between u, and ¢,, is equal to the instantaneous angle be-
tween the measured voltage at the PCC and 4,,. This ensures that the angle between
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u g and 4,, is practically equal to o, since the voltage drop over the grid impedance is
small.

For the wind turbine and wind farm models, the PCC voltages u, and u, are known and the sec-
ond requirement can be satisfied by calculating a voltage of amplitude U,, and angle /(ug, ug).
Another option, slightly more time consuming, would be a phase locked loop on the voltage.

The three-phase short circuit power of the fictitious grid is given by:

U 2
Sk, fic = 2n 5
\/Rfic +Xfic

A proper ratio between Sy, ¢ and S, must be used to assure that the applied flicker meter
algorithm or instrument gives short term flicker values P, within the measurement range re-
quired in IEC 61000-4-15. As a guide, a ratio of 50 between S}, ;. and .S, is suggested in IEC
61400-21. The actual ratio selected will affect the instantaneous flicker level but it will not
affect the resulting flicker coefficients as long as it does not bring the flicker meter outside its
valid range.

(123)

The flicker coefficient c(1)y), with ¢ the fictitious grid impedance angle, for continuous oper-
ation of the turbine is determined by:

+ measuring the three line currents and the three phase-to-neutral voltages with a sample
frequency of 1600 Hz. The cut-off frequency of the measurements shall be at least 400
Hz;

+ taking 10 minute time series of instantaneous current and voltage measurements;

+ measuring the wind speed simultaneously and determining the 10 minute average.
The flicker coefficient for a 10 minute measurement is determined by:

+ calculating the fictitious grid voltage u ¢;.;

+ determining the instantaneous flicker value (perceptability value) Py ;. for the turbine
connected to the fictitious grid with a flicker meter;

+ determining the short term flicker Py, ;;. by binning and determination of the 99% per-
centile value (99% of the instantaneous flicker values are below this value);

+ calculating the flicker coefficient:

S ic
c(Yr) = Py tic gf (124)

The flickermeter has been constructed in Simulink and can be used for both on-line and off-
line evaluation. The model consists of the same blocks as the analogue flickermeter which is
described in the IEC 60868 and IEC 61000-4-15 standards and is elaborated in section 5.2.
The separate bocks are described in section 5.3.
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5.2 Flicker meter

The analogue flickermeter as described in IEC 60868 and IEC 61000-4-15 consists of 5 blocks,
cf. figure 113:

Lo

input voltage adapter and calibration checking unit;

2. square law demodulator;

3. weighting filters, squaring and smoothing (electric attenuation);
4. weighting filters, squaring and smoothing (human response);

5. on-line statistics.
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4 N/ N 7 A\
input select] dB B
—>1 voltage [ 0 O
u_fict) | adaptor '
u_in(t 5 R N
> vy =u_in(t) i ™1
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calibration BP-Filter BP-Filter
signal >
generator
BLOCK 4 BLOCK 5
' N \
dB # samples
9
5 PDF
> y=u > > —>f—> |EE > —
7 3.3 Hz Ts bins
ZOH
LP-Filter

Figure 113: Block scheme of flicker meter

The voltage adaptor in block 1 is not necessary in the simulation model as its purpose is to
match the input signal to the limited dynamic range of the analogue flicker meter. The calibra-
tion signal generator has been implemented to check the proper operation of the flickermeter.
Block 3 eliminates the d.c. and double mains frequency and simulates the response of a coil
filament gas filled lamp (60W - 230V). Block 4 simulates the human perception of a flicker-
ing lamp. Finally block 5 classifies the perceived flicker level and builds a probablilty density
function by binning the measured instantaneous flicker levels.

An extra block, a so-called fictious grid which is also described in the standards, generates the
input voltage of block 1 from the measured line currents.
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5.3 Implementation in Simulink

This section gives a description of each of the blocks in the flicker meter in figure 113. Figure
114 shows how the flickermeter has been implemented in Simulink.
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Figure 114: Overview of flicker meter in Simulink

Input selector and calibration signal generator (Block 1)

In this block one of the three line voltages is selected. The calibration signal is a sinewave at
grid frequency which is amplitude modulated, as shown in figure 115. The modulated signal
is a square-wave of 50/17 Hz with an amplitude equal to 1% of the sinusoidal carrier. This
calibration signal, which is prescribed in the standard, should give a unity flicker level output.

B
Ll
\V x
Sine Wave cal_signal
AM
50/17 Hz.
.995

Figure 115: Calibration signal generator in Simulink

Simulation of lamp-eye-brain chain (Blocks 2, 3 and 4)

Block 2 squares the input signal and normalizes the output to unity by dividing it by the low-
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pass filtered signal. This first-order filter has a settling time of 60 seconds. In order to speed-up
the initial settling of this filter the settling time of the filter can be switched to a 100 times faster
rate, as shown in figure 116.

+

= Out2
Saturation

>le-1

Figure 116: LPF with switching time-constant in Simulink

This block is followed by a second order band-pass filter with a bandwidth from 0.05 Hz to 35
Hz to suppress the d.c. component and double-mains frequency. After this, the signal passes
through a shaping band-pass filter centered at 8.8 Hz followed by a square multiplier and a
low-pass filter with a time-constant of 300 msec. The output is the instantaneous flicker level

Py (thr).

Yet an extra low-pass filter had to be added to suppress the remaining double-mains frequency
signal effectively. For this a third order Butterworth low-pass filter with a cut-off frequency
of 50 Hz was chosen. Without this extra filter a flicker-free input signal results in an offset of
the output signal Py(«;,) of about 0.8 for 60 Hz mains frequency (and 1.2 for 50 Hz mains
frequency). With this extra low pass filter the gain had to be tuned to get a unity flicker level
output for the calibration input signal.

Data analysis (Block 5)

To calculate the short-term and long term flicker coefficients ¢4 (1)) and ¢y (1)y) for a cer-
tain grid angle v, a cumulative probability density function (PDF) over the corresponding
periods T,; = 60 sec and Tj; = 120 min has to be built. This PDF is generated as follows:
The instantaneous flicker level Pg(wy) is sampled with a sample time T of 2.5 msec and
then scaled to the short-circuit power of the wind farm, as the instantaneous flicker coefficient
cr(Vr) = Pr(vr)- Sk, fic/ Sn, With Sy, 1;. being the grid short-circuit power and .S,, the nominal
power of the wind turbine.

Then all samples c¢(v;) over a measurement period T’ are binned. Therefore each sample
is scaled with a factor No_bins/cf maz (), With No_bins being the number of bins and
¢t maz(¥r) the maximum expected flicker coefficient. Then the output is mapped to one of the
bins by limiting the signal between 1 and No_bins and then generating a vector with a length
equal to No_bins. The elements of this vector are zero except for one element with value 1
at the position which corresponds to the instantaneous flicker coefficient (see figure 117). The
cumulative sum of this vector, which is updated each period T, is the cumulative PDF.
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Figure 117: Binning the flicker samples in Simulink

This cumulative PDF and the PDF over each consecutive period T and 1;; as well are written
to the MATLAB workspace as "PDF_c_st_cum”, "PDF_c_st” and ”"PDF_c_It”. With these
functions the short-term and long-term flicker coefficient cs. () and ¢;:(¢y) are determined
using M-functions.
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Figure 118: Flicker calculation in Simulink

Figure 118 connects the fictitious grid model to the flicker meter. In the fictitious grid model,
see figure 119, the measured line current i,,(¢) is injected into a grid consisting of an ideal
flicker-free voltage source ug(t) and a short-circuit impedance Rg,iq + jwLgrid-

The resulting voltage is:

wpic(t) = uo(t) + Rypid - im(t) + Lgriq - diy(t)/dt (125)

usic(t) should be calculated for four angles v, of the grid impedance: 30, 50, 70 and 85
degrees, with:

Yr = arCtan(WLgrid/Rgrid) (126)
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Figure 119: Fictious grid in Simulink

Initialisation

The pre-load function “Init_flicker.m” defines the electrical parameters and sets their values.
It sets the input selector in block 1 of the flickermeter: one of the line-voltages Va, Vb or V¢
is selected and then either the calibration signal or the selected line-voltage is passed as input
signal. The various sample times and measuring times are set, followed by the number of bins
and the maximum expected flicker level for the calculation of the PDF.

Post-processing

The function called at simulation stop is ”Calc_flicker.m”. In this function the flicker coeffi-
cients cs:(¢x) and ¢ (v, ) are calculated. For cg (¢ ) this is done by calculating the cumulative
probability p[z < cg,i(1)] using PDF_c_st with ¢, ; (1) increasing from 0 up to the max-
imum expected flicker coefficient. The result ¢4 () is the minimum value of cg ;(v) for
which this probability is equal to or higher than 99%.

5.4 Testing the flicker meter in Simulink

In this section the response of the simulated flicker meter to a calibration signal and a load step
in a simulated test circuit are presented. Secondly, the on-line calculation of the voltage change
factor for two types of input signals is demonstrated.

5.4.1 Response to calibration input signal

The calibration signal is a 50 Hz sine wave that is amplitude modulated with a symmetrical
square wave signal, as illustrated in figure 115. Figure 120 shows a detail of the calibration
signal that is switched on and off around t=12 sec and t=16 sec. The period before t=10 sec
is not shown as this is used for stabilizing the flicker meter output signal. The response of the
flicker meter to the calibration signal is shown in figure 121: as required it generates a value of
oscillating around an instantaneous flicker value of 1.
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Figure 121: Response of the flicker meter to the calibration signal

5.4.2 Response to modulated grid voltage and load step

The flicker meter has been tested using the circuit in figure 122, where components of the
Power Systems Blockset simulate an electrical network during switching operations. The
flicker source in this network is the amplitude modulated ”3-Phase programmable \oltage
Source”. The amplitude of the modulated signal is 0.25 p.u. and the frequency is 8.8 Hz. The
modulation starts at t=12 sec and ends at t=15 sec. Subsequently a 50 kW load step is gener-
ated by closing the ”3-Phase Breaker” at t = 18 sec and reopening it at t=19 sec. The measured
line currents are injected into the fictious grid with a short-circuit impedance chosen equal to
25 MVA with an angle of 30 degrees. The flicker level for the measured input current i,,(¢) is
small as the short-circuit power of the fictious grid is relatively high.
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Figure 122: Test circuit with flicker meter

Figure 123 shows the response u s;.(t) of the fictious grid for the line voltage U,. Figure 124
shows the calculated instantaneous flicker Py (1)y).
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Figure 123: Output voltage of the fictious grid
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Figure 124: Response of instantaneous flicker level

108 ECN-C- -04-050



5 FLICKER METER

Figure 125 shows the cumulative probability density function of the flicker coefficient at t=18
sec for the input signal of figure 123.
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Figure 125: Cumulative probability density function

Calculation of the flicker step factor and voltage change factor

The flicker step factor and voltage change factor are calculated for the output voltage in figure
123. The flicker step factor k¢ (1) is calculated as:

1 Sk ric
k = — .. p 127
1) = 2 S, +(Yr) (127)
The voltage change factor k(1)) is calculated as:
S ic U ic,mar ~ U c,min
ky(he) = V3. Tl . Sremer 2l (128)

With Utic.mazs Uficmaz @nd U, being the maximum, minimum and nominal one period RMS
voltage on the fictious grid during the switching operation. For the calculation of U ;. 1,4, and
Utic.min OVEr a certain measurement period of time a separate block has been defined, which
is shown in figure 126.
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] z
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Figure 126: Calculation of minimum and maximum voltage

Figure 127 shows the response of the voltage change factor k(v ) for all three line voltages
for the simulated load step at t=18 sec. It shows that the load decrease at t=19 sec contributes
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most to kg (). Further the voltage change differs for the three line voltages, depending on
the timing of the switching operation.

5.5 Conclusion

h-

Figure 127: Calculated voltage change factor

A flicker meter has been build in Simulink by implementing the blocks of the flicker meter
in IEC 60868 and IEC 61000-4-15. The response of the flicker meter was tested by applying
a calibration signal as well as a simulated grid response. The results demonstrated proper

operation.
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6 CONCLUSIONSAND REMARKS

6.1

1.

6.2

Conclusions

Dynamic models of offshore wind farms have been developed based on individual tur-
bine models. The models include aerodynamic aspects and mechanical details of the
turbines, the electrical system of the turbine, the cable connections inside the farm and
the connection to the substation on shore. These models present a powerful tool for the
investigation of wind farm dynamics and wind farm-grid interaction and for the devel-
opment of wind farm controllers.

. The electrical systems modelled in the wind farms are (1) the directly coupled induc-

tion generator (I1G), (2) the cluster coupled induction generator (CC), (3) the doubly-fed
induction generator (DFIG) and (4) the permanent magnet generator with full converter
(PM). The turbines modelled in the wind farms are (1) the constant speed stall turbine
(CSS) and (2) the variable speed pitch turbine (VSP).

A simplified grid model has been included to enable simulation of wind farm-grid inter-
action.

All electrical models, including the models of cables, transformers and the grid model,
are based on the Park transformation to increase computational speed in quasi steady-
state conditions.

A model of the flicker meter has been developed and tested.

All models have been implemented in Simulink to ensure full control over the details by
the user and to have a powerfull 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, 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 Volume 2 of this report.

Remarks

Dynamic models of wind farms based on individual turbines are large and complicated.
The number of state variables is high and some of the time constants are small, leading to
a relatively long simulation time. For the incorporation of dynamic models of (a number
of) wind farms in models of national grids, the complexity of the wind farm models has to
be reduced. Aggregated wind farm models, in which all turbines are represented by some
kind of equivalent model are more suitable for this purpose. However, aggregated models
loose the wide range of applicability of the wind farms based on individual turbines.

Simulink appears to be less suitable for very large models with many (thousand or more)
state variables. Computation of the steady state becomes very time consuming and the
simulation time for normal runs increases more than proportional. The exact cause needs
to be discussed with Mathworks, the developer of Simulink.

With regard to simulation speed the choice of dgO-variables proved successful. The
current bottleneck is not the simulation speed of the electrical part any more but of the
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mechanical and control part of the variable speed turbine model. This submodel has
to be increased in speed before comfortable full scale farm simulations can be made
for variable speed systems. The variable speed turbine in the current version is still
programmed as an S-function in Matlab. Conversion to Simulink blocks will probably
reduce CPU time.

. In the current Simulink implementation the 0-component, which is only relevant under

specific asymmetrical conditions is not implemented. Since short circuit calculations are
increasingly relevant and asymmetrical short circuit have a high probability of occur-
rence, it is recommended to include it in the next version.

. Now that the model development has reached a certain level of completion, model val-

idation is a high priority task. A database with turbine and wind farm measurement is
currently being set up in IEA Annex XXI: Wind Farm Models for Power System Studies.
This database will serve as the basis for the validation process, executed in the Erao-3
project, which has recently been started.

For the conclusions and recommendations from the case studies is referred to Volume 2 of this
report.
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A SUMMARY OF ERAO | PROJECT

The aim of the ERAO project "Electrical and Control Aspects of Offshore Wind Farms™ Phase
1 "Steady state electrical design, power performance and economic modeling" has been to
investigate the electrical concepts for the interconnection of offshore wind turbines and the
transportation of the electric power to the high voltage grid. The project started with an in-
ventory of architectures to collect the electric power from individual wind turbines in an off-
shore wind farm and transmit this power to an on-shore high-voltage grid node. The inventory
included constant speed options, individual variable speed, cluster variable speed and park
variable speed options using AC as well as mixed AC-DC-AC modes. Steady state electrical
models have been developed for all electrical components in the architectures to calculate load
flow and electrical losses. Based on these models, the EeFarm computer program (Electrical
and Economic wind FARm Model) has been developed. The EeFarm program has been used in
a case study to compare 13 electrical architectures. The electrical parameters voltage, current,
active and reactive power have been calculated in all system nodes. Based on the aerodynamic
performance of the chosen wind turbine, the electrical losses have been calculated over the
entire range of operation of the wind farm. From budget prices obtained from manufacturers,
the investment costs of the electrical systems and the contribution to the costs per kWh have
been determined.

In the case study two wind farm sizes (100 and 500 MW) and two distances to shore (20 and
60 km) have been investigated. In the constant speed concepts C1 and C2 the wind turbines in
the farm are connected by AC and the cable to shore is AC as well. These systems have the
smallest number of main components, only transformers and cables. The case study has shown
that the systems C1 (string layout) and C2 (star layout), operating on AC only, have the lowest
contribution of the electrical system to the price per kWh for both farm sizes and distances to
shore. For the 100 and 500 MW farm at 20 km and the 500 MW farm at 60 km, the C1 system
also gives the lowest electrical losses.

In those cases where a DC connection is required (longer distance to shore or avoidance of grid
stability problems), the PV1 configuration with an HVDC Light or Plus connection is the best
alternative. For the investigated distances and park sizes this currently increases the investment
costs and contribution of the electrical system to the price per kWh by a factor 2 or more, but
this may reduce at longer distances to shore and by price reduction of the converters and more
experience is gained with this new technology. The electrical losses of concepts C1 and PV1
are of the same order of magnitude.

The options with individual turbine speed control, V1 and V2, although more expensive than
the constant speed systems C1 and C2, should not be discarded based on the ERAO case study
only. The reason is that they may be preferred by a large number of turbine manufacturers (due
to their potential in load reduction and increased controllability) and have a potentially better
aerodynamic performance, which was not taken into account in the ERAO case study.

Conclusion: In the analyses of the electrical system options for future developments three ar-
chitectures should be compared: constant speed (C1-C2), individual variable speed (1V1-1V2)
and park variable speed (PV1-PV2). An important criterion should be the dynamic perfor-
mance of the wind farm, internally as well as with respect to the grid. These are the subjects
of the phases 2 and 3 of the ERAQ project.
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Abstract — 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 effects of the
incorporation of 6000 MW offshore wind power in the Dutch
high voltage grid are currently investigated. Until now only the
steady state behaviour is considered, resulting in suggestions
for grid reinforcement. This investigation will be comple-
mented by a study on the dynamic interaction of wind power
and grid. Tools for this investigation, viz. dynamic models of
wind farms including all relevant electrical components, have
recently been developed.

This paper gives an overview of wind farm dynamic models
and concentrates on their use in a case study. Special concern
exists about wind farm behaviour during extreme wind speed
changes and abnormal grid conditions (voltage and frequency
dips); these may cause complete wind farms to shut down
instantaneously. Assisting grid voltage and frequency control
is also an issue. In a case study the models will be used to
calculate the flicker contribution of a wind farm, simulate
responses to grid faults and develop wind farm control.

Index Terms — wind farm models, wind farm dynamics,
electrical systems, fault ride through.

|. INTRODUCTION

Offshore wind farms have to be large to be economical
and with the increase of the contribution of wind energy to
the electric power production, the interaction between the
wind farms and the grid will be an important aspect in the
planning of the farms [1]. 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 [8]. A second aspect
is to ensure appropriate transient and small signal stability
of the grid [10]. Adequate grid control plays an important
role but the electrical control and protection of large wind
farms is also of increasing importance.

Large wind farms are a source of fluctuating power and
sometimes of reactive power as well. Secondly, the response
of wind farms to voltage and frequency dips is a cause
for worry: the farm will shut down immediately. The dip
itself is a sign of a serious grid control problem, and the
problem may become worse if wind power shuts down on

a large scale. For conventional power stations the required
behaviour during a grid dip is to stay in operation and supply
(reactive) power. This behaviour is prescribed in grid codes.
It is likely that large offshore wind farms have to follow
these rules also. In Germany, operator E.On Netz already
requires specific behaviour of wind farms during dips [5].
Depending on the type of wind turbine, viz. constant or
variable speed, and the design of the turbine and wind farm
control, a wind farm will have more or less problems to
comply with these rules.

In order to investigate the dynamic interaction of wind farms
and the electrical grid, dynamic models of wind farms are
needed. Dynamic models of wind turbines and wind farms
will be of great help in the design and evaluation of the
behaviour of wind power during normal grid operation as
well as during grid faults. Dynamic models of wind farms,
including the relevant electrical components and sections
of the grid, are not readily available however. The Erao-2
project has been started to develop these models and to
demonstrate their use by designing controllers to cope with
grid code requirements.

The dynamic models of turbines and wind farms developed
in the Erao-2 project include the following components:

Electrical:
induction generator;
doubly-fed induction generator;
permanent magnet generator;
voltage source converter;
transformer;
cable;

Mechanical and aerodynamic:
turbine rotor;
mechanical drive train;
tower;
rotor effective wind;

Control:
converter controller;
wind turbine pitch controller;
overall wind farm controller.

To represent the interaction between the wind farm and the
grid, a simplified grid model is used, based on the following
component models:
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Grid model components:
synchronous generator;
frequency and voltage controller.
consumer load,;
transformer;
cable.

An important aspect of dynamic models for power system
studies is computational speed. Electrical transients have
very small time constants, resulting in small time steps
and long computation time. In Erao-2 special attention has
been paid to computational speed. An important increase in
speed can be realised by the use of the dg0 transformation
(also known as Park transformation). This transformation is
mainly used in electrical machine theory, in Erao-2 models
it is applied to all electrical components.

This paper can only give an overview of the models. For a
detailed description is refered to [4], [12], [11] and [9]. The
main characteristics of the electrical models are:

« all electrical components are modelled in dgO coordi-
nates;

¢ AC-DC-AC converters are modelled by controlled volt-
age sources;

« the models are implemented in Simulink.

The electrical component models have only been validated
partially, viz. by comparing abc-models with switching con-
verters to dq0-models with controlled voltage source con-
verters [2], [3]. For extensive testing and validation the Erao-
3 project has been started, which takes part in the IEA An-
nex XXI (Dynamic models of Wind Farms for Power Sys-
tem Studies). This Annex is a joint effort of eight countries
to set up a data base of wind farm measurements and to use
these measurements for validation of dynamic models. The
participating countries are Norway (Coordinator), Sweden,
Finland, Denmark, USA, England, Portugal and the Nether-
lands. Observing countries are Canada and Ireland.

Il. CASE sTUDY

The models developed in the Erao-2 project are used in a
case study based on the lay-out of the Near Shore Wind
Farm (NSWF): 36 variable speed wind tubines of 2.75 MW,
connected in three strings of 12 turbines. The NSWF will
be equiped with Doubly Fed Induction Generators (DFIG).
In the case study this farm is compared to hypothetical wind
farms of the same lay-out with Cluster Control (multiple
induction generators on a single AC-DC-AC converter),
Permanent Magnet Generators and directly connected
induction generators. For each of the four types, normal
operation, flicker, response to frequency and voltage dips,
and (if technically feasible) frequency and voltage support
are simulated (Table 1). In this paper, the some of the results
for the Cluster Control option will be given.

Figure 1 shows the layout of one string of the Near Shore
Wind Farm (NSWF) in cluster controlled mode. The string
is divided into four clusters of three wind turbines on an

AC-DC-AC converter. The converters are connected by 34
kV submarine cables to a 34/150 kV transformer station on
shore.

Table 1: Erao-2 case study simulations

CSS' | VSP-DFIG? | VSP-PM3 | CC-CSS?
Normal operation X X X X
Flicker X X X X
Frequency dip X X X X
Voltage dip X X X X
Frequency support - X X X
Voltage support - X X X

1 Constant Speed Stall

2 Variable Speed Pitch - Doubly Fed Induction Generator
3 Variable Speed Pitch - Permanent Magnet generator

4 Cluster Controlled - Constant Speed Stall

For power limitation of a cluster controlled wind turbine stall
or pitch control can be chosen. Both options are technically
feasible, in this case study stall control is chosen. The tur-
bine rotational speed is dictated by the frequency of the tur-
bine side AC-DC converter. The effect of rotational speed
variation on the aerodynamic power is illustrated in figure 2
by plotting the power-wind speed curves of the stall turbine
at frequencies of 20-60 Hz (0.53-1.59 rad/s low speed shaft
rotational speed). At 60 Hz the wind speed at which the tur-
bine rotor stalls exceeds the rated wind speed and the rated
power of the turbine is exceeded. Therefore, 50 Hz will be
the upper speed limit for the cluster controlled stall turbines.

wl
O @ 34 kv E F
w3
@ =
© =]
™
O-@ O
w2 —.—t @
© (.) 34 kv lE
(a7
@ =
O =]
. @ 34KV
O-©@
150 kv

Figure 1: Electrical layout of four clusters of 3 turbines

At low wind speed, below rated rotational speed can increase
aerodynamic efficiency compared to constant speed opera-
tion: the 20, 30 and 40 Hz curves are above the 50 Hz power
curve. At high wind speed a low rotational speed reduces
the aerodynamic efficiency compared to constant speed op-
eration. Pitch control can compensate this effect.

Speed control of a cluster will be based on measured wind
speed(s). In the simulations, the wind speed at turbine 1
has been chosen, but a different choice may be more effi-
cient. Speed control aims at constant lambda operation for
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this wind speed, limited by the 50 Hz barrier.

Since the instantaneous wind speeds at the individual tur-
bines in a cluster will differ, there will always be a mismatch,
leading to lower overall aerodynamic efficiency compared to
individual variable speed. This reduction in energy yield has
been estimated at 1.4% [6]. Maybe this is compensated by a
reduction in cost of the electrical system.

A. Normal Operation

The Simulink model which is used in the case study consists
of the model of a cluster of 3 turbines including transformers
connected to a single AC-DC-AC converter, the 34 kV cable,
the 34kV-150 kV transformer and a simplified grid model
(a large synchronous generator with frequency and voltage
control, transformer, cables and two consumer loads). Figure

4 demonstrates normal operation of the cluster. A gust from
4 to 15 m/s passes the turbines with a small delay: vw1, ww2
and w3. Below rated wind speed, the turbine speed con-
troller maintains a tip speed ratio of 5 with respect to vwl.
Rotor speed n1, n2 and n3 and stator voltage vsl, vs2 and
vs3 follow the changing wind speed vwa, resulting in similar
aerodynamic power and slip variations Pal, Pa2, Pa3 and s1,

g 2, 3.
o 3f
g
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Figure 2: Steady state power curves of a stall controlled tur-
bine
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reduced, the amplitude of the stator voltage is reduced pro-
portional to this frequency. The decrease in frequency would
otherwise lead to above rated currents and the activation of
the thermal protection. Figure 3 illustrates the combined ef-
fect of reduced frequency and voltage: the power-slip and
torque-slip curves are similar in shape at 50Hz-960V and
40Hz-768V, only the pull-out power is reduced. The reac-
tive power consumption is reduced as well.
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Figure 4: Cluster control, normal operation, turbines 1, 2 and
3

Figure 5 gives cluster power P and cluster reactive power Q,
d and g current to the grid idg, iqg, d and g grid voltage at the
converter vdg, vag, DC voltage udc and cluster frequency f
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Tel and reactive power Q for an induction machine operating
at 50Hz-960V and 40Hz-768V

Figure 5: Cluster control, normal operation, converter values
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Figure 6 gives the response of the grid to the changes in wind
power. The synchronous machine power Psmis reduced, the
total consumer load Pcons remains constant. The frequency
deviations freq are small and there is not much voltage con-
troller action Vexc either.
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Figure 6: Cluster control, normal operation, grid values

B. Flicker

The currents and voltages calculated for the cluster in the
previous section have been used to calculate instantaneous
flicker values. The short circuit power for the flicker calcula-
tion is 50 times the rated power of the cluster and a fictitious
grid angle of 30° has been chosen. The sample frequency in
the calculation was 400 Hz. The instantaneous flicker values
have been binned during intervals of 6 s. The binned instan-
taneous flicker values for the cluster are plotted in figure 7.
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2500

* ¥

2000

%

*
or

1500

.

1000

Nr. of samples per bin

5001

P

5

0.4 0.6
Pst (-)

0.8 1

Figure 7: Binned instantaneous flicker values for three clus-
ter controlled turbines

The flicker level for a variable speed turbine is expected to
be lower than for a constant speed turbine, if the turbine
control is well tuned. Cluster control is a special case of
variable speed operation, turbines in a cluster will speed up
and down and wind power variations are not immediately
transfered to the grid. The 99 percentile level in figure
7, sometimes used to classify flicker, is below the level
calculated for the constant speed stall wind farm under the
same external conditions.

W)

vdcg, vacg (kV)

f grid (Hz)

Psm (M

C. Frequency Dip

A grid frequency dip is simulated by a change of the fre-
quency setpoint of the synchronous machine in the grid
model. At t=10 s the setpoint is decreased to 45 Hz and
at 20 s it is changed to the normal value of 50 Hz (figure
8). 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 was chosen to demonstate
the cluster behaviour more clearly.
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Figure 8: Response of cluster controlled turbines to a 10%
frequency dip: Grid variables

The total consumer load Ploadl plus Pload2 is 73 MW,
which is supplied partly by the synchronous machine and
partly by the wind turbine cluster (figure 8). The frequency
dip causes a voltage dip u grid, which is counteracted by the
synchronous machine voltage controller dUfd. The initial
voltage dip is of the same magnitude as the frequency dip:
about 10%.
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Figure 9: Response of cluster controlled turbines to a 10%
frequency dip: converter variables

The grid side converter voltages vdcg and vqgcg follow the
grid voltage dip (figure 9). The grid side converter d-
component of the current idcg remains almost constant, the

60
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g-current igcg becomes more negative. The grid side con-
verter power Pconv and reactive power Qconv are not af-
fected by the frequency dip and corresponding voltage dip.
The DC voltage udc shows no effect either.

60

by the voltage dip, for a stall controlled turbine it only de-
pends on wind speed and rotor speed. The grid side converter
power Pconv will decrease due to the voltage dip (see figure
13). The power difference between turbine side converter
and grid side converter will lead to an increase of the grid
side converter current iconv to keep the DC-link voltage con-
stant. The current increases is limited by the current rating of
the converter, and the DC-link voltage udc will also increase.
To overcome this problem, a resistance is connected parallel
to the dc-link capacitor. The resistance is connected via a
chopper. When the DC-link voltage reaches a threshold, the
chopper opens and the energy surplus is dissipated in the re-
sistance. The duty-ratio of the chopper is determined by the
difference between the actual DC-link voltage and the pre-
ferred DC-link voltage. The results show that a 30% voltage
dip is no problem for the cluster controllers.
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Figure 10: Response of cluster controlled turbines to a 10%
frequency dip: turbine variables

The converter effectively decouples the turbines and the
grid. In spite of the frequency dip, the turbines operates as
if no grid dip occurs (figure 10): aerodynamic powers Pal,
Pa2 and Pa3, stator currents isl, is2, is3 and voltages vsl,
vs2, vs3 and turbine speed nl, n2, n3 follow the changes in
rotor effective wind speed.

D. \oltage Dip

A 30% voltage dip is applied to the grid side voltage of the
cluster converter during 10 seconds (vconv, figure 13). The
simulation does not include the grid model in order to realise
a well defined voltage dip without oscillations in either volt-
age or frequency. Only the parameters of the first turbine are
shown; since all turbines have similar wind speed, similar
behaviour of the other turbines is expected. The rotor effec-
tive wind speed Vw is about 15 m/s, the turbine then operates
at rated power Pa (see figure 11). The electrical variables in
the next figures are per unit values.
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Figure 11: Response of cluster controlled turbines to a 30% -
10s voltage dip: rotor effective wind speed and aerodynamic
power

At 15 m/s the turbine is kept at rated speed (equivalent to 50
Hz) by the speed controller: the slip dlip is unchanged (see
figure 12). The turbine aerodynamic power is not affected
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Figure 12: Response of cluster controlled turbines to a 30% -
10s voltage dip: active power, reactive power, electric torque

and slip

15

veonv [pu]
[

I
3

e

o
o

10
time [s]

N

iconv [pu]
o =
ol = o N

o

11

o

7

10
time [s]

15 1.05
=3 _
S El
: ER I I
§ E
0.5 0.95
0 0.9
0 10 20 0 10 20
time [s] time [s]

Figure 13: Response of cluster controlled turbines to a 30%
- 10s voltage dip: AC voltage, current and active power of
grid-side converter, DC-link voltage



NORDIC WIND POWER CONFERENCE, 1-2 MARCH 2004, CHALMERS UNIVERSITY OF TECHNOLOGY 6

I11. CONCLUSIONS

Dynamic wind farm models based on individual turbine
models have been developed in Simulink. Detailed models
of the turbine mechanical and electrical system and of the
grid are used. The models include constant speed stall
and variable speed pitch turbines. Four types of turbine
electrical systems have been modelled, based on doubly fed
induction generators, permanent magnet generators, directly
coupled and cluster controlled induction generators. These
models present a powerful tool for the investigation of wind
farm dynamics and wind farm-grid interaction and for the
development of wind farm control.

The models have been used to develop electrical system
control and to investigate system responses to grid faults.
In this paper, results for the cluster controlled wind farm
have been presented. The results show that grid faults do
not present a problem for the cluster controlled turbine.

With regard to simulation speed the choice of dq0 vari-
ables proved successful. The current bottleneck is not the
simulation speed of the electrical part any more but of the
mechanical and control part of the variable speed turbine
model. This submodel has to be increased in speed before
comfortable full scale farm simulations can be made for
variable speed systems.

Model validation now has a high priority. A database with
turbine and wind farm measurement is currently being set
up in IEA Annex XXI: Wind Farm Models for Power Sys-
tem Studies. This database will serve as the basis for the
validation process.
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Fast Dynamic Models of Offshore Wind Farms
for Power System Studies

J. Morren, J.T.G. Pierik, S.W.H. de Haan and J. Bozelie

Abstract--In this contribution dynamic wind farm models
suitable for fast simulation of power system studies are
presented.

While deriving the models, special attention has been paid to
increasing the computational speed of the simulation program.
An important increase in speed is realised by the use of the dg0
transformation (Park transformation) not only for the generator
but also for all other electrical components. The Park
transformation is common use in electrical machine models, but
not in the modelling of other electrical components.

A description is given of the way in which models of basic
electrical components can be transformed from the abc reference
frame to the dq0 reference frame. The results are demonstrated
in a case study of a wind farm consisting of a string of wind
turbines with doubly-fed induction generator.

Index Terms—Dynamic modelling, Park Transformation,
Wind Energy

I. INTRODUCTION

Atendency 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]-[5]. 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 that 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 [6].

The Park transformation (some-times called Blondel-Park
transformation) is well-known from its use in electrical
machinery. The electrical signals are transformed to a
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stationary rotating reference frame. As this stationary frame is
chosen to rotate with the grid frequency, all voltages and
currents in the dq0 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 Fig. 1 where the inrush currents of a three-phase
induction machine are shown in the abc and dq0 reference
system respectively. The time step that can be applied without
introducing significant errors will be much large in the case of
the dq0 reference system.
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Fig. 1. Inrush current of induction machine in the abc (a) and dq0 (b)
reference system

In a research project on the grid integration of large wind
farms, dynamic models have been derived for: electrical
generators  (induction generator, doubly-fed induction
generator, permanent magnet generator), power electronic
converters, transformers, cables, turbine rotor, mechanical
drive train and rotor effective wind. All models of electrical
components are in the dg0 reference frame.

In this contribution a description will be given of the way in
which models of different electrical components in the dg0
reference frame can be obtained. The model derivation will be
shown for two basic components: a three-phase RL line
segment and the three-phase shunt capacitance. The
simulation results of different models are compared, in order
to show the validity of the dg0-model. Afterwards wind
models and the turbine models are given. These models are
used in a case study that is performed to demonstrate the
effectiveness of the proposed modelling method.

II. 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 reference
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frame [7]. Probably the most well-known, is the method of
symmetrical components, developed by Fortescue. This
transformation is mostly used in it’s time-independent form
and applied to phasors, when it is used in electrical power
system studies [8]. 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 §~=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:

[xqu]: [quo ©, )]'[Xahc] (1)
with:
x, | X,
[quo]: x, | and [Xabc]: Xp )
X, X,

and with the dq0 transformation matrix T, defined as:

cosb, cos(@d —Z—HJ cos(@d +2—”j
3 3
2 , , 2 . 2z
[quo]= /E —sin6, —sm(@d —Tj —sm(&d +Tj 3)

1 1 1

2 2 2

and its inverse given by:

cos 8,

cos(@d - 2—”) - sin(ﬁd - 2—”)

3 3
cos(@d + 2—”) - sin(@d + 2—”}
| 3 3

The positive g-axis is defined as leading the positive d-axis by
m/2, as can be seen from Fig. 2.
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Fig. 2. Relationship between abc and dg quantities

Some additional properties of the Park transformation can
be derived. As the transformation is orthogonal, it holds that:

[T @10 0)] =10 @) HTuo@)] =] s)

The transformations of (3) and (4) are unitary, as is shown
in (5) and conserves power as is shown in (6). Note that by

replacing the factor m by a factor 2/3 in (3) and (4) the
transformation will be amplitude-invariant, implying that the
length of the current and voltage vectors in both abc and dq0
reference frame are the same. This amplitude-invariant
transformation is mostly used in modelling of electrical
machines [8].

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 harmonics. In steady state a
non-fundamental frequency component with frequency @, will
appear as a sinusoidal signal with frequency (w;-@,) in the
dq0 domain. The highest frequency that can be represented
accurately in the dgo frame depends on the time step that is
used.

With (5) it can be shown that the Park transformation
conserves power [9]:

pO)= Ve ]l
o O RC RO
= [quo ]T [[quo ©, )]_1 ]/ . [quo @, )]_1 [idq()] (6)
= [quo ]T [quo ©, )] [quo ©, )}1 [iqu ]
= [quo ]T '[idqo]

The Park transformation is often used in control loops, as it
offers the possibility of decoupled control between active and
reactive power. Be aware however that active and reactive
power cannot directly be related to the d and the ¢ 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 dg0 reference
system [10]:

P =iy +V,i,

)

q=v,i, =V,

III. MODEL DERIVATION

A. Introduction

In this section the dg0 models of basic components
(capacitance, inductance, resistance) are obtained. With the
models of these basic components all further models, such as
transformers, machines and cables, can be obtained. The
derivation of the basic model starts by defining the voltage
drop of the a-phase. The a-phase equation is then transformed
to a dgq0 equation with (3). The b and ¢ phase equations are
written as a function of the a-phase and the zero-sequence



4™ International Workshop on Large-Scale Integration of Wind Power and Transmission Networks for Offshore Wind Farms 3

component, in order to eliminate them. After some
mathematical manipulations, the models in the d, ¢ and 0
phase can be obtained. First the dg0 equations for a three-
phase series RL line with a ground return will be given and
afterwards the dg0 equations of shunt capacitances will be
derived.

B. Series RL

In this section the dg0 equations for a three-phase series RL
line with ground return, shown in Fig. 3, will be presented.
The equations for the line can be obtained by considering the
resistive and inductive drops of the respective phase
equations. The send end voltage with respect to local ground
for line a is given by:
ab ﬂ_’— Lac dlc + Lag dﬁ-k Va2 + vg21 (8)
dt dt dt
With vg,;=Vg:-v,;. Using the relation i;=-(i,+i,+i.), the voltage
drops across the three phases of the line can be expressed in
matrix form as:

¥y ][V = (R T J+-2 [ ]

i
v, =Raia+LH%+L
t

dt
i —Re L
Vet < — Ve
L
) R 7 L L
b — A
Vo1 [ Vo2
i Ra La J‘ab
Vr 5—= I — YY) < Ve
Vagt <‘ag Vag2
i Rg L
_ g _
Vg1 1 YY) Voo

Fig. 3. Three-phase RL line with ground return

For a uniformly transposed line, R,=R,=R,, L,,=Ly.=L.,, and
Log=Lps=L,. Letting L,=L,+Le-2L,5, Ly=Lapt+Lg-2L,e=Ls
L,+Ly, R=R,*+R,, and R,=R,, the resistance and inductance
matrices are given by:

RS Rm Rm LS L)?l Lm
[R] = Rm RS Rm and [L] = Lm LS Lm
RWI RWI RS Lm LW! LS

The equation of the voltage drop across the ground path is:

Ve =Vgr ~V =R, _Lgﬁ_ ag CZ: _ng%
_p i
S di di (10)
=Rg(ia +i, +ic)+(Lg —Lag) d: +(Lg —L, d—;’
#{ -1, )

The dg0 equations for the uniformly transposed line can be
obtained by considering the resistive and inductive drops of
the a-phase equations. The resistive drop in the a-phase is
given by:

R,i, +R, (i, +i,) (11)
Substituting i,=(i,+i,+i.)/3 to eliminate i, and i., we obtain:
(R, —R, )i, +3R, i, (12)
Expressing i, in terms of the dg0 currents, the resistive drop in
the a-phase becomes:

(RS -R, )(id cos0, i, sin0, +i0)+3Rmi0 (13)
Similarly, for the inductive drop in the a-phase, we have:
1 Gy, dlri) (14)
dt dt
Eliminating i, and i,
(L, -L,) % 431, % (15)
dt dt

Using the inverse dg0 transform of (4) to express i, in terms of
the dq0 currents, the inductive drop in the a-phase becomes:

d . . . di
(LS —Lm)Z(ld cos@, —i, sin0, +10)+3Lm7: (16)
Knowing that for x=x(?):
—sinx:cosxﬂ and icos:—sinxﬁ (17)
dt dt dt dt
Eq. (16) can be written as:
do di do
L —L )—i sinf,—%L+cos@,—<—i cos@, —=<
( s m{ d d dt d d[ q d dt
. (18)
d . .
—sinﬁdi+% + Lm%
dt dt dt

The dgO-transform can also be applied to the voltage
difference Av,=v,;-v,,, resulting in:

Av, cosO, — Av, sinb, + Av,
Combining (13), (18), and (19), Eq. (8) can be written as:
Av, cos O, — Av, sin0, + Av, =

(RS —Rm)(id cos0, —i, sin0, +i0)+ 3R, i, +

(19)

(LS -L, {— i, sind, %+cos 6, %—iq cos 0, % (20)

diy

" dt

di ]
—sin@d%+%}+3L

By equating the coefficients of the cosé,, siné,, and constant
terms, we obtain:

di, . do,

=4 (L, -L

m ) dt ( s m )lq dt
, di - df

Avq = (Rs - Rm )lq + (Ls - Lm )7: + (L: - Lm )ld dld

Avd = (RY - Rm )ld + (Lv -L

21)
. di,

Avy=(R, +2R, )i, +(L, +2L, )E

When the mutual inductances between the phases and between

phase to ground are zero, that is L,=L,.=L.,=0 and

Log=Lps=L.=0, then L,=L,+L,, and L,=L,+tL, With

w,;~d8y/dt the final result is:
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di
A, =Ri, +L —%*—awli
d a“d adt a’q

) di, )
Avq :Ralq‘f‘LaE"ra)Lald (22)

Avy = (R, +3R, )iy +(L, +3L, )%

The resulting equivalent dq0 circuits are shown in Fig. 4.

C. Shunt C

In the same way as is done for the series line inductances and
resistances, equations for shunt capacitances can be obtained.
A line with shunt capacitances is shown in Fig. 5. Besides the
phase to neutral capacitance of the phases, also the mutual
capacitances between the phases have been shown.

) R, oglalg L,
iy — o Y
+ L N\ +
vd1 VdZ
d-axis circuit
i R, O4laly L,
O ——
+ +
Vg1 Vg
g-axis circuit
. Ra+3R B La+3Lg
o I — Y YY)
+ L +
Vot Vo

0-axis circuit

Fig. 4. Equivalent dq0 circuit of a series RL line

+

Iy

Cab Cbc
.
: =

cn
__Can __Cbn _Lccn

Fig. 5. Shunt capacitances of a three-phase line

Let Cab: Chc: Cca: Cm: Can: Cbn: Ccna and C\‘: Can+2 Cab~
The equation of the a-phase current in Fig. 5 may be
expressed as:

d d d
i=C_—v, +C,—v -v, )+C _—Iv -V, 23
a an dt an ab dl( an hn) ac df( an Lﬂ) ( )
o= (Co+ € ) e, P, D (24)
dt dt dt

Exchanging the b and ¢ phase voltages with
Vo=VantVpntve)/3 gives:

dv dv,
i,=(C,+C & -2 25
c=lCe, )30, — (25)

Applying the dq0 transformation to the current and the voltage

of the a-phase we obtain:

i, cos 0, —i, sin6, +i, =

@ 26)

dt

In analogy to (16) - (21), by equating the coefficients of the

cosé,, sind,, and constant terms, the following set of equations

is obtained for the dq0 currents:
dv,

. do
ld = (CA + Cm )? - (Ca + Cm q dtd

(CS + Cm)%(vd cos 6, —v, sin6, + vo)—SCm

. dv deo
i, =(C.+C, )+ (C+C v — 27)

o=l -2c,t

When the mutual capacitances between the phases are zero,
that is C,=Cp~C..~ 0, then C,= 0 and C=C,,. With
w=d 0/dt the final result is:

d
i, = C%—a)qu

) dvq
i =C +aCv, (28)
! dt
. dv,
iy =C—
dt
The resulting equivalent dq0 circuits are shown in Fig. 6.
+ i, + | + i
C c c
vy = v, =/ ]
“’dCVq ©4Cvy
d-axis circuit g-axis circuit 0-axis circuit

Fig. 6. Equivalent dq0 circuits of shunt capacitances of a three-phase line

D. Summary

The equations for the series resistor, series inductor, and shunt
capacitor are derived in the previous sections. The voltage-
current relationships for the basic components are summarised
in table I. For clearness the models have been derived bases
on the phase equations. It is also possible to transfer complete
sets of differential equations at once. Equations to obtain this
can be found in the appendix.

TABLE I. VOLTAGE-CURRENT RELATIONSHIP IN DQO REFERENCE FRAME FOR
BASIC COMPONENTS

R idqo]= [“dqo]

Three-phase resistor

Three-phase inductor L%[idqo ]+ @,y [idqo ] = [udqo ]

Ci[ dq0]+a)p 'y'[“dqo]: [iqu]

Three-phase capacitor g
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IV. COMPARISON

It should be shown, that the models in a dq0 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, some simulation results
have been compared to results of simulations with well-known
and accepted models in the normally used abc reference frame
[11]. Both the responses to slow and fast dynamic phenomena
have been compared. Therefore, the response 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 Fig. 7
and the resonse to a dip in the grid voltage in Fig. 8. A
difference in the responses in the abc and in the dg0 reference
frame cannot be observed in these figures. One should be
aware, that the high rotor currents, caused by the dip, might
destroy the converter, if no measures are taken [12], [13].

Cormplete model model dq Rotor currert

15

[

Al

Cunrent[A]

0 01 02 03 04 05 08 07 08 09
time [5]

(a) (b)
Fig. 7. Response of rotor current to step in mechanical torque for abc-model
(a) and dg0 model (b)

Cornplets model model dg Rotor curent

L
| g {\ s

60l &0
0 2 8 0 01 02 03 04 05 06 07 08 09 1
time [5] time (5]

(@) (b)
Fig. 8. Response of rotor current to a dip in the grid voltage for abc-model (a)
and dg0 model (b)

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 dg0 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 Fig. 9. It can be seen that except the high-
frequency ‘noise’ due to the switching operation of the IGBT
converter, the response to the dip is almost the same. The
response depends more on the parameters of the converter
controller, then on the type of model.

current [pu]

015 02 025 08 0@ 04 045 05
time [s]

Fig. 9. Response of d-axis converter current to dip in the grid voltage for
reference IGBT model (solid line) and dgq0 model (dashed line)

V. CASE STUDY SIMULATIONS

A. Introduction

A case study 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. The park layout is
shown in Fig. 10. For convenience only one string of 12
turbines is simulated. Each of the turbines is connected to the
34kV grid by a three-winding transformer with a nominal
power of 2.5MW. This transformer has a 960V winding
connected to the stator and a 690V winding to the rotor
winding via a frequency converter. The wind farm is
connected to the 150kV grid via a transformer with a nominal
power of 125MVA.

To simulate the dynamics of a wind farms not only models
of the electrical system are required, but also dynamic models
of the wind and the wind turbine including generator. The
main goal of this paper is to show the possibilities of using the
dg0 transformation for the modelling of wind farms.
Therefore, the description of the wind and turbine models will
be limited. In this section a short description of the wind
model and the turbine model will be given. More information
on the modelling of these parts can be found in literature [14].

B. 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 realisation of the stochastically changing wind
speed in time. 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 wind shear and the tower [14].
When a power measurement of a turbine is observed, the
effect of the wind field inhomogenity can 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.
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[ —

Fig. 10. NSW park layout

The objective of wind modelling in these type of problems
is to generate a single point wind speed realisation, which
gives instantaneous aerodynamic torque values that are
statistically equivalent to the values resulting from the
longitudinal turbulence. The effect of wind speed variations
on the aerodynamic torque is determined by the C,(A,pitch
angle) curves and the rotor diameter. This implies that a
realisation not only depends on the statistical properties of the
wind but also on the size and aerodynamic properties of the
turbine rotor. The method makes use of the Auto Power
Spectral Density (APSD) of the longitudinal wind speed
changes in a single point [15].

C. Turbine model

The turbine model used consists of sub-models for:
e aerodynamic behaviour of the rotor;
e rotating mechanical system (drive-train);
e tower (viz. motion of the tower top);
e clectrical system (generator, power electronic converter);
e power limitation by pitch control or stall;

The mechanical model for turbine rotor, low and high-
speed shaft, gearbox and generator rotor consists of a two-
mass spring and damper model. The torque of the gearbox and
generator on the nacelle is determined, since it interacts with
the tower naying.

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 maximise 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 [15] and will not be presented here.

D. Generator model

Modelling of a doubly-fed induction generator is well-
known [7], [11], [16], [17]. The model of the induction
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 currents 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:

dy
v,=-Ri, -0y, +—=
ds s"ds x(//q.v dt
d
Vy =R, +oy, + Vor
dt (29)
_ _R . dl//dr
vdr - rldr a)rl//qr + dt
. dy,
vqr = _erqr + a)r'//dr + dtq

with v the voltage [V], R the resistance [Q2], i the current [A],
@, and o, the stator and rotor electrical angular velocity
[rad/s] respectively and y the flux linkage [Vs]. The indices d
and ¢ indicate the direct and quadrature axis components of
the reference frame and s and r indicate stator and rotor
quantities respectively. All quantities are functions of time.

A converter is used to connect the rotor circuit of the DFIG
to the grid, whereas the stator circuit is connected to the grid
directly. The converter must be able to transfer energy in both
directions. The grid-side converter has to control the DC-link
voltage, regardless of the magnitude and direction of the rotor
power and the rotor-side converter has to control the rotor
currents. For the converter model it is assumed that the
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converters are ideal. It assumed that they exactly make the
reference voltage signal that is set by the controller. It has
been shown in [11] that such a model gives good simulation
results.

E. Simulation results

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

The gust is assumed to cross with a certain speed through
the string. The turbines are affected one after another by the
gust. 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. It is assumed that
the time between affecting two turbines will be 5 seconds. The
rotor effective wind speed at the first turbine that experiences
the gust is shown in Fig. 11. The wind speed before the gust is
about 5 m/s. The wind speed increases to 20 m/s during the
gust.

22

[u] 20 40 &0 80 100 120 140 160 180
firne [g]

Fig. 11. Gust in wind speed

1 L L
120 140 180 180

. , . . ,
9] 20 40 80 80 100
time [s]

Fig. 12. Output power of first wind turbine

The increasing wind speed will cause an increasing output
power of the turbine. The output power of the first turbine is
shown in Fig. 12. The output power of the sixth and twelfth
turbine are shown in Fig. 13 and Fig. 14 respectively.

The output power of the whole first string of the wind farm
is shown in Fig. 15. 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. 16. Be aware that the change in
output voltage of the wind farm shown in Fig. 16, is only due
to one string. The resulting change in output voltage due to the
whole park will be somewhat higher, but it is to be expected
that it will meet the grid requirements. The doubly-fed
induction generators used in this simulation 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.

. , . . , . , ,
s} 20 40 80 80 100 120 140 180 180
time [s]

Fig. 13. Output power of sixth wind turbine

2

18

16

14

0 20 40 60 80 100 120 140 180 180
time [g]

Fig. 14. Output power of twelfth wind turbine

Fower [Mv]

[u] 20 40 &0 80 100 120 140 1680 180
tirme [g]

Fig. 15. Output power of one string of the wind farm

After completion of the wind farm models based on four
different electrical systems (direct coupled induction machine,
doubly fed induction machine, permanent magnet generator
and cluster-controlled induction machine), the next step is to
investigate the impact of wind turbines or wind farms on the
grid and to improve the interaction between wind farms
(turbines) and the grid by control of the electrical system.
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Fig. 16. Output voltage of wind farm

VI. SUMMARY

In this contribution it has been shown, that the Park
transformation can be used to translate models of all electrical
components of a wind farm from the abc reference frame to
models in the dg0 reference frame. A description and some
examples have been given of the methods to derive the dg0
models. A case study simulation showed the use of the
models to evaluate the impact of wind farms on the electricity
grid.

VII. APPENDIX

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

%[Xabc ]= %([quo @, )]_1 : [quo ])

With the chain-rule for derivatives:

i["dqo ] = [quo (ed )] %[Xabc ]+ (i[quo (9d )D : [Xabc] (31)

(30)

dt dt

[quo ('901 )]'i[xabc ] = i[quo]_

dt dt )
(4 r0]) (e ]
[quo (‘901 )]-%[xubc ] = %["dqo]— w, a)L
' (33)

(@ [0, ]

With (17) and knowing that @,~d6,/dt the following result is
obtained:

) ne)] o,

E (34)

= =
S O O

And it can easily be seen that:

[quo(ed) '%[Xabc]:%[ dq0]+ oy ‘y'[xdqo] (35)
with y given by:

. J ’ 0 -1 0
ol el =1 0ol g

It can be seen from (36) that differential equations will cause a
cross-relation between the d and the g axis.
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Abstract

Wind turbines equipped with a Doubly-Fed Induction Generator are increasingly popular in the power
range above 1 MW. For power system stability studies it is desirable to apply reduced models of the
machine and the converter in order to limit the computation time. Several reduced models have been
developed and compared with each other. With respect to the generator, models with and without
transient terms in the fluxes have been compared. With respect to the converter, models with and
without PWM operation have been used. The whole system has been modelled both in abc coordinates
and in a rotating d-q reference frame. Especially a model with transient flux terms and without PWM
operation, which has been modelled in the d-q reference frame has shown to be accurate and fast.

Introduction

One of the most important contemporary wind turbines is a wind turbine equipped with a Doubly-Fed
Induction Generator (DFIG), shown in Fig. 1, with a voltage source converter feeding the rotor circuit.
Compared to variable speed wind turbines with the converter connected to the stator, one of the major
advantages of the doubly-fed induction generator is the fact that the converter in the DFIG scheme
only needs to handle the rotor power. This rotor power is around 25% of the total generator power,
depending on the speed range that is allowed [1].

Generator Grid
——gear (/\ | !fb
box / \
-
Converter
[aEalE
T T
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Fig. 1. Doubly-fed induction generator with voltage source converter



A tendency to increase the amount of electricity generated from wind can be observed [2]. As the
penetration of wind turbines in electrical power systems will increase, they may begin to influence
overall power system operation [3]. The behaviour of wind turbines with respect to their interaction
with the grid is therefore studied at different places [3], [4], [5]. To facilitate the investigation of the
impact of a wind farm on the dynamics of the power system to which it is connected, 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 that limits the computational speed. When reduced
models are used simulation can be done much faster, but the results may be less accurate [1].

In this contribution a number of different models (from detailed complete models to simple reduced
models) for the doubly-fed induction generator with back-to-back converter have been developed and
compared to each other. With respect to the generator, models with and without transient terms in the
fluxes have been compared. With respect to the converter, models with and without PWM operation
have been modelled. The whole system has been modelled both in abc coordinates and in a rotating d-
q reference frame. It will be shown that accurate models can be developed, which can be simulated
very fast.

Modelling and control

Modelling the generator

A d-q reference frame is chosen to model the doubly-fed induction generator. This so-called Park
Transformation is used to transform the stator quantities of a synchronous machine onto a d-q
reference frame that is fixed to the rotor [6]. Its use is not limited to synchronous machines however.
Other quantities can be chosen as a reference as well. The d-q reference frame is obtained from the
rectangular a-f reference frame by the inverse Park-transformation:

Xa| Xq . _|cos® —sin6 RN -~
LJ‘C““(G)LJ with Cmt(e)‘Line cose} and  Cp(8)=C q (~6) M

The a-p reference frame is obtained from the 3-phase abc system with the Clarke transformation:

o
X X
a a . 2 \/g \/g
Xp | = Caﬁo,ahc x, | with Ca/fO,ubc = \/; 0 7 - 7 )
X, X, 1 1 1

V2 V2 2

The model that is obtained is well known and can be found in literature [2], [6]. The generator
convention will be used, which means that the currents are outputs instead of inputs and 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:

dy

Ve =R, —oy,  + -
ds s"ds gy/qs dt
. dy,

Vqs :_Rslqs +a)sl//zls + dt

3)

=——Ri dy/dr
Vi = 1K, 1y, _a)r‘//qr + dt

) dy,,

v, =—Ri, +oy, + dtq

with v the voltage [V], R the resistance [Q2], i the current [A], @, and @, the stator and rotor electrical
angular velocity [rad/s] respectively and y the flux linkage [Vs]. The indices d and ¢ indicate the



direct and quadrature axis components of the reference frame and s and r indicate stator and rotor
quantities respectively. All quantities in (3) are functions of time. The flux linkages in (3) can be
calculated using the following set of equations:

l//dx = _(Ls + Lm )ids - Lm idr
l//qs = _(Ls + Lm )iqs - Lmiqr

l//dr = _(Lr + Lm )idr - Lm ia’x
l//qs = _(Lr + Lm )iqx - Lmiqs

“)

with L, the mutual inductance [H] and L; and L, the stator and rotor leakage inductance [H]
respectively.

Sometimes the transients in the fluxes, represented by the last terms in equation (3), are neglected. The
most important reasons to do this have to do with the computation speed during simulations. Another
reason is that taking into account the rotor transients would require detailed modelling of the converter
[2]. When the transients are neglected, the following set of equations can be derived:

vy =—Riig+o (L +L,)i, +L,i,)
(L
vy, ==Ri, +o, (L, +L,), +L,i,
(L +L, )idr +L,i,

Vqs = _Rslqs - a)s s + Lm )lds + Lmldr

) (&)
vqr = _Rriqr - a)i’ r )
The electrical angular velocity of the rotor, @,, can be determined as:
wr = a)S _pa)/ﬂ (6)
with p the number of pole pairs [-] and ®,, the mechanical angular velocity [rad/s], which is given by:

d 1
Zm :7(Tm_Te) (7)

with J the inertia of the rotor [kg-mz] and 7,, and T, the mechanical and electrical torque [Nm]
respectively. The mechanical torque is generated by the wind turbine and depends on the wind speed.
The electrical torque is given by:

T, = ply,i, —v,i,) ®)

The power invariant d-q transformation has been used. If the amplitude-invariant transformation is
used, (8) should be multiplied by a factor 3/2.

A synchronously rotating d-q reference frame is used with the direct d-axis oriented along the stator
flux vector position. In this way a 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 and assuming that the stator resistance is negligible, i.e, Ry << @y(Ls+L,), the angle of the
stator flux vector can be calculated as:

0, = j o,dt )

The reference frame of the rotor is rotating with the electrical frequency of the rotor @,. The angle of
the rotor can be obtained as:

0, = [w,dt =, - po,ar (10)

The angles 6, and 6. can be used for the Park-transformation of the stator and the rotor quantities
respectively.
With the scaling factors used in (1) and (2) the active power delivered by the stator is given by:

Po= vyl + Vi, (11



and the reactive power by
Qs = Vqsids - Vdsiqs (12)

When the amplitude invariant transformation was used, (11) and (12) should be multiplied by a factor
3/2. Due to the chosen reference frame, y,, and v, are zero. Therefore the reactive power and the
active power delivered by the stator can be written as:

. L, .
P =i, =qu[L n; ]lqr (13)
and:
Qs = Vqsid.s = a)s (_ (Ls + Lm )ids - Lmidr )ids (14)

As the stator current is equal to the supply current, it can be assumed that it is constant. The reactive
power is then proportional to the direct component of the rotor current 7.

Control of the generator

The electrical and mechanical dynamics of a wind turbine are in different time scales. The electrical
dynamics are much faster than the mechanical. Therefore, it is possible to control the machine in a
cascade structure, as shown in Fig. 2. The fast electrical dynamics can be controlled in an inner loop
and a speed controller can be added in a much slower outer loop.

W+ T . +
ref ref ref ref
AT [V
- K, J ,T_ K, Inv G

Fig. 2. Cascade control; IG=Induction Generator, Inv=Inverter, K.=current controller, J=inertia of
turbine, K=speed controller

The internal model control (IMC) principle [7] has been used to design the controllers. The idea
behind internal model control is to reduce the error between the system G(s), and the model of the
system G(s) by a transfer function K(s). In Fig. 3 the principle is shown for the current controller. One
common way of choosing the transfer function K(s) is [8]:

k0-(-2 ] 6"0) (15)

st+a

where n should be at least one larger than the number of zero’s of G(s), so that K(s) becomes proper.
The parameter « is a design parameter that is equal to the closed loop bandwidth of the system. The
system G(s) should be minimum phase, i.e. it shouldn’t contain right half-plane zeros, as these will
become unstable under feedback. The controller C(s), inside the dashed line in Fig. 3, becomes [§]:

A

clo)=(1-k)6) K6 (16)

For a first order system, n=1 is sufficient and the controller becomes then a PI controller. With (16)
and G(s)=G(s) the controller becomes [8]:

c(s):kﬁ%:%afl(s) (17)

Where k, is the proportional gain and k; is the integral gain. The closed loop system with ideal
parameters become:
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Fig. 3. Internal Model Control (IMC)
The voltage equations of the rotor are given in (3) as:
Vo = R,y -0y, + Wy
dt
dy (19)
Vqr = _Rr‘iq;" + a)rl//dr + d:

Since the stator flux is almost fixed to the stator voltage, it is practically constant. This implies that the
derivative of the stator flux and of the stator magnetising current are close to zero, and can be
neglected [9], [10]. Equation (19) can then be written as:
di
v,=—Ri, —L —%—w
dr rtdr 7 dt rl//qr

(20)

. diqr
v, =—Ri, —L, o +,y,
The last term in both equations causes a cross-relation between the two current components. Reference
voltages to obtain the desired currents can be written as [9]:

* '

Vdr = vdr - a)qur

. 21
Vqr = Vqr + a)rl//dr ( )
with
V;l)' = _Rridr _Lr d;‘;’”

| 4 (22)
Vy=—Ri, -L, %

The iy and iy, errors are 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 vy, to obtain the reference
voltages. Treating @, ¥ and @, ¥, as a disturbance, the transfer function from the rotor voltage v,.’ to
the rotor current iy and from the rotor voltage v,,” to the rotor current iy, is given by:

G(s)= ﬁ (23)

Using the IMC, the current controllers become:

Cls)=k, +==2=G"(s) 24)



Where ¢, is the bandwidth of the current control loop, %, is the proportional gain and £; is the integral
gain. The two gains become [10]:

k,=alL,, k=aR, (25)

cr?

The rotational speed is given by (7) as:

o 2r,-1,) 6)

It is assumed that the current controller is much faster than the speed controller. The electrical torque
is than 7,=T, .. The reference torque is set to:

]:',rcf = T‘c,rﬁf’ - Ba wm (27)

where B, is an “active damping torque” [10]. The transfer function from rotational speed to electrical
torque becomes now:

G,(s)= JHI = (28)

Using again the internal model control method, the following gains of the controller are obtained:
kp: = as‘]’ kis = asBa (29)

Where ¢ is the desired closed-loop bandwidth of the speed controller. When B, is chosen to be
B,=Ja, changes in the mechanical torque are damped with the same time constant as the bandwidth of
the speed control loop [10].

Modelling the converter

A three-phase AC-AC converter is normally used to connect the rotor circuit of the DFIG to the grid,
whereas the stator circuit is connected to the grid directly. The converter that will be used must be able
to transfer energy in both directions, i.e. it must be able to work as a rectifier and as an inverter. When
the generator operates in sub-synchronous mode the converter will transfer energy to the rotor, while it
is extracting energy from the rotor when the generator operates in super-synchronous mode [1]. The
converter connected to the grid has to control the DC-link voltage, regardless of the magnitude and
direction of the rotor power. As modelling and control of voltage source converters is well known, no
description will be given here. A detailed description, related to the converter of a DFIG can be found
in [9].

Compared models

Four different models of a doubly-fed induction generator and converter have been developed and
compared to each other. A short description of the different models will be given here. The generator
system consist of two components namely the generator itself and the converter in the rotor circuit.
Two different machine models have been used. The first is a 5" order model, including all transient
flux terms, based on the equations (3) and (4). From now on this model is referred to as the complete
model. The second model is a reduced model, based on (5) in which the transient flux terms in the
stator and rotor circuit are not taken into consideration. This last machine model is often used in power
system stability studies [2]. From now on this model is referred to as reduced model.

A number of models have been developed for the converter. In the first model the PWM operation of
the converter is modelled, which means that the output voltages have a pulsating character. The
instantaneous DC-link currents are derived from the power balance in the converter, so they still
reflect the switching nature of the converter and are pulsating too. In the second model the converter is
modelled as a controllable three-phase sinusoidal voltage source, where amplitude, frequency and



phase of the output voltages can be controlled independently and on both sides (rotor side and grid
side). In this model both converter parts can be considered as power amplifiers that convert the input
control voltages (normally used to obtain the PWM signals) directly to output ac waveforms that are
set to the grid and the rotor. The DC-link currents are again derived from the power balance in the
converter. In this model the DC-link currents are constant in steady state.

The generator has internally been modelled in a d-q reference frame, based on (3) and (4).
Transformations from d-q to abc coordinates have been used to connect them with the converter and
the grid, which are both modelled in abc coordinates. When all signals in the time domain are
sinusoidal, the signals in the d-q frame are constant. Therefore, complete modelling in d-q domain is
expected to increase the simulation speed significantly, because the variable step-size simulation
program can apply a large time step during quasi steady state phenomena. To verify this, a model has
been developed that is based completely on d-q signals. Also the converter and the grid are modelled
in the d-q reference frame. The d-q model of the machine is given in (3) and (4). An example of a
converter model in the d-q reference frame can be found in [11].

Results

A number of different models have been obtained in Simulink®. Simulink® is a toolbox extension of
Matlab that is widely used in dynamic simulation. Some results of four different models will be
shown. The first model (A) is the benchmark, consisting of a complete machine model (based on (3)
and (4)) and a converter model including PWM. Model B uses the complete machine model of (3) and
(4) and the sinusoidal converter model. Model C uses the reduced machine model based on (5) and the
same converter model as B. Model D is completely modelled in the d-q reference frame. The generator
is again based on (3) and (4) and the converter model is based on sinusoidal operation. The four
different models are schematically shown in Fig. 4. The sub-plots a, b, ¢ and d, correspond with the
models A, B, C and D respectively.
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Fig. 4. Four models used for the simulations

The four models have been compared for a number of events. The level of detailing that is needed in a
model, to obtain reliable simulation results, might depend on the event that is investigated. Especially
the time scale of the events might be important. The models have therefore been compared for two
important events with different time scales. The first is a change in the wind speed, which causes a
change in the mechanical torque. Fig. 5 shows, for the different models, the rotor current i, and the
rotational speed @,, of the machine for a step in the mechanical torque. The second event is a dip in the



grid voltage. Voltage dips cause large problems for this type of generators, and the generator might be
easily destructed [1], [10]. The dip in the grid voltage will result in a fast increasing large current in
the stator windings of the DFIG. Because of the magnetic coupling between stator and rotor a large
current will also flow in the rotor circuit and will lead to destruction of the converter. To analyse this
behaviour it’s important to have a model of the Doubly-Fed Induction Generator that desibes the fast
dynamic events that occur during the grid dip accurately. Fig. 6 shows the rotor current i, and the
rotational speed ®,, of the machine for a dip of 30% in the grid voltage.

Model A Model B Model C Model D

Response of rotor current ig, and rotational speed wy, to a step in the mechanical torque
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Fig. 5. Response to a step in the mechanical torque for model A, B, C and D. Upper row: response of
rotor current ig to the step. Second row: response of rotational speed wy, to the step. On the lower row
the relative computation time is indicated with respect to the fastest model
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Fig. 6. Response of rotor current iy, and rotational speed wy, to a 30% dip in the grid voltage

In Fig. 5 also the time is shown that it takes to simulate the different models. The simulation of the
different models is related to that of the fastest model (D), which is set to 1 (about 50 times faster than
real time on a 2 GHz personal computer). As can be seen, the simulation results of model B show a
good similarity with the benchmark model A. During the first 0.4 seconds the signals of model A are
slightly different from the other models. This is due to the fact that not all signals of model A had
reached steady state yet, when the plot was started. Further there is a high-frequency ripple in model A



due to the PWM operation of the converter. In most simulation cases, this ripple is of no importance
and model B can be used. The reduced machine model (model C) gives bad results when fast
transients play a role (voltage dip) and also has a simulation time that is much longer than that of the
models B and D. This long simulation time is due to method in which machine models are constructed
in Simulink®. The derivative terms of the complete model appear in Simulink® as integrators. These
integrators interrupt a loop in the model. For the reduced order model, the loop doesn’t contain these
integrators. The model then contains algebraic loops and therefore the model becomes difficult to
simulate. Model D, which is made completely in the d-q reference frame, behaves almost exactly
equal to model B. Again the only difference with model A is the high-frequency ripple. As model D
can be simulated about 100 times faster than model B and about 5000 times faster than model A, it
will be a very powerful tool for simulation of the impact of a wind farm on the dynamics of the power
system to which it is connected.

Conclusion

For power system stability studies of power systems including wind turbines it is desirable to apply
reduced models of the turbines in order to limit the computation time. One of the most important
contemporary wind turbines is a wind turbine equipped with a doubly-fed induction generator (DFIG)
with a voltage source converter feeding the rotor circuit. Four different Simulink® models of a DFIG
(with different complexity) have been developed and simulated. The four models consist of a model
including a converter with full PWM operation and a generator model that models all transient
phenomena (model A), a model with a sinusoidal converter model and the same generator model as
the previous model (model B), a model with the same converter model as the previous model, but with
transient phenomena in the generator neglected (model C) and a model with sinusoidal converter
model and including all transient phenomena in the generator which has been modelled completely in
a rotating d-q reference frame (model D).

The models have been compared for 2 events, i.e. a step in the reference torque and a dip in the grid
voltage. As soon as fast transients play a role, the behaviour of the reduced (transient phenomena
neglected) machine model (model C) is completely different from the behaviour of the complete
(including all transient phenomena) machine model. The model including PWM operation shows
much more higher frequency components, as could be expected. The model including the complete
machine parameters and a converter with only sinusoidal operation (model B) shows accurate
simulation results and can be simulated much faster than the model including full PWM operation
(model A). The model that is made completely in d-q coordinates (model D) shows far the best results.
Its behaviour is equal to that of the complete model with sinusoidal operation, but it can be simulated
100 times faster. The only difference with the model including PWM operation, is a high-frequency
ripple, which isn’t important in most cases. Therefore, this model might be a valuable tool for power
system studies including wind farms.
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