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Wind Farm as Power Plant

Abstract

In the Wind farm as Power plant project (WaP) a library of four offshore wind farm dynamic
models is extended with nine new models. The models can be used to investigate dynamic
behaviour of wind farms, develop wind farm control strategies and determine the dynamic
effects of wind farms on the grid. This report describes the nine new wind farm models and
three new wind turbine and wind farm controllers. One of the new farm models is connected
to shore by a thyristor bridge. Six models for the thyristor bridge have been developed and are
described. The new wind farm models are demonstrated in a case study on flicker, voltage and
frequency dip. For one particular case, the DFIG-ac system, control during an asymmetrical
dip is developed and described. The project is completed by an aggregate wind farm model
and a model for the wind speed deficit and turbulence in the farm.

Keywords: offshore wind farm electrical systems, offshore wind farm control, offshore wind
farm models, offshore wind farm dynamics.
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Wind Farm as Power Plant

EXECUTIVE SUMMARY
INTRODUCTION

Integrating an increasing amount of wind power in the electric power system will require the
utilisation of the full potential of wind farms. Wind farms will be required to operate as much
as possible in the same way as conventional power plants, equiped with controllable power
source and synchronous generator. Wind power is an inherently stochastic power source, but
it still can be controlled to a large extent to exhibit the same or similar dynamic behaviour as
conventional power plants. Especially wind farms equiped with power electronic converters
can make a contribution to grid control at the local and the global grid level. This requires
the development of dynamic models of wind farms as a tool to desigh new wind farm control
strategies. If wind turbines are controlled individually, specific grid related control aspects
can be implemented for the whole farm. Different types of wind farms will require different
control strategies, dictated by the hardware present in the farm.

OBJECTIVE

The main objective of the Wind Farm as Power Plant project is to develop dynamic models for
offshore wind farms with different electrical systems and to demonstrate these models. The
models can be used to develop wind farm control strategies that satisfy grid requirements and
to investigate the interaction between the offshore wind farm and the electric grid.

METHOD

For grid integration and control instantaneous dynamic models are needed. The emphasis will
be on models which describe each turbine individually. Since wind farm models are large, i.e.
consist of many differential and algebraic equations, a method has to be chosen which limits
computer time. For control of electrical drives the Park transformation is used (instantaneous
space phasors). This method can be extended to passive electrical components in a grid and
has been used to model all electrical components in this project. Different reference frames
can be chosen, to suit the needs of a specific component. All models have been developed
from scratch using Simulink, which is widely used for dynamic simulation.

OFFSHORE WIND FARM MODEL DEVELOPMENT RESULTS

All wind farm concepts in WaP include power electronic converters and the control of these
converters determines to a large extent the behaviour of the farm during normal as well as fault
conditions. The emphasis in the WaP project is on development of new component models
required in some of the concepts and on the control strategies for the new electrical concepts.
Nine new offshore wind farm concepts have been developed:

(i) Constant Speed Stall-Induction Generator-dc link to shore (CSS-1G-dc)

(if) Constant Speed Stall-Cluster Controlled Induction Generator-ac connection to shore
(CSS-CCIG-dc);

(iii) Variable Speed Pitch-Cluster Controlled Induction Generator-ac connection to shore
(VSP-CCIG-ac);

(iv) Variable Speed Pitch-Cluster Controlled Induction Generator-dc connection to shore
(VSP-CCIG-dc);

(v) Variable Speed Pitch-Doubly Fed Induction Generator-dc connection to shore (VSP-
DFIG-dc).

(vi) Variable Speed Pitch-Full Converter Induction Generator-ac connection to shore (VSP-
FCIG-ac);

(vii) Variable Speed Pitch-Full Converter Synchronous Machine-ac connection to shore (VSP-
FCSM-ac);

(viii) Variable Speed Pitch-Full Converter Synchronous Machine-dc connection to shore (VSP-
FCSM-dc);

(ix) Variable Speed Pitch-Doubly Fed Induction Generator-thyristor based dc connection to
shore (VSP-DFIG-thy).
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The electrical part of these model are based on the Park transformation which calculates instan-
taneous dg-values of voltages and currents in all nodes of the electrical system. The converter
models calculate average values, the switching of the IGBT’s or thyristors is not included.
These models have been developed primarily for symmetrical conditions (equal voltage and
current in all three phases) but can, under certain conditions, also be used for asymmetrical
conditions.

OFFSHORE WIND FARM CONTROL STRATEGY RESULTS

Three of the new offshore wind farm concepts required a new controller design: the VSP-
FCIG-ac, VSP-FCSM-ac and the VSP-DFIG-thy system. The control of the VSP-DFIG-thy
was by far the most difficult to realise. This is caused by the limited control capability of the
thyristor converter, so the rotor and grid side converters of the DFIGs have to take care of wind
farm grid stabilisation. Two controllers have been developed, the control of the VSP-DFIG-thy
system still can be improved, however.

WIND FARM COMPONENT MODEL RESULTS

The main new component model developed in WaP is the model of the thyristor bridge con-
verter. Although the thyristor bridge already exists for many years, modelling it is still an
issue of much debate. Six models have been made, each for a specific application. In order of
complexity:

(i) average symmetrical;
(ii) average unsymmetrical Fourier;
(iii) average partially unsymmetrical,
(iv) instantaneous diode without commutation;
(v) instantaneous thyristor without commutation;

(vi) instantaneous thyristor with commutation.

The models have been verified by comparison with the thyristor bridge model in the commer-
cial Power System Blockset. The models satisfy the requirements, deviations can be explained
by the modeling method.

CASE STUDY RESULTS

The dynamic behaviour of four representative systems (CSS-1G-dc, VSP-CCIG-ac, VSP-
FCIG-ac and VSP-DFIG-thy) has been investigated in a case study. The wind farm flicker,
response to a voltage and a frequency dip have been determined.

ASYMMETRICAL RESULTS

The WaP project includes the development of a controller for a wind farm electrical system
during an asymmetrical fault. The system chosen is the commercially often used DFIG-ac
system. This work particularly focussed on modification of component models for asymmet-
rical phenomena, the method to separate the asymmetrical variables in instantaneous positive
and negative sequence components and the design of the controller. The controller was able to
reduce the electric torque pulsation and the ripple in the DC voltage during an asymmetrical
voltage dip.

MISCELLANEOUS RESULTS

The WaP also includes the implementation of the existing VSP turbine model in Simulink and
the implementation of the existing GCL model for wind speed deficit and turbulence in a wind
farm in Matlab. An aggregate model, that does not model each turbine in a farm individually,
was developed for a constant speed wind farm.

CONCLUSIONS

A versatile library of offshore wind farm models is now fully operational. The approach to
develop the necessary component models from scratch, as opposed to using existing commer-
cial electrical modelling software, has been gratifying and successful. Now full control can be
exerted over all modeling aspects: nothing is hidden behind a user interface. The models have
proven their use in developing wind farm controllers and investigating wind farm dynamic
behaviour.
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RECOMMENDATIONS

Optimising offshore wind farm behaviour with respect to local and global grid control, during
normal as well as fault conditions is the logical next step in making wind farm replace and em-
ulate traditional power plants. New offshore wind farm control strategies need to be developed
that meet certain grid requirements (e.g. steady state voltage support, stability improvement
during faults, damping of angle oscillations, delta control and power curtailment, frequency
droop control, limitation of short circuit contribution). These new control strategies can be
demonstrated in a dynamic grid model with a high percentage of wind power.

Wind farm dynamic model validation is still an issue of concern. A start was made in the
Erao-3 project, but this validation was seriously hampered by the unavailability of the wind
turbine parameters and control. Additional validation exercises are recommended.

LIST OF DELIVERABLES

(i) Nine new offshore wind farm dynamic models (Simulink);

(if) New controllers for the VSP-FCIG-ac, VSP-FCSM-ac and the VSP-DFIG-thy system
(Simulink);

(iii) A new implementation of the variable speed pitch turbine dynamic model (Simulink);
(iv) New dynamic thyristor converter models with different levels of complexity (Simulink);
(v) An aggregate model for the constant speed wind farm (Simulink);

(vi) The implementation of the GLC model for wind speed deficit and turbulence in a wind
farm (Matlab);

(vii) Journal papers and conference contributions (7);

(viii) A detailed report describing the dynamic models.

COMPARING PROJECT RESULTS TO PROJECT OBJECTIVES:

The central, most important, project objectives have all been met. On some aspects, more has
been achieved than anticipated in the project plan:

« thyristor bridge modelling has been more complete than planned: average and instan-
taneous models for different purposes (symmetrical and asymmetrical conditions) have
been developed;

« control of the DFIG-thy system proved to be more complicated than assumed at the start
of the project but was completed to a sufficient level;

« control of the DFIG system during an asymmetrical fault was not part of the proposal but
was included because of its interest for turbine manufacturers and becaused it is seldom
addressed in literature.

In the WaP project we hoped to take measurements of voltage dips on a variable speed tur-
bine for model validation. Due to unsufficient collaboration by the turbine manufacturer no
measurements could be taken. The opportunity occured to receive voltage dip measurements
perfomed by a different manufacturer on a similar turbine. These measurements have been
received recently.

The following objectives have not been fully met:

« Updating the Erao-1 database. This is only a minor activity. This task will be included
in a separate project, EeFarm-I11, starting 2008, in collaboration with Vattenfall.

« The development of control strategies that support the grid has been not been pursued
in this project since it needs much more attention and depth than can be given in WaP.
It will be the objective of a new project, WaP-II, to be executed in collaboration with
TUD-EPS (Electrical Power Systems) and TUD-EPP.
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» The aggregate model of the constant speed wind farm has been developed but the aggre-
gate model of the variable speed wind farm has been postponed to a next project.

CONTEXT OF THE PROJECT

This project is a continuation of the model development of the Erao-projects. In the Erao-1
project steady state (load flow) models have been developed and used in combination with a
component price database to estimate the contribution of the electrical system to the cost of
electricity. In the Erao-2 project dynamic models for four different ITWF have been developed
and demonstrated [33, 34]. A partial verification of the developed wind farm models has been
executed in the Erao-3 project [31, 30, 32].
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1 Introduction

The objective of the we@sea project Wind Farm as Power Plant (WaP) is to develop and
demonstrate dynamic models of offshore wind farms. These models can than be used to:

* simulate the dynamic interaction between individual turbines in an offshore wind farm;
* develop wind turbine and wind farm control strategies;

* optimize wind farms;

* investigate the effects of a short circuit in a wind farm;

* investigate the effects of a short circuit in the grid on a wind farm;

« determine the dynamic effects of a wind farm on the local electrical grid;

« adapt grid control to large scale wind power.

The WaP project is a continuation of the Erao-2 project (see appendix H for the executive
summary). The Erao-2 project was limited to wind farms based on:

* constant speed turbines with directly connected induction generators (CSS-1G-ac) ;

« groups of induction generators connected to a single IGBT converter (cluster controlled
constant speed turbines in variable speed mode: CSS-CCIG-ac)

« variable speed pitch turbines with doubly fed induction generators (VSP-DFIG-ac);

« variable speed pitch turbines with permanent magnet generators and full converters
(VSP-FCPM-ac).

In the Erao-2 project a number of important component and system models were still missing
and have been developed in WaP:

(i) models of the conventional thyristor bridge converter (for instance in the HYDC Classic
system);

(if) models for more complex electrical concepts, combining two sets of converters;

(iif) models for the evaluation of asymmetrical short circuits *;
(iv) a model for the wind conditions in the wind farm (deficit and turbulence intensity);

(v) an Aggregate Wind Farm Model (AWFM), which treats the wind farm as a black box,
without discriminating between individual turbines.

In the Individual Turbine Wind Farm Models (ITWFM) each turbine in the farm is modelled
in detail. A detailed turbine model includes an aerodynamic and mechanical model (wind,
blades, tower, mechanical drive train, pitch control and torque setpoint algorithm) and an elec-
trical system model (generator, AC-DC converters, transformer, cable and the electromagnetic
torque and other control).

The emphasis in the project WaP is on the development of Individual Turbine Wind Farm Mod-
els (ITWFM), especially the electrical component models and their control. The aerodynamic
models of the two generic types of turbines, the constant speed stall (CSS) and the variable
speed pitch (VSP) turbine have been developed in a previous ECN-Windenergy project, which
focused on wind turbine control [12]. In the WaP project, the VSP model has been repro-
grammed in Simulink, to make it more compatible: the models of the electrical components
have also been developed in Simulink. This report describes the development of nine new
ITWF models (see section 1.1 for an overview) and demonstrates a representative subset of
these models in a case study. New wind farm electrical system models and the new controllers
required for these systems.

1jf the zero is not connected, asymmetrical short circuits can be simulated by the dgq models of Erao-2

ECN-E-08-017



Wind Farm as Power Plant

This results in the following division of this report:

« Since the control of the investigated electrical systems is a crucial aspect, chapter 2
summarises the inverter and rectifier controllers developed in Erao-2.

¢ Chapter 3 describes the development of the new thyristor bridge models.

« For each new wind farm electrical system the layout and control are described followed
by the model overview and the simulation of normal operation (Chapters 4, 5 and 6).

 This is followed by a demonstation of a representative selection of the new wind farm
models in a case study (Chapter 7).

 The control of the DFIG-ac system for an unbalanced short circuit is described in chapter
8.

e Chapter 9 describes the development of the aggregate wind farm model based on con-
stant speed turbines.

« Appendix A describes the implementation of a simple model for the local wind condi-
tions inside a wind fram.

« Based on the results in the previous chapters, conclusions and recommendations on the
operation and applicability of the new models and wind farm concepts are summarized
in Chapter 10.

1.1 Wind farm models developed in WaP

Table 1 lists the nine new wind farm electrical concepts. The concepts are identified by:

« the type of turbine: Constant Speed Stall (CSS) or Variable Speed Pitch (VSP);
« the electrical system in the turbine: generator and converter (CCIG, DFIG, FCIG, FCSM);

« the connection to shore: alternating current or direct current (ac, dc, thy).
New electrical component models in the WaP project are:

« the thyristor converter model;
« the model DC connection to shore;
« three converter control models:

— field oriented control for the induction machine with full converter without stator
frequency knowledge;
— control of a DFIG in combination with a thyristor bridge;

— control of a synchronous machine with full converter.

For the most complicated concept, the VSP-DFIG-thy system, the modelling and control for
normal operation has been developed. Control of an asymmetrical voltage dip has been devel-
oped for the DFIG-ac.

12 ECN-E-08-017
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Table 1: Electrical configurations developed in Erao-2 and WaP

Turbine CsSs V'SP

WF El. confi g. IG CCIG | CCIG| FCIG| DFIG | FCSM | FCPM

AC transmission Erao-2 | Erao-2 #3 #6 | Erao-2 #7 Erao-2

DC transmission (DFIG) #1 #2 #4 #5 #8

DC transmission (Thy) #9
#1 | CSSIG-dc Constant speed stall, Induction generator, DC to shore (IGBT)
#2 | CSS-CCIG-dc | Constant speed stall, Induction generator, cluster controlled, DC to shore (IGBT)
#3 | VSP-CCIG-ac | Variable speed pitch, Induction generator, cluster controlled, AC to shore
#4 | VSP-CCIG-dc | Variable speed pitch, Induction generator, cluster controlled, DC to shore (IGBT)
#5 | VSP-DFIG-dc | Variable speed pitch, Induction generator, doubly fed, DC to shore (IGBT)
#6 | VSP-FCIG-ac | Variable speed pitch, Induction generator, full converter, AC to shore
#7 | VSP-FCSM-ac | Variable speed pitch, Synchronous machine, full converter, AC to shore
#8 | VSP-FCSM-dc | Variable speed pitch, Synchronous machine, full converter, DC to shore (IGBT)
#9 | VSP-DFIG-thy | Variable speed pitch, Induction generator, doubly fed, DC to shore (thyristor)

#1

O—@

O—@

O—@

Figure 1 shows the layout of the systems with stall controlled turbine and squirrel cage induc-
tion generator. The CSS-1G-dc concept (System # 1) uses a dc connection to shore and the
turbines are operated in constant speed mode. The CSS-CCIG-dc concept (System # 2) in-
cludes clusters of turbines on a single back-to-back converter system. The turbines in a cluster
are operated at variable speed. In the CSS-CCIG-dc system the individual clusters connect to

CSS-IG-dc

CSS-CCIG-dc

Figure 1: Layout of concepts based on constant speed stall turbine

a dc link to shore.

ECN-E-08-017
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VSP-CCIG-dc

VSP-CCIG-ac

VSP-FCIG-ac

Figure 2: Layout of concepts based on variable speed speed stall turbine and induction gen-
erator

Figure 2 shows the concepts with variable speed pitch controlled turbines and induction gen-
erator. The VSP-CCIG-ac (System # 3) system is cluster controlled with an ac connection to
shore. In the VSP-CCIG-dc system (System # 4) the connection to shore is a dc cable. The
VSP-FCIG-ac concept (System # 6) combines a converter controlled induction generator with
an ac connection to shore.
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VSP-FCSM-ac

VSP-DFIG-dc

VSP-FCSM-dc

Figure 3: Layout of concepts based on variable speed speed stall turbine and DFIG or SM in
the turbine

Figure 3 displays the remaining concepts modelled in WaP and based on variable speed speed
turbines. Two concepts are based on synchronous generators: VSP-FCSM-ac and VSP-
FCSM-dc (Systems # 7 and # 8) with either an ac or a dc connection to shore. The two
remaining concepts use a VSP-DFIG with either an IGBT or a thyristor converter dc connec-
tion to shore (Systems # 5 and # 9).

In the Erao-2 project Simulink has been chosen as programming language, since the emphasis
is on dynamic behaviour and control of wind farms. Simulink is a simulation platform based on
Matlab, a language especially usefull in the development of control systems. The advantages
of Simulink are:

« it includes solvers for stiff systems (systems with a wide range of time constants);

« it includes many useful features for the simulation of dynamic systems in general (for
instance zero crossing detection and algabraic loop handling);

« itis based on a graphical user interface, which greatly facilitates changing the system to
be simulated;

« orderly, structured signal flow;

* easy extension of system models with existing subsystem models.

Simulink is constantly being extended and improved and it is the current standard tool for the
simulation of dynamic systems.

All models of electrical components make use of the Park tranformation (dq0 models). In the
Erao-2 report [33] the dq0-model is described. A description of the four wind farm models
developed in Erao-2 can also be found in that report.

This project is a continuation of the model development of the Erao-projects. In the Erao-1
project steady state (load flow) models have been developed and used in combination with a
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component price database to estimate the contribution of the electrical system to the cost of
electricity. In the Erao-2 project dynamic models for four different ITWF have been developed
and demonstrated [33, 34]. A partial verification of the developed wind farm models has been
executed in the Erao-3 project [31, 30, 32].
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2 Control of variable speed electrical systems

All new concepts developed in the WaP project include converters, in the turbine or in the
connection to shore or both. The control of these converters is an important aspect in the
design of the wind farm. The converters are either based on thyristors (system #9) or IGBTs
(all other systems). IGBT power electronic switches can be switched on and off by a control
signal, which makes them well suited for control purposes. IGBT converters are operated at
a high switching frequency, for instance 5 kHz. This enables fast control as well as accurate
tracking, which is useful if generation of a sinusoidal wave form is required or if currents
are impressed on the rotor or stator of an electrical machine. Thyristor converters have the
advantage of availability in high voltage and power rating. The disadvantage is the limited
controllability and the sensitivity to voltage dips. The converters applied in wind turbines,
wind farms and DC connections to shore are connected back to back to each other, with either
a capacitor or an inductor or a DC cable in between.

The control of the converter is determined by the type of generator (i.e. squirrel cage induc-
tion generator, doubly fed induction generator, synchronous generator and permanent magnet
generator) and the location of the converter (rectifier or inverter).

2.1 IGBT inverter control

In all concepts, the grid side converter (inverter) is controlled in the same way: the amplitude
and the phase of the output AC current is controlled by means of the d- and g-components of
the AC voltage. The d- and g-components of the current are determined by the desired power
and reactive power to the grid. The setpoint for the power to the grid is determined by a master
control loop on the DC link voltage. The reactive power setpoint can be chosen freely.

Figure 4 illustrates the control of the grid converter. The main components are two Pl-
controllers and two cross-voltage compensators. The cross-voltage compensators result from
the fact that the electrical components are described in dg-coordinates instead of the abc values
of the individual phases [33] and compensate for the cross coupling in the dq voltage equa-
tions (the d-current influences the g-voltage and vice versa) . The d- and g-currents currents
result from the voltage difference over a small inductance at the grid side of the converter. The
d- and g-current setpoints are calculated from the power and reactive power setpoints. The
Pl-controllers generate the converter output dg-voltages.

i
Vd,grid L

d,set - v

d,conv -
> O > PI 5 | Cross voltage . grid i
Q set + controller N compensator + impedance| d

Vg,conv

Vq,grid

iq

Figure 4: Control of the grid side converter
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2.2 |IGBT rectifier control

The control of the machine side converter depends on the system concept:

« the type of electrical machine to be controlled: squirrel cage induction generator, doubly
fed induction generator, synchronous or permanent magnet generator;

« the location of the converter (on the stator or on the rotor).

The three types of controllers of the machine side converters in the Erao-2 project will first be
summarized, since this is a good starting point for the description of the new electrical system
concepts developed in WaP. These controllers are:

¢ CCIG: cluster control of a set of squirrel cage induction generators;
« DFIG: rotor converter control of the doubly fed induction generator;

¢ FCPM: full converter control of the permanent magnet generator.

CCIG

In the CCIG system the cluster side converter is connected the stators of the squirel cage
induction machines in the cluster and it controls the frequency and the d- and g-voltage (see
figure 5). The control concept is simple: frequency and voltages are impressed on the stator
instantaneously, a feedback control loop is not required (the voltage is an input variable for the
generator models).

fset ws

Cluster of

Ug induction

generators

Ud set ’\ ug
1

Figure 5: Control of the cluster side converter of the CCIG system

DFIG

In the DFIG system the machine side converter is connected to the wound rotor of an induction
machine and it controls the electromagnetic torque and the reactive power of the stator of the
machine (see figure 6). The control is realised by two master-slave control loops on the rotor
currents 4,4 and i,,. The output of the slave loops are the d- and g-voltage on the rotor. The
control concept is similar to the control of the grid side converter, including the performance
improvement by cross-voltage compensation.
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Figure 6: Control of the machine side converter of the DFIG system

FCPM

In the FCPM system the machine side converter is connected to the stator of a permanent mag-
net machine and controls the electromagnetic torque and the reactive power of the stator (see
figure 7). Since the rotor field is in the direction of the d-axis, the stator g-current corresponds
to the power and the reactive power is zero, if the current in the d-axis is zero.
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Figure 7: Control of the machine side converter of the FCPM system
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3 Thyristor Bridge Models for Balanced and Unbalanced Condi-
tions

3.1 Introduction

Most current offshore wind power projects are close to shore and use HVAC connections.
HVDC links are superior for large power capacity and long transmission distances. The HYDC
system can be based on current source converters using thyristor bridges or they can be based
on voltage source converters using IGBTSs. Voltage source converters using IGBTs have better
controllability and dynamic behavior than thyristor bridges, but they are expensive and the
power losses are higher. HVDC connections for offshore wind farms are compared in [4],
[14], [22], [20] and [10]. A general conclusion is that HVAC can be used for small wind
farms, 200 MW for example, and short transmission distance, 100 km for example. For large
power capacities and long transmission distances, HVDC transmissions are more favorable.
Considering the cost and efficiency, HVDC using thyristors can be used for an extremely large
wind farm, 600 MW for example, which is connected with strong AC grid. HVDC using
IGBTSs can be integrated with a relatively weak grid for its good controllability and voltage
ride through capability. The choice of connection type can be based on the following table
[4, 10]:

HVAC HVDC-thyristor HVDC-VSC
Maximum power 200MW at 150kV 1200MW 350MW
350MW at 245kV (500MW announced)
Maximum voltage 245kv 500kV 150kV
Maximum distance 200km

Table 2: Offshore wind farm connection options

Simulation is a valuable research method, because it makes it possible to investigate the inte-
gration problems without the necessary of a full or reduced scale test, which is often expensive,
time consuming or even impossible to be carried out. In [33, 25] dynamic models using the
Park transformation have been developed in Matlab/Simulink. The advantage of using the
Park transformation is that voltages and currents for balanced three phase system are dc values
in steady state condition. Therefore, large simulation time steps can be used during steady
state, and thus the simulation speed is greatly improved. The models developed in [33, 25]
include generator, transformer, cable, transmission line and voltage source converter models.
A thyristor bridge model was not available yet. Since the HVDC thyristor bridge can be a
choice for connection of large offshore wind farm, the thyristor bridge model is developed in
this project.

3.2 Specification of the thyristor bridge model

The thyristor bridge is a current source converter. Unlike the voltage source inverter which
can be fully controlled, the thyristor bridge is controllable in ignition, but uncontrollable in
extinction. Therefore, the model is more complex than the model of the voltage source inverter.
Although the thyristor converter is in use for many decades, building an appropriate model,
which suits the purpose of simulation with acceptable simulation time, still draws a lot of
attention.

Thyristor bridge models can be divided into three categories:
» Quasi stead-state models which are suitable for electromechanical transients studies;
« Small signal dynamic models which are suitable for small signal stability studies;

* Detailed instantaneous models which are suitable for electromagnetic transients studies.

The time frame of electromechanical transient study stays between 0.01s to several tens of
seconds, while the time frame of power electronics is below several tens of milliseconds. In
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other words, the electromechanical transients are much slower than the transients of power
electronics. The application of the three types of models can be characterized as follows:

« The quasi-steady state model of the thyristor bridge can be used in electromechanical
transient studies, for example, the voltage dip. Under unbalanced conditions, the quasi
steady-state thyristor bridge model has problems to represent the instantaneous AC volt-
ages in dg0-coordinates;

« The small signal model linearises the thyristor bridge equations near the operating point.
It is suitable for small signal stability studies such as response to a small step change
of voltage, but it is not suitable for faults analysis. Because during and after the faults,
the system does not stay at the same operation point, it will transfer to another operation
point. The linearized equations are not suitable for the new operation point;

¢ The detailed instantaneous model, which represents the switching of the thyristors, is
suitable for electromagnetic studies, but is not the best choice for the electromechanical
studies. For unbalanced conditions it is necessary to use this model.

In most studies of wind power integration as in table 3, the detailed transients or switching
of power converters are not required. Most of the wind power integration problems can be
studied with electromechanical simulations using dgO-calculations:

Table 3: Type and application of dynamic models in wind power integration studies

Wind power integration study Required simulation
Steady state Power control Electromechanical
Power quality Flicker Electromechanical
Frequency deviation Electromechanical
Harmonic Electromagnetic
Dynamic stability Transient voltage stability Electromechanical
Long term stability || Sub synchronousoscillations | Electromechanical

The objective in this project is to develop a thyristor bridge model which can be used with the
other dynamic models of the ERAQO Il project. This gives the following requirements:

« inputs and outputs are instantaneous values in dq0-coordinates;

« the switching transients in the converter need not be included in the model, only the fun-
damental frequency components are necessary, higher order harmonics can be omitted;

An additional requirement, which did not have much attention in the ERAO Il project, is that
unbalanced conditions will also be considered. This may result in including a model for the
switching of the thyristors. The thyristor bridge models developed in the WaP project can be
divided into two groups:

« quasi stead-state models which only have fundamental frequency components;

« instantaneous models which simulate the switching of the thyristors, i.e. the commuta-
tion process and include higher order harmonics.

Five models have been developed. They represent compromises between accuracy of simu-
lation result and model simplicity. The models are compared with the thyristor bridge model
of the Power System BlockSet in Matlab/Simulink in back to back configuration (rectifier-
inverter). The models are summarized in table 4.
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3 THYRISTOR BRIDGE MODELS FOR BALANCED AND UNBALANCED
CONDITIONS

Table 4: List of thyristor models developed in this project

Mode type Name | Properties

Quasi-steady state models | Thyl | Symmetrical quasi-steady model

Thy2 | Unsymmetrical quasi-steady model using Fourier analysis
Thy3 | Unsymmetrical quasi-steady partially symmetrical model

Instantaneous models Thy4 | Instantaneous model without commutation inductance
Thy5 | Instantaneous model with commutation inductance
I nstantaneous models PSB | Power System BlockSet Reference

In the next section the Park transformation will be analyzed first, with focus on unbalanced
conditions. This is followed by a description of the five thyristor bridge models. Then the
thyristor bridge models are compared to the Power System BlockSet model. The final section
of this chapter draws conclusions and gives recommendations for future work.

3.3 Park transformation

The electrical component models developed in the Erao-11 project are based on the Park trans-
formation which results in dq0-coordinates . Under balanced three phase conditions, voltages
and currents in dg-coordinates are DC values, i.e. constant in steady state. For an unbalanced
three phase system, voltages and currents in dqg0-coordinates vary, i.e. are not constant in
steady state. Then, the d- and g-values have a two times fundamental frequency component
and the zero values have a fundamental frequency component. A zero component may not
be present under unbalanced conditions due to the presence or absence of a physical zero or
neutral [33].

3.3.1 Park transformation for an unbalanced system
The following section discusses the situation that the Park transformation is applied to an
unbalanced three phase system. The voltage equations are taken as an example and only the

RMS values of the phases are considered to be unbalanced. The unbalanced three voltage
equations are:

Va(t)
Vi(t)

V2V, sin(wt + ¢q)
V2V sin(wt — §7T + ¢a) 1)

Vo(t) = V2V.sin(wt + gw + ¢a)

The Park transformation is:

5 cos(fy)  cos(8g— %71) cos(0g + %71‘)
Tugo = \/j —sin(0y) —sin(@q — 37) —sin(fy + 37) 2
1 1 1
V2 V2 V2
The inverse Park transformation is:

(:05((9(1)2 - sin(t‘)d)2 ?
Td_qé = \/j cos(fy — gw) —sin(fy — g’/‘(’) ? (3)

cos(0g + 5m) —sin(0q + 57) 7
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Applying equation 2 to equation 1, we get the expression for unbalanced three phase voltages
in dq0-coordinates:

Vd(t) Va(t) 1 (Va + Vi, + ‘/c) Sin(u)t + ¢a — Gd)
Vy(t) | =Tugo | Vo(t) | = —= | —(Va+ Vo + Vo) cos(wt + ¢a — bg) | +
Vo(t) (1) V3 0

1
+——

7 —Vg cos(wt + ¢ + 0q) + Vi cos(wt + ¢g + 0g — 5m) + V. cos(wt + ¢g + 0 + %w)

+Vysin(wt + ¢g + 04) + Vysin(wt + ¢o + 0q — 27) + Vesin(wt + ¢o + 0q + 37) }
Vo sin(wt + ¢q) + Ve sin(wt + ¢, — %ﬂ') + Vesin(wt + ¢4 + %ﬂ')

(4)
If initially the d-coordinate is aligned with phase a, then 6, = wt, the above equations can be
simplified to

1

(Va + Vb + Vo) sin(a)
~(Va+ %BVC) cos(¢a) | +

w

Vo sin(2wt + ¢q) + Vi sin(2wt + ¢ — 37) + Vesin(2wt + ¢q + 37)
—V, cos(2wt + ¢a) + Vpcos(2wt + ¢4 — 37) + Vo cos(2wt + ¢o + 47) | (5)
Vasin(wt + ¢q) + Vysin(wt + ¢q — 27) + Vesin(wt + ¢q + 27)

1

G

From 5, it can be seen that only when the RMS values of the a, b, and ¢ phase are equal,
the second terms of V; and V;, are zero. Then V; and V, are constant and V; is zero. Under
unbalanced conditions, V,, # V;, # V. and one of the advantages of the Park transformation is
lost. The calculation speed will be similar to the speed using abc-coordinates.

3.3.2 RMS values and phase angles

The quasi steady state model of the thyristor bridge requires RMS values and phase angles of
the line to line voltages. But under unbalanced conditions, the RMS values and phase angles
cannot be calculated from the instantaneous values in dgO-coordinates. This can be seen as
follows. In order to calculate the RMS values and phase angles, the invers Park transformation
of equation 3 is applied on the instantaneous values in dg0-coordinates:

Vi cos(04) — Vysin(0q) + %VO

Va(t) [V 2 2 - 2 1
Vo(t) | =Tho | Vo | =1/5 | Va cos(g — 5m) — Vgsin(0qg — 57) + %VO (6)
Ve(t) Vo Vycos(84 + 2m) — Vgsin(f4 + 27) + %VO

Under balanced system, V; equals zero, V; and V are constants and orthogonal. Then the
phase voltages can be written as:

Va(t) 1 \/VdQ + Vq2 cOS(wt + gi)a) \/i‘/?“ms COS(wt i (ba)
Vp(t) | = \/; VVE+ V2 cos(wt + ¢q — %w) = | V2Vps cos(wt + ¢ — %Tr)
Vel®) VViE 4 V2 cos(wt + ¢q + 37) V2Vyns cos(wt + ¢q + 57)

()
Where the RMS value of phase voltage is
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3 THYRISTOR BRIDGE MODELS FOR BALANCED AND UNBALANCED

CONDITIONS
Vi = L4 7 Vi 4 Vi ®)
™ms \/5\/§
And phase angle of phase voltage is
Gq = arctan(%) 9)

But for the unbalanced three phase system equations 8 and 9 are not true. The reason can be
understood by the fact that for the unbalanced three phase system, there are six unknowns:
three unknown RMS values and three unknown phase angles; and there are only three inde-
pendent equations in dg0-coordinates. It is not possible to determine the six unknowns from
solving three independent equations. In section 3.4 this problem will be solved by reducing
the number of unknown variables from six to three using two methods: Fourier analysis and
partial symmetric conditions. Figure 8 shows the results of equation 8 and 9 for the balanced
and unbalanced condition.
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Figure 8: Phase voltages, dgo0 voltages, RMS value and angle of voltage phasor in balanced
and unbalanced condition (RMS value and angle are not correct for unsymmetrical conditions,
see discussion in section 3.3.2)

3.4 Quasi-steady state thyristor bridge models

For an electromechanical transient study, the response time of electrical machines and tap
change transformers are slow compared to the fast switching of the thyristor bridge. There-
fore, the switching of the thyristor bridge can be considered to be instantaneous. The main
characteristics of the resulting quasi steady-state model are:

« achange of firing angle is instantaneous;

« the transformer tap position remains unchanged during a change of firing angle;
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« the DC side voltage is considered to be smooth and is actually equal to the average value
per cycle;

« the DC side current is considered to be smooth due to a large smoothing inductance;

 the AC side voltage and current are assumed to be purely sinusoidal at fundamental
frequency, all high order harmonics are filtered out.

3.4.1 Average quasi steady-state model for balanced conditions (Model Thy1)

The averaged DC side voltage V. is expressed in Vy, V,, DC current I, firing angle and
commutation reactance X_:

2
Vdc = i—VLL CoOs ax — §chdc (10)
T T

with V1, the RMS value of line to line voltage:

Vi =\/Vi+ V2 (11)

The AC phase current lags the AC phase voltage by an angle ¢.,;. This angle can be expressed
in the firing angle « and the commutation angle p:

bui = o + g (12)

with commutation angle p:

2X.- Idc o 2X.- Idc (13)

n= . -
V2U L sin V2 /de + 1/;12 sin a

To calculate the commutation angle, the initial values of line to line voltage must be set to
nonzero values. The phase angle ¢, of the phase a voltage is:

Pva = arctan( %) (14)

Then the phase angle ¢;, of the current of phase a is:

(bia = ¢va - ¢vz’ (15)

The RMS value of fundamental component of the AC side current can be calculated by Fourier
analysis and expressed in the DC side current I, firing angle, and commutation angle x:

I, = k@ I (16)
T

with k equal to:

V/[cos 2a0 — cos(2a + 2p)]2 + [2p + sin 2a — sin(2a 4 2p)]%

4[(cos a — cos(a + )] n
Finally, the instantaneous values of I; and I, can be calculated as:
Id = \/gla,rms sin ¢ia (18)

Iq = _\/gfa,rms COS Pjq
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3 THYRISTOR BRIDGE MODELS FOR BALANCED AND UNBALANCED
CONDITIONS

Implementation in Simulink

The symmetrical quasi steady-state back-to-back thyristor bridge model is built as a hierarchi-
cal Simulink model:

w_rect
thy _rect
Vdq_rect P vda J
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Vde| rect
P idc
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Figure 9: The symmetrical quasi steady-state thyristor bridge model in Simulink

The model consists of two almost identical thyristor converters, one operating as rectifier and
one as an inverter. These connect at the DC side to a DC link. The symmetrical quasi steady-
state thyristor inverter model in Simulink is:
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Figure 10: Symmetrical quasi steady-state thyristor inverter model in Simulink

The symmetrical quasi steady-state thyristor inverter model first calculates the AC voltage
amplitude and the voltage dq angle:

C% Ly~

PrOdUCt
Vac_rms
Fen Gain
D P
2 1 X
Vg
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P
»
P

Trigonometric Vdq_angle

Function

Constant

Figure 11: Calculation of RMS value and dq angle

The average DC voltage is calculated from the AC voltage amplitude, the firing angle and the
DC current:

.
Vac_rms H

transform to
line to line voltage

Vdc

rectifier : 3 xc

alpha

rectifier : input alpha instead of pi -alpha

Figure 12: Average DC voltage

The fundamental AC current is calculated:
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CONDITIONS
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Figure 13: Fundamental AC current

Finally, a new value of the DC link voltage is calculated:
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1/Ldc Integrator

Rdc

Switch

>=
0.001

Figure 14: DC link

Simulation example

The symmetrical quasi stead-state model is tested in a simple simulation. A three phase sym-
metrical AC voltage source is connected to an AC voltage V. generated by the invers Park
transformation. The DC current and grid frequency are set as constants. A firing angle step
from 30 degree to 45 degrees (0.52-0.78 rad) is used. Figure 15 shows the results for the
back-to-back model (rectifier, DClink and inverter).
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Figure 15: A step in rectifier firing angle in the average symmertical thyristor model (Thy1)

Connection with other dynamic models

Connecting the quasi-steady state thyristor bridge model to the other dynamic models can lead
to conflicts. The thyristor bridge model inputs are the AC voltages and the outputs are the AC
currents. In most cases, the thyristor bridge model is at the AC side connected to a transformer
or a cable and both have the secondary voltage and primary current as inputs and the primary
voltage and secondary current as outputs. If we want to connect the thyristor bridge model with
the secondary side of the transformer or cable model, we have a conflict. Both models require
an AC voltage as input and an AC current as output. To solve this problem, a model which
has two AC currents as inputs and two AC voltages as outputs has to be inserted between the

transformer and the thyristor model. This actually is a shunt capacitor model. The next figure
illustrates the connection.
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Figure 16: Connection of the thyristor bridge model to a wind farm and grid model
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3 THYRISTOR BRIDGE MODELS FOR BALANCED AND UNBALANCED
CONDITIONS

3.4.2 Average quasi steady-state model, unbalanced, Fourier (Model Thy2)
In this section an average quasi steady-state model for unbalanced conditions using Fourier

analysis will be derived. For unbalanced conditions the average DC voltage equation is more
complex:

2
Uje = %Uba[cos(cl +a—-Cs+m) —cos(Cy +a—Cy + 1)
+ @UaC[COS(CQ +a—C) —cos(Cs +a—C)]
T

2
+ %ch[cos(C% +a—Cy) —cos(Cy +a+m—Cy)]

. Idc(Xcl + X02 + XC3) (19)

™

Upa, Upe, Uy are the RMS values of line to line voltages, C1, Cs, Cs are the corresponding
phase angles of the line to line voltages. 14 is the DC current. X1, X0, X3 are the commu-
tation inductances on the AC side, « is the firing angle. The meanings of the angles can be
seen in the following graph.
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Figure 17: Wave forms of unbalanced voltages

ECN-E-08-017 31



Wind Farm as Power Plant

Fourier analysis is used to calculate the RMS values and phase angles of the line to line volt-
ages from the instantaneous voltages in dq0-coordinates:

Upa(t) = V2[Vgsin(wt — g) + Vj cos(wt — g)} (20)
Uselt) = V2[Vysin(wt + g> + V, cos(wt + g)} (1)
Upe(t) = V2[Vysin(wt) + V, cos(wt)] (22)

The commutation angles p; are:

Xcl + Xc3 )
= arccos (cosax — —— - I4. | —« 23
= ( \/ivac ¢ ( )
X+ X,
[l = arccos (cosoz _detia ~Idc> -« (24)
V2Vi
Xc2 + Xc3 >
= arccos [cosa — ———— - I4. | — 25
/’L3 < \/i%c de ( )
The RMS values of the AC phase currents are:
415 . T;
Ii rms — = - 2
e = = sin() (29)

T; is the conduction time of each phase. From the figure 17 with the unsymmetrical voltage
waveforms we get:

Ta = ¢ba +a— (d)ac + Oé) = ¢ba - d)ac (27)
Tb = ¢bc+7r+a_(¢ba+a):¢bc_¢ba+7r (28)
T. = ¢ac+27+a*(¢bc+7‘—+a):¢ac*¢bc+7r (29)

The phase angles of the AC phase currents are:

bvi = a+ % (30)
¢i = ¢v - ¢vi (31)
The AC currents in phase a, b and c are:
io(t) = V2I,sin(wt+ ¢rq) (32)
ip(t) = V2Isin(wt + ¢p) (33)
ie(t) = V2I sin(wt+ ¢re) (34)

The AC currents in dq0-coordinates are:

I(t) z'.a(t) I, sin(iq) + Iy sin(dip + %ﬂ') + I sin(pic — %7‘(‘)
%Eg = Taq0 zi(g = 7l [Ia cos(pia) + Iy cos(¢ibo+ %w) + I cos(ic — %77)]
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1 I, sin(2wt + ¢q) + Ip sin(2wt + ¢y, — 27) + Lo sin(2wt + ¢jc + 27)
+ 7 —[1, cos(2wt + ¢q + 04) + Ip cos(2wt + ¢p — %7‘1’) + I.cos(2wt + ¢ + %ﬂ’ﬂ
3 I, sin(wt + ¢ig) + Ipsin(wt + ¢ip) + I sin(wt + ¢ic)
(35)

Implementation in Matlab/Simulink

The implementation of the average unsymmetrical quasi-state thyristor bridge model using
Fourier coefficients in Simulink is:

vdqo

Vdq0_Rec

Vdc_rec

P Idc

alpha

alpha _Rec

- Wl grid Idq0_Rec

wgd_Rec

Vdc_Rec

Rectifier _Fourier_asym

Idc »(3)

Idc

vde_inv

DC link of thyristor bridge

CO———plvew

P> Idc
abha

alpha _Inv 1dq0 Vdc_inv
C : j W w_grid 1dq0_Inv

wgd_Inv

Inverter _Fourier_asym

Figure 18: Thyristor bridge model using Fourier coefficients in Simulink (Model Thy2)

ECN-E-08-017 33



Wind Farm as Power Plant
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Average _DC_voltage
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phi_Vac P phivac
Vo phi_Vbc P phiVbe le P ic
phi_) phivba
theta  phi alpha phi_la P phi_la
phi_Vb P 1dc
P s ohi Ve Bl riva phi_tb P phi_ib
hivh
Gain Inverse_park_transfo P phi_lc P phi_lc
and_fourier _analysis phiVe
Fundamental _AC_current
theta
B
w_grid
Integrator

Figure 19: Inverter model using Fourier coefficients in Simulink (Model Thy2)
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CONDITIONS

1 P vd2
vd Vac_amp
(@D P vaz Vac_amp
Vg N
4 theta
theta phi_vac———p(4 )
S s phi_Vac
fs Vac_cal
W vd2
Vbe_amp
> Va2 Vbc_amp
L theta
phi_Vbe
s phi_Vbe
Vbc_cal
P vd2
Vba_amp
> Va2 Vab_amp
P theta
A phi_vba ———9( 6 )
phi_Vvab
Vba_cal
P |vd
N Va_amp
3 »{vo
Vo
P heta phi_Val
s phi_va
Va_cal
P vd
Terminator 1
»vo
P theta phi_ Vb
Lal phi_Vb
Vb_cal
P vd
Terminator 2
> vo
P theta phi_ve
Pis phi_Ve
Ve_cal

Idc

Figure 20: Fundamental voltages in Simulink (Model Thy2)
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Figure 21: Fundamental currents in Simulink (Model Thy2)

=

Va_amp

ECN-E-08-017

35



Wind Farm as Power Plant
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22: Current magnitudes in Simulink (Model Thy2)
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Figure 23: Current phase angles in Simulink (Model Thy2)
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Figure 24: Commutation in Simulink (Model Thy2)
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gamma

> cos

phivbe
4 Ldl
@-‘ phivac
phivba

» cos

cos

Gain1

Constant

Figure 25: DC voltage in Simulink (Model Thy2)

Simulation example

Figure 26 shows the results of a dip in the RMS voltage of phase « for the inverter model using
Fourier (Model Thy2). The Fourier analysis method introduces a time delay in the result of
about 0.01 s, which can be seen in the figure. Because of this disadvantage, a second quasi
steady state model will be developed, assuming partially symmetrical unbalanced conditions.
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Figure 26: A dip in the RMS voltage of phase a of the inverter in the model using Fourier
analysis (Thy2)

3.4.3 Av. quasi-steady state, unbalanced, partially symmetrical (Model Thy3)

For an unbalanced three phase system, the three phase voltages may still be considered to
be partially symmetrical. For example, for a double phases to ground fault, the two faulted
phase voltages have the same RMS value. For a single phase to ground fault, the unfaulted
two phase voltages also have the same RMS value. This partially symmetrical condition can
be used to calculate the RMS values and phase angles of the voltages from the instantaneous
values in dgO-coordinates because it can help to reduce the number of unknown variables to
three, which can be determined by the three independent equations in dg0-coordinates. The
following assumptions have been made:

« two phase voltage RMS values are always the same;

« the phase voltages are displaced by 120 degrees.

Now there are two different RMS values and the initial angle of one phase. Using the inverse
park transformation, we get:

V2V, sin(wt + ¢q) = \/g :Vd cos(0q) — Vg sin(6y4) + %Vo} (36)

20 2 2
V2V sin(wt + ¢p) = \/g Vg cos(6g — gﬂ') — Vg sin(64 — §7r) + Vo} (37)

H%‘»—l
DO

. 27 2 . 2
V2V, sin(wt + ¢.) = \/; _Vd cos(0g + gﬂ') — Vg sin(64 + §7r) + EV{)} (38)

From the two assumptions, we get:
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CONDITIONS
Vi = Ve 39)
2
o = ¢a— gﬂ (40)
2
G = Qg+ §7r (41)
If the d-axis is aligned with phase a initially, then:
0q = wt (42)
The phase voltage equations can be simplified to:
. 27 ) 1
V2V, sin(wt + ¢g) = \/g Vicos(84) — Vysin(0q) + EVO] (43)
V2V sin(wt + ¢ — 27r) = \/g _Vd cos(fy — 27T) — V,sin(0y — 2 + LVO} (44)
3 31 3 1 3 V2
V2V sin(wt + ¢4 + EW) = \/? —Vd cos(fy + 271') — Vg sin(8y + gﬂ') + LVo} (45)
“3 31 3 1 3 V2

The three independent equations are used to solve three unknowns: V,, V4, ¢,. The solution

is:

VVE+ V2 + 2V — 2V/2VaVh cos(wt) + 22V, Vp sin(wt)

W = Vo= 46
b \/g ( )
Vg cos(wt) — Vy sin(wt) + LV}
Vo = N v, (47)
Vycos(wt) — Vg sin(wt) — V2V
Vy COS(u.Jt)—Vq sin(wt)—v/2V, _ tan(wt
6o = arctan (— ) el ) )
1= Va sin(wt)IJrVq cos(wt) ’ tan(‘“‘ﬂf)
The RMS values of phase to phase voltages are:
Vaob = Vae =1/ V2 2 2
ab = Vac = Tt VE= 2Va%cos(§7r) (49)
2
Voe = \/V},Q + V2 -2V, cos(gw) (50)
Phase angles of phase to phase voltages are:
Va o) — Vesin(¢a + 3
b = arctan( sin(¢g) — Vesin(¢q + ?577) ) (51)
Va cos(¢pa) — Ve cos(¢a + §7r)
Vi a — 2 - ch i a 2
¢pe = arctan( bsin(da - g’ ™) sin(¢a 1 327r) ) (52)
Vi cos(pq — 5m) — Ve cos(pg + 57)
Vi a —2 - Va i a
e = arctan( bsin(¢q = ;’ﬂ-) sin(¢a) ) (53)
Vb COS((ba §7T) —Va COS(¢a>
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The equations of the thyristor bridge are the same as for the average quasi-steady state model
using Fourier analysis, see section 3.4.2.

Implementation Model Thy3 in Matlab/Simulink

Figures 27 to 33 give the main component blocks in the Simulink average quasi-steady state
thyristor bridge model assuming partially symmetrical conditions.

Vdqo

VdqO0_Rec

4
Vdc_rec
-

Vde H

(2P apma

alpha _Rec

@—> w_grid

wgd_Rec

P Idc

Rectifier _Paritial _Sym
AVG_6pulse_thyristor

véao

VvdqO_Inv

\%8

Idc

vz

1dq0_Rec

DC link of thyristor bridge

Vvdc

P dc

apha

alpha _Inv

Idg0

@—» w_grid

wgd_Inv

1dq0_Inv

Inverter Paritial _Sym
AVG_6pulse_thyristor

>3

Idc

Figure 27: Simulink average quasi-steady state thyristor bridge model assuming partially sym-
metrical conditions (Model Thy3)
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CONDITIONS

w_grid

Vdqo

Vac_rms

Vbe_rms

Va_amp
vd Varms Plvamms ~ Voakec.ms
o Vbe_rms
Vb&c_rms P vbac_rms phi_)
Iyivo
phi_Vbc
theta  phi_ P phi_va phi_Vba
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RMS and phase angle calc

line to line calculation
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phi_Vbe

y YYVYVYYVYY

phi_Vba

j
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P phivb
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Figure 28: Inverter model assuming partially symmetrical conditions (Model Thy3)
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Figure 29: RMS and phase angle calculation (Model Thy3)
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Figure 30: Line to line calculation (Model Thy3)
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Figure 31: Average DC voltage calculation (Model Thy3)
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CONDITIONS
Idc
ul \_»
vac u
Vac » 02 phi_la
Vbe uz{ phi_la
Vbe P u3
3 Vb
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Figure 32: Fundamental AC current calculation (Model Thy3)
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Figure 33: DQO current calculation (Model Thy3)
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Simulation example Model Thy3

The quasi-steady state model assuming partially symmetrical conditions is tested in a simple
simulation. A voltage dip in the AC voltage of the inverter occurs in phase a at 0.15 s, see
figure 34. The partially symmetrical model does not have a 0.01s time delay.

Step on Va

Model Thy3 Part Sym
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3 8
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Figure 34: A dip in the RMS voltage of phase a of the inverter in the model assuming partially
symmetrical conditions (Thy3)

3.5 Instantaneous thyristor bridge models

3.5.1 Instantaneous diode bridge without commutation inductance (Model
Thy4a)

The instantaneous model calculates the instantaneous DC voltage instead of the average value
over one period of the voltage/current (0.02s) in the quasi steady state model. Unlike the
voltage source converter, which can use a relatively simple transfer function to describe the
relation between DC voltage and AC voltage or DC current and AC current, the instantaneous
model of the thyristor bridge is much more complex due to the uncontrollable extinction of
the thyristors. The Matlab/Simulink Power System Blockset and DIgSILENT include instan-
taneous models of thyristor bridge, but these are masked and not accessible to the users. The
development of the instantaneous model starts with a three phase diode bridge model. This is
easier than the thyristor bridge model because the firing angle is not considered. The switching
scheme of the diode bridge is shown in the figure 35.
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CONDITIONS
+ +
a A A A a A A A
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Figure 35: Switching scheme of the diode bridge

The diode positive branch conducts when its phase voltage is the most positive, while the
negative branch conducts when its phase voltage is the most negative. The phase current
only flows when one of the diodes is conducting. In order to implement the diode bridge in
Simulink, the states of the diodes are defined:

Conducting | Blocked
D1, D3, D5 1 0
D4, D6, D2 -1 0

The commutation inductance only causes a small drop in the DC side voltage at normal op-
erating points and is omitted at this moment because of the difficulty of implementation. The
six states of three phase diode bridge during one cycle of the AC voltage are:

Conducting Diodes | Positive DC voltage | Negative DC voltage | Total DC voltage
D1, D2 Va Vc Va-Vc
D3, D2 VD Vc VDb-VC
D3, D4 VDb Va VDb-Va
D5, D4 Vc Va Vc-Va
D5, D6 Vc Vb Vc-Vb
D1, D6 Va Vb Va-Vb

So if the states in the time domain are determined correctly, the instantaneous DC voltage and
AC current can be calculated. If we define the matrix of states K, then the instantaneous DC
voltage and AC current can be expressed as:

Va I,
VdC:K[Vb}, Ib}:KJdC (54)
Ve I,
D1+ D4
K = | D3+ D6 (55)
D5+ D2

Since the model assumes instantaneous commutation of the current from one diode to the next,
there is only one diode conducting in the upper branch (1-3-5) and only one diode conducting
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in the lower branch (4-6-2) at any given moment. This means that K always containsa 1, a -1
and a 0 element. The states of the diodes are calculated by comparing the instantaneous phase
voltages of Va, Vb, Vc.

lllustration of diode bridge in balanced operation
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Figure 36: Diode bridge operation in balanced condition (Model Thy4a)

Figure 36 illustrates the operation of the diode bridge under balanced conditions. At any
moment one diode in the upper branche conducts, resulting in a positive current in that phase
(current into the DC link), and one diode in the lower branche conducts, resulting in a negative
current in that phase (current out of the DC link). The DC voltage is always positive and
follows the peaks in the line voltages (or minus their negative value). The AC currents are
block shaped, with a small ripple superimposed. The DC current shows the same ripple, with
six periods per period of the AC voltage, since it is a six-pulse model.
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Illustration of diode bridge in unbalanced operation
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Figure 37: Diode bridge operation in unbalanced condition (Model Thy4a)

Figure 37 illustrates the operation of the diode bridge under unbalanced conditions. The volt-
age amplitude of phase a is 0.1 times the amplitude of the other two phases. This decreases
the conduction period of phase a and results in a larger variation in the DC voltage. The DC
current is smaller compared to the balanced case.

Implementation of Model Thy4a in Matlab/Simulink

The following figures illustrate the implementation of instantaneous diode bridge model in
Matlab/Simulink.

>l v_ph_dq0 i_ph_dqo

> lde

Vdc

>l wgd

3-phase Diode converter

Figure 38: Top level of model of instantaneous diode bridge without commutation inductance
(Model Thy4a)

At the top level of the diode bridge model, the inputs are the phase voltage in dq0-coordinates,
the DC current I and grid frequency w,q4. Outputs are phase currents in dq0-coordinates and
the DC voltage V.. The input V3, V,, Vg are transformed to V,, Vj, V. using the inverse Park
transformation and are then compared to each other to calculate the state matrix K:
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Figure 39: Model to calculate the state matrix K (Model Thy4a)

The diode logic of “Branch A+” (D1) is:

> A

Figure 40: Model to calculate the state of a single diode (Model Thy4a)

After state matrix K is calculated, the DC Voltage V. and phase current I, I, I. and Ig, I,
Iy can be calculated:

v_ph_dq0

Phase Voltage

—

Vdqo

wgd

Vabc

invert_park_transformation

Diode
State Calculator

Vabc K——

u(1)+u(2)+u(3)

Vdc

DCHink Voltage

iabc

wgd

idgo

i_ph_dq0

Idc
DCHink Current
K is the diode state
¢ dl -d4
K=d3-d6
d5 -d2

park_transformation

Figure 41: Overview of the diode bridge model (Model Thy4a)

Phase Current

Note that when calculating the state matrix, the “sum” block must be set that the type of output
value is “double”. The default setup of Simulink is “same as input”. Because the input values
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CONDITIONS

are “Boolean”, it will not give “-1” when negative branch diodes (D4, D6, D2) are conducting,
but will give “0” instead. This will generate an error in the state matrix .

Simulation example (Model Thy4a)

The Simulink model of the diode bridge is tested by applying a voltage dip to the AC voltage
of the diode bridge phase a at 0.15 s, see figure 42. The AC voltages, AC currents, DC voltage
and DC current are shown.
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Figure 42: AC voltages, AC currents, DC voltage and DC current in diode model with step on
voltage amplitude phase a (Model Thy4a)

3.5.2 Instantaneous thyristor bridge without commutation inductance (Model
Thy4b)

The difference between the thyristor bridge and the diode bridge is the firing angle o which
controls the ignition of the thyristor. The thyristor stays blocked until it receives a firing pulse,
then it compares the three phase voltages to see if the positive branch (T1, T3, T5) or the
negative branch (T4, T6, T2) commutates. The method of using a state matrix K to calculate
the DC voltage and the AC current is the same as in the diode bridge model, but the way to
calculate the state matrix K is more complex. The instantaneous phase voltages V,, V4, V. are
compared and the integration of grid frequency over time [ wdt is compared to the firing angle
.

Implementation of Model Thy4b in Matlab/Simulink

The inputs of the instantaneous thyristor bridge model without commutation inductance are
the phase voltage in dgO-coordinates, the DC current Idc, the grid frequency w4, and firing
angle «.. Outputs are DC voltage V. and phase currents in dq0-coordinates. The state matrix
K is calculated first and then the DC voltage V;. and phase current I, 1,, I, are calculated
using the state matrix.
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Figure 43: Model of the instantaneous thyristor bridge without commutation inductance

(Model Thy4b)

The thyristor state calculator is shown in the following figure:

1 avc
Vabe wad A
aipha
Branch A+
P anc
y A
P alpha
Branch A-
wod abe
wgd B
alpha
Branch B+
e Em— L
wgd B
aipha
Branch B -
alpha
abc
q c
P alpha
Branch C+
abe
a c
alpha
Branch C-

Figure 44: Model to calculate the state matrix (Model Thy4b)

The calculation of the state of branch A+ (thyristor T1):
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Enabled
Subsystem

alpha A

SR
FlipFlop

Enabled
Subsystem1

Figure 45: Calculation of the state of thyristor 1 (branch A+) (Model Thy4b)

When V, > V,, a subsystem is enabled to integrate the grid frequency w from that time on.
This value is then compared to the firing angle «. If the integration result is larger than «,
thyristor T1 begins to conduct. T1 will stop conducting when T3 begins to conduct. A set-
reset flip-flop is used to calculate the correct conduction period of thyristor T1. Without the
flip-flop, the logic is only correct in rectifier mode, the firing angle o cannot be larger than 90
degree because the enabled subsystem will reset | w dt to 0 when V, > V.. With the flip-flop,
the thyristor logic is also correct in inverter mode. The model can also be used as a diode
bridge if the firing angle is set to 0.

Simulation example (Model Thy4b)

The Simulink model of the instantaneous thyristor bridge without commutation inductance is
tested in two simulations. First a voltage dip is applied to the AC voltage of rectifier phase a
at 0.15s, see figure 46. The AC voltages, AC currents, DC voltage and DC current are shown.
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Figure 46: AC voltages, AC currents, DC voltage and DC current in the instantaneous rectifier
model without commutation inductance for step on voltage amplitude phase a (a,ec: = 30°)

In the second simulation, the same voltage dip is applied to the AC voltage of inverter phase a
at 0.15 s, see figure 47.
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Figure 47: AC voltages, AC currents, DC voltage and DC current in the instantaneous inverter
model without commutation inductance for step on voltage amplitude phase a (c«;,, = 150°)
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3.5.3 Instantaneous thyristor bridge with commutation inductance (Model Thy5)

Omitting the commutation inductance can cause large errors when the thyristor bridge is not
working at normal operating points, for example during a grid voltage dip. Furthermore, if
the inductance connected to the thyristor bridge is large, then omitting the commutation in-
ductance may cause numerical instability, because the AC current through the inductor cannot
change instantaneously while the output AC current of thyristor bridge is a square wave which
changes instantaneously at the time of switch-on and switch-off. Therefore, the instantaneous
thyristor bridge model with commutation inductance is developed. The new aspects of the
model with commutation inductance are:

« the AC currents are trapezoidal, the increasing and decreasing slopes are determined by
the AC line to line voltage and the commutation inductance;

« the switching function of each thyristor includes two additional states: switch-on, and
switch-off;

« the switching function for current is not the same as for the voltage.

Implementation of Model Thy5 in Matlab/Simulink

The inputs and outputs of the instantaneous thyristor rectifier model with commutation induc-
tance are the same for the model without commutation inductance.

Vde_rectl

) »apha v
alpha Thyristor
state calculator
v

jtching function of labc

o
H

Figure 48: Instantaneous thyristor rectifier model with commutation inductance (Model Thyb5)

The switch-off of a thyristor is not determined by the switch-on of the next thyristor but by the
decrease of its own current to zero. Now each thyristor has four states: blocked, switch-on,
conducting, and switch-off. This makes the model to calculate the state matrix of the thyristor
converter complex.
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Figure 49: State calculation in the instantaneous rectifier model with commutation inductance

(Model Thyb)

Figures 49 to 52 show the main model blocks of the instantaneous thyristor rectifier model

with commutation inductance.

f(u)

Sw Function phase ¢

com

: Se»

Dot Product Ve

s1,s3,s5 are the states of upper arm thyristors ,
4,56,s2 are the states of lower arm thyristors .

Vde=(Vd+)-yd-)=

[sa; sb; s*[Va
Vb
Ve ]

sa=(u[1]*u[9]*u[8]-u[4]*u[11]*u[12])+0.5*(u[13]-u[16])+0.5*(u[14]-u[17]);
sb=(u[2]*u[7]*u[9]-u[5]*u[10]*u[12])+0.5*(u[14]-u[17])+0.5*(u[15]-u[18]);
sc=(U[3]*u[7]*u[8]u[6]*u[10]*u[11])+0.5*(u[13]-u[16])+0.5*(u[15]-u[18]).

Figure 50: DC voltage calculation of the instantaneous rectifier model with commutation in-

ductance (Model Thy5)
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CONDITIONS

int (Va-Vb);
int (Vb-vc);
int (Vc-Vva).

@

Wi

y

P

witching function phase b

W com

(1D

labc

switching function phase ¢

Figure 51: Three phase currents from switching functions in the instantaneous rectifier model
with commutation inductance (Model Thy5)

1/thy.Lc

Commutation signals are arranged from the top to the bottom as

S51t0S1;
S1toS3;
s3 to s5;
2 tos4;
s4 10 s6;
s6 to s2.

ja=u[1]*u[9]*u[8]*u[25]-u[4]*u[11]*u[12]*u[25 +u[13]*(1)*u[19]+U[16]*(<L)*u[22]+u[14]*(u[20]+u[25])+u[17]*(u[23]u[25])

Figure 52: Switching function of phase a in the instantaneous rectifier model with commutation
inductance (Model Thy5)

Simulation example Model Thy5

The model of the instantaneous thyristor bridge with commutation inductance is tested in two
simulations. First a voltage dip is applied to the AC voltage of rectifier phase a at 0.15 s, see

figure 53. The AC voltages, AC currents, DC voltage and DC current are shown.
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Figure 53: AC voltages, AC currents, DC voltage and DC current waveform in rectifier model
with step on voltage amplitude phase a (o« = 30°)

In the second simulation, the same voltage dip is applied to the AC voltage of inverter phase a
at0.15s:
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Figure 54: AC voltages, AC currents, DC voltage and DC current waveform in inverter model
with step on voltage amplitude phase a (o = 150°)
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CONDITIONS
Details from the previous two simulations are shown in the next figures.
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Figure 55: AC voltages, AC currents, DC voltage and DC current in the rectifier model in
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Model Thy5 Inverter in balanced operation
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Figure 57: AC voltages, AC currents, DC voltage and DC current in the inverter model in
balanced operation (aw = 150°)
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Figure 58: AC voltages, AC currents, DC voltage and DC current in the inverter model in un
balanced operation (o« = 150°)
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3.6 Thyristor bridge models summary

The following models have been developed:

Thyl  average quasi steady state model for commutation balanced conditions

Thy2  average quasi steady state with commutation for unbalanced conditions, based
on Fourier analysis

Thy3  average quasi steady state with commutation for unbalanced partially symmet-
rical conditions

Thy4a instantaneous, diode bridge without commutation for unbalanced conditions

Thy4b instantaneous, thyristor bridge without commutation for unbalanced condi-
tions

Thy5 instantaneous, thyristor bridge with commutation for unbalanced conditions

The advantages of the average quasi steady-state Thyristor bridge models Thyl, Thy2 and
Thy3 are:

« simple structure and fast calculation;

» the commutation inductance is considered.
Disadvantages are:

» Model Thy1 can only be applied to balanced conditions;
» Model Thy2 includes a time delay of half a cycle of the AC voltage;

» Model Thy3 can only be used if the conditions for which is was derived apply (two
phases have equal RMS voltage and equal voltage phase angles).

The advantage of the instantaneous models Thy4a, Thy4b and Thys5 is:
* suitable for both balanced and unbalanced three phase system.
Disadvantages are:

« the calculation speed is slow because instantaneous phase voltages are compared and
J wdt is compared to the firing angle o (model Thy4b and Thy5);

« the calculation is even more complex and the simulation speed is very slow when the
commutation inductance is included (model Thyb5).

3.7 \Verification of the thyristor bridge models

The five thyristor bridge models are verified by comparing the results to a simulation with
the thyristor bridge model in the Power System Blockset of Simulink. The Blockset has been
developed by Hydro Quebec and is used by a number of power system operators [29]. The
thyristor bridge model in the Blockset is an instantaneous model. The five models developed
in this project are compared to the model in Power System BlockSet in back-to-back configu-
ration, see figure 59.

AC Thyristor Thyristor AC
A HVDC A
voltage Bridge link Bridge voltage
source model model source

Figure 59: Back to back configuration for verification
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Two sets of simulations are carried out. Simulation 1 is executed for all five models to compare
the results under balanced conditions. Simulation 2 is executed for all models except model
Thyl. It is used to compare the results under unbalanced conditions. The parameters in both
simulations are the same:

Parameters
Rectifier side AC voltages | 1e5V
Rectifier firing angle 30°
Inverter side AC voltages | 0.7e5V
Inverter firing angle 120°
AC inductance 0.01H
DC resistance 10Q
DC inductance 0.1IH

Events

Simulation 1

Fire angle of rectifier changes from 30° to 45° at 1.0s.
Inverter side phase-a voltage decreases from 0.7e5 to 0.5e5 V at 1.0s.

Simulation 2

3.7.1 Verifi cation for balanced conditions

The following figures compare the results of models Thyl, Thy2, Thy3, Thy4b, Thy5 and PSB
for balanced conditions and a step in rectifier firing angle.

Models Thy1l, 2, 3, 4b, 5, and PSB, a 30 to 45 deg

13000
12000 i/l
11000
10000

9000

Idc (A)

8000 -

7000 -

6000 -

5000

4000

Lo L P

vvvvvvvwvvvvvvv\%

W\ |
i
VW/\/\AMA/\/\/\AA/\/\/\/\/\AM/\/\/\A/\

AR ARRARARARARA ALY

0.1

0.15
t(s)

0.2

0.25

Figure 60: DC currents of models Thyl, Thy2, Thy3, Thy4b, Thy5 and PSB (step in rectifier

firing angle)

Figure 60 shows the DC currents. Model Thy4b neglects the commutation inductance and this
causes an error in the DC current, especially when the AC line inductance is large. Figure
61 zooms in on the currents during the transient, the DC currents of the quasi-steady models
Thyl, Thy2 and Thy3 are average values and are equal. The small differences between the
DC current of the PSB model and model Thy5 are caused by the assumption used in model
Thys that the DC voltage outside the commutation periods is V. = v; — v;. The average DC
currents of model Thy5 and PSB are almost the same, and equal to the DC currents of models
Thyl, Thy2 and Thy3, so the active power transferred by the thyristor bridges of all the models

60
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except model Thy4b is the same. This shows that models Thyl, Thy2, Thy3, and Thy5 are
accurate enough for electromechanical simulations.

Models Thy1, 2, 3, 4b, 5, and PSB, a 30 to 45 deg

13000 T T T T T
12000 b
Thy5
11000 Thy4b R
——— Thy2
Thy3
10000 - PSB N
Thyl
<
S 9000 -
k=]
8000 |- B
L PN PN
N N \\f’/‘x\\
7000 \//,\ i
\///\
N

5000 L L L L L L L L L
0.14 0.142 0.144 0.146 0.148 0.15 0.152 0.154 0.156 0.158 0.16

t(s)

Figure 61: DC currents of models Thyl, Thy2, Thy3, Thy4b, Thy5 and PSB (step in rectifier
firing angle, detail)
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Figure 62: DC voltage at rectifier of models Thyl, Thy2, Thy3, Thy4b, Thy5 and PSB (step in
rectifier firing angle)
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Figure 62 shows the DC voltages. The DC voltages of quasi-steady models Thyl1, Thy2, Thy3
are average values and are equal. The DC voltage of models Thy4b and Thy5 differs during
the commutation interval. The differences between the DC voltage in the PSB and Thy5 model
are small.
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Figure 63: AC inverter currents of models Thyl, Thy2, Thy3, Thy4b, Thy5 and PSB (step in
rectifier firing angle)

Figure 63 gives the AC current of phase A of the inverter during one period of the phase
voltage at the moment of the step in rectifier firing angle. The RMS values of all models are
practically equal, except for the model without commutation (Thy4b).

3.7.2 \Verifi cations for unbalanced conditions

In the second simulation, the results of model Thy2, Thy3, Thy4b and Thy5 are compared to
the results of the PSB model for unbalanced conditions and a step in AC voltage at the inverter.
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Models Thy2, 3, 4b, 5, and PSB, Uac inv 70 to 50 kV
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Figure 64: DC currents of models Thy2, Thy3, Thy4b, Thy5 and PSB during a single phase
step in AC inverter voltage (simu 2)
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Figure 65: DC currents of models Thy2, Thy3, Thy4b, Thy5 and PSB during a single phase
step in AC inverter voltage (simu 2)

As in the previous simulation, figure 64 shows that the DC current of model Thy4b has a
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large error because the commutation inductance is omited. Due to the Fourier analysis, the
DC current of model Thy2 lags model Thy3 around one cycle (0.1 second) until the steady
state value is reached, figure 65. The DC current of model Thy5 differs only slightly when
compared to the PSB result.
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Figure 66: AC current of phase a in model Thy2, Thy3, Thy4b, Thy5 and PSB during a single
phase step in AC inverter voltage (simu 2)

In figure 66, the two sinusoidal waveforms are the inverter phase currents of model Thy2 and
Thy3, the two trapezoidal waveforms are those of model Thy5 and PSB. Model Thy 4b has a
square waveform and the amplitude is higher. It is clear that the phase currents have nearly the
same phase angles and RMS values, except for model Thy4, and that the instantaneous models
contain high order harmonics.
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Figure 67: DC voltage in model Thy2, Thy3, Thy4b, Thy5 and PSB during a single phase step
in AC inverter voltage (simu 2)

Figure 67 compares the DC voltages of model Thy2, Thy3, Thy4b, Thy5 and PSB under
unbalanced situations. As in the balanced case the PSB DC voltage is on average higher.

The results shows that model Thyb5 is accurate. Model Thy3 is accurate if the two assumptions
of that model can be fulfilled. Model Thy2 is accurate in steady state, but has significant
errors during transient state. The elapsed time for simulating three seconds for the models are
compared in the next table:

Model name | Required simulation time
Model 1 1 second

Model 2 4 second

Model 3 3 second

Model 4 8 second

Model 5 40 second

PSB 220 second

All developed the models are faster than the thyristor bridge model in the Power System Block-
Set. Model Thy5, the instantaneous model with commutation inductance is the slowest of the
developed models, but still more than a factor 5 faster than the Power System Blockset model.

3.8 Conclusion and recommendation

Five thyristor bridge models have been developed in Matlab/Simulink:
(i) a symmetrical quasi-steady state model,
(if) an unsymmetrical quasi-steady state model using Fourier analysis,

(iif) an unsymmetrical quasi-steady state model assuming partially symmetrical conditions,

(iv) an instantaneous model without commutation inductance,
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v)

an instantaneous model with commutation inductance.

The developed thyristor bridge models have been compared to the thyristor bridge model of
the Simulink Power System Blockset:

The symmetrical quasi-steady state model is accurate for both steady state and transient
state under balanced situation.

The unsymmetrical quasi-steady state model using Fourier analysis is accurate for steady
state, but has significant errors during transient state because of the delay caused by the
Fourier analysis method.

The unsymmetrical quasi-steady state model assuming partially symmetrical conditions
is accurate for both steady state and transient state, but only if the assumptions can be
fulfilled.

The instantaneous model without commutation inductance can have significant errors if
the AC commutation inductance or DC current is very large.

The instantaneous model with commutation inductance is accurate for both steady state
and transient state, balanced and unbalanced situations but requires more simulation
time.

All the five developed models are faster than Power System Blockset model. The instantaneous
model with commutation inductance is the slowest of the five developed models because it has
the most complex switching function.

Recommendations

(i)

(i)

Simplification of the switching functions of the instantaneous model with commutation
inductance to improve simulation speed.

Application of a phasor estimation in the unsymmetrical quasi-steady state models. Pha-
sor estimation is widely used in power system protection. It estimates phasor values
from two or more groups of instantaneous values. Thus the accuracy of unsymmetrical
guasi-steady state model can be improved during transient states.
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4 Models of wind farms with constant speed stall turbines (CSS)

This chapter describes the new system models based on the constant speed turbine. This starts
with the layout and control characteristics of each system, followed by an overview of the
implementation in Simulink and the demonstation of the model for normal operation (a wind
gust from 5 to 25 m/s and back again).

4.1 Wind farm with a CSS-IG-dc electric system (# 1)
4.1.1 CSS-IG-dc layout and control
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Figure 68: Constant speed stall WF with DC connection to shore (CSS-1G-dc)

The CSS-1G-dc system is a modification of the CSS-1G-ac system of Erao-2: the ac cable
connecting the wind farm to the transformer in the substation on land is exchanged for a
rectifier, a DC cable and an inverter. Figure 68 gives the layout of the CSS-I1G-dc system used
to demonstrate the model.

control]ed
i dc cable capacitor 34 KV Lok
o wind farm r N e (' —
T — | —O—
WEF side grid side
converter converter

Figure 69: DC cable and converters of the connection to shore

For the DC voltage 39 kV was chosen, the converters operate between 34 kVac and 39 kVdc.
The DC cable model is a CRLC-model, with a controlled capacitor at the DC side of the
inverter (see figure 69). Since the cable parameter database did not include a suitable DC
cable for this connection, the parameters of the 34 kVV AC cable are used.
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Figure 70: Control of the WF side converter of the CSS-1G-dc system

Figure 70 gives the control of the rectifier in the CSS-1G-dc system. The wind farm control
strategy is simple. The frequency and the d- and g-voltage generated by the rectifier are con-
stant (50 Hz, 0 and -34 kV). The turbines of the CSS-1G-dc system will run at constant speed.
The turbine behaviour will be similar to an ac-connected wind farm, with the exception of the
dynamic behaviour during grid faults. During a voltage dip, the system response is similar to
the variable speed system response.

Figure 71 shows the implementation in Simulink. A description of most of the component
models in the CSS-DC model can be found in the Erao-2 report [33, 34], only the DC cable
model is new, see figure 72 and the converter and DC-link models have been updated.
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Figure 71: Simulink model of CSS-1G-dc system at the level of the wind farm
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Figure 72: Simulink model of the CSS-1G-dc system at the converter and DC cable

4.1.2 CSS-IG-dc wind farm normal operation

Normal operation of the CSS-IG-dc system is demonstrated for a wind farm consisting of
three 2.75 MW wind turbines and a DC cable connection to shore of 15 km length. The wind
turbines in the farm are connected by 34 kV AC cables with a length of 0.66 km. Over a period
of two minutes a wind gust from 5 m/s to 25 m/s and back passes the wind farm.

Figure 73 gives the response of the individual turbines. The gust reaches its maximum at each
turbine at a different time. The frequency in the farm is 50 Hz, so there will only be small
changes is turbine speed. The power, stator voltage, stator current and slip of each turbine
are also shown in figure 73. The fast variations in the rotor effective wind speed and the
aerodynamic power are caused by turbulence and rotational sampling.

The total wind farm active and reactive power at the grid side of the DC link are plotted in
figure 74. The variation of the electric power is equivalent to that of a constant speed system,
since the wind farm frequency is kept constant by the rectifier. The wind farm reactive power
fluctuates around zero, since the inverter reactive power setpoint is zero. The inverter controller
is used in all systems with inverters and is described in section 2.1. The inverter dg-voltages
and currents in the substation and the DC link voltage are plotted in figure 74.

The wind farm model is connected to the standard grid model used in all simulations in this
report. It consists of a frequency and voltage controlled synchronous generator (12 kV, 220
MVA), two consumer loads of 75 MW total, a 12-150kV transformer and cables. Figure 75
gives the response of the grid model to the changes in wind farm output. The wind power
changes are no problem for the grid frequency and grid voltage control.
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Figure 73: CSS-1G-dc wind farm, normal operation: rotor effective wind speed, aerodynamic
power, electric and reactive power, stator d and q voltage, stator d and g current and slip per

turbine
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4 MODELS OF WIND FARMS WITH CONSTANT SPEED STALL TURBINES (CSS)
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Figure 75: CSS-1G-dc model, normal operation: grid synchronous generator power, consumer
load, synchronous machine voltage, grid frequency, exciter voltage and synchronous machine
d and g currents
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4.2 Wind farm with a CSS-CCIG-dc electric system (# 2)
4.2.1 CSS-CCIG-dc layout and control

8-@ > [{=1-[{=
| O——
‘ CSS-CCIG-dc #i

Figure 76: Cluster controlled WF (only one cluster shown) with DC connection to shore (CSS-
CCIG-dc)

Figure 76 gives the layout of the electrical system of the second wind farm based on a Constant
Speed Stall turbine. Cluster controlled turbines are connected to a DC-link to shore (acronym
CSS-CCIG-dc). The stall controlled turbines with induction machines are operated in variable
speed mode. The new aspect of this system is the connection of two converters in series (the
cluster inverters and the wind farm rectifier) with an AC connection in between. This implies
that there are multiple frequencies and multiple AC voltages to be controlled in the wind farm,
viz. at the cluster rectifiers and at the wind farm rectifier. At wind farm rectifiers, the dg-
voltage and the frequency setpoints are constant. At the cluster rectifier, the cluster frequency
setpoint depends on the wind speed at the first turbine and the g-voltage is proportional to this
frequency (see figure 5). The cluster control strategy was already demonstrated in the Erao-2
project [33]. Figure 77 shows the signal flow in the cluster converter with DC-link and the
wind farm converter with DC-cable.
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Figure 77: Converter signal flow in CSS-CIG-dc system

Figure 78 shows the Simulink model of the CSS-CCIG-dc wind farm on the level of a turbine
cluster consisting of three turbines.
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Figure 78: Simulink model of a turbine cluster in the CSS-CCIG-dc system

ECN-E-08-017

73



Wi

nd Farm as Power Plant

4.2.2 CSS-CCIG-dc wind farm normal operation
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Figure 79: CSS-CCIG-dc wind farm, normal operation: wind speed, rotational speed, aerody-
namic power, stator voltage, stator current and slip per turbine

Normal operation of the CSS-CCIG-dc system is demonstrated for a wind farm consisting of
one cluster of three 2.75 MW wind turbines and a DC cable connection to shore of 15 km
length. The wind turbines in the cluster are connected by 34 kV AC cables with a length
of 0.66 km. A wind gust passes the wind farm, starting from 7 m/s to 25 m/s and back
again. The turbine speeds increases with the wind speed at turbine 1, see figure 79, due to
the increasing cluster frequency. The frequency is limited to 50 Hz to guarantee proper stall
operation. This limits the turbine aerodynamic power more or less to the rated power. The
voltage on the induction generators is constant (not shown in the figure). The variation in
turbine power corresponds more to a constant speed system than to a variable system: the
cluster speed control strategy does not reduce the power variations caused by turbulence and
rotational sampling since the turbine speed is controlled and correlates to the wind speed at
turbine 1. Turbine number 3 shows some severe oscillations at the end of the gust. This type
of variable speed operation is not good in reducing the stress on the turbines.
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4 MODELS OF WIND FARMS WITH CONSTANT SPEED STALL TURBINES (CSS)
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Figure 80: CSS-CCIG-dc wind farm, normal operation: cluster active power, reactive power,
cluster inverter dg-currents, cluster inverter dg-voltages, DC voltage and cluster frequency

The cluster power in figure 80 corresponds to the oscillating power at the turbine level. The
cluster reactive power at the grid side oscillates around zero, corresponding with the setpoint
of the cluster inverter control. The plotted dqg-currents i 4, 74, and voltages w4, 14, in figure
80 are at the grid side of the cluster inverter. The DC voltage is controlled by tﬁe inverter and
remains constant. The cluster frequency varies with the wind speed at turbine 1.
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Figure 81: CSS-CCIG-dc wind farm, normal operation: wind farm active power, reactive
power, WF inverter dg-currents, WF inverter dg-voltages, DC voltage

Figure 81 shows the same set of variables as in figure 80 but now for the wind farm converter,
with the exception of the frequency at the wind farm rectifier, because it is constant (50 Hz).
Since there is only one cluster connected, the wind farm power is almost the same as the cluster
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power. The dg-currents 74,74, and voltages ugqg, u,, differ from the cluster values due to the
properties of the grid, consisting of a frequency and voltage controlled synchronous generator,
two consumer loads of 75 MW total, transformers and cables.
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Figure 82: CSS-CCIG-dc model, normal operation: grid synchronous generator power, con-
sumer load, synchronous machine voltage, grid frequency, exciter voltage and synchronous
machine d and g currents

Figure 82 gives the response of the grid model to the changes in wind farm output. The wind
power changes are no problem for frequency and voltage control.
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5 Models of wind farms with variable speed pitch turbines (VSP)

5.1 Wind farm with a VSP-CCIG-ac electric system (# 3)
5.1.1 VSP-CCIG-ac layout and control
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Figure 83: Cluster controlled VSP WF with AC connection to shore (VSP-CCIG-ac)

Figure 83 shows the layout of the VSP-CCIG-ac system, again with only one cluster. The VSP-
CCIG-ac system is based on the variable speed pitch controlled turbine in cluster controlled
mode of operation. The cluster control strategy is the same as for the CSS-CCIG-ac system
(see figure 5). From figure 84 can be seen that limiting the cluster frequency to 50 Hz will
limit the power to 3 MW at 15 m/s at constant pitch angle (no pitch control required). If the
pitch control is modified, the speed limit can be increased. This would require a new design
of the pitch controller, which is outside the scope of this project. For the demonstration of the
overall behaviour of the VSP-CCIG-ac system this is not critical however.
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Figure 84: Aerodynamic power of the VSP turbine as function of the generator speed for
windspeeds from 6 to 15 m/s and a pitch angle of 1 degree (default value)
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Figure 85: Simulink model of the VSP-CCIG-ac system (#3)

Figure 85 shows the Simulink model for VSP-CCIG-ac system at the level of a cluster of

turbines.
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5 MODELS OF WIND FARMS WITH VARIABLE SPEED PITCH TURBINES (VSP)

5.1.2 VSP-CCIG-ac wind farm normal operation
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Figure 86: VSP-CCIG-ac wind farm, normal operation: wind speeds, pitch angles, aerody-
namic powers, turbine rotational speeds and axial torques per turbine

Normal operation of the VSP-CCIG-ac system is demonstrated for a wind farm consisting of
three 2.75 MW wind turbines and an AC connection of 15 km to shore. The wind turbines in
the cluster are connected by 34 kV AC cables with a length of 0.66 km. Over a period of 100
s a wind gust passes the wind farm, starting from 5 m/s to 27 m/s and back again, see figure
86. The speed of the turbines in the cluster (Ntur) increases with the wind speed at turbine 1.
The frequency is limited to 50 Hz to limit the turbine aerodynamic power to the rated power.
The pitch angle during normal operation is 1 degree.

The variation in turbine power corresponds more to a constant speed system than to a variable
system: the cluster speed control strategy does not reduce the power variations caused by
turbulence and rotational sampling since the turbine speed is controlled and correlates to the
wind speed at turbine 1.
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Figure 87: VSP-CCIG-ac wind farm, normal operation: stator voltages, stator currents, active
and reactive powers, dg stator voltages, dq stator currents and slips per turbine

Figure 87 shows the voltages, currents, active and reactive powers and the slips of the three
turbines in the cluster.
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Figure 88: VSP-CCIG-ac wind farm, normal operation: cluster active and reactive power at

the grid side, inverter dg-currents, inverter dg-voltages, DC voltage and cluster frequency

Figure 88 shows the operation of the cluster converter during the gust. The converter trans-
fers the cluster power to the grid and the reactive power at the grid side is controlled to zero
(on average). The grid side dg-currents and dg-voltages are plotted. The DC-link voltage is
practically constant (controlled by the inverter). The cluster AC frequency increases relatively
quickly due to the large increase in wind speed (5 to 27 m/s) and after a while decreases again.
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Figure 89: VSP-CCIG-ac wind farm, normal operation: grid synchronous generator power,
consumer load, synchronous machine voltage, grid frequency, exciter voltage and synchronous
machine d and g currents

The response of the grid to the changing wind farm output of the VSP-CCIG-ac wind farm
can be seen in figure 89. The wind power changes are no problem for the grid frequency and
voltage control.
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5.2 Wind farm with a VSP-CCIG-dc electric system (# 4)
5.2.1 VSP-CCIG-dc layout and control
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Figure 90: Cluster controlled variable speed turbine WF with DC connection to shore (VSP-
CCIG-dc)
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Figure 91: Cluster controlled VSP WF with DC connection to shore in Simulink (System # 4)
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5 MODELS OF WIND FARMS WITH VARIABLE SPEED PITCH TURBINES (VSP)

The main components of the cluster controlled variable speed wind farm with DC connection
to shore (VSP-CCIG-dc) are shown in figure 90. The turbine cluster operation is similar to the
VSP-CCIG-ac wind farm (system # 3), the rotational speed of the cluster is determined by the
wind speed at turbine 1. Figure 91 shows the Simulink model of the VSP-CCIG-dc wind farm.
The WF converter connects the windfarm to the grid transfomer.

5.2.2 VSP-CCIG-dc wind farm normal operation
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Figure 92: VSP-CCIG-dc wind farm, normal operation: wind speeds, pitch angles, aerody-
namic powers, turbine rotational speeds and axial torques per turbine

The wind farm consists of a single cluster of three turbines. Since the wind farm rectifier of the
VSP-CCIG-dc system creates a constant voltage and frequency, the dynamic behaviour under
normal operating conditions is expected to be very simlar to system # 3 with AC connection.
This is the case, as can be seen in figure 92, 93 and 94 .
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Figure 93: VSP-CCIG-ac wind farm, normal operation: stator voltages, stator currents, active
and reactive powers, dg stator voltages, dq stator currents and slips per turbine
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Figure 94: VSP-CCIG-dc wind farm, normal operation: cluster active power, reactive power,
inverter dg-currents, inverter dg-voltages, DC voltage and cluster frequency

The cluster inverter, plotted in figure 94, operates at slightly different voltages and currents
than in the system with AC connection to shore. At the wind farm inverter (figure 95) the
behaviour is similar to that of the cluster inverter of system # 3. The grid response of systems
# 3 and # 4 are practically the same (see figure 96).
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Figure 96: VSP-CCIG-dc wind farm, normal operation: grid synchronous generator power,
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machine d and q currents
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5.3 Wind farm with a VSP-DFIG-dc electric system (# 5)
5.3.1 VSP-DFIG-dc layout and control

Figure 97: Variable speed pitch wind farm with DFIG and DC connection to shore

System number 5 is a variable speed pitch wind farm with DFIG and DC connection to shore
(acronym VSP-DFIG-dc), see figure 97. The VSP-DFIG-ac system was already demonstrated
in the Erao-2 project. During normal operation the VSP-DFIG-ac and the VSP-DFIG-dc sys-
tems are expected to have the similar dynamic response at the turbine level as well as at the
wind farm level. The behavior will be different during grid faults, since the induction machine
and the DFIG converter will not be subjected to the grid fault directly. This may eliminate the
need for a fault ride through capability on each DFIG system individually.
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Figure 98: Simulink model of VSP-DFIG-dc system at the system level

Figure 98 shows the Simulink model of the VSP-DFIG-dc system at the level of the wind farm.
The wind farm converter is located between the DFIG wind farm and the grid transformer and
grid model. A simulation initialization procedure is used to connect the wind farm converter
to the farm. The farm voltage is increased from zero to rated value in 1 sec. This eliminates
the need to calculate a steady state condition before executing a simulation. Finding the steady
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state for the VSP-DFIG-dc system sometimes was a problem. The DFIG wind farm consists
of three DFIG turbines, including three winding transformers, connected to the wind farm
converter by cables, see figure 99.
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Figure 99: Simulink model of VSP-DFIG-dc system at the farm level

The wind farm converter and DC cable model in Simulink are shown in figure 100. The rec-
tifier generates a constant frequency and (after the simulation initialization period has passed)
a constant voltage. The wind farm inverter controls the DC link and cable voltage and the
reactive power to the grid.
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Figure 100: Simulink model of VSP-DFIG-dc system at the wind farm converter level
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5.3.2 VSP-DFIG-dc wind farm normal operation
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Figure 101: VSP-DFIG-dc system; Normal operation: wind speeds, rotational speeds, aero-
dynamic powers, stator voltages, stator currents and pitch angles of the wind farm turbines
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Figure 102: VSP-DFIG-dc system; Normal operation: turbine active, reactive and rotor pow-
ers, rotor voltages, rotor currents and DC voltages of the wind farm turbines

Figures 101 to 103 show the response of a VSP-DFIG-dc wind farm to the gust. Three turbines
are simulated. The turbines are the same as in the VSP-DFIG-ac option of Erao-2. The first
turbine reacts a bit differently to the gust than the other two: the pitch angle response is
much larger. This is caused by the strongly non-linear behaviour of the pitch angle controller.
There are also small differences in turbine speeds. The response to the gust in the electrical
parameters for the three turbines is more or less the same, figure 102.
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Figure 103: VSP-DFIG-dc system; Normal operation: wind farm AC power, reactive power,
grid side currents and voltages, DC voltage
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Figure 104: VSP-DFIG-dc system, normal operation: grid synchronous generator power, con-
sumer load, synchronous machine voltage, grid frequency, exciter voltage and synchronous
machine d and q currents

The responses of the whole wind farm (figure 103) and the grid (figure 104) do not show much
variation, as could be expected for a variable speed system.
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5.4 Wind farm with a VSP-FCIG-ac electric system (# 6)
5.4.1 VSP-FCIG-ac layout and control
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Figure 105: Variable speed pitch wind farm with FCIG and AC connection to shore

Figure 105 gives the lay-out of the variable speed pitch wind farm with full converter induc-
tion generator and AC connection to shore (VSP-FCIG-ac). The control of the machine side
converter (rectifier) is different from the control of the rectifier in the previous system. In the
VSP-DFIG system, the rectifier connects to the rotor of the induction machine and the rectifier
control makes the electromagnetic torque and the reactive power of the stator. In the FCIG
case, the rectifier connects to the stator of the induction machine and controls the electromag-
netic torque and the stator voltage. The reactive power can not be controlled independently,
since it is determined by the torque of the (squirel cage) induction machine, the rotational
speed and the stator voltage. The FCIG rectifier controller which is used was developed in this
project. The next section describes the criteria and characteristics of the rectifier controller and
demonstrate its performance.

Control of the rectifier of the FCIG system

The rectifier control makes use of the space vector concept. Appendix D introduces the de-
scription of induction machine dynamic behavour by space vectors and discusses the control
of an induction machine in field coordinates (a coordinate system linked to the space vector
of the rotating magnetic field in the machine). Generally, the space vector machine model is
described in a reference system fixed to the stator voltage or flux phasor which rotates with the
electrical frequency w, of the stator. For a grid connected induction machine this frequency is
almost constant. In case of a FCIG, the stator frequency is variable and not a priory known: it
is equal to the sum of the mechanical speed times the number of pole pairs and the frequency
of the rotor current. An option could be to impress a chosen stator frequency by the rectifier.
Then the problem is that the instantaneous electromagnetic torque is determined by the rotor
speed, i.e. the slip and that a small change in slip will result in a large change in torque. At a
slip of more than a few percent the pull out torque may be passed. Therefore it makes sence to
choose a reference frame fixed to the rotor. The advantage of this choice is that the stator fre-
quency need not be known, it will automatically result from the recifier controller action. The
disadvantage of this choice is that the d- and g-variables will not be constant in steady state:
they will have the slip frequency, since in steady state the flux in the machine rotates with
ws = (1 —s)pwy, and the reference frame rotates with pw,,. wj is the stator angular speed, s is
the slip, w,, is the mechanical angular speed of the rotor and p is the number of pole pairs. Due
to the choice of the reference frame, the slip frequency will occur in all dg-variables. Since the
slip frequency is small, the effect on the calculation time needed for a simulation is not that
big.

The choice of the reference frequency slightly modifies the standard voltage equations of the
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induction machine [13]. In the standard reference frame fixed to the stator angular speed,
the voltage equations of the induction machine are (generator convention, sign convention
according to IEC Standard 34-10):

) d
Vgs = —Rsigs — ws\I]qs - E\I]ds
) d
Vgs = _Rslqs +wsWys — E\qu
) d
var = —Rpigr — Sws\Iqu - %‘I]dr =0
) d
Vgr = _erqr + swe gy — %\I]tﬁ“ =0

For a reference frame fixed to the rotor (rotational speed pw.,), the voltage equations of the
induction machine are:

. d

Vds = _Rslds - pwmqqu - E\Pds
. d

Vgs = 7Rslqs +pwm\ljds - E\I}qs
. d

Vdr = _erdr - %\Pdr =0
. d

Vgr = —Rpigr — ﬁ\llqr =0

The stator angular speed w, and the slip s are not present in this set of voltage equations. The
flux equations are unchanged:

Vys = Lsigs + Limigs
\qu = Lsiqs + Lmiqs
Uy = Lmigs + Lyigs
‘I]qr = Lmiqs + Lriqs

The electromagnetic torque equals:
To = —Wygigs + Vysigs = Wgigsin b

In field oriented control, the current component in the direction of the flux and perpendicular
to it are controlled. The current component perpendicular to the flux determines the electro-
magnetic torque of the machine. The current component in the direction of the flux determines
the magnitude of the flux and thus the voltage of the stator. The flux is direction is not con-
stant, the flux vector rotates with respect to the reference frame, also in steady state. This
complicates the controller a bit, since the control still works in a reference frame fixed to the
flux. A coordinate transformation determines the current component in the direction of the flux
and perpendicular to it. These instantaneous current components are compared to the current
setpoints, see figure 106. The setpoint for the current perpendicular to the flux is generated
from the actual torque and the torque setpoint from a master control loop on the speed. In
the variable speed turbine the torque setpoint is determined by the desired torque-speed curve.
The setpoint of the current in the direction of the flux is generated from the actual flux and the
flux setpoint from a second master control loop on the voltage. The resulting controller output
voltages are back-rotated to align with the rotor reference frame.

Before applying these voltages to the stator, a further adjustment is required. The stator voltage
equations include cross-coupling terms, linking the voltage in one direction to the flux in the
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other direction (—pw, ¥ 4s and pw,, ¥ 45) and thus to the currents in the other direction . These
cross-coupling terms are dominant: they are several magnitudes larger than the other two term
in the stator voltage equation. The cross-coupling leads to bad controlability, but can easily be
eliminated by subtracting the cross-coupling terms from the voltages fed to the stator of the
induction machine. This completes the control of the machine side converter, see figure 106.
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Figure 106: FCIG control diagram

Summarizing, the characteristic elements of the control of the machine side converter of the
FCIG system are:

« a coordinate system is chosen which is fixed to the rotor. The advantage is that the
electrical frequency of the stator is not an explicit variable in the voltage equations;

field oriented control is used;

a coordinate rotation is used to switch between the rotor fixed and the field coordinates;

the chosen coordinate system will not result in constant space vector variables in steady
state;

« two sets of master-slave control loops are used to control the speed and the stator voltage
respectively;

« the cross-coupling in the voltage equation is compensated.

Figures 107 to 109 give the implementation of the VSP-FCIG-ac system in Simulink. The
items mentioned in the previous paragraph can be identified as separate blocks in figure 1009.
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Figure 109: VSP-FCIG-ac Simulink model showing the rectifier controller
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Figure 110: FCIG response to two steps in torque setpoint: stator voltage, stator current,
power, reactive power, stator g-current versus stator d-current and rotor speed
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Figure 111: FCIG response to two steps in torque setpoint: voltage and current vector com-

ponents

Figures 110 and 111 show the response of the rectifier control to a step in the torque setpoint.
The input mechanical torque changes in the same way as the setpoint, to keep the speed prac-
tically constant. The electrical torque follows the torque setpoint almost instantly. Figure 111
shows the effect of the torque on the frequency of the dg-variables.
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5.4.2 VSP-FCIG-ac wind farm normal operation
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Figure 112; VSP-FCIG-ac normal operation: wind speeds, pitch angles, aerodynamic power,
rotor speeds, electric torque setpoints and mechanical torque of the three turbines
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Figure 113: VSP-FCIG-ac normal operation: stator voltages, stator currents, active and reac-
tive powers, stator dg-voltages, stator dg-currents and rotational speeds of the three turbines

Figure 112 demonstrates the VSP-FCIG-ac wind farm with three turbines for a wind speed
increase from about 5 m/s to about 27 m/s and back again. The turbine speeds increase to 27
rpm and the pitch control reduces the aerodynamic power to prevent overspeeding. The torque
setpoint is linked to the turbine speed. Figure 113 shows that the electric power control of the
FCIG limits the power to the desired maximum and gives the reactive power needed by the
induction machine which is supplied by the machine side converter. The rectifier keeps the
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stator voltage almost constant. As described in the previous section, the stator dg-voltage and
dg-current phasors rotate with respect to the rotor reference frame.
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Figure 114: VSP-FCIG-ac normal operation: Inverter active and reactive power, inverter
dg-currents, inverter dg-voltages, DC voltage and rectifier frequencies
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Figure 115: VSP-FCIG-ac wind farm, normal operation: grid synchronous generator power,
consumer load, synchronous machine voltage, grid frequency, exciter voltage and synchronous
machine d and q currents

As can be expected for a variable speed system the wind farm output power changes relatively
slowly, without oscillations and the grid responds correspondingly (figure 115).
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5.5 Wind farm with a VSP-FCSM-ac electric system (# 7)
5.5.1 VSP-FCSM-ac layout and control
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Figure 116: Variable speed pitch wind farm with full converter controlled synchronous gener-
ators and AC connection to shore

Figure 116 shows the layout of a variable speed pitch controlled wind farm with full convert-
ers, synchronous generators (VSP-FCSM) and AC connection to shore. The operation of the
VSP-FCSM is simular to the system with full converters and permanent magnet generators
developed in the Erao-2 project [33]. The difference is the controllable field current. Since
the synchronous generator is connected to an IGBT converter, the field current control is not
strictly required. Compared to the induction machine with full converter, described in the pre-
vious section, there are a number of differences. Due to the DC current in the rotor of the
synchronous machine, the rotor flux rotates with the same speed as the rotor, in contrast to
the flux of an induction machine, which rotates with the slip frequency with respect to the
rotor. The control of the torque of the synchronous machine by the machine side converter is
less complicated. A transformation between the rotor fixed reference frame and the reference
frame fixed to the flux, is not required. The dg-reference system is fixed to the rotor with the
d-axis aligned to the rotor field. The stator d-current is in the direction of the rotor field and
the g-current is perpendicular to it.

The synchronous machine model to be used is the three winding representation, damper wind-
ings are not taken into account. Generator convention is adopted:

. dv
ug = —Rs-zd—ws-\lfq—d—td
. dv
u, = —Rs-zq+ws-\11d—d—t(1
, dv
Ufd = Rfd.zfd—i_—dtf

with the electromagnetic fluxes:

v, = Ld'id-i-Lmd-ifd
VU, = L4-i4
Lmd-id-i-Lf ~ifd

S
~
|
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5 MODELS OF WIND FARMS WITH VARIABLE SPEED PITCH TURBINES (VSP)

The electromagnetic torque equals:
Te=p-(Vg-ig—Vq-iq)

If the stator current in the d-axis is controlled to zero, the torque can be controlled by the
stator current in the g-axis. The field current can be used to adjust the internal voltage of the
machine, it will not control the stator voltage, which is realised by the converter. Figure 117
gives the control diagram of a full converter controlled synchronous generator with an optional
loop for the adjustment of the field current. The cross-coupling terms in the voltage equations
of the stator of the synchronous machine are compensated.

If -
set vi

_,O_, Pl
controller
i
sd set v * .
sd v i
—:O—» Pl cross voltage|__ >0 | Synchronous sd
controller compensator Machine

Vg e

=N |
PI cross voltage
controller ‘ ‘ compensator‘

Figure 117: Control diagram of a full converter controlled synchronous generator
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Figure 118: VSP-FCSM-ac Simulink model with synchronous generator and rectifier con-
trollers
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Figure 118 shows the implementation of the synchronous generator and rectifier controllers in

Simulink.

Choice of a suitable synchronous generator and determination of the machine parame-

ters

For the demonstration of the VSP-FCSM-ac system, the parameters of a synchronous machine
with a rated power of about 3 MW are required. A suitable machine was found in the Power
Systems Blockset of Simulink. The machine’s rated power is 3.25 MW and the parameter
list is based on the standard data sheet for synchonous machines. This requires a conversion
between data sheet parameters and the parameter set used in the we@sea synchronous machine
model. Appendix F lists the conversion to model parameters.

5.5.2 VSP-FCSM-ac wind farm normal operation
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Figure 119: VSP-FCSM-ac normal operation: wind speeds, pitch angles, aerodynamic power,
rotor speeds, electric torque setpoints and mechanical torque of the three turbines
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Figure 120: VSP-FCSM-ac wind farm, normal operation: power, reactive power, stator cur-
rent, stator voltage, exciter voltage, electrical and mechanical torque per turbine

Figure 119 demonstrates the VSP-FCSM-ac model with 3 turbines. The response to the wind
gust is similar to the response of the previous system (VSP-FCIG-ac). The pitch control pre-
vents overspeeding. The rectifier controller limits the power to the rated power, with some
overshoot during the steep increase in wind power and speed. The i, setpoint is zero. The
field voltage u is constant, resulting in a constant field current in steady state. The stator
voltage increases with turbine speed (in steady state practically equal to the product of speed
and flux). The stator current first follows the increase in electric power and the increase further
at constant power and decreasing voltage. The reactive power more or less follows the current
changes. Using the field control on the synchronous machine, the response can be optimized.
The response of the inverters is shown in figure 121.
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Figure 121: VSP-FCSM-ac wind farm, normal operation: power and reactive power, AC
voltage, AC current and DC voltage
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Figure 122: VSP-FCSM-ac wind farm, normal operation: grid synchronous generator power,
consumer load, synchronous machine voltage, grid frequency, exciter voltage and synchronous
machine d and g currents

The reaction of the grid to the changing output of the wind farm is shown in figure 122.
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5.6 Wind farm with a VSP-FCSM-dc electric system (# 8)

5.6.1 VSP-FCSM-dc layout and control
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Figure 123: Variable speed pitch controlled WF with converter controlled synchronous gener-

ators and DC connection to shore (VSP-FCSM-dc)

The VSP-FCSM-dc wind farm main components and connection are shown in figure 123. The
VSP-FCSM is operated in the same way as in the previous system with AC connection. Figure

124 shows the Simulink model of the wind farm converter.
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Figure 124: VSP-FCSM-dc Simulink model: wind farm converter

N,
i <Udc_link>
L bus

Plot WF conv bus

ECN-E-08-017

103



Wind Farm as Power Plant

5.6.2 VSP-FCSM-dc wind farm normal operation
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Figure 125: VSP-FCSM-dc normal operation: wind speeds, pitch angles, aerodynamic power,
rotor speeds, electric torque setpoints and mechanical torque of the three turbines

The wind farm converter generates a constant voltage and frequency at the wind farm side. The
response of the VSP-FCSM-dc wind farm will be similar to the response of the VSP-FCSM-ac
system. This is shown in figure 125. The response of the turbine inverters (figure 127) and
the grid (figure 129) is also similar to the VSP-FCSM-ac wind farm. The wind farm converter

response is shown

in figure 128.
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Figure 129: VSP-FCSM-dc wind farm, normal operation: grid synchronous generator power,
consumer load, synchronous machine voltage, grid frequency, exciter voltage and synchronous
machine d and q currents
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6 Wind farm with a VSP-DFIG-thy electric system (# 9)

6.1 Objective

The control the multiple DFIG systems connecting to a thyristor bridge is new and not well
investigated. In literature, the DFIGs are considered to be connected to a strong power grid,
which means that the voltage at the point of common coupling is practically constant when
the power and reactive power of the DFIGs are varying. Traditionally, the thyristor bridge is
used to connect two strong power grids. Connecting multiple wind turbine DFIG systems to
a thyristor bridge will lead to problems with the traditional control of the DFIG. To use the
traditional grid-flux oriented controller of the DFIG in a wind farm connected to a thyristor
bridge requires:

* reactive power compensation to keep the voltage level of the wind farm constant;

* a control strategy for the thyristor bridge in coordination with the DFIG converters of
the individual wind turbines.

During transient operation, imbalances of active power between wind turbines and thyristor
bridge will cause voltage fluctuations. To prevent these fluctuations, a centralized controller,
additional reactive power compensation system or an energy storage device can be used but
this will increase the total cost of the wind farm and a potential economical advantage of this
concept may be lost.

In this case study, effective controllers will be developed which can control the active power
of each wind turbine independently without the necessity of a centralized controller or an
additional reactive power compensation system.

The objective of this case study is to:
» model the DFIG-thy system in Matlab/Simulink;
« determine the steady state behavior of the DFIG-thy system;
« develop the control the DFIG-thy system, i.e. to:

— control P and @ of each wind turbine independently;
— control the whole system: DFIGs and thyristor bridge P and @ in coordination.

6.2 DFIG-thy Steady State
6.2.1 System layout
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Figure 130: Variable speed pitch controlled WF with doubly fed induction generators and
thyristor based DC connection to shore (VSP-DFIG-th)
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The system investigated in this case study is shown in Figure 130. A group of DFIGs is
connected in parallel and integrated with power grid through a HVDC thyristor bridge link.

6.2.2 Steady State Calculation

Translormer and Cable.

DFIG1

- ) ]
Thy Thy
Rec Inv

Figure 131: Topology of Steady State Calculation

I
3t

In order to understand the behavior of the DFIG-Thyristor system and to design appropriate
controllers for the wind farm, the steady state behaviour is calculated first. A simplified steady
state model is used which includes the main electrical components and contains only one
DFIG. The purpose is to calculate the rotor voltages in relation to changes of active power,
rectifier AC voltage and mechanical speed. Two steady state calculations have been made:

(i) The AC voltage at thyristor rectifier side V... and the active power through the thyristor
rectifier P, are given, the firing angle «,... of the thyristor rectifier is calculated:;

(if) The firing angle ... of the thyristor rectifier is set to 14 degree and the active power
through the thyristor rectifier P... is given, the thyristor rectifier AC voltage V. is
calculated.

The procedure of the calculation is:

(i) The inverter firing angle «;,,,, and the inverter AC voltage V;,,,, are constant. I,. can be
calculated when P, is known:

Rdclinklgc + Vdcz'n'uIdc = Pdcrec (56)
Vieree 1S calculated and the firing angle «.. or V... of the rectifier is calculated.

(if) The active power and reactive power flow to the rectifier is calculated, thus the AC
current flow to the rectifier can be calculated. The AC current in the cable is the sum
of the AC current of rectifier and shunt capacitor. Then the AC voltage across the cable
can be calculated.

(iii) In the same way as in the previous step, the stator voltages and stator currents of DFIG
are calcultated and from the generator equations the rotor currents and rotor voltages are
calcultated.

The results are given as 3D plots which have the active power P.... and the per unit mechanical
rotation speed <= as coordinates. They are shown in figures 132 to 135. The model is listed

in appendix F.7. ’

Steady state Calculation 1:
Input variables: P,.., V,.., Output variables: «,.., voltages and currents of DFIG
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Figure 132: Steady state calculation 1: Rectifier firing angle, rectifier reactive power, stator
d- and g-voltage as function of mechanical speed and rectifier power
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Figure 133: Steady state calculation 1: Rotor d- and g-current, rotor d- and g-voltage as
function of mechanical speed and rectifier power

Steady state Calculation 2:

Input variables: Pr.., aec, Output variables: V..., voltages and currents of DFIG
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Figure 134: Steady state calculation 2: Rectifier firing angle, rectifier reactive power, stator
d- and g-voltage as function of mechanical speed and rectifier power
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Figure 135: Steady state calculation 2: Rotor d- and g-current, rotor d- and g-voltage as
function of mechanical speed and rectifier power

The result of calculation 1 and 2 shows that the change of Vg, and V,,. are smooth in relation
t0 Prec and wy,. When V... or a... Of is fixed, it is possible to use Vy, and V. to control the
active power.

As discussed in section 6.1, maintaining AC voltage V... can be difficult during transient
states. In steady state calculation 2, the firing angle of the rectifier is kept constant which gives
the rectifier the characteristics of an (almost) constant impedance load. By varying the voltage
magnitude in the wind farm, the total active power can be controlled.

6.3 Control of DFIG-thy
6.3.1 Traditional P, @ control in high voltage transmission power system

In order to effectively control active power P and reactive power (), they have to be effectively
decoupled in such a way that controlling one will not influence the other. In a high voltage
power grid with high inductance, the reactive power flow is only related to magnitude differ-
ences of voltages and active power flow is only related to angle differences of voltages. This
is based on the following equations:

PR+QX _ QX

AV = V| = |V} = v Wl

(57)
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6 WIND FARM WITH A VSP-DFIG-THY ELECTRIC SYSTEM (#9)

PX -QR _PX
Vil Vil

From equations 57 and 58, we can see that only if X >> R, P and @ are decoupled. De-
coupling is guaranteed in a high voltage transmission power grid, since the high voltage power
grid is based on relatively high reactance over-head power transmission lines. In low or middle
voltage distribution power grids which are constructed using cables, the reactance X is often
of the same order of magnitude as the resistance R. Then P and @ both influence the voltages’
magnitudes and phase angles. An offshore wind farm is also connected by cables and X is
not much larger than R, so P and @ are coupled in the voltage magnitudes and phase angles.
The traditional P, @ controller in high voltage transmission power system cannot be used to
control the DFIG-thy system, we have to find a way to decouple P and Q.

Sui — Oyj = (58)

6.3.2 Traditional Grid-Flux Oriented Control of DFIG

Nearly all literature on DFIG control considers the situation where a DFIG is connected to
a stiff power grid. When a DFIG is connected to a strong power grid, the voltage at point
of common coupling will not be influenced by the active and reactive power of DFIG. From
this fact, a grid-flux oriented controller is developed, which can control P and @) of DFIG
independently [25, 18, 1, 28, 5]. The grid-flux oriented controller aligns the DFIG’s stator
flux along its d-axis by choosing a reference frame whith the g-axis in the direction of the grid
voltage phasor. Because the grid voltage is stiff, the v4, and v, will maintain almost constant
when P and @ of DFIG varies, so vy remains practically zero. By choosing this reference
frame, the stator fluxs 4,=0 and 145 = [

The equations of the DFIG are:

. dipgs
vgs = —Rsigs — ws¢qs + Z: (59)
dipgs
Vgs = _Rsiqs + qu;/}ds + % (60)
Ay
Vg = —Rpig — Swswqr + ;b: (61)
iy,
Vgr = _Rriqr + Swswdr + 'ljtq (62)
Te = p(wdslqs - quId5> (63)
7z)ds = *(Ls + Lm)ids — Lpigr (64)
"/Jqs = _(Ls + Lm)iqs - Lmiqr (65)
wdr = _(Ls + Lm)idr - Lmids (66)
Yo = —(Ls+ Ln)igr — Limigs (67)

If the stator resistance R, can be omitted, and we assume steady state, equations 59 and 60
can be simplified to:

Vds = _wsqu =0 (68)
Vgs = Ws¢ds = |Us| (69)

From these equations, the active and reactive power P and @ as function of the stator voltages
and the rotor currents are:

. . L .
P, = vgsigs + Vgslqs = Ugs ﬁzqr (70)
s m
. . Ugs quLm
- — Vgsigs = - 71
Qs Vgslds — Vdslqs Lo+t L, Vs L.+ L, Udr ( )
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Thus, P and () are decoupled, and can be controlled independently by the rotor currents ¢, and
14y respectively. The rotor currents are controlled by the rotor voltage v4,. and v,,- through PI
controllers. But in the DFIG-thy case, the wind farm grid is weak when the recti?ier is treated
as a constant impedance load: the voltage will be variable and depending on the load. The P
and @ of the DFIGs will strongly influence the v4s and vy, at the point of common coupling.
As v, and vy, fluctuate when P and @ of the DFIGs vary, it is not possible in practice to find
a reference system whose v4, remains zero under transient states. The AC voltage of the wind
farm is difficult to control. The traditional dynamic reactive power controllers such as SVC
or STATCOM may be not able to control the voltage magnitude of wind farm, because the
mismatch of active power between wind farm and thyristor bridge under transient states will
cause dynamic voltage fluctuations. An energy storage device may be required to maintain a
constant voltage in the wind farm.

So the traditional way to decouple P and @ in high voltage transmission power system and
the traditional grid-flux oriented controller of DFIG cannot be used in this case study. The
traditional firing angle controller of the thyristor bridge could be used but needs an energy
storage device to control the voltage in the wind farm. Including an energy storage device or a
STATCOM is expensive and the objective of this study is to find a solution without a storage
device.

Two new controllers will be developed in this case study: a terminal voltage controller and a
stator-flux oriented controller. Both treat the thyristor bridge as a constant impedance load.
They do not need an energy storage device in the wind farm and can control the active power
transferred through the thyristor bridge. But they have some shortcomings:

* the terminal voltage controller has large power oscillations and the parameters of the PI
controllers are sensitive;

« the stator-flux oriented controller is fast and does not have large oscillations, but it is not
working properly at (almost) zero rectifier power.

The two controllers will be discussed in the following sections.

6.3.3 Terminal Voltage Control of DFIG-thy

In order to decouple P and @, a method similar to the grid-flux oriented controller of DFIG is
chosen. If vy, = 0, then P and @ are decoupled. In the DFIG-thy system, vy, will not auto-
matically be (almost) zero in the reference frame of the flux, due to the wind farm’s fluctuating
power. A possible solution is to use the rotor voltages vg4, and v, to control the terminal
voltage vg, and vy, in this case.

Control of a single DFIG

First consider the control of a single DFIG. The rectifier can be seen as an impedance load if
the firing angle is constant. It has a large resistance R and small reactance X, the ratio depends
on the firing angle. If the firing angle is set to 14 degree, then R ~ 4X. Both P and @ are
determined by the voltage magnitude:

R(v}, + vgy)

r R? + X2 (72
X (v, + vgs)
Q = R? + X2 (73)

In the case of a single DFIG, if P is controlled then @ will be determined automatically. There
is no need to add an explicit @ controller loop. The terminal voltage controller of single DFIG
is shown in figure 136.
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Figure 136: Terminal voltage controller of a single DFIG

Coordinated control of two or more DFIGs

In the case of controlling two or more DFIGs connected to the same thyristor rectifier, a change
in P and @ of generator 1 will influence the terminal voltage of generator 2 which will again
influence the P and @ of generator 2 and vice versa. This may cause large oscillations in the
wind farm. Secondly, there may be a large amount of reactive power () exchanged between the
two generators. The reason is the setpoint for the d-component of the stator voltage, v4s = 0
for all generators. The only possibility to change the active power flow between generator
and thyristor bridge is to change v, at the generator. The voltage at the thyristor bridge is
determined by the voltages at the two generators and the currents flowing to the bridge. This
relation and the current resulting from it can create voltages at the two generators which are
very different. A large reactive power exchange between the two DFIGs occurs, which is
undesirable.

The solution is to add a @ controller to one of the DFIGs, which can change the reference
value vq,. ¢ by a small value. The other generator’s reactive power ) will be determined by
the wind farm rectifier reactive power demand. The @ control loop is shown in figure 137.
Since the d-component of the stator voltage of one DFIG is no longer zero, the decoupling of
Pand Q is lost. P and (Q are decoupled in the time scale by choosing different integration
coefficient k; of Pl controller.

v
Generator *
— })

v
Qret + Pl Y Pl cross voltage >
—)— —()—| —
contoller [T controller compensator
sdref -

Fret  + Pl ¥ Pl
—>O—{ conmroter ~O— controller
Vsq ref

Q stator

Vsd

Figure 137: Terminal voltage contoller with @) loop
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Dynamics of DFIG-thy Terminal Voltage Control
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Figure 139: DFIG-thy with Terminal Voltage Controller with @ control loop

Figure 138 shows the effect of a decrease in speed of DFIG1 followed by an increase in speed
of DFIG2. The setpoint of the power of DFIG1 is also decreased, while the setpoint of the
power of DFIG2 is increased. The rectifier firing angle is constant. The changes in power have
a large effect on the voltage magnitudes and the reactive power flowing between DFIG1 and
DFIG2.
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Figure 139 shows the effect of the same changes in setpoint as in figure 138 for the DFIG-
Thy system with a reactive power controller on DFIG2. The setpoint changes cause reactive
power changes at the thyristor rectifier, which are compensated by DFIG1. The DFIG voltage
amplitudes are more or less constant now, vy, of DFIG2 is no longer constant. The reactive
power oscilations are not well damped.

Comparing figures 138 and 139, the explicit @ control loop avoids a large reactive power
exchange between the two DFIGs. The terminal voltage controllers are sensitive, the PI con-
trollers are difficult to tune.

6.3.4 Stator-Flux Oriented Control of DFIG-thy

Control of a single DFIG

Pena [27] developed a flux controller for a single DFIG connected with an isolated load. This
configuration is similar to our case of a DFIG connected to a thyristor bridge. The objective
again is to make vy, = 0, but not directly by controlling the generator’s terminal voltages, but
by controlling the stator fluxes. Flux oriented control is considered superior to the terminal
voltage controller, because the terminal voltages can be strongly polluted by the harmonics.
From the stator voltage equation 59, under steady state, the stator voltage vy = 0 if 14, can
be controlled to zero. From stator flux equation 65, v,s=0 if we can control the rotor current:

) Ls+Ly).
lgr = —(Li)zqs (74)

This stator-oriented flux controller is fast and robust for a single DFIG, although it has some
limitations:

« the flux level 14, is set as constant, thus for a resistance dominated load, the load power
is constant. Pena adds a variable load to balance the varying output power of the DFIG.
This has to be modified for the DFIG-thy system;

* without modification the two DFIGs will exchange a large amount of reactive power
again.

From stator equations 60 and 61 follows that the flux level determines the voltage level under
steady state. The voltage level determines power P and reactive power () according to equa-
tions 72 and 73. From torque equation 63, the reference of the flux level can be calculated

by:

.o
1/}(15 = — (75)
Digs

when v, = 0 and p is the number of pole pairs of the generator. Same as for the terminal
voltage controller, @ is determined when flux level ¢4 is set. Figure 140 shows the controller
for a single DFIG.
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Figure 140: Stator-flux oriented controller of a single DFIG

Coordinated control of two or more DFIGs

When controlling two or more generators, we have to avoid large reactive power exchange
between close generators by adding a Q controller on one generator, allowing for a change in
the stator flux +)4,. Since v, is no longer zero, the decoupling of P and @ is lost. P and @
are decoupled in the time scale by choosing different integration coefficient k; of Pl controller.
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Figure 142: Stator-Flux oriented controller with explicit @ control loop
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Dynamics of New Stator-Flux Oriented Controller

Figure 142 shows that @ control loop on the second DFIG prevents the exchange of reactive
power between the two DFIGs, though the reactive power control is slow. The controller
still allows quite large exchanges of reative power between the two DFIGs. The simulation
becomes unstable when the active power of both DFIGs’ is ramped down to a small value.
This has to be investigeted.

Minimum extinction angle control of thyristor bridge

An AC voltage dip in the grid at inverter side can cause commutation failure in the inverter.
In order to prevent the commutation failure, the extinction angle ~ has to be kept beyond a
minimum value, 15° for example.

v =180° — (o + p) (76)

Where o and p are the firing angle and the commutation angle of the inverter, respectively. A
possible minimum extinction angle controller on the inverter side is shown in figure 143.

Minimum
gama angle

Fire angle

180 degree
*® reference

Actual
Fire angle

Gama
_ angle
Actual
Fire angle

Commutation 7
angla - Min Inverter

A 4

S
Fire angle
set point

Figure 143: Minimum extinction angle controller of thyristor bridge

At normal operation point, the commutation angle is small and the extinction angle v will be
much larger than the minimum value of 15°. The output of the PI controller is the maximum
value (165° for example). The set point of the inverter firing angle is 155° in this case study
and compared to the output of PI controller. The minimum value of the two is chosen as the
fire angle of the inverter. Thus, at normal operation point, the actual fire angle is the inverter
firing angle set point. During a voltage dip the commutation angle will increase and extinction
angle will decrease. This will decreased the output of the PI controller which will keep the
extinction angle above the minimum value of 15°.
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6.4 Simulink Models of Terminal Voltage Control and Stator-Flux Ori-
ented Control

6.4.1 DFIG-thy with terminal voltage control
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Figure 144: Main Simulink diagram of DFIG-thy with terminal voltage control
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Figure 145: PQ master control loops of DFIG-thy with terminal voltage control
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Figure 147: Voltage controller in DFIG-thy with terminal voltage control
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6.4.2 DFIG-thy with Stator-Flux Oriented Control
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Figure 148: Top level of flux and Q controller in DFIG-thy with flux control
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Figure 149: Current controller in DFIG-thy with flux control
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6.5 VSP-DFIG-thy normal operation
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Figure 150: DFIG-thy with flux oriented control during normal operation: wind speed, ro-
tational speed, aerodynamic power, stator voltage amplitude, stator current amplitude, pitch
angle, stator reactive power, stator power and rotor power

Figure 150 shows the response of the VSP-DFIG-thy wind farm for a gust in wind speed from
7 to 25 m/s and back. The rotational seed of the turbines increases with power. When the
wind speed decreases the aerodynamic power falls rapidly due to the large pitch angle that has
been reached at that time. The stator and rotor electric power show less drastic changes. The
reactive powers show some slow oscillations but remain within acceptable limits. The reactive
power controller is installed on turbine 2.
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Figure 151: DFIG-thy with flux oriented control during normal operation: DC voltage, DC

current, rotor voltage, rotor current, deviation from DC current setpoint and rotor converter
power

Variables related to the DFIG converter are show in figure 151.
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Figure 152: DFIG-thy with flux oriented control during normal operation: thyristor rectifier
d and q voltage, inverter d and g voltage, rectifier and inverter firing angle, rectifier d and
g current, inverter d and q current, thyristor DC current, rectifier power and reactive power,
inverter power and reactive power, rectifier and inverter DC voltage

Figure 152 shows the response of the thyristor bridge.

6.6 Conclusions and future work

(i) Using a thyristor bridge and DC cable to connect a wind farm to the power grid is similar
to connecting the wind farm to a very weak AC power system.

(if) Connecting DFIGs to a very weak power grid or to a stand alone load is a new topic.
Most literature on DFIG concentrates on how to control the DFIGs connecting to a
strong power grid. The standard grid-flux oriented control is not appropriate for DFIGs
connecting to a weak power grid or stand alone load. In this study, two controllers have
been developed which can control DFIGs connected to a weak power grid or stand alone
load: a terminal voltage controller and a stator-flux oriented controller. The controllers
operate on the rotor voltages of the DFIGs, the firing angles of thyristor rectifier and

inverter are kept constant. No energy storage device and no centralized controller are
required.

(iif) A problem for the control of a wind farm is that the resistance and the reactance at the
point of common coupling are often of equal magnitude. Therefore, it is difficult to
decouple P and @ like in a high voltage transmission power grid. This problem occurs
especially if multiple DFIGs operate in paralel.

(iv) When two or more nearby DFIGs are connected to a weak power grid or a stand alone
load, @ control loops are required to prevent large reactive power circulation between
nearby generators. The interactions between two nearby DFIGs in a weak power grid
and how to decouple P and @ requires more research. For the moment, P and Q) are
decoupled in the frequency domain by choosing different integration constants k; of the
PI controllers, but this is not an optimal solution.
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(v) The stator-flux oriented controller performs better than the terminal voltage controller.
Oscillations are better damped by the stator-flux oriented controller. However, the results
for the stator-flux oriented controller become unstable when both DFIGs are ramped
down to low power. This may be caused by numerical instability or may have a physical
background and needs further investigation.

Recommendations for future work

« How to control P and @ of two or more nearby DFIGs in a weak power grid, i.e. how to
decouple P and @ in a power grid where resistance is not much smaller than reactance.
This will require a multi-variable control appoach.

« Investigation of the unstable behaviour of the stator-flux oriented controller when all
DFIGs are ramped down to low power.
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7 Case studies

7.1 Introduction

In addition to the behaviour of the nine wind farm systems during a wind gust to illustrate
normal operation (see chapters 4, 5 and 6), the systems characteristics will be demonstrated
for the following conditions (if applicable):

« flicker evalation during normal operation;
* response to a voltage dip;
* response to a frequency dip;
To limit the number of simulations, the systems will first be classified with respect to their

expected dynamic response under these conditions. As already demonstrated in the previous
chapter, some of the systems have practically identical dynamic behaviour.

Table 5: Classification of the electrical configurations developed in WaP with respect to dy-
namic behaviour in case studies

System ficker | voltagedip | freg. dip
1 | CSSIG-dc C Vv \
2 | CSS-CCIG-dc CcC \ CC
3 | VSP-CCIG-ac cC \ CC
4 | VSP-CCIG-dc cC \ CC
5 | VSP-DFIG-dc \Y, \ \Y
6 | VSP-FCIG-ac Y, \ \Y
7 | VSP-FCSM-ac Y, \ \Y
8 | VSP-FCSM-dc Y, Y, \Y
9 | VSP-DFIG-thy \Y V-thy \Y

C = responsetypical for a constant speed system

\Y = responsetypical for avariable speed full converter system

cC = responsetypical for cluster controlled system

V-thy = responsetypical for variable speed system with thyristor converter

Most systems classify as variable speed system (V), due to the presence of converters in the
system and the type of control of the rectifier connected to the turbines. The exceptions are:

* cluster controlled systems, which combine constant and variable speed characteristics;

» the system with a thyristor bridge converter system, which is a variable speed system but
behaves differently during a voltage due to the limited controllability of the thyristors
(grid commutated instead of self commutated).

Therefore, the following systems are chosen for the case study:
(i) CSS-IG-dc system
(if) VSP-CCIG-ac system
(iii) VSP-FCIG-ac system
(iv) VSP-DFIG-thy system
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7.2 Flicker evaluation

The currents and voltages calculated in the previous chapters 4, 5 and 6 for 100 s of normal
operation have been used to calculate instantaneous flicker values for the CSS-I1G-dc, VSP-
CCIG-ac, VSP-FCIG-ac and VSP-DFIG-thy wind farm. This is a deviation from the standard
procedure, but following the standard would require a substantial amount of computer time.
On the other hand, using the wind gust applied in the previous chapter guarantees including
the full range of wind speeds and is sufficient to compare the systems.

For the details of the flicker calculation model is referred to Chapter 5 of Volume 1 of the Erao-
2 report [33]. The short circuit power for the flicker calculation is 50 times the rated power of
the wind farm: 412.5 MVA. A grid angle of 30° has been chosen. The sample frequency in
the wind farm calculations was 400 Hz. Flicker values have been binned during intervals of 6
s, resulting in 2400 values per binning period, except for the final interval.

Instantaneous flicker against Power CSS-1G-dc
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Figure 153: Instantaneous flicker level binned against the wind farm power calculated for the
CSS-1G-dc wind farm

The average flicker level of the CSS-1G-dc wind farm is between 0.10 and 0.14, increasing
with wind farm power. The flicker level for the constant speed system in [34] was 0.10-0.28,
which were determined in a sligtly different way (only one turbine and a wind speed range
of 5-15 m/s). The CSS-1G-dc wind farm level is lower than the constant speed turbine level,
which can be caused by the averaging of the variations from the individual turbines.
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Figure 154: Instantaneous flicker level binned against the wind farm power calculated for the
VSP-CCIG-ac wind farm

With regard to flicker, the VSP-CCIG-ac wind farm is expected to resemble the constant speed
system. The average flicker level of the VSP-CCIG-ac wind farm is about 0.14, almost inde-
pendent of the wind farm power.
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Figure 155: Instantaneous flicker level binned against the wind farm power calculated for the
VSP-FCIG-ac wind farm

The average flicker level of the VSP-FCIG-ac wind farm is between 0.12 and 0.14, increasing
with wind power. The level is comparable to the flicker levels of the variable speed turbine in
[34] (0.10 to 0.18), which were determined in a sligtly different way (only one turbine and a
wind speed range of 5-15 m/s).
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Instantaneous flicker against Power VSP-DFIG-Thy
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Figure 156: DFIG-thy with flux oriented control: binned instantaneous flicker levels

The average flicker level of the VSP-DFIG-thy turbine is 0.124 and not strongly dependent on
the wind farm power. Compared to the previous systems, the DC inductance of the thyristor
bridge acts as an additional energy buffer between the wind farm and the power grid.

7.3 Response to a balanced voltage dip

In this section the effect of voltage dips, resulting from a balanced short circuit, on the four
wind farm concepts in this case study will be described. Three voltage dips will be investi-
gated: a 30% dip during 10 seconds, a 50% dip during 0.5 seconds and an 85% dip during 0.2
seconds, the same dips as in the Erao-2 study [34]. The grid is modelled as an ideal voltage
source.
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CSS-1G-dc wind farm voltage dip (system # 1)
Dip of 30%-10 seconds, starting at t=30s

vsd, vsq (V)

Figure 157: CSS-1G-dc wind farm, voltage dip 30%, 10 sec: rotor effective wind speed, aero-
dynamic power, electric and reactive power, stator d and q voltage, stator d and q current and

slip per turbine
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Figure 158: CSS-1G-dc wind farm, voltage dip 30%, 10 sec: active power, reactive power,
inverter dg-currents, inverter dg-voltages, DC voltage and wind farm frequency

The only effect of the 30%, 10 sec voltage dip at the grid side terminals of the wind farm
inverter of the CSS-1G-dc wind farm is the almost instantaneous increase of the inverter AC
current. The DC voltage, controlled by the inverter, is not affected by the AC voltage dip.
There is no significant effect on the wind turbine powers and the wind farm power to the grid.
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Dip of 50%-0.5 seconds
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Figure 159: CSS-1G-dc wind farm, voltage dip 50%, 0.5 sec: rotor effective wind speed, aero-
dynamic power, electric and reactive power, stator d and q voltage, stator d and q current and
slip per turbine
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Figure 160: CSS-1G-dc wind farm, voltage dip 50%, 0.5 sec: active power, reactive power,
inverter dg-currents, inverter dg-voltages, DC voltage and wind farm frequency

The 50%, 0.5 sec voltage dip at the grid side terminals of the CSS-1G-dc wind farm inverter
(figure 159 and 160) has no effect on the turbines. The inverter current increases from 200 to
400 A and inverter power and reactive power peak. The DC voltage is not affected by the grid
voltage drop.
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Dip of 85%-0.2 seconds
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Figure 161: CSS-1G-dc wind farm, voltage dip 85%, 0.2 sec: rotor effective wind speed, aero-
dynamic power, electric and reactive power, stator d and q voltage, stator d and q current and
slip per turbine
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Figure 162: CSS-1G-dc wind farm, voltage dip 85%, 0.2 sec: active power, reactive power,
inverter dg-currents, inverter dg-voltages, DC voltage and wind farm frequency

The 50%, 0.5 sec voltage dip at the grid side terminals of the CSS-1G-dc wind farm inverter
(figure 161 and 162) has no effect on the turbines. The inverter current increases from 200
to about 1500 A and inverter power and reactive power peak. The DC voltage is not affected
by the grid voltage drop. The DC link voltage control can be relaxed to limit the AC current
peak. This will only have a significant effect if a relatively large deviation in DC voltage is

ECN-E-08-017 135



Wind Farm as Power Plant

alowed. A deviation can be prevented by simultaneously reducing the power of the rectifier,
which can cause turbine overspeed since the rectifier frequency is constant. Adapting the CSS-
IG-dc control strategy in combination with finetuning of the CSS-1G-dc controls is expected
to reduce the current peak problem to an acceptable level.

VSP-CCIG-ac wind farm voltage dip (system # 3)
Dip of 30%-10 seconds

VSP-CCIG-ac-Udip3010 plot-VSP-CCIG-ac-Udip
16 1.0006 2
18
14 1.0006 \(\
—~ = 1.0006 16
212 g s
= k3 214
% | © 1.0006 % ,
g1 2 gL ]"A r
= 1.0006
iyl :
8
1.0006 0.8 ‘
6 1.0006
20 40 60 20 40 60 20 40 60
t(s) t(s) t(s)

Ntur (rpm)
Taxis (Nm)

20 40 60
t(s)

Figure 163: VSP-CCIG-ac wind farm, voltage dip 30%, 10 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds and axial torques per turbine
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Figure 164: VSP-CCIG-ac wind farm, voltage dip 30%, 10 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and slips per turbine
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Figure 165: VSP-CCIG-ac wind farm, voltage dip 30%, 10 sec: cluster active and reactive
power at the grid side, inverter dg-currents, inverter dg-voltages, DC voltage and cluster
frequency

The turbines are not affected by a 30%, 10 sec voltage dip in the VSP-CCIG-ac wind farm
(figures 163 and 164). The only variable that significantly responds to the dip is the inverter
current (figure 164). For this dip the increase in current is relatively small.

Dip of 50%-0.5 seconds
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Figure 166: VSP-CCIG-ac wind farm, voltage dip 50%, 0.5 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds and axial torques per turbine
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Figure 167: VSP-CCIG-ac wind farm, voltage dip 50%, 0.5 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and slips per turbine
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Figure 168: VSP-CCIG-ac wind farm, voltage dip 50%, 0.5 sec: cluster active and reactive
power at the grid side, inverter dg-currents, inverter dg-voltages, DC voltage and cluster
frequency

Peaks occur in the power, reactive power and current of the cluster inverter in the VSP-CCIG-
ac wind farm for a 50%, 0.5 sec voltage dip (figure 168). Turbine and rectifier variables as
well as the DC-link voltage are not affected.
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Dip of 85%-0.2 seconds
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Figure 169: VSP-CCIG-ac wind farm, voltage dip 85%, 0.2 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds and mechanical torques per turbine
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Figure 170: VSP-CCIG-ac wind farm, voltage dip 85%, 0.2 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and slips per turbine
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Figure 171: VSP-CCIG-ac wind farm, voltage dip 85%, 0.2 sec: cluster active and reactive
power at the grid side, inverter dg-currents, inverter dg-voltages, DC voltage and cluster

frequency

The VSP-CCIG-ac wind farm experiences the same problem for a 85%, 0.2 sec voltage dip
as the CSS-1G-dc wind farm: a current peak of about 1500 A and peaks in the power and
the reactive power of the wind farm inverter (figure 171). The solution is the same: relax the
DC link voltage control and simultaneously reducing the power of the rectifier. Again, danger
of turbine overspeding exists since the rectifier frequency is determined by the wind speed of

turbine 1.
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VSP-FCIG-ac wind farm voltage dip (system #6)
Dip of 30%-10 seconds
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Figure 172: VSP-FCIG-ac wind farm, voltage dip 30%, 10 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds, electromagnetic torque setpoints and mechan-
ical torques per turbine
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Figure 173: VSP-FCIG-ac wind farm, voltage dip 30%, 10 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and turbine rotational
speeds per turbine
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Figure 174: VSP-FCIG-ac wind farm, voltage dip 30%, 10 sec: inverter active and reactive
powers, inverter dg-currents, inverter dg-voltages, DC voltages and rectifier frequencies per
turbine

The effect of a 30%, 10 sec voltage dip on the wind turbines in the VSP-FCIG-ac wind farm
is minimal. The variations in figures 172 and 172 are caused by turbine speed increases and
pitch control. The dip does affect the inverter variables: peaks in power, reactive power and
current. The DC voltage is not affected (see figures 174). The inverter currents in this case are
much larger than in the previous cases due to the low voltage level of the DC converter voltage
(1 kV). The converters are turbine converters, the converters shown in the previous cases are
cluster and wind farm converters with a lager power rating and operating at about 35 kV.

142 ECN-E-08-017



7 CASE STUDIES

Dip of 50%-0.5 seconds
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Figure 175: VSP-FCIG-ac wind farm, voltage dip 50%, 0.5 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds, electromagnetic torque setpoints and mechan-
ical torques per turbine
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Figure 176: VSP-FCIG-ac wind farm, voltage dip 50%, 0.5 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and turbine rotational
speeds per turbine
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Figure 177: VSP-FCIG-ac wind farm, voltage dip 50%, 0.5 sec: inverter active and reactive
powers, inverter dg-currents, inverter dg-voltages, DC voltages and rectifier frequencies per
turbine

There is no effect of the 50%, 0.5 sec voltage dip on the wind turbines of the VSP-FCIG-ac
wind farm (figure 175 and 176). Inverter powers, reactive powers and currents peak. The DC
voltage is not affected (figure 177)
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Dip of 85%-0.2 seconds
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Figure 178: VSP-FCIG-ac wind farm, voltage dip 85%, 0.2 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds, electromagnetic torque setpoints and mechan-
ical torques per turbine
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Figure 179: VSP-FCIG-ac wind farm, voltage dip 85%, 0.2 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and turbine rotational
speeds per turbine
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Figure 180: VSP-FCIG-ac wind farm, voltage dip 85%, 0.2 sec: inverter active and reactive

powers, inverter dg-currents, inverter dg-voltages, DC voltages and rectifier frequencies per
turbine

The result is similar to the 50% dip with higher peaks in currents and powers.
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VSP-DFIG-thy wind farm voltage dip (system # 9)

The VSP-DFIG-thy wind farm consists of two turbines, flux-oriented control and reactive
power control on the second turbine.

\oltage dip of 30% - 10 seconds
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Figure 181: VSP-DFIG-thy voltage dip of 30% - 10 seconds: wind speeds, pitch angles, aero-
dynamic powers, turbine rotational speeds, electromagnetic torque setpoints and electric pow-
ers per turbine
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Figure 182: VSP-DFIG-thy voltage dip of 30% - 10 seconds: stator power, rotor power, stator

reactive power, stator voltage, stator current, rotor voltage, rotor current and stator frequency
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Figure 183: VSP-DFIG-thy voltage dip of 30% - 10 seconds: rectifier voltages, inverter volt-
ages, firing angles, rectifier currents, inverter currents, DC current, rectifier active and reac-

tive power, inverter active and reactive power, rectifier and inverter DC voltage of the thyristor
bridge
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7 CASE STUDIES

The voltage dip of 30% during 10 seconds on the turbine variables causes oscillations in the
voltages, currents active and reactive power of the VSP-DFIG-thy wind farm, see figures 181,
182 and 183. The step in inverter voltages results in a step in DC voltage and in rectifier AC
voltage. The stator power decreases and the stator current increases due to the dip. The rotor
currents effective value is intially 1000 A and peaks to about 2500 A.
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Figure 184: VSP-DFIG-thy voltage dip of 50% - 0.5 seconds: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds, electromagnetic torque setpoints and electric
powers per turbine
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Figure 185: VSP-DFIG-thy voltage dip of 50% - 0.5 seconds: stator power, rotor power, stator
reactive power, stator voltage, stator current, rotor voltage, rotor current and stator frequency
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Figure 186: VSP-DFIG-thy voltage dip of 50% - 0.5 seconds: rectifier voltages, inverter volt-
ages, firing angles, rectifier currents, inverter currents, DC current, rectifier active and reac-

tive power, inverter active and reactive power, rectifier and inverter DC voltage of the thyristor
bridge
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Similar oscillations are found for the voltage dip of 50% during 0.5 seconds. The rotor currents
effective value is intially 1000 A and peaks to about 2500 A, about the same as in the 30% dip.
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Figure 187: VSP-DFIG-thy voltage dip of 85% - 0.2 seconds: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds, electromagnetic torque setpoints and electric

powers per turbine
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Figure 188: VSP-DFIG-thy voltage dip of 85% - 0.2 seconds: stator power, rotor power, stator
reactive power, stator voltage, stator current, rotor voltage, rotor current and stator frequency
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Figure 189: VSP-DFIG-thy voltage dip of 85% - 0.2 seconds: rectifier voltages, inverter volt-
ages, firing angles, rectifier currents, inverter currents, DC current, rectifier active and reac-

tive power, inverter active and reactive power, rectifier and inverter DC voltage of the thyristor
bridge

152 ECN-E-08-017



7 CASE STUDIES

The rotor currents effective value for the voltage dip of 85% during 0.2 seconds is intially 1000
A and peaks to about 2100 A.

From the above results, we can see that the wind farm can ride through all the voltage dips
without transient over-current in the rotor. It is not necessarily to short circuit the rotor by a
crowbar to protect the rotor converter. The reason is that during voltage dips, the flux controller
will decrease the flux level to limit its output active power, thus the currents are automatically
limited during voltage dips. This feature also helps to prevent commutation failure of the
thyristor bridge inverter.

So, a crowbar is not necessary in this wind farm concept. If crowbar protection is used, the
grid side rotor converter should be able to support all the reactive power required by the gener-
ator and thyristor bridge when the crowbar is working. The reason is that when the crowbar is
working, the DFIG becomes a constant speed induction generator which draws reactive power
from the stator for excitation, and the thyristor bridge also consumes reactive power. It is pos-
sible for the rotor grid converter to provide large amount of reactive power when the crowbar
is working, because the active power required to be transferred from the rotor is zero during
this time.

7.4 Response to a frequency dip

CSS-1G-dc frequency dip (system # 1)
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Figure 190: CSS-1G-dc wind farm, frequency dip 10%, 10 sec: rotor effective wind speed,
aerodynamic power, electric and reactive power, stator d and q voltage, stator d and q current
and slip per turbine
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Figure 191: CSS-1G-dc wind farm, frequency dip 10%, 10 sec: active power, reactive power,
inverter dg-currents, inverter dg-voltages, DC voltage and wind farm frequency
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Figure 192: CSS-1G-dc model, frequency dip 10%, 10 sec: grid synchronous generator power,
consumer load, synchronous machine voltage, grid frequency, exciter voltage and synchronous
machine d and g currents

The wind turbines of the CSS-1G-dc wind farm are not affected by the frequency dip, see figure
190. The DC voltage is not affected either, the d and q grid voltage change dynamically (figure
191). This corresponds to response of the grid model: due to the frequency change there are
also transients in synchronous machine excitation, terminal voltage and consumer load (figure
192).
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VSP-CCIG-ac frequency dip (system # 3)
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Figure 193: VSP-CCIG-ac wind farm, frequency dip 10%, 10 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds and axial torques per turbine

VSP-CCIG-ac-fdip plot-VSP-CCIG-ac-fdip
960.14 2

960.12

960.1

S 960.08
2 960.06

Pel, Q (MW, MVA)

960.04
960.02

960
20 40 60 20 40 60 20 40 60

-200

-400

vsd, vsq (V)
isd, isq (A)

slip (<)

-600

-800

-1000

Figure 194: VSP-CCIG-ac wind farm, frequency dip 10%, 10 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and slips per turbine
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Figure 195: VSP-CCIG-ac wind farm, frequency dip 10%, 10 sec: cluster active and reactive
power at the grid side, inverter dg-currents, inverter dg-voltages, DC voltage and cluster
frequency
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Figure 196: VSP-CCIG-ac wind farm, frequency dip 10%, 10 sec: grid response

The results for the VSP-CCIG-ac wind farm are similar to those for the CSS-1G-dc wind farm:
the turbines are not affected by the frequency dip, only grid voltages and powers change during
the dip.
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VSP-FCIG-ac frequency dip (system #6)
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Figure 197: VSP-FCIG-ac wind farm, frequency dip 10%, 10 sec: wind speeds, pitch angles,
aerodynamic powers, turbine rotational speeds, electromagnetic torque setpoints and mechan-
ical torques per turbine
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Figure 198: VSP-FCIG-ac wind farm, frequency dip 10%, 10 sec: stator voltages, stator cur-
rents, active and reactive powers, dq stator voltages, dq stator currents and turbine rotational
speeds per turbine
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Figure 199: VSP-FCIG-ac wind farm, frequency dip 10%, 10 sec: inverter active and reactive
powers, inverter dg-currents, inverter dg-voltages, DC voltages and rectifier frequencies per
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Figure 200: VSP-FCIG-ac wind farm, frequency dip 10%, 10 sec: grid response

The results for the VSP-FCIG-ac wind farm are similar to the two previous systems: the
turbines are not affected by the frequency dip, only grid voltages and powers change.
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7 CASE STUDIES

VSP-DFIG-thy frequency dip (system # 9)
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Figure 201: VSP-DFIG-thy inverter response to a frequency dip of 50% and 0.1 sec

The response of the VSP-DFIG-thy to a frequency dip is determined by the inverter. Critical
condition is the possibility of commutation failure. This can best be examined by the instan-
taneous model of the thyristor bridge (Model Thy5 in section 3.5.3), the averaged model may
not represent the effect of changing instantaneous voltages correctly. Figure 201 demonstrates
that a severe frequency dip of 50% is not a problem for the thyristor bridge rectifier. The com-
mutation is not affected, the average DC voltage slightly decreases and the DC current is only
slightly increased. The effect on the VSP-DFIG wind farm will be minimal.

7.5 Case study conclusions

« All nine new electrical wind farm configurations have at least one converter in the path
from turbine to high voltage grid. Of these configurations, four have been chosen for
evaluation in the case study: CSS-1G-dc, VSP-CCIG-dc, VSP-FCIG-ac and VSP-DFIG-
thy.

 The flicker levels of the wind farms in the case study are of equal magnitude.

* Three voltage dips have been simulated: 30%-10 sec, 50%-0.5 sec and 85%-0.2 sec. The
85%-0.2 sec dip caused high inverter current peaks in the systems with voltage source
converter. The current control of the inverter may be improved to cope with these peaks
and the control of the DC voltage may be relaxed. The turbine side was not affected by
the dip due to the practically constant DC voltage.

« A frequency dip was not transmitted to the wind turbine side of wind farms with voltage
source self commutating full converters in (CSS-1G-dc, VSP-CCIG-dc and VSP-FCIG-
ac);
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« The frequency dip did not result in inverter commutation failure for the wind farm with
current source grid commutating full converter (VSP-DFIG-thy) and the frequency dip
was not transmitted to the wind turbine side.
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8 Control of the DFIG-ac system for an unbalanced short circuit

Low voltage ride through (LVRT) capability of DFIG has been studied extensively [25, 34, 2,
28, 17], but only for a symmetrical fault. Transient over-current in the rotor is identified as
the most severe LVRT problem of the DFIG, because the rotor side voltage source converter
(VSC) is very sensitive to thermal overload. The active crowbar protection is designed to short
circuit the rotor under such circumstances, both to protect the rotor side VSC and to damp out
the oscillations faster. In the high voltage grid, unsymmetrical faults happen more frequently
than symmetrical faults.

For an unsymmetrical fault, the most severe problem is not the transient over-current in the
rotor, but the large electric torque pulsation which potentially causes gearbox failure, and the
large voltage ripple in the DC link of back to back VSC which may decrease the lifetime of
the DC capacitance.

New definitions of the instantaneous active and reactive power [19, 3] can be used to analyse
an unsymmetrical fault and to design and operate the grid connected VSC under unbalanced
situations [35, 24]. Unlike the symmetrical operating condition, which is characterized by a
constant instantaneous active power input from the rotor VSC, the rotor VSC of DFIG can
send a pulsating instantaneous active power to the DC link during asymmetrical voltage dips.
To improve the control of DFIG under unsymmetrical voltage dip, it is first necessary to study
the dynamic behavior of DFIG for an unsymmetrical voltage dip.

8.1 Introduction
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Figure 202: Simplified diagram of the proposed DFIG unbalanced fault control system

Figure 202 describes the proposed DFIG unbalanced fault control system. The controllers on
the rotor VSC and the grid VSC control the stator currents and the grid converter currents,
both positive and negative sequences components independently. According to symmetrical
components theory [23], during an unbalanced voltage dip, the system can be decoupled into
positive, negative and zero sequence components. Both the positive and negative sequence
components are themselves balanced three phase systems, they can be transformed into a pos-
itive dq system and a negative dq system. Then the voltages and currents in the positive and
negative dg system are DC values, which can easily be controlled by simple PI controllers.

The positive and negative sequence components have to be totally decoupled. Otherwise, when
controlling the positive sequence, the negative sequence will be influenced, and vice versa. A
coupling between positive and negative sequence will deteriorate the control performance.

In order to fully decouple positive and negative sequence, the following assumptions are made:

* the DFIG stator and rotor windings are assumed to be symmetrical;
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« the grid three phase AC inductances and resistances are symmetrical.

The reference stator currents and grid converter currents are calculated according to the in-
stantaneous reactive power theory [19, 3]. When applying it to a three phase three line power
system, the theory is simple and easy to understand. It becomes complex for a three phase four
line power system. In this paper, only the three phase three, line power system is studied, the
zero sequence is omitted. This choice is justified by the following reasons:

» the windturbine transformer is often Y/A connected;

« the neutral point of the stator winding of a DFIG is not grounded.

In the next sections, the simulation results of a DFIG under symmetrical and unsymmetrical
voltage dips will be presented first and the instantaneous reactive power theory will be used to
analyze the result.

8.1.1 Symmetrical and unsymmetrical voltage dip

Distinctive differences between the behavior of the DFIG under symmetrical and unsymmet-
rical voltage dips can be seen in Figure 203.

The figure shows that for a symmetrical voltage dip, the problem is the magnitude of the tran-
sient current in the rotor. This problem is generally solved by the so called crowbar protection
system, which uses a thyristor controlled resistor bank to short circuit the rotor windings.

Figure 203 also shows that for an unsymmetrical voltage dip, the maximum rotor currents can
be smaller, but have second order harmonic which causes a large DC voltage ripple in the DC
link. The magnitude of the rotor transient currents for the unsymmetrical voltage dip depends
on the starting moment of the dip, which determines the magnitude of the initial stator currents
and thus determines the response of the stator currents. Depending on the magnitude of rotor
transient currents, the unsymmetrical voltage dip may activate the crowbar protection system.

sym Udip 30% asym Udip 30%
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Figure 203: DFIG symmetrical (left) and unsymmetrical voltage dip (right): rotor currents
and DC voltage
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8.1.2 Instantaneous active and reactive power with positive and negative se-
guence components

According to the instantaneous reactive power theory [19], the instantaneous power p and g in
the stationary «3-reference frame are:

{ p } _ { Vala + Ugig ] 77

q ’Uﬁla—’l)alﬂ
with
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Eq.77 is true for both balanced and unbalanced three phase three line system. The stationary
a-reference frame can be decoupled into positive and negative sequence:
o (6) + v (1) | (60)

{ ot } = | k) +on 1)

Using Eq.77, Eq.80 and the Park transformation, the instantaneous active and reactive power
of the positive and negative dg-sequences can be derived:
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The terms sin(26) and cos(26) in Eq.81 are the oscillation parts of the instantaneous power p
and ¢. The oscillating parts of the instantaneous active power p are linked to the DC voltage
ripple and an electric torque pulsation, as shown in the simulation results in figure 203.

In order to limit the DC voltage ripple and the torque pulsation for an unsymmetrical voltage
dip, the terms of sin(26) and cos(26) of the instantaneous active power p in Eq.81 have to be
controlled to zero. Rearranging Eq.81, four independent equations can be used to determine
the four reference currents z‘j,z‘j,i;, i, » and the currents can be controlled by the voltages

vl vl , vy, v, imposed by the VSC. This can be realised by relatively simple PI controllers.

- +,+ +,+
p Tef vdzd+v +vdzd+quq

A 1
q _ Qref _ | vgig — gy gy — vy 82)
Psin26 v:[zq - +zd v, iy — vy ;1'“
Peos 26 0 v iy + vy —l—vdzj{—i—vq_z;
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Psin20 and Peos 29 are the two oscillation terms of instantaneous active power p. In order to
reduce these to zero, the instantaneous voltage and current have to be separated into positive
and negative sequence in real time.

8.2 Real time determination of positive and negative sequence compo-
nents

The proposed control method requires fast and accurate determination of positive and negative
sequence components. Two methods are often used [35].

The first method is based on the fact that the negative sequence component appears as second
order harmonic in the synchronously rotating frame (positive dq variables), and the positive
sequence component appears as second order harmonic in the negative synchronously rotating
frame (negative dq variables). A low pass filter can be used to suppress the high frequency
oscillations. Thus the positive and negative sequences are separated in real time. The method
is shown in figure 204.

ositive d low pass filter
TdaC®) P q positive sequence
/ values
" \
negative d low pass filter
Tdq(-6) ’ K negative sequence
values

Figure 204: Positive and negative dq sequence components by low pass filters

The second method is called signal delay cancellation method. The abc system is first trans-
formed to a stationary reference frame of a/3-coordinates using Clark’s transformation. The
result is delayed by T/4. The positive and negative sequence can be calculated by adding or
subtracting the present real time signal with the delayed signal. It is explained mathematically
in the following way.

The abc system can be transformed into stationary o3-reference frame using Clark’s transfor-
mation, and can be expressed in positive and negative sequence as:

[ vat) } _ [ vE () + 05 (1) } _
v (t) v () + g (t)
Delay this signal for T/4:
va(t — )
vg(t — 7)
Comparing the equations of ag(t) and «G(t-T/4), it is clear that the positive and negative
sequence can be derived by adding or subtracting:

vT cos(wt + ¢T) + v~ cos(—wt + ¢7) 83
vTsin(wt + ¢T) + v~ sin(—wt + ¢7) } (83)

B vT sin(wt + ¢T) — v~ sin(wt + ¢7)

} N { —v cos(wt + ¢T) + v cos(—wt 4+ ¢7) } (84)

e
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The positive and negative sequence in «3-coordinates can be further transformed into positive
dg and negative dg sequence components using:
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G0 = [ente ][ 2]
] = [y ] e ] )

At the moment of the voltage dip and the voltage recovery, the “signal delay cancellation”
method will have a large transients and also a time delay of T/4. The *signal delay cancellation”

method is summarized in the following graph:

positive sequence

delay of T/4

in positive dq

separate
P ref frame

positive and
negative

sequence
inap .
negative sequence

in negative dq
ref frame

Figure 205: Positive and negative dqg sequence components by signal delay cancellation

The unbalanced voltages in the positive dq reference frame applying the two separation meth-

ods are shown in the next figure:
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Figure 206: Unbalanced voltages in positive dq reference frame v, and v, without separation
and using the two separation methods

Without separation, the unbalanced three phase voltage or current has second order harmonics
in the positive dq reference frame. Both separation methods have a transient before their
outputs reaches a steady state. The “signal delay cancellation” is faster than “low pass filter”
method, but it has a larger transient at the start and end of the voltage dip.

8.3 Positive and negative sequence control of DFIG
8.3.1 Positive and negative sequence control of the rotor VSC

Assuming the DFIG itself is symmetrical, the voltage equations of positive and negative dq
sequence components in generator convention are:
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. d
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_erdir + (iws - wr)wdr + dtr

In equation 87, wy is the stator electrical angular velocity, w, is the rotational speed of rotor
times the number of pole pairs, i.e. pwi,.

The positive and negative sequence components are completely decoupled, as can be seen in
equation 87, so the DFIG can be controlled in positive and negative dg sequence independently.
The controller of the rotor VSC is based on equation87, using the rotor voltages to control the
stator currents. The setpoints of the stator currents are based on the active and reactive power
as shown in figure 202. The controller is shown in figure 207.

vsdgpos  vsdq neg is dq pos

Ps ref + \ B vr dg pos .
—_ |

sorreeence | S0P e I v
dq decoupling _
Qs ref current calculation + vr dg neg
4 " PI control neg to pos T
is dq neg re -

is dg neg
Figure 207: Separated positive and negative sequence component controller by the rotor VSC

The cross-coupling terms between d and g coordinates in the voltage equations are (+w, —
wr)d;qﬁ and (twg — wr)zbj. So the positive and negative sequence compensation is different.

To decouple d and g axis, the cross-coupling terms are added to the outputs of PI controllers
as in the conventional controllers for the balanced case.

8.3.2 Positive and negative sequence control of the grid VSC

Assuming a symmetrical smoothing ac inductance and resistance at the grid VSC, the voltage
equations of positive and negative dq sequence components in motor convention are:

. . d'i
vffg + Reit, + + (fwsLeik,) + Le ;t'
v + Reif, — (fwsLci =)+ LA L

+
K
’Uqc

(88)

Unlike the work presented in [35] and [24], for the DFIG the DC voltage ripple is caused by
both the rotor VSC and the grid VSC. The instantaneous active power of the grid VSC has to
be controlled together with the rotor VSC, in order to eliminate the DC voltage ripple. The
reference currents of the grid VSC are calculated from the DC link voltage V., the grid ac
voltage, the rotor power and the reference reactive power @,.s. The details of this controller
can be seen in figure 208. In grid VSC controller, the cross- couplmg terms between d and g
coordinates are (inLcyq ) and (iwch"dc) Same as in the rotor VVSC controller, these are

added to the outputs of the PI controllers (dg-decoupling).
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Figure 208: Separated positive and negative sequence component controller by the grid VSC

8.4 Modeling and simulation

8.4.1 Simulink model of the control of the DFIG system for an asymmetrical
dip

indd  pos_dg

2 »w

ws 1
4”3} Pithera 1909

Sequence Separation _Psir

in_dd  pos_dg

w

theta Neg_dq

Sequence Separation _Is

CoO—

Te_set Is_pos_meas

Is_pos_ref

7
Q_ref

Te set 3 A Vr_ref_PNctrl

wm

>
P psi_r_pos  vr_pos
>
»

[
Qs_set s_pos_ref wm ws

indd  pos gq 1
P

vs_pos Pos_Ctrl

vs_neg
Sequence Separation _Vs L ws Is_ref_neg
Ref_Is_cal

——Is_neg_meas
[0 0] ————WIs_neg_ref

P psi_rneg  vr_neg

Ligr—

Neg_dq

theta

vy

P wm

P ws

neg_dq

Neg_Ctrl
pos_dq (-

theta

negative to positive

Figure 209: Simulink model of the positive and negative sequence control of the rotor VSC

Figure 209 shows the positive and negative sequence control of the rotor VSC in Simulink.
The stator voltage and current and the rotor flux are separated into their positive and negative
sequence dg components by sequence separation blocks. The reference positive sequence
stator current is calculated from the reference torque and the reactive power setpoint. Two PI-
controllers calculate the positive and negative dq rotor voltage. The negative dq rotor voltage
is transformed to the positive reference frame and added to the positive dq rotor voltage, since
the generator model reference frame is the positive sequence frame.
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Figure 210: Simulink model of the positive and negative sequence control of the grid VSC

The control of grid VSC is similar to that of the rotor VSC, see figure 210. The main difference
is that it has to be controlled together with the rotor VSC, in order to eliminate the effects on
the DC voltage caused by rotor power oscillations.

In order to improve simulation speed in Simulink, the DC link is modified, based on the fol-
lowing equation:

Udc(t) =

% / (prec(t) — Pinv (t))dt + 'Udc(o)Q] (89)
0

The next figure shows the modified DC link in Simulink:

1/c Ll

| 1
| s sqrt g
- Integrator @ »

Switch1

Constant

Figure 211: Modified DC link in Simulink
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8.4.2 Rotor VSC asymmetrical control results

The simulation results of proposed asymmetrical rotor VSC control and the standard symmet-
rical control are compared in figure 212 for a single phase asymmetrical voltage dip of 70%.
Only the positive and negative sequence control of the rotor converter is switched on, the grid
converter is still operating as standard symmetrical controller. The control of the rotor VSC
limits the electromagnetic torque pulsation to less than 20% of the symmetrical control value.
The stator power oscillation is reduced, but the rotor power oscillation increases, as well as
the ripple in the DC voltage. Since the stator power often dominates the total power of the
generator, the total power oscillation is still reduced.
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Figure 212: DFIG asymmetrical voltage dip with and without positive and negative sequence
controller on the rotor: electromagnetic torque 7., stator power P, rotor power P., DC
voltage V., inverter power P;,,, total DFIG power P;,;

The DFIG rotor voltages in positive and negative sequence for the standard symmetrical con-
troller and the asymmetrical controller are shown in Figure 213. During the asymmetrical
voltage dip, the standard symmetrical controller also tries to counteract to the 100 Hz oscil-
lation in the electric torque. It generates a negative sequence voltage, but the value deviates
considerably from the value of the asymmetrical controller, as shown in Figure 213. The stan-
dard symmetrical controller can be tuned to be very fast to limit the torque pulsations during
an unsymmetrical voltage dip, but this will decrease the stability margin.
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Figure 213: DFIG asymmetrical voltage dip with and without separated positive and nega-
tive sequence controller on the rotor: positive (left) and negative sequence dq rotor voltages

(right).

8.5 Rotor and grid VSC asymmetrical control result

The simulation results of proposed asymmetrical rotor and grid VSC control and the standard
symmetrical control are compared in figure 214. When the grid VSC controls positive and
negative sequence separately and the rotor VSC asymmetrical controller is also switched on,
the DC voltage ripple is limited to less than 10% of the value for symmetrical control. The
instantaneous active power of the grid VSC is intentionally controlled to have a second order
harmonic, in order to reduce effect of the rotor power oscillation on the DC link voltage.
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Figure 214: DFIG asymmetrical voltage dip with and without separated positive and negative
sequence controller on rotor and grid converter: electromagnetic torque T+, stator power P,
rotor power P,, DC voltage V., inverter power P;,,, total DFIG power P,

Figure 215 shows the positive and negative sequence dqg voltages of the grid VVSC for standard
symmetrical control and proposed asymmetrical rotor and grid VSC control. The positive dq
voltages are the same, the negative dq voltages are different.
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Figure 215: DFIG asymmetrical voltage dip with and without separated positive and negative
sequence controller on rotor and grid converter: positive (left) and negative sequence dq rotor
voltages (right).
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8.6 Conclusions and recommendations

The LVRT capability of the DFIG for a symmetrical voltage dip is well described in literature,
while the DFIG behavior during an unsymmetrical voltage dip is seldomly studied. Apart from
the transient rotor current, which is caused by a voltage dip, the large electromagnetic torque
pulsation and DC voltage ripple in the DC link are identified as the most severe problems of
DFIG during a unsymmetrical voltage dip.

In this study, the DFIG is proposed to be controlled in positive and negative sequence inde-
pendently. In order to implement the separated positive and negative sequence controllers of
DFIG, two methods to separate positive and negative sequence in real time have been com-
pared. The “signal delay cancellation” is faster than the “low pass filter” and is chosen. Equa-
tions for the instantaneous active and reactive power and the voltage equations of DFIG and
grid VSC in positive dg and negative dg sequence have been derived. The DFIG system with
the proposed positive and negative sequence controllers is modeled in Matlab/Simulink. The
simulation results show that the positive and negative sequence controllers of rotor VSC and
grid VSC effectively limit the electric torque pulsation, the pulsating power to the grid and DC
voltage ripple.

The control objective focused on how to improve performance of DFIG itself under unsym-
metrical voltage dip when it is connected to a strong power grid. A future research item will
be how to use DFIG to improve grid performance when it is connected to a weak power grid,
for instance to reduce grid voltage unbalance.
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9 Aggregate wind farm models

The objective of this part of the WaP project is to make and demonstrate an aggregate wind
farm model (AWFM) suitable for Power System calculations. An aggregate model represents
the dynamic behaviour of a wind farm but does not include a full dynamic model for each
turbine. Individual turbine wind farm models (ITWFM) are too complicated and simulation
time consuming to be included in Power System models. Aggregate wind farm models can be
used to investigate the effect of large scale wind power on global grid parameters, for instance
the power balance (matching electric power production and demand within a grid control area)
or the frequency control [29].

Point of departure for the preparation of an aggregate model is the individual turbine wind farm
model. The most detailed ITWFM is used as a reference in evaluating simplified ITWFM and
AWFM models. Depending on the application objective, the models may need to represent
wind farm active and reactive power production, dynamically as well as steady state, within
the time frame of interest.

The requirements for the aggregate wind farm model developed in WaP was determined by
the we@sea project Systeemintegratie en balanshandhaving bij grootschalige windenergie op
zee. The aggregate model will be used for a power balance study of the Dutch national grid.
The requirements are:

(i) scalability;

(i) incorporation of the effect of different WF locations in the North Sea on the wind farm
power production;

(iii) accurate representation of active power in the frequency range of 0-0.5 Hz. For other
applications the frequency range or the number of represented parameters may be wider;

(iv) accurate representation of turbine and wind farm control. This requirement is implicitly
included in the previous frequency range requirement.

The following approach has been taken:

(i) simplification of the existing individual turbine model;
(i) investigation of the effects of the wind farm size by increasing the number of turbines;
(iii) comparing different methods of making an aggregate model;

(iv) validation of methods by comparing outputs of the aggregate and the individual turbine
model;

(v) incorporation of the effect of the location and the layout of a farm.

First a constant speed stall wind farm aggregate model will be made, since this is expected
to be relatively straightforward due to the absence of turbine control. In a future project, an
aggragate variable speed wind farm will be developed.

9.1 Aggregate model for a CSS wind farm

Step 1: Simplification of the model of the CSS turbine.

Since the model is primarily used to investigate system balancing, reactive power and voltage
fluctuations need not be taken into account. Grid voltage at the point of common coupling and
grid frequency are assumed to be constant. This leads to a number of simplifications:

* the turbine cable and the transformer model are eliminated from the turbine model and
the dynamic model of the induction generator is replaced by the torque-slip curve;

* the tower model (nodding and naying) is eliminated from the turbine model;
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« the drive train model (two inertias and a shaft) is exchanged for a single inertia model.

Figures 216 to 218 compare the auto power spectral density (APSD) of the electric power Pe
of the full and the reduced models. In the low frequency range, the rotational sampling of the
wind is the main source of oscillation. For the modelled turbine, 1P equals 0.2134 Hz, so 3P is
about 0.64 Hz. This frequency is present. The effect of deleting the dynamic models of cable,
transformer, induction machine and tower is small for the frequency range 0-5 Hz, see figure
216 and 217. Exchanging the two inertia plus shaft model for a single inertia model does have
a significant effect however, the power spectrum reduces to the spectrum of the rotationally
sampled wind Pa, see figure 218 and figure 219.
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Figure 216: APSD of electric power for the full WT model and the WT model with torque-slip
curve

174 ECN-E-08-017



9 AGGREGATE WIND FARM MODELS

10 Fs=100.0 Hz, win=4096, nfft=16384

10 T T T T T
< CSS—full
N
<
£
o 107 .
o
[a
[%]
o
<
100 I I I I I I I I I
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Freq. [Hz]
Fs=100.0 Hz, win=4096, nfft=16384
10
10 T T T T T
= CSS-no-IM-no-tow
-
£
o 10
o
[a)]
[
o
<
100 I I I I I I I I I
0 0.5 1 15 2 2.5 3 3.5 4 4.5 5

Freq. [Hz]
Figure 217: APSD of electric power for full WT model and model with torque-slip curve
without tower model
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Figure 218: APSD of electric power for full WT model and model with torque-slip curve
without tower and shaft model (a single inertia)
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Figure 219: APSD of WT electric power and aerodynamic power for full model

Step 2: Effect of increasing number of wind turbines

To determine the effect of multiple turbines on the variations in the power output of a farm,
the wind inputs for the turbines in the model need to be different. This is realised by:

« different initial values of the azimuth angle;

« different average or quasi-steady values of the undisturbed wind speed.

Different initial values of the azimuth angle prevent rotor synchronisation (coincidence of the
rotor effective wind 3P and 6P oscillations). A single normalised wind speed realisation can
be used. The initial value of the azimuth and the average or quasi-steady state wind speed
(read from file or generated by a Simulink block) determine the instantaneous wind speed at
each turbine.
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Figure 220: APSD of WT electric power for IT full model with 1 and 24 turbines

Figure 220 gives the APSDs for models with 1 and 24 individual turbines. Increasing the
number of turbines has two effects: the average level (absolute, not relative) of the oscillations
is increased and some peaks in the spectrum are reduced. The nP oscillations of different
turbines average out, due to differences in instantaneous rotor position of different turbines.
These results serve as a reference for the aggregate model to be developed.

Step 3: Methods of aggregation
The following methods of aggregation are proposed:

Method 1 separate scaling of variations and quasi-steady state value of the output of a model of a
single turbine to estimate the output of the farm;

Method 2 filtering of variations of a single turbine or a wind signal to estimate the wind farm
output variability, i.e. estimation of a transfer function;

Method 3 wind farm model built from simplified turbine models (strictly speaking not an aggregate
model);

Method 4 time shifting and addition of variations of a single turbine and linear scaling of quasi-
steady state value;

Method 5 pre-calculated scalable power series from a library (strictly speaking not an aggregate
model);
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Figure 221: AWFM Method 1

Method 1 uses a dynamic model of the CSS turbine and a steady state model of the same
turbine and separates the short term variability from the quasi-steady state trend in the electric
power, see figure 221. The variability as well as the trend are scale with the number of turbines,
but in a different way. The trend is either simply multiplied by the number of turbines or by
(variable) factor based on the wind farm size and layout. If a factor is used, the wind speed
deficit in the farm can be taken into account. The variability is either multiplied by the square
root of the number of turbines, assuming uncoherent wind, or by a factor corrected for wakes
in the farm (dependent on the wind farm layout). A separate model is available to estimate
wake deficits and increasing turbulence for a given wind farm layout, see appendix A. The
instantaneous quasi-steady state electric power is required to determine the variations in the
electric power. This is less easy to estimate than the quasi-steady state aerodynamic power.
Therefore the aerodynamic power is used to determine the variations.

Advantages of method 1:

« scaling is very simple if wind farm wakes and deficit are neglected,;
« since only one turbine is simulated, simulation is fast;

« afurther reduction in simulation time is possible using the reduced model of the previous
section;

Disadvantages of method 1:

« only a single quasi-steady state or average wind input signal per wind farm is used since
the aggregate wind farm model contains only a single turbine;

« in the model, the Op, 3P, 6P etc. variations of different turbines are not real time can-

celled, instead a reduction is achieved by a factor of about /N applied to the variations
of a single turbine. This factor is somewhat arbitrary, it depends on the coherence be-
tween de power outputs of the different turbines. If rotor positions synchronize, coher-
ence between the 3P etc. variations can be close to 1. In unsynchronized operation the
coherence is practically zero. Since the unsynchronized operation is expected to prevail,

a factor close to v/ is justified.
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Figure 222: Comparing AWFM Method 1 to IT full model for 24 turbines

Figure 222 compares the result of method 1 to the ITWF full model for a farm of 24 turbines.
Neither the ITWF model nor the AWFM method 1 model include wake effects. The result of
the AWFM method 1 is quite good. Peak reduction is similar to the full model and the average
level is similar. method 1, applied to the constant speed stall wind farm, seems to meet the
requirements.

Two options can be distinguished for method 2 (filtering):

« the filter (transfer function) represents the farm behaviour from wind speed to power
output;

« the filter only represents the effect of an increasing number of turbines in the farm;
Disadvantages of method 2:

* since the method is based on estimation of a transfer function, the model does not have
a physical interpretation;

* the Op, 3P, 6P etc. variations of different turbines are not real time cancelled;

« the filter parameters are difficult to determine, especially in relation to the size of the
farm;

* the operating conditions most likely affect the filter parameters.

Since method 1 already produced a satisfactory result, method 2 will not be examined further.
Method 3, using simplified IT models, will not be investigated for the same reason.

Method 4, shifting power output variations in time by means of a delay block), seems to be a
promising option, since this closely resembles the actual process in a wind farm.

Advantages of method 4:

« altough a single turbine model is used, the OP, 3P, 6P etc. variations of different turbines
are cancelled in real time.
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However, this method incorporates a few serious disadvantages:

« scalability is problematic since it involves extending the number of delay blocks in the
model;

« the memories of the delay blocks have to be filled before any meaningful output can
generated, resulting in an increase in simulation time with the size of the wind farm;

« variations of different turbines are fully correlated since shifted over a fixed interval.
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Figure 223: Comparing AWFM Method 4 to IT full model for 24 turbines

Figure 223 compares the results of method 4 and the ITWF full model for a farm of 24 turbines.
Neither the ITWF model nor the AWFM model compensate for wake effects. The result of the
AWFM method 4 is not as good as method 1. Peak reduction is a bit less than in the full model,
this may be related to the choice of the time shift (7.7 s is relatively near to 5/(3P)=7.8101 s).
The average level also is similar. For the constant speed stall wind farm method 1 is preferred.
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9.2 Implementation of CSS-AWFM in Simulink
9.2.1 Model layout
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Figure 224: Simulink implementation of CSS-AWFM

Figure 224 shows the implementation of the method 1 aggregate model in Simulink.

9.3 Aggregate model for a VSP wind farm

An AWFM model for a variable speed pitch (VSP) wind farm seems to be more complicated
than for a CSS farm. The V'SP turbine includes turbine specific controllers and can be equiped
with different types of generators and different converters. Then there is a range of VSP
systems: VSP-DIFG (Doubly Fed Induction Generator), VSP-FCIG (Full Converter Induction
Generator), VSP-FCSPM (Full Converter Permanent Magnet Generator), VSP-CCIG (Cluster
Controlled Induction Generator). These options differ in the type of electrical system, the
turbine rotor and pitch control is similar. Since the control of the electrical system intends
to smooth the electric power output and the eigenfrequencies of the electrical system and its
control are expected to exceed 0.5 Hz (and probably also 5 Hz), the expectation is that the
differences between systems below 5 Hz are small. The expectation is that the same method of
aggregation can be applied to the VSP wind farm as has been demonstrated for the CSS wind
farm. The demonstration is postponed to a future project.

9.4 Conclusions and recommendations

» An aggregate constant speed wind farm model has been developed and compared to a
wind farm model based on individual turbine models. Power variations in the range
of 0-5 Hz are represented accurately by the aggregate model. The implemented aggre-
gate model only generates electric power variations. By modifying the detailed turbine
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model, i.e. including the electrical system models, the aggregate model can generate
other electrical variables as well.

Although the overall dynamic behaviour of the AWFM and the ITWM model are similar
(same frequency response), the instantaneous behaviour will be different, due to the use
of only a single versus multiple turbine models. Since wind farm power production is
stochastic by nature, this is not a problem.

The aggregate constant speed wind farm model can be scaled easily.

The aggregate constant speed wind farm model only requires a single wind speed time
series as input. This time series represents the average wind speed in the farm.

The effect of the wind farm location is taken into account by different wind speed inputs.

The effect of different operating conditions of different turbines is taken into account by
a factor that represents addition, i.e. averaging of variations.

The effects of wakes on average power and power variability are not taken into account.

In a future project an aggregate VSP wind farm will be developed.

182

ECN-E-08-017



10 Conclusions

(i) Nine new electrical system models for offshore wind farms have been realised. Some
of the wind farm electrical system models required new electrical component models
and new control concepts. The nine new wind farm models have been demonstrated for
normal operation.

(ii) For the wind farm with Full Converter Induction Generator (FCIG) a new control con-
cept was developed which does not require knowledge of or a setpoint for the stator
angular frequency. This is realised by choosing a reference frame for the Park trans-
formation that is fixed to the rotor. The stator frequency now implicitly results from
the control of the instantaneous currents in the direction of and perpendicular to the
induction machine flux. The controller is demonstrated in the VSP-FCIG-ac wind farm.

(iii) Controlling the Doubly Fed Induction Generator wind farm with Thyristor bridge DC
link to shore (DFIG-thy) required a new control concept due to dynamic interaction of
the turbines connected to the thyristor bridge and the resulting variablility of the wind
farm AC grid. Two control concepts have been investigated: terminal voltage control and
stator flux oriented control. The stator flux oriented control provided the best damping
but is unstable if all turbines ramp down to low power. The control of the DFIG-thy
wind farm still needs further refinement. One aspect to be investigated further is the
independent control of power and reactive power in a weak grid with equal resistance
and reactance.

(iv) For arepresentative selection of four wind farm electrical systems a case study to assess
the dynamic behavior has been executed. The case study determined the flicker produc-
tion, the response to a voltage dip and the response to a frequency dip of the four wind
farm concepts.

(v) Five thyristor bridge models, of average or instantaneous type and for symmetrical or
asymmetrical conditions have been developed. These models can be used to represent
the classical HYDC connection for the transport of wind power to shore. The symmet-
rical quasi-steady state model for averaged balanced conditions was used in the analysis
of the VSP-DFIG-thy system in this report.

The developed thyristor bridge models have been compared to the thyristor bridge model
of the Simulink Power System Blockset:

» The symmetrical quasi-steady state model is accurate for both steady state and
transient state under balanced situation.

» The unsymmetrical quasi-steady state model using Fourier analysis is accurate for
steady state, but has significant errors during transient state because of the delay
caused by the Fourier method.

» The unsymmetrical quasi-steady state model assuming partially symmetrical con-
ditions is accurate for both steady state and transient state, but only if the assump-
tions can be fulfilled.

» The instantaneous model without commutation inductance can have significant
errors if the AC commutation inductance or DC current is very large.

 The instantaneous model with commutation inductance is accurate for both steady
state and transient state, balanced and unbalanced situations but requires more sim-
ulation time.

(vi) For the Doubly Fed Induction Generator with AC connection to shore (DFIG-ac) a
model for the evaluation of asymmetrical voltage dips has been realised. The DFIG-
ac system is extra sensitive to grid faults since it exposed via two routes: stator-rotor
and converter-rotor. The model has been used to develop a new control strategy to limit
oscillations in the DFIG-ac system during the asymmetrical voltage dip by controlling
the positive and negative sequence component of the fault current independently. The
rotor converter limits the electrical torque pulsation and the power to the grid while the
grid converter limits the DC voltage ripple.
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(vii)

An aggregate wind farm model (AWFM) for the constant speed stall wind farm has been
developed. The model was verified by comparison to the wind farm model consisting
of individual turbine models (ITWFM). Power variations in the range of 0-5 Hz are
represented accurately by the aggregate model. The aggregate model only calculates
electric power variations. By modifying the detailed turbine model from which the
aggregate model is derived, i.e. including electrical subsystem models, the aggregate
model can generate other electrical variables as well. In a future project an aggregate
VSP wind farm will be developed.

(viii) A new dynamic model for the VVSP turbine has been made. The new model is based on

(ix)

Simulink, while the previous VSP model used Matlab. The model has been incorporated
in the new wind farm models developed in this project.

A simple model for the main parameters of the wind speed at different locations inside
a wind farm has been implemented, based on the wind turbine wake model by G.C.
Larsen. The wind speed deficit results have been compared to measurements and are
comparable.

Recommendations

(i)

(i)

(iii)

(iv)

The control of the DFIG-Thy system requires further improvement, especially with re-
spect to the independent control of power and reactive power in a grid with equal resis-
tance and reactance.

An aggregate wind farm model for the variable speed pitch wind farm has to be devel-
oped.

The wind farm dynamic model library now is fairly complete and has been tested. It still
requires further verification by comparison to measurements, especially voltage dips.
It is recommended to search for suitable measurements and turbine data and execute
verification exercises.

Keeping the previous recommendation in mind, the wind farm dynamic model library
is now in a stage of development that it can be used in dynamic studies on large scale
integration of wind power in the grid. It can be especially useful in developing control
strategies for large offshore wind farms that support the grid during normal operation
and during faults (e.g. steady state voltage support, stability improvement during faults,
damping of angle oscillations, delta control and power curtailment, frequency droop
control, limitation of short circuit contribution). Integrating an increasing amount of
wind power in the electric power system will require the utilisation of the full potential
of wind farms. Therefore, it is recommended to start the development, implementation
and demonstration of wind farm control strategies, that statisfy existing and forseen grid
code requirements, for different types of commercially interesting wind farm types and
evaluate these strategies in a representative dynamic grid model, for instance the RTDS
of TUD-EPS.
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A A simple model for local wind conditions inside a wind farm

The development of dynamic models of wind farms has been started in a previous project:
Elektrische en Regeltechnische Aspecten van Offshore windparken 2: Erao-2 [33, 34] and
continued in this we@sea project Windfarm as Powerplant. In Erao-2 wake effects have been
neglected. Wakes will have an effect on the average power production but also on the turbu-
lence and therefore on the dynamic response and flicker production. One of the objectives
in Windfarm as Powerplant is the implementation of a simple model, suitable for dynamic
evaluations, for the wind inside a farms. Wake modelling is already used for the prediction
of fatigue of turbines in a wind farm [6]. For this project the GCL-model has been chosen,
because it is simple, generates all required parameters and is well documented. A short de-
scription of the GCL-model will be given. First, the rotor effective wind model in the Erao-2
programme will be described.

A.1 Turbine wind model: rotor effective wind
A.1.1 Stochastic wind model

In the Erao-2 wind turbine model, an equivalent single point wind speed realisation is used to
describe the wind speed seen by a given turbine rotor. The method to generate this equivalent
wind speed was developed for controller design [12]. The equivalent wind speed is called the
rotor effective wind speed and can be described as a single point wind speed realisation that
gives the same rotor torque as the actual distributed stochastic wind field acting on the turbine
rotor. This single point wind speed is based on the statistical properties of the undisturbed
wind and includes the statistical variation of the wind in the rotor plane and the effect of the
blade rotation on the torque variations produces by the rotor, often called rotational sampling.
It consists of three separate parts to represent the wind speed variations:

« variations due to wind shear,
* variations due to tower passage;

* variations due to turbulence in the rotor plane.

The first two are deterministic and linked to the azimuth angle. The determination of the sto-
chastic part, the turbulence in the rotor plane, is described in the project Koppeling SWIFT aan
Handboek Ontwerpwindgegevens Windturbines versie 3 [37]. This section gives a overview
of the turbulent wind calculation. The next section will focus on the calculation of the rotor
effective wind.

The following description of the stochastic and rotor effective wind model are copied
from the comments in the vwroteff.m routine developed by Tim van Engelen. To compile
amore or less complete description of the calculation of the wind inside the farm, it is included
here. Point of departure for the wind speed calculation is the Kaimal spectrum for the turbu-
lence in a single point, described by the auto power spectral density function (APSD) S;; [37].
The nomenclature of [37] is adopted:

[-Salf) 4fLi/Vhub
0'1-2 o (1 + 6fLi/thb)5/3

(90)

03 = 1.201e (0.75Viyup + 0.16Viue) (91)

with:
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f . frequency
? . index representing the wind speed component:
. 1=longitudinal, 2=transversal, 3=vertical
Sii . single sided power density spectrum in a point of component ¢
o; . standard deviation of component i
L; . integral length scale for the ¢ component of the windspeed at hub height
Vi ¢ 10 minute average wind speed at hub height
I, : annually average turbulence intensity
Vawe & annually average wind speed at hub height

The integral length scale L; is related to the turbulence length scale A; according to table 6.

Table 6: Parameters of the Kaimal-model

[ o; L;

1 g1 8.1 A1
2 0.8 g1 2.7 A1
310507 | 0.66 A

The turbulence length scale A is defined as the wave length at which the dimensionless lon-
gitudinal spectral density f.S11(f)/o? equals 0.05.

Ay = { 0.678zpup  forzp,y < 30m 92)

20.3m forzp,, > 30m

The corresponding spacial coherence function for the wind speed variations in two locations
in the rotor plane is:

—8.8- ( r-f )2+(U.i?-r)2

Cohu(r, f) =e e (93)

r is the distance between two points in the plane perpendicular to the average wind direction.

Compared to equation 91, [12] uses a different relation for the standard deviation of the longi-
tudinal wind speed:

(bt +a - Vi)

u 4
a+1 (%4)
with:
Iy :  turbulence intensity for the u component of the windspeed at height ht
a @ parameter for the dependence of the turbulence on the average wind speed (=2 in [12])

A.1.2 Rotor effective wind

With the statistical properties of the wind in the rotor plane determined, the next step is the
calculation of a single point wind speed, called the rotor effective wind, which will generate
approximately the same instantaneous torque as the time and space dependent wind variations
in the rotor plane. The method to meet this objective is derived in Appendix A of the Con-
trolTool report [12] and is based on the mathematical description of the effect of rotational
sampling on the power spectrum of the wind [8]. The Matlab routines vwroteff.m, vweffshr.m,
vwefftow.m and timegen.m perform the calculations. The implementation of the rotor effective
wind calculation is as follows, see [11]:

The calculation of the dynamic behaviour of the wind farm and the wind speed calculation is
separated in time. First, the wind speed realisations are calculated and writen to a file. The
wind farm model then reads the instantaneous wind speed from this file. This procedure offers
two major advantages over a simultaneous calculation: (1) the wind speed calculation only
has to be performed once, which makes the already time consuming wind farm calculation
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faster and (2) indentical wind files can be used to investigate behaviour of different controller
settings or wind farms.

Two index-variables are associated with the pre-calculated variation histories: time ¢ and az-
imuth angle . Tower stagnation and windshear depend by nature on ¢; turbulence on time in-
dex t. The time-index-array timebase corresponds exactly to azimuth-index-array azimbase
if the rotor speed is exactly constant, corresponding to fo, (Hz). At varying rotor speed the
azimuth angle differs from the product 27 fo,t. Since stagnation and wind shear only depend
on azimuth angle and are calculated and stored separately, the procedure also works in case of
variable rotor speed.

For wind turbulence, time-dependent wind speed variations are generated by inverse Fourier
transform of the rotor effective wind spectrum. This wind spectrum incorporates:

» spectral energy density that corresponds to the rotor-average windspeed (the Op-mode
AV wimo(t));

* spectral contents corresponding to the rotational sampling of the turbulent wind field
(the mBp-modes dV w,,p(t), p = the rotational frequency of the turbine).

The latter spectrum has peaks around the centre-frequencies m B fg, with

m : integer multiplier;
B : number of blades;

fou : rotor frequency.

Turbulent wind speed variations are generated for the Op-mode in array vwe s .m0 and for the
1Bp- and 2Bp-modes in array vwe s r,mo36- T hese arrays are full coherent.

Windshear and tower stagnation

For windshear and tower stagnation azimuth-dependent normalised wind speed variations are

calculated in arrays nvwsp, and nvwse,,. Real-value wind variations are obtained by multipli-

cation with the sum of the average wind speed at hub height U, and the Op-mode variation

AV wmo(t = 1/(2m * for)) Inarray vwef ¢ mo-

@zinputh dependent tower stagnation is based on the 3D-potential theory for a semi-infinite
ipole:

(Uhubv + demo(t<’(/}))) * d?ow . z? — y2 . 11—z _ xQ/Z

with:
P . azimuth angle;
t . time;
xz,y . longitudinal and lateral position relative to tower top;
z . vertical position relative to tower top (z > 0 is above tower top);
dVwmo(t(v)) @ rotor average wind speed variation by wind turbulence,
time-index relates to azimuth-index through through rotor speed;
diow . equivalent tower diameter for tower stagnation assessment;
r :distance /(22 + y? + z2) of point (x,y, z) to tower top.

The rotor average effect is calculated by considering the tower stagnation on 2/3 Rb depending
on the azimuth, dividing by the number of blades B and summing the wind speed variations
over the B blades.

The azimuth dependent wind shear is determined by an exponential shear profile according to
IEC61400:

AVw(h) = Unubo * ((2()/ Zpup) " = 1) (96)

with:
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z : height;

P . azimuth angle;

Zhub . hub height;

Qshear - €Xponentacc. to IEC61400.

Turbulence and rotational sampling

A realisation of the turbulent wind speed variation is obtained from the auto power spectrum
S(f) and the coherence function ~(f, d) by inverse Fourier transform:

dVwers(t) = F [Savu,,, (f,7(f,d)] (97)
with F~1 the inverse Fourier transform and
t o time;
f i frequency;
d : distance over which coherence is being considered.

The rotor averaging effect is calculated by integrating the torque-production by turbulent wind
speed variations over the rotating blades in the rotor disk, while the frequency-domain ap-
proach to rotational sampling is applied. This yields the following formulation for the APSD
Savw.,, (f) of the rotor effective turbulent wind speed variations:

T'sq

N N . .
deweff(f): Z ZMX
io=11,=1

o 27 .
xS0 (S = mBf) [ eI BdrGa),rlin) ). £~ mBfo)dv]  (98)
m=—oo 0
with:
Ta, % . counters for blade element numbers (between 1 and N);
m . counter for the B-multiple mode in het rotor effective wind spectrum;
P . azimuth angle for integration of the coherence over rotor disk;
fov . rotational frequency of the turbine rotor;
r(ia),r(ib) @ radii of the blade elements (distance to rotor centre);
Tsq . squared sum blade element radii (XX_, r(iz)?).

The first part of this equation represents the integration over the rotor disc of the contribution
of all blade elements, while the second part constructs the auto power spectral density resulting
from sampling the coherent wind variations in the rotor plane with a multiple of the rotational
frequency times the number of blades [8]. Only the contributions of the first two rotational
sampling frequencies (m = 1, 2) are taken into account.

For the proof that the rotor effective wind spectrum of equation (98) is the stochastically correct
representation of the single point wind speed for calculation of the aerodynamic torque of the
turbine is refered to the appendix of [12].

The result is constrained by (but sufficient with respect to the objective):
« APSD wind speed and v < d dependency are non-varying over rotordisk;
« equal aerodynamic power extraction over rotor disk;
« rigid rotor behaviour in the frequency range of interest;

« constant rotor speed (variable speed would broaden and reduce the m B peaks in the
spectrum, this is not taken into account).

A.2 GCL wind farm wake model

In the EWTS-II project [6] six wind farm wake models have been described. The GCL model,
developed by G.C. Larsen of Risoe National Laborotory in Denmark, generates all parameters
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relevant for the Wind farm as Power plant project, i.e. wind speed depreciation, turbulence
and coherence. The model is based on simple engineering formulas, is easily programmed and
does not require much CPU time. It is suitable for the wind speed and turbulence estimation
prior to the rotor effective wind speed calculation as input for the electrical evaluations in the
Wind farm as Power plant project.

To have a more or less complete description of the wind modeling in the Wind farm as
Power plant project, the GCL model description in [21] and [36] is reproduced here.

A.2.1 GCL model

The GCL-method determines the wake deficit, the wake turbulence intensity, the wake turbu-
lence length scale and the wake coherence decay factor of a single wind turbine. Dependent on
two boundary conditions, viz. the wake radius at the turbine and the wake radius at a location
9.5D behind the turbine, the equations for the wake conditions are:

105 .
Rn : (%)0'20?'4(601,0,1;1455)0'333 (99)
R,y : max[1.08D,1.08D + 21.7D « (I, — 0.05)] (100)
Ryos : 0.5%[Ryp + min(H, Ryp)) (101)
2Ry,
T0 - 9.5D/(%)3 —1) (102)
D .27
c o \/(3)5ﬁ(cd,a:c14x0)_1-667 (103)
Va 210.333[,.1.5 /4 2 —0.5 35.0.3 /5 2y-0.212
AV —g(cd,amflm ) [ (3¢] cd,ax A) - (ﬂ) (3¢;) ™ (104)

Ly @ 02957933 /1 — /1 - caun (105)
Iy @ JI2+1I2 (106)

(107)
with:
R, . wake radius at location x
q :non-dimensional mixing length, depending on Prandtls mixing length I
ciar - thrust coefficient, also called axial force coefficient
. rotor area
x : x-coordinate of position in wake for calc. of deficit: x = x¢ + dist
with dist the distance to turbine that generates wake
R,, : boundary condition of wake radius at location x
D . rotor diameter of upstream turbine
1, . ambient turbulence intensity at hub height, limited to 0.05-0.15
Ry9s :  wake radius at 9.5D behind the turbine that generates wake
H . tower height of turbine that generates wake
ZQ . x-coordinate of the turbine generating the wake
AV . wake deficit: wind speed reduction in the wake
Va . undisturbed wind speed at hub height
r . distance to hub centre
S :  distance in rotor diameters to turbine that generates wake 4t
L, . turbulence intensity increase due to tubine operation
Lt . total resulting turbulence intensity in wake

Turbulence length scale and coherence decay

The GCL model also takes into account the turbulence length scale and the coherence decay
in the wake in the direction of the wind speed. The corresponding description in [6] Part
1, Sub A is reproduced here. The length scale and coherence are used to determine the rotor
effective wind speed, see section A.1.
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Point of departure of the GCL model is the standard Kaimal formulation of the turbulence
spectrum S(f) of the wind speed as formulated in the Danish Code of Practice:

f i Su(f) — f ) Lu/va_ (108)
0121, (1 +1.5- f : Lu/va)5/3
with
o2 = variance of the longitudinal turbulence component
f = frequencyin Hz

If the Kaimal formulation in IEA 1400-1 is adopted, the length scales of formula 108 should
be divided by a factor 4.

The coherence function is defined in [6] as the magnitude of the complex cross-spectral density
of the longitudinal wind velocity components at to two spacially separated points, divided
by the square root of the product of the respective autospectrum functions. The standard
Davenport formulation is adopted:

u

Coh(s, f) = "% (109)
with s the projection of the separation vector between the two spacial points on a plane perpen-
dicular to the average wind direction. The wake wind field parameters are defined as follows

[6]:

 The wake deficit is described in terms of the maximum wake deficit AV within the wake.

» The ambient turbulence intensity, I, is defined as the standard deviation of the horizon-
tal turbulence component (as it is usually obtained from cup anemometer measurements)

divided by the undisturbed mean wind speed V' ,,. Both values refer to turbine hub height.

* The wake turbulence intensity, I'%,, is defined as the maximum standard deviation of
the horizontal turbulence component within the wake divided by the undisturbed mean

wind speed at turbine hub height.

» The ambient turbulence length scale, L, is defined as the (Kaimal) length scale of the
u~turbulence component for frequency fr,, where half of the turbulence energy relates
to frequencies heigher than fr. L} refers to the turbine hub height.

 The wake turbulence length scale, L , is defined in analogy with the ambient turbulence
length. L refers to the position within the wake where the reduction in the length scale
takes its maximum.

« The ambient transversal turbulence component, ¢, refers to the turbine hub height.

 The wake transversal turbulence component, o, refers to the position within the wake
where the maximum value is obtained.

¢ The ambient coherence decay factor, a,, relates to a Davenport coherence description.
Both horizontal and vertical separation are accepted, and to facilitate the use of cup
anemometers, the decay factor relates to the horizontal turbulence component.

« The wake coherence decay factor, a,,, relates to a Davenport coherence description.
Both horizontal and vertical separation is accepted, and the decay factor relates to the
horizontal turbulence component. Vertical and horizontal separation are again indicated
by adding a "V" or a "H" to the table value.

The modified length scale depends on the rotor thrust coefficient, the spacing distance, the
rotor diameter, and the undisturbed turbulence length scale. Assuming an approximate linear
relationship between thrust coefficient and mean wind speed (for a stall controlled turbine),
and refering to a Kaimal formulation of the turbulence spectrum, the length scale for the u
turbulence component inside a wake, L, is determined from :
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_(122(1-2)
Lg = LZ: 1 — min W’ 0.9 (110)

where L denotes the u—~turbulence length scale in the undisturbed flow, V, is the undisturbed
mean wind velocity at hub height, and the reduced spacing, S;., between the turbines is defines
as:

S, =208 1 (5-2)8  forS >2 (111)

The undisturbed length scale and the resulting wake length scale refer to conditions at hub

height. LY is seen to be monotonous in V,, L% S,, and D. The coherence is given a
Davenport—formulation and is thus expressed as:

Coh(s, f) = /exp (- “_‘jf ) (112)

where f is the frequency in [Hz], s is the separation in [m], V, is the (ambient) mean wind
speed in [m/s]. The ambient (undisturbed) coherence decay factor, a,, is determined by:

12 + 1Z1|22 2l for vertical separation
. — ! (113)
12 + for lateral separation

Zaverage

with the measuring heights denoted by 21, 22, the average of these equal to zqyerage, and Ay
being the lateral separation. The following expression for the wake coherence decay factor,
Ay, 1S proposed

(114)

[ 1+ Ky)a, for 2
Qw = Qg for 7.

where S denote the spacing expressed in rotor diameters and the wake correction factor, K,
is given by

7§5S for V,<6
Ky, = >S(1V, - C,) for 6<V,<15 (115)
4755 for 15<V,

5.

(@2

For vertical separation Cs = 1 and for horizontal separation Cs; = 2. For spacings less than
2 rotor diameters the value of the wake coherence decay factor is assumed to equal the value
related to a 2 diameter spacing.

Transversal turbulence, i.e. in a direction perpendicular to the wind direction, is also consid-
ered. Expressions for turbulence intensity and length scales in v and w direction are given. The
rotor effective wind in the Wind farm as Power plant project only considers the u component,
however.

A.2.2 GCL model in Matlab

The GCL model was implemented in Matlab and the results have been compared to the results
reported in [6]. Figure 225 shows that Matlab program gives the same wind speed deficits,
except for two of the 30 measurements. This may be caused by typing errors in the manuscript
and will not be investigated further.
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GCL model GS v4.m
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Figure 225: GCL-model results and comparison to EWTS-1I measurements table
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GCL-model-GS-vw-vs.m
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Figure 227: Wind speed deficit AV and turbulence intensity I,,; against relative distance to
wake generating turbine S for a variable speed turbine and five wind speeds
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Figure 228: Wind speed deficit AV and turbulence intensity 7,,, against relative distance to
wake generating turbine S for a variable speed turbine and five values of the undisturbed

turbulence intensity
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Figure 226 gives the wind speed deficits and turbulence intensities for a constant speed turbine
as a function of the relative distance behind the wake creating turbine and the wind speed.
Deficit and turbulence decrease with increasing distance and both also decrease with increasing
wind speed. For increasing wind speed the axial thrust coefficient decreases and this effect is
stronger than the effect of increasing wind speed on deficit and turbulence.

Figure 227 shows the results for a variable speed turbine. Now the axial thrust coefficient is
constant. Deficit and turbulence decrease with increasing distance. The deficit increases with
wind speed, while the turbulence intensity is wind speed independent.

Figure 228 plots the effect of ambient turbulense intensity on deficit and wake turbulence.
Higher turbulence leads to lower deficit, while the turbulence increase caused by the turbine
L, is not affected by the ambient turbulence level.

A.3 Conclusion

A simple model for the wind speed deficit and the turbulence increase inside a wind farm has
been programmed, based on the GCL-model, developed by G.C. Larsen of Risoe National
Laboratory. The model can be used to make the rotor effective wind speed calculation depen-
dent on the position of the turbine in the wind farm, if a fixed wind direction is assumed. The
model can also be used to make a better estimate of the wind farm power production. The latter
is outside the scope of this project. The model implementation was verified by comparison to
measurements and demonstrated for a constant and a variable speed turbine.
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Summary of parameters in random processes

Since frequent use is made of parameters and variables that describe random processes, the
definitions used in the analysis of random variables are summarised. For a more complete
overview is referred to [26].

(1) The probability that a variable z(t) is in the range between = and = + dz equals p(z)dzx.
The function p(z) is called the probability density function.

(2)The probability distribution function P(z) is defined by P(z) = [ p(z)dz.

(3) The joint probability p(x, y)dxdy is the probability that «(¢) is in the range between « and
x + dx and at the same time y(¢) is in the range between y and y + dy. For a finite interval:

Prob(z; < x(t) < x2) and Prob(y; < y(t) < y2) equals [, fy2 p(x,y)dxdy. If z and y are
independent, p(z,y) = p(z)p(y). The units of p(x, y) are 1/un|ts of zy.

(4) The average or mean value is the statistical expectation £ of a random variable and is
defined by: E(z(t)) = [*2° zp(z)dx. The units of E(z) are the units of .

(5) The average value of the square of a random signal thus equals: E(z2(t)) = [*2° 22p(z)da.
(6) The standard deviation o and the variance o2 follow from: ¢% = E[(z — E[x])?] =

E[x?] — (E[z])?. The units of o are the units of z.

(7) For a function f(x,y) of two random variables x(¢) and y(t¢), the average value of the
function is defined through the joint probability p(z, y) of « and y:

B(f(x,y)] = [7X J*% f(x,y)p(x, y)dady.

(8) The joint expectation of two stochastic variables thus is:

Bla(t),y(t)] = [ J1Z wyp(z, y)dudy.

(9) The correlation coefficient or normalised covariance p, of two random variables = and y
is defined by: p,, = %W with m,,, m, the mean values of z and y.

(10) The auto-correlation function R, () is the average value of the product z(t)z(t + 1),
ie. Blx@)z(t +7)] = [T [T x(t)a(t + )p(x(t)x(t + 7))dz(t)dz(t + 7). The units of
R, are the units of z2.

(11) The correlation coefficient p,, of 2(¢)x(t+7) and the autocorrelation function are related:
pzz(T) = RM(Z%_mi

(12) The cross-correlation function R, (7) is the average value of the product z(t)y(t + 7),
i.e. E[z(t)y(t 4+ 7)]. For a stationairy process, R,,(7) = R.,(—7) but in general R, (1) #
Ry (7).

(13) Fourier transform in complex notation equals: X (w) = & [%°_ z(t)e 7*!dt and z(t) =
20 X (w)e? dw

(14) The auto power spectral density function S, (w) is the Fourier transformation of the
autocorrelation function R, (7): Sz(w) = QLfSOOOR z( )e_j"”dT This is the two-sided
version. Inverse transformation thus yields: R,,(t) = Syz(w)e?“Tdw. The units of S,
are units of 22 per unit of angular frequency.

(15) Since Ry (1 = 0) = [°2 Syu(w)dw and R, (T = 0) = E[z?], the area under the auto

power spectral density function equals the mean square value of . Therefore, a more complete
name of S, (w) is the mean square spectral density.

(16) Similarly, the cross power spectral density function .S, (w) is the Fourier transformation
of the cross correlation function Ry, (7): Suy(w) = 5= [° Rey(T)e 747 dr.
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Frequency response of linear passive systems:

(17) For input x(¢) the output y(¢) can be calculated in the frequency domain: Y (w) =
H(w)X (w), with X (w) = 5= [°% a(t)e™*!dt = F(x(t)) and H(w) the transfer function
of the process.

(18) In the time domain, the same result is obtained by the convolution integral which is based
on the superposition principle applied to a linear system: y(¢) = ffoo h(t — 7)x(7)dr, with
h(t) the response of the process at time ¢ to an impulse input at time 0.

(19) Process response in terms of spectral density: S, (w) = N SN HH(w)Hy(w)Se, 2. (w)
with z; .y the input signals and H . n(w) the transfer functions for a specific input.

(20) For a single input: S, (w) = H*(w)H(w) Sz (w) = [H(w)|?Spz (w).

(21) For uncorrelated inputs: S, (w) = SN 1 |H,(w)[2S4, 2, (w).

(22) Cross-correlation between output and an input for a sozstem with multiple inputs. In case
of two inputs: Ry, (1) = [°% hi(0) Ry, 0, (T — 0)dO + [ ho(0) Ry, (T — 0)d0

(23) By taking the Fourier transform, the cross-spectral desity results: S, (w) = H1(w)Sz, 2, (w)+
Hy(w)Sy 2, (w).

(24) For uncorrelated inputs Sz, (w) = H1(w)Sz,z, (w) and Sy, (w) = S, (w) = H} (w) Sz, 2, (w)
since S;, ., (w) is always a real quantity.

(25) The coherence function for a single input-single output system is: ngml (w) = Hi(@)Sym (@)

Syy (W)
. _ Sayy(w) P . 2 _ Sayy(@)Sya, (w)
Since Hy(w) = o) this is equivalent to: 7, (w) = ey mE
(26) The complex spectra can be writen in terms of the real coherence v and the phase 6:
Vo (NS e

Definitions and formulas wind turbulence

The following definitions and formulas have been taken from Chapter 2 of [9], which gives an
overview of wind structure and statistics.

Turbulence intensity is defined by:
Oy

I = (116)

Umean

The turbulence intensity is a function of the height =z above the earth:

o
In(z/z)

with zg the roughness length of the terrain, typically in the range of 10~ — 4 m. The Prandtl
logarithmic law describes the average wind speed as function of the height above the earth:

I(z) = (117)

Unean(2) = %m% (118)

with k£ = 0.4 the Von Karman constant and ., the friction velocity. A simple estimation of the
average wind speed as function of the height is:

Umean(z) - i o

with « the power law exponent, which depends on the roughness length of the terrain, typically
0.10-0.32:
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20 = 15.25¢ = (120)

Experimental observations indicate a Gaussian probability density function p(u) for the wind
fluctuations:

1 a2
= €20u 121
p(u) P (121)

The longitudinal length scale L,, is the average size of the eddies (i.e. the circular or spiral
flow areas) in the direction of the mean flow, defined by:

L= /O R(r)dr (122)

with R(r) the cross correlation function. The longitudinal length scale is linked to the longi-
tudinal time scale by:

Ly = UneanTs (123)
and is a function of the height:
20.35
L, = 25@ (124)

The contribution of the eddies of different sizes to the total variance of the turbulence is pro-
vided by the spectral density function S, (f) of the wind. A suitable approximation is the Von
Karman spectrum:

nS() _ _4f w29)

o (1+708f2)%

with f = fLu/Umean (Z)
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B Simulation initialization procedure

A simulation initialization procedure similar to the startup procedure of a wind turbine is used.
From a computational point of view, it has the advantage that it is not necessary to calculate
a steady state initial condition before running the actual simulation and it prevents starting
with an initial condition that leads to instability. The calculation of the initial condition can
be a problem for complex electrical models and for large wind farm models. In Simulink the
initial condition is calculated by a simulation, using the final values of the states for subsequent
simulations. Sometimes no steady state is reached due to excessive oscillations or instability.
The simulation initialization procedure avoids these problems.

The simulation initialization procedure is demonstrated for the VSP-DFIG turbine. The pro-
cedure is simple:

« the initial vales of the magnetic fields in the generator are set to zero;

« all capacitance initial voltages are set to zero with the exception of the DC link voltage,
which is set to 0.01 V;

« all inductance initial currents are set to zero;

the turbine rotates at nominal speed;

the DC link voltage setpoint is ramped up from 0.01 V to 1100 V in 1 second;

the grid voltage that is applied to the 1G and rotor converter is ramped up from zero to
the rated value in 1 second.

Figures 229 to 232 show the main variables of the VSP-DFIG turbine with simulation ini-
tialization procedure and subsequent wind gust. Most electrical parameters reach their steady
state without oscillation. Only the rotor speed and the rotor voltage are oscillating during the
first seconds of the simulation.

softstart VSP DFIG 1 plot-VSP-DFIG
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Figure 229: Simulation initialization procedure VSP DFIG
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softstart VSP DFIG 1 plot-VSP-DFIG
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Figure 230: Simulation initialization procedure VSP DFIG
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Figure 231: Simulation initialization procedure VSP DFIG
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softstart VSP DFIG 1 plot-VSP-DFIG
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Figure 232: Simulation initialization procedure VSP DFIG
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C New Variable Speed Pitch turbine model

The Variable Speed Pitch (VSP) turbine model developed in the Erao-2 project uses the Mat-
lab S-function option in Simulink. The model causes problems when used in the Simulink
environment:

* itis less transparent and more difficult to modify then the standard Simulink based mod-
els;

* it requires more CPU time due to more the time consuming Matlab code;

* the pitch controller caused instability.

To solve these problems, a new VSP model has been made in standard Simulink. The model
consists of five main components, see figure 233:

* the mechanical and aerodynamic part of the turbine model, including the pitch actuator,
see figure 234;

* the pitch controller, figure 235;

* the generator master controller which determines the electric torque setpoint, see figure
236;

« the signal conditioning, consisting of four filters, see figure 237;

* a preprocessor to determine the generaor state and the allowed pitch speed, see figure
238.

1 P OmegaG
OmegaG

TeSSE

WETTAED P deon bus Te SSE

Radps2Rpm turb bus o

ctrp bus P crp bus

ctrp turb

cirg bus

wind bus

Figure 233: New Simulink model of the VSP wind turbine
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Figure 234: Mechanical and aerodynamic part of the new Simulink VSP turbine model
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C NEW VARIABLE SPEED PITCH TURBINE MODEL
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Figure 235: Pitch controller of the new Simulink VSP turbine model
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Figure 236: Generator master controller of the new Simulink VSP turbine model
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Figure 237: Signal conditioning of the new Simulink VSP turbine model
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Figure 238: Preprocessor of the new Simulink VSP turbine model
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D Induction machine flux oriented control

Induction machine operation

Figure 239 illustrates the main features of the asynchronous or induction machine. The stator is
a hollow steel cylinder with slots for the wires of a three phase winding system. The windings
of phases A, B and C are displaced by 120°. The + and the - indicate the direction of the
current: + into the plane of the paper and e out of the plane. The current in phase A produces
a flux perpendicular to the winding, according to the cork-screw rule, as indicated by W,.
Generally, the induction machine is connected to a three phase AC grid with voltages lagging
120°. An alternating current in phase A will give an oscillating flux ¥, and the same applies
to phases B and C. Adding the vectors of the individual phase magnetic fields gives the total
field W, caused by stator currents, as indicated by the vector diagram in figure 239:

‘Ijss = \I]sa + \I]sb + \I/sc (126)

When the three phases carry alternating currents of angular velocity w, which are 120°out of
phase, the oscillating fluxes produced in each phase add up to a rotating magnetic flux ¥, of
constant magnitude and constant angular speed w; (see appendix E).

B'

®
@

Stator

Pss
/ Ws - Gr Y
/ yra
o, o
lIJSC r
Y
sa Wy, v

Figure 239: Induction machine with one pole pair

&

In most cases, the rotor of an induction machine consists of an iron cylinder with slots that
carry copper bars, short circuited by rings at the two flat ends of the rotor. This construction
is frequently referred to as a squirrel cage. For the generation of torque it is essential that
two magnetic fields, one linked to the stator and one to the rotor, interact. Since there is no
external current source connected to the rotor, a current must be produced in a different way,
namely by electromagnetic induction. In steady state, the rotor speed and the speed of the
rotating magnetic field must be different to produce a current in the rotor. Then the squirrel
cage moves relative to the stator flux, the enclosed flux changes and a current is induced. The
relative difference between the mechanical rotor speed w, and the angular speed of the stator
flux wy is called the slip s:
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The angular frequency of the induced voltages and currents in the rotor is (ws — w,.). When the
stator field speed is higher than the mechanical rotor speed, the induced rotor flux, as seen from
a fixed position on the rotor, rotates in the direction of the stator field rotation. The induction
machine operates as motor. When the rotor mechanical speed is higher than the stator field
speed, the induced rotor flux as seen from a fixed position on the rotor rotates backwards, in
the opposite direction of the stator field rotation. The induction machine operates as generator.
The number of pole pair in this discussion was assumed to be one, otherwise the mechanical
speed of the rotor is a fraction of the stator field speed.

Figure 239 only shows the fluxes created by stator and rotor currents. The linked fluxes of the
stator and rotor result from all currents:

Uy = Lgig+ Lyt (127)
U, = Lpyis+ Lyi, (128)

The linked stator and rotor fluxes, seen by an observer fixed to the stator, rotate at the same
speed, as is the case for a synchronous machine. This is a requirement for a constant electro-
magnetic torque and power. The angle ¢ between the linked stator flux and the linked rotor
flux (in the synchronously rotating reference frame) is called the load angle and it is a measure
for the electromagnetic torque:

Top = —K¥,0, siné (129)

For the calculation of the torque any two flux space vectors and the angle between them can be
chosen ([15], p. 18), for instance the flux only caused by the stator currents W, and the flux
only caused by the rotor currents ... or the linked fluxes ¥, and W,.. This is caused by the fact
that only the perpendicular components of the two fluxes contribute to the torque (delta=90°)
and the unidirectional components do not. This also implies that there is no unique load angle,
but that it depends on the choice of the fluxes.

The equation often used to calculate the torque are:

\I's - \Ilsq + jlpsd (130)
Z's = Z.sq + jisd (131)
Teorn = \I/qids + \Ildiqs (132)

so only the current perpendicular to the flux contributes to the electromagnetic torque. This
property of electrical machines is used in field oriented control by controlling the current
components perpendicular to and in the direction of the flux independently. This requires a
power electronic converter.

Voltage source converter connected to an induction machine

By changing the direction of the voltage in a stator winding (or in a rotor winding in case of a
doubly fed induction generator) the amplitude and the direction of the (rotating) current vector
caused by the three phase winding in the machine can be changed. If the position of the linked
flux seen by the windings is known, the torque and the amplitude of the flux can be controlled
by injecting the current corresponding to a desired current vector position with respect to the
flux position.
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D INDUCTION MACHINE FLUX ORIENTED CONTROL

Figure 240: Rotating current vector generated by a voltage source converter (source ABB)

There are eight different switching positions in an AC-DC converter. In two cases, viz. when
all the phases are connected to the same DC bus, either negative or positive, the voltages over
the stator phases are zero. In the remaining six switching positions, there is a voltage over the
windings, and this voltage creates currents in the windings and a current vector results. The
figure 240 shows the direction of the current vector depending on the switching positions of
the converter. Referring to eq. 132, the current vector components i, and i, are controlled to
produce the correct torque and at the same time to have the correct flux, according to eq. 128.
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E Three phase AC systems, time and space vector

A three phase AC system consists of three conductors carrying AC voltages and currents and
optionally a zero conductor. Only balances stationary conditions of the fundamental angular
frequency w will be considered.

The three currents of the balanced case are displaced with respect to each other by an angle of
120°:

io(t) = icoswt (133)
ip(t) = icos(wt+ 2%) (134)
io(t) = icos(wt+ 4?77) (135)

Representation by time vectors, sometimes called phasors:

ia(t) = i(coswt+ jsinwt) = i (136)
o A 2 2 A 2r
ip(t) = i(cos(wt + ?ﬂ') + jsin(wt + g)) = et 3) (137)
- A 4 4 A dn
L) = i(cos(wt+ ?”) + jsin(wt + g)) _ jelwtt) (138)

Due to the symmetry, it is often sufficient to consider only one phase to calculate all relevant
circuit quantities. The conditions for the other 2 phases are displaced in time by 27 /3w and
47 /3w. In electrical machines the effect of the individual phases has to be combined taking
the spacial arrangement and interaction of the phases into account. This can be accomplished
efficiently by applying space vectors.

The space vector of the current (sometimes called space phasor) is the vectorial additions
of the currents in the three phase windings of the machine. The positive directions of these
current vectors are 120 degrees rotated in space with respect to each other (see figure 239). In

complex notation a rotation over 120 degrees is represented by e —7*27/3
Then the space vector of the current is defined by:

i = dgtipke T fioxe T (139)

The power of this method is that if the phase currents i, i, and i. are symmetrical, i.e. are
sinusoidal, 120 degrees out of phase and have the same amplitude, then the space vector am-
plitude and rotational speed are constant:

. . R ) on . 4 4m
i = icoswt+ icos(wt+ ?ﬂ-) xe 7% 41 cos(wt + ?ﬂ-) ke I (140)
. . 1 . 1 . 2 1 . 27 S27
_ Z[ 5 e]wt + § e—jwt + ( 5 e]”H—T 4 5 e—]wt—?) xe I (141)
1 . an 1 . an am
+( 5 ejwt-‘y-T + 5 e_]wt_T) * e_]?] (142)
L 1 _; 1 a1 s
= e+ S e 4 o eIt 5 € ] (143)
~ 3
_ Z-[iejwt] (144)
3., .o
= Slia(®) 3 *ia(t)] (149)

This is conveniently represented in the complex plane. In a reference frame rotating with wt,
iq and ig4 are constants.
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F Synchronous machine parameters from manufacturers’ data sheet

F1 Introduction

This section deals with the estimation of synchronous machine model parameters from the
standard data supplied by manufacturers. If no measurement of machine parameters can be
performed, this may be the only way of finding parameters for the dynamic calculations for
a system with synchronous generator. The use of data sheets for the estimation of model
parameters has two drawbacks however:

» The data sheet parameters represent the machine behavior at rated and therefore satu-
rated conditions. In most cases the level of saturation is not specified.

» Some parameters needed for the models are not on the standard list of manufacturers’
data and can not be calculated from the given parameters either. The division of the
leakage inductance between circuits and the resistance of the damper circuits are often
not specified. For these parameters a educated guess is made.

In section F.2 the parameters commonly supplied by manufacturers and of interest for the
dynamic models are discussed. Equations which relate these parameters to the model parame-
ters are given. In section F.4 an example of the estimation of the model parameters is given.
Section F.5 compares the result to measured values.

F.2 Models and model parameters

The voltage equations for the 5" order model of a synchronous machine with damper windings
are:

Ugs = —Talds — wqu - Ewds
. d
Ugs = —Talgs + wipgs — E@bqs

, d
up = reipt oy
. d
0 = Tldlld‘i‘awld

) d
0 = qullq"i_%#}lq

The fluxes are:

Yas = laias + lagais + la1di1d
qu lqiqs + lalqilq

Vi = lapdias +lpais + lr1gina
P14 latdtas + lp1ats + liiatia
qblq = lalqiqs + lllqilq

The parameters that have to be determined for the 5t order synchronous machine model are:

Resistances [ 7o | 77 | ria | 714
Inductances | lafd lo1d lfld lffd 1114 lq lalq l11q

The model of the synchronous machine in the we@sea toolbox has been reduced: the damper
equations are left out.
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F.3 Data sheet parameters

Table 7 gives an example of a manufacturer supplied data sheet for a synchronous machine.

The parameters normally given in these data sheets, and which are of interest for the electrical
models are:

Time constants | 77 [ 77 | T},
Resistances Te | T
Reactances Xa | X | XT | Xq | X7

current
]
i" 0=t /T
d i e d
| 4 d
A~
i e
d I
0 =t /T
i e d
d
i A
d steady state s.c. current
3
[}
time

Figure 241: Experimental determination of the direct-axis short-circuit time constants from a
short circuit at the machine terminals for no-load condition

lao I'x I fdo
— YTYTYN YT TY N

l'1do

| afd

]

Figure 242: Equivalent circuit for the subtransient time constants of the direct-axis of the
synchronous machine
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F  SYNCHRONOUS MACHINE PARAMETERS FROM MANUFACTURERS’ DATA

SHEET
Table 7: Manufacturer supplied data sheet for a synchronous machine
FEAME HCZ34 24441 WINDING 311
JkHz b Ha
Voltage 380 4110 415 440 416 440 460 480
Ratings 125/130°C (30,60Hz) kA 375 373 315 315 | 438 45 4TS ai5
W a0 a0 an an 35 15 33 38
Ratings 104105°C (30/60Hz) kA 325 a5 35 35 40 42.5 a5 43
kW 26 28 28 28 32 34 16 a6
Voltage Repulation +1 .f;‘E: (Standard) & 1% (Special)
Cwerload (Long Term) Thr ina 1 2hr period 110% rated KW load
Overload (Short Term 10 secs) (%) Series3 | 2795 215 215 275 | 275 2318 28 29S
Series 4 240 230 30 250 230 230 230 230
Insulation Sysiem Class H throughoui
Short Circuit Current Capacity (%) 300 (Series 3 Only) 350 (Serizs 3 Only)
Wavelorm Distortion (THID) Mo Load <15%
Rodio Interference BSEM). For other standard apply 1o factory
Telephone Interference THF < 2% | TIF < 50
Unhalanced Magnetic Pull at FL (kN /mm) 3483
Hest Dizsipation ar FL Wi 5253 4965 4803 4522 | 6080 7509 58RO 3578
Cooling Air Requirement (i fsec) 0223 270
(clm} 477 5724
Inertia Constant (H) seconds 14 14 14 .14 012 011 11 .11
Mix Overspeed {rev/min) 2250
DE Beaning (15 Ball 6312-2R5
NDE Bearing (150 Rall 6309 2RS
Stator Winding 12 ends reconnecioble, 2 layer lap
Weights Wound Stator Assy, kgl 126
Rotor Azsy. kgl 13
Complete Machine (keh 290
% Efficiencies 125/130°C FL 8.6 a8.0 483 H8.6 B9 BE.3 535 338
34 FL BRT B9.0 9.1 893 Eg.1 LR 49.5 5.7
142 FL BO% BY4 E9L H92 | RGOS BOO  &00 ®O9
1/4 FL BT.E B7.4 #7.1 a6.6 BE3 B8.1 8.1 57.8
HHY105°C FL E3.2 BE.4 BE.6 RER BE.4 ER.6 8 H 390
344 FL E3.5 E9.2 B892 894 BG4 B35 9.6 897
12 FL §9.2 o4 LR L | 597 AV LA B9.H
114 FL 874 BT Eha4 E5.8 | 879 879 IO R4
Besctances {FL) A {pul add 201 1.87 1.64 278 2.55 246 2.26
Nigm) | 008 16 014 004 | 020 020 018 016
Xygpw 012 o o010 o0oe [014 014 013 011
Xy (pu) L2 .93 (.86 037 1.29 1.17 1.13 1.04
Ny fpu) | 004 L13 0 s 010 0.13 .12 0.12 0.1
Neqpu) | 0079 0072 0086 005 | 0022 008F 0081 0075
Xz {pu) 013 01z 011 0 0.3 012 012 010
Ko {pud L08%  0ORD 0075 0066 | 0088 0081 0087 0073
Time Consians T3 (sec) 0,025
T (sec) [n 006G
Ty fsec] 065
i 1y (sec) 0.005
Short Circuit Ratio (1454 0448 0497 533 DADZ | 0360 1397 0405 0.442
Excitation Amps FL 1.4% 1.49 1A% 149 1.42 144 1.50 1.50
ML (143 0.4% 144 k54 039 .40 43 1.4
Siator Winding Resistance (207 (.17 8% line w line
| Rator 'lr"r"_i_n_e'_h'ng Resistance 20 (.5% 12
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Time constants

The dynamic behaviour of a synchronous machine as seen at the terminals can be described
by a transfer function with a number of time constants [16]. These can be divided in short-
circuit and open-circuit time constants. The short-circuit time constants are determined from a
short-circuit test (see figure 241). The envelope of the stator current after a short-circuit decays
approximately following exponential curves determined by the subtransient and the transient
time constants 7, and 77, respectively 7. The initial condition determines whether the direct

or quadrature-axis time constants are found.

The equivalent circuit for 7/ and 7' are found by deleting the voltage sources and the

resistances (except the damper resistance) from the equivalent circuits of the synchronous
machine. Figure 242 gives the circuit for the direct-axis subtransient time constants, with:

loo = ld - lafd
ly lrig — lafa
lyage = lpra— (lafa+1z)
hie = hia— (lagd +1z)

In the following equations the leakage inductance [, is assumed to be zero. Therefore, all
mutual inductances in the d-axis are equal. The equivalent circuit for 7' is found by inserting
the field resistance instead of the damper resistance. The subtransient time constants of the
direct-axis is given by:

1 ltaolaolard
T// - . fdotactlaf
(ha lyaola + laglafa

which can be approximated by:

1 ltaol
Tc/l/ _ _(lldo' + fdolao )
T1d

! _ — _—
Td = Tf (lfdg +
which can be approximated by:
T = (Lo + las)
d — Ty fdo ao

The subtransient time constant of the quadrature-axis is given by:

1 laolal
T — ~ (] -+ ac’alq
q qu ( 1q lq )

which can be approximated by:

1
Tél = T,Tq(llqo +lac)
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F  SYNCHRONOUS MACHINE PARAMETERS FROM MANUFACTURERS’ DATA
SHEET

The open-circuit time constants are defined for the condition in which the stator does not
carry a current. There are two subtransient open-circuit time constants 7y, and T, sometimes
specified on manufacturers’ data sheets:

1 lypaling — lZfd

1/
Ty = — i
T1d ffd
and:
"o lllq
n=—2
q rlq

The direct-axis transient open-circuit time constant 77, is:

lya
T = I

rf

Operational inductances

The transient and subtransient inductances (sometimes refered to as operational inductances)
are also measured at the terminals of the machine and represent different time scales. The
subtransient inductances /;; and [, are defined by the change in stator flux divided by the

change in stator current immediately following a sudden change in operating conditions:

At

" = t=0"
P = A =07
Ay
"= 1t =0t
g AV ( )
lac Ix I tdo

| afd I 1do

Figure 243: Equivalent circuit for the subtransient inductance of the direct-axis of the syn-
chronous machine

I ao | 1qo

| alq

Figure 244: Equivalent circuit for the subtransient inductance of the quadrature-axis of the
synchronous machine
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After the damper winding current in the direct-axis has died out, the inductance seen from the
stator is the transient inductance !/;. The values of /] and I/, are determined from the amplitude
of the stator current after a three phase short circuit of the machine terminals starting from
no-load conditions (see figure 241):

= lafdif
¢ iq + 1)+ 1
I lafdif
ly = - ”
id+ 1,

After the transient current has died out the synchronous inductance remains:

I _ladif
d— —
td

The equivalent circuits for I; and I/ are found by deleting the resistances and the voltage
sources from the equivalent circuits of the synchronous machine. Figures 243 and 244 give
these circuits, representing a condition of constant flux, the flux is trapped in the machine
since there is no dissipation. From the direct-axis equivalent circuit (figure 243) the following
relationship can be found (assuming /,, = 0):

lafalidol fdo

I =log +
d “ lafdlldo + lafdlfdo + lldalfda

which can be approximated by:

lld lfd

n o o
— 4 =2 J%7
d “ llda lfda

Therefore I} is mainly determined by the leakage inductances. The transient inductance is:

lafdl tdo

Iy = lag +
d lafd + lde

which can be approximated by:
l:j = laa + lfda

After the transient in the field current z’f has died out as well, the inductance of the stator is the
synchronous inductance:

ld = la(r + lafd

From the quadrature-axis equivalent circuit (figure 244) the following relationship can be
found:

la1gh
l// :l + alq®lqo
4 “ lalq + llqo

which can be approximated by:
lg = lao‘ + llqa

After the damper winding current in the quadrature-axis has died out the stator current 7 is
constant and the inductance of the stator for this direction is the synchronous inductance:

lq = lao' + lalq
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F  SYNCHRONOUS MACHINE PARAMETERS FROM MANUFACTURERS’ DATA
SHEET

F.4 Conversion example
In this section the parameters of the synchronous machine at 380 V and 50 Hz in table 7 are

converted to the parameter set needed for a 5 order synchronous machine model. First an
estimation is made of the leakage inductance of the stator:

" +l/l
log =~ % = 0.065 [pu]

For small machines a value of [,, between 0.04 and 0.08 pu is quite common [7]. Applying
the equations of section F.3 (all in p.u.):

lafg = la—las = 2.165

l/
ry = ﬁ:o.om
lige = Uj—loy =0.115
U = log)  Ltdo
hey = —Ua=leo) lae _ 405,

lg — oo — lfda
lffd = lafd + lfdg = 2.28
1114 lafd + 1140 = 2.2704
laig = lg—lae = 0.955

gy = U —la = 0.075
lllq = lafd + llqa‘ =1.03
1 lfdalao
ra = = (hae + L9y = 0.0779
1d Tél( 1d lfdo’ + la(r)
7
q
qu =
i

Since T} is not given take 714 = r14 = 0.0779.

F.5 Comparison of estimated results with measured parameter values

In this section data sheet values and estimated results are compared to measured parameter
values. The data sheet base values are:

Upase = 220 [V]
thase = OF [A]
Whase = 1007 [rad/s]
Fhase = 3.860 []
lase = 0.01229 [H]

thase = 0.00318 [s]

From 7. and r¢ (transformed to stator) the stator winding - field winding turns ratio can
be calculated:

Cp = |—L— =039
T freal
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From the measured unsaturated [, ;4 and the data sheet saturated [, ¢4 the following is obtained:

afd datasheet

\/>la fd,measured

In the measured value the factor \/g of the power invariant transformation is included. Due to
the different saturation level, this difference can be expected.

=0.25

Table 8: Measured and calculated parameter values for the machine of the data sheet

Parameter measured value data sheet value
la 0.03707 [H] | 3.02[pu] 2.23 [pu]
g 0.01759[H] | 1.43[pu] 1.02 [pu]
A 0.00188[H] | 0.15[pu] 0.12 [pu]
ld’ 0.00289 [H] | 0.24 [pu] 0.14 [pu]
Ta 0.188 [2] 0.085 [Q2]
Tf real 0.66-0.73 [?] 0.58 [2]
T} 0.71-0.78 [s] 0.065 [s]

Table 8 lists measured and data sheet values. The difference between measured and data
sheet values is significant. The measured values of inductances are unsaturated the data sheet
values are given at rated conditions and will be saturated. The value of T calculated from
measurements of /¢4 and 7, is about ten times the data sheet value. A d¢ %ferent saturation
level can be part o the explanatlon more likely the data sheet value of 0.065 s is not correct.
Based on other data sheet parameters:

l
T}y = —19  — 0317
4 1007 - Ty [pu]

FE6 Conclusion

Parameters for the dynamic model of the synchronous machine have been estimated from the
manufacturers’ data sheet. The result will only be an approximation. The inductances specified
by manufacturers are the saturated values. The saturation level is not specified and will not be
the same for all parameters.

222 ECN-E-08-017



F  SYNCHRONOUS MACHINE PARAMETERS FROM MANUFACTURERS’ DATA
SHEET

F7 Appendix A. Matlab file of Steady State Calculation DFIG-thy

st eady_state_PrecVar _wrVar _VrecFi x02. m

%St eady state cal cul ation

Wrec is constant,

%°rec changes fromO to 3e6 in 100 steps,
%wvm changes fromO0.7wg to 1.3 wg in 100 steps
%al cul ate vol tages, currents, fire angles, and draw three di nentional plots
clear all;

%grid paraneters

wg=100+ pi ;

%oubly fed induction generator

Pre1. 5e6;

p=1;

% Mut ual inductance

Lms=4. 55e- 3;

Lnr =4+ 4, 55e- 3;

Mesqrt (LmsxLnr);

% Leakage inductace

Ls=0. 118e- 3;

Lr=4x0.077e-3;

% Resi st ances

Rs=0. 0012;

Rr=4%0. 0013;

%Rs=0;

%Rr =0;

%vTE( 1+S) *wWg;

% wo winding transforner, refered to the stator side of DFIG the rotor
%oltage is assumed to be equal to the stator voltage
L_trafo0=6.5508e- 005;

R traf 0=0. 0016;

C traf 0=0. le- 6;

U _HV_traf 0=34e3;

U W_traf 0=960;

U LV _traf 0=690;

%Cabl e

L_cabl e=1. 9958e- 4;

R cabl e=0. 1069;

C _cabl e=l1le- 006;

%rhyristor Bridge

gama=165+pi / 180;

VLL_i nv=34e3;

%0C |ink
R dcl i nk=10;
L_dcl i nk=0. 1;

% hyristor AC commutation
L_comu=0. 001;

%t eady state cal cul ation

% hyristor Bridge

%W nverter omt the commuation effect

Vdc_i nv=abs(3*sqrt (2)*VLL_i nv/ pi *xcos(gama)) ;
nel;

n=1,

k=11,

j=11;

del ta_wne0. 6/ (k-1);

delta_P=3e6/(j-1);
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for mrl: k
for n=1:]j
wr(m n) =0. 7+*wg+(m 1) xdel t a_wmwg;
wr (m n) =wg- prwn(m n);
s(m n) =(wg- prwn(m n) )/ wg;
Pdc_rec(mn)=(n-1)*delta_P;
Idc(mn)=findzero(R_dclink, Vdc_inv, -Pdc_rec(mn),0);
VLL_rec=34e3;
V_cable_B rns=VLL_rec/sqrt(3);
V_cabl e_B_phi =pi/ 2;
V_cabl e_B=V _cabl e_B rns*cos(V_cabl e_B phi)+i*V_cabl e_B rns*sin(V_cable_B phi);
%Rectifier
Vdc_rec(m n)=R_dclink+ldc(m n)+Vdc_i nv;
cos_al pha(mn)=pi/(3*sqrt(2))*Vdc_rec(mn)/VLL_rec;
if cos_al pha(mn) >1
al pha(m n) =0;
P_rec(m n)=0;
Q rec(mn)=0;
el se
al pha(m n)=acos(pi/(3*sqrt(2))*Vdc_rec(mn)/VLL_rec);
P_rec(mn)=Vvdc_rec(mn)*ldc(mn);
Qrec(mn)=P_rec(mn)+tan(al pha(mn));
end
I _rec(mn)=conj ((P_rec(mn)+i+*Qrec(mn))/(3*V_cable_B));
%abl e
| _cable_B(mn)=I_rec(mn);
| _cable_B C(mn)=i*wg*C _cabl exV_cabl e_B;
| _cable(mn)=l_cable B C(mn)+l _cable B(mn);
V_cabl e_A(m n) =V_cabl e_B+I _cabl e(m n) *(R_cabl e+i *wg*L_cabl e);
| _cable_A C(mn)=i*wg*C _cabl exV_cabl e_A(m n);
%wo wi nding transformer of DFIG the rotor voltage equal s stator
%ol t age
L trafo_Hv=(U HV_ trafo/U W _trafo)”2«L_trafo;
R trafo_Hv=(U HV_trafo/ U MW _trafo)”2«R trafo;
V_trafo_HV(mn)=V_cable_A(mn);
I _trafo_HV(mn)=l_cable(mn)+l _cable_ A C(mn);
V_trafo_W(mn)=(U MW _trafo/U HV_ trafo)*«(V_trafo_HV(mn)+l _trafo_HV(mn)*(R_traf o_HV+i *wgy
I trafo_C(mn)=i*wg+*C trafo*V_trafo_MW(mn);
I _trafo(mn)=(U HV_trafo/U M/ trafo)«l_trafo_Hv(mn);%efer the transfornmer’s current to i
| _trafo_MW(mn)=l_trafo(mn)+l _trafo_C(mn);

% oubly fed induction generator,refered to the stator side

%tator cal culation

V_ dfig_sta(mn)=V_trafo_MW(mn);

| _dfig(mn)=l_trafo_MW(mn);

%/_dfi g_sta_phi (mn)=atan2(imag(V_dfig_sta(mn)),real (V_dfig_sta(mn)));

P _dfig(mn)=real (3*V_dfig_sta(mn)*conj (I_dfig(mn)));%otal active power
Q. dfig(mn) =i mag(3*V_dfig_sta(mn)=*conj (l_dfig(mn))); %otal reactive power
% f s=(wg-p*wm)/wg, then stator power is approximately (1+s)=*Ptotal,when stator resistanct
WPs(mn)=(1+s(mn))=P_dfig(mn);

%s_real (mn)=(1+s(mn))*Pm %t at or power is also (1+s)=*Pmech

%el t aP(m n)=P_dfig(mn)-P_rec(mn);

%B(mn)=Q.dfig(mn); %xonv is zero

%/s(mn)=V_dfig_sta(mn);

%hi _Vs(mn)=V_dfig_sta_phi(mn);

% s(mn)=conj ((Ps(mn)+i *Qs(mn))/(3+Vs(mn)));

%hi _|s(mn)=atan2(imag(ls(mn)),real (Is(mn)));

%w/ds(m n)=sqrt(3)*abs(Vs(mn))=*sin(phi _Vs(mn));
%w/qs(mn)=-sqrt(3)*abs(Vs(mn))+*cos(phi _Vs(mn));
%Wds(mn)=sqrt(3)+abs(ls(mn))=*sin(phi _Is(mn));
%Wqgs(mn)=-sqrt(3)*abs(ls(mn))*cos(phi_Is(mn));
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Vds(mn)=sqrt(3)*real (V_dfig_sta(mn));
Vgs(mn) =sqrt (3)*i mag(V_dfig_sta(mn));
Vdg = Vds(mn);
Vag = Vgs(mn);

Pg = P_dfig(mn);
Q = Qdfig(mn);
wWgg = Wg;

wgr = wr(mn);
Rgs = Rs;

Rgr = Rr;

Lgs = Ls;

Lgr = Lr;

M =M

%g = [0;0;0;0;0;0]

yg = fzeroMil Var (Vdg, Vqg, Pg, @, wogg, wgr, Rgs, Rgr, Lgs, Lagr, My) ;
Wds(mn)=sqrt(3)*real (Is(mn));
Wags(mn)=sqrt(3)*ximag(ls(mn));

Ids(mn) = yg(l);
lgs(mn) = yg(2);
Idr(mn) = yg(3);
lgr(mn) = yg(4);
Vdr(mn) = yg(5);
Vgr(mn) = yg(6);

% ot or cal cul ation
% dr (m n)=(Vgs(m n)+Rs*1 gs(m n) +wg*(Ls+M =l ds(mn))/ (-wg*M ;
% qr (m n) =(Vds(m n) +Rs*1 ds(m n) - wg (Ls+M *I gs(m n) )/ (wg+M;
/dr(mn)=-Rexldr(mn)+w (mn)*((Lr+M*lqgr(mn)+Mlgs(mn));
w/ar(mn)=-Rrxlgr(mn)-w (mn)*((Lr+M*ldr(mn)+MIlds(mn));
Ps(mn)=Vds(m n)*xlds(m n)+Vgs(mn)*lgs(mn); %heck the stator power
&s(mn)=Vgs(mn) =l ds(mn)-Vds(mn)*lgs(mn);
Pr(mn)=vdr(mn)*ldr(mn)+Vgr(mn)*lqr(mn); %heck the rotor power
% his rotor power excludes the resistance loss in the rotor, thus this Pr does not
Q(mn)=vgr(mn)*ldr(mn)-Vdr(mn)*lqgr(mn);
Psi ds(mn)=-(Ls+M*lds(mn)-MIldr(mn);
Psigs(mn)=-(Ls+M*lgs(mn)-Mlqgr(mn);
Psidr(mn)=-(Lr+M=*ldr(mn)-MIlds(mn);
Psigr(mn)=-(Lr+M=*lqr(mn)-MIlqgs(mn);
n=n+1,;
end
mEml;

end

%l ot three dinentional graphs
x_val =le- 6+ (Pdc_rec);

x_| abel = Prec MW ;

y_val =wni wy;

y_| abel = Mech Speed Percentage of W’ ;
z_val _1=al pha*180/ pi ;

z_l abel _1="fire angl e degree’;
z_val _2=1e-6xQ rec;

z_| abel _2="Qec WAR ;

z_val _3=le-3*Vds;

z_| abel _3="DFI G stator Vds kV';
z_val _4=le- 3*\VQs;

z_| abel _4="DFI G stator Vgs kV';
z_val _5=le-3Idr;

z_|label _5="DFIGrotor ldr kA ;
z_val _6=le-3xIqr;

z_|label _6="DFIGrotor lgr kA ;
z_val _7=1e-3+Vdr;
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z label _7="DFIGrotor Vdr kV;
z_val _8=le-3xVQr;

z_|label _8="DFIGrotor Vgr kV;
z_val 9=le-6*Ps;

z_| abel _9="DFI G stator Ps MN;
z_val _10=le- 6+x(s;

z_|abel _10="DFI G stator & MWar’;
z_val _11=le-6xPr;

z_label _11="DFIGrotor Pr MN;
z_val _12=le-6+xQ;

z_label _12="DFIGrotor @ Mar’;
pl ot _val;

%l ot _val 1;
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Wind Park and Grid Integration Issues

*Y. Zhou, *P. Bauer, *J. A. Ferreira, **J. Pierik

Abstract-- The fast increasing wind power production leads to
the requirements of detailed studies of integration problems.
Integration problems arise from the characteristics of wind
power and various technologies used in wind energy industry. In
this paper, integration problems are analyzed as well as their
origins and possible solutions. Simulation models of wind
turbines are proposed and their influences to the simulation
results are discussed.

Index Terms—Wind power, Integration problem, Simulation

I. INTRODUCTION

ROM the beginning of 1990s, the wind power develops so

quickly that it now has significant shares of power

production in many countries. In Europe, The wind
generation reached approximately 33,600 MW until the end of
year 2004.The old low voltage protection of wind turbines can
cause significant loss of active power which is not permitted
from the point of view of transmission system operators. As
the requirements of utilizing more wind power are still
increasing, the integration of large scale wind power with
power grid has to be studied. Today, the large scale wind
farms are required to be controllable both in active power and
reactive power, and to have the low voltage ride through
capabilities.

This project focuses on the integration of large offshore
wind farm with power grid, which includes investigations of
dynamic behaviors inside wind farm, interactions between
wind farm and power grid and develop appropriate controls
both for the individual wind turbines and wind farm as a
whole part.

In this paper, the state of the art wind turbine technologies
and integration methods are reviewed, the possible integration
problems and solutions are investigated, and finally the
simulation and modeling issues are discussed.

Il. WIND ENERGY FACTS

In this section, the characteristics of wind power and the
technologies used in wind energy industry are introduced.

This work is part of the project PhnD@Sea, which is substantially funded
under the BSIK-program of the Dutch Government and supported by the
consortium WE@Sea.

* The authors are with Electrical Power Processing group of Delft
University of technology, 2628 CD, Delft, the Netherlands. (e-mail:
Yi.Zhou@tudelft.nl).

** The author is with Energy Research Center of the Netherlands (ECN),
Petten, the Netherlands. (Pierik@ecn.nl)

A. The Wind

The kinetic energy of a moving body is proportional to its
mass (or weight). The energy extractable from the wind is
proportional to the cubic of the wind speed. The wind speed
varies continuously as a function of time and height. From a
power system perspective, the fluctuations of wind speed may
affect the power quality of wind power productions. For
example, the long term variations such as diurnal, weekly or
seasonal cycles will affect the steady voltage and frequency of
power system. While the short term variations such as
turbulence may introduce serious flickers into power system.
The impact of variations of wind speed on power quality
depends very much on the turbine technology applied.

B. Wind Turbines

The various kinds of wind turbines can be found in
literature [9], [12], [13] and [32]. They can be categorized by
speed of generators:

o  Fixed speed with gear box

e Variable speed with gear box

e Variable speed without gear box
Or categorized by the generator type:

e Induction generators

e Synchronous generators

Or categorized by whether converters are used or not:

e Directly connected with AC grid without converters

e Directly connected with AC grid using partially rated
power converters on the rotor

e  Full rated power converters on the stator

In [9], a survey of the world’s top-10 wind turbine suppliers
for the year 2002 is summarized. It lists the two largest wind
turbines produced by each of the top-10 manufactures. It also
presents a detailed overview of the market share of each wind
turbine concept from 1998 to 2002. These studies provide
very useful information on the trends of the installed wind
turbines. The four dominating commercial wind turbines in
modern wind energy industry are shown in Figure 1:

e Type A: Fixed speed squirrel cage induction
generator

e Type B: Variable wound rotor resistance induction
generator

e Type C: Doubly fed induction generator with partial
scale back to back converters on the rotor

e Type D: Synchronous generator with full scale back
to back converters on the stator
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Figure 1 four commercial dominating wind turbines

C. Wind Farm Configurations and Integration Methods

Wind farm can be AC grid or DC grid. In [15], an
evaluation program is developed to access the different
configurations of wind park from the point of view of energy
production cost. The “all AC” system is concluded as the best
choice for moderate connection distance. But when
considering the dynamic behavior, the “all AC” system is not
feasible, especially for long transmission distance.
Additionally, the cost of dynamic reactive power
compensations has not been included in this work.

In [14], various layouts of wind parks are compared by
energy production cost. And their influences to the power
quality on the point of common connection are considered. It
is concluded that for mid and long distance connection (longer
than 20km), the total DC grid is the best choice.

In [16], several layouts of DC wind farm were investigated.
The series connected DC wind turbines are the difficult to be
controlled. DC voltage controller is required for each wind
turbine. It is shown that use booster converter with DC
transformer, the steady state operation of the series connected
DC wind farm has good system response.

The integration methods can be AC connections, or HYDC
voltage source converters, or HVDC thyristor bridges
equipped with additional reactive power compensation
system. The 180MW offshore wind farm Horns Rev was
installed in 2002 in Denmark, and connected to the 150KV
power grid with AC connection. But HVDC connections are
more promising than AC connections for large scale wind
farm in the aspect of electric power control.

In literatures [1], [2], [3], [9], [13], [15], [20], [22], and

[26], various integration methods are proposed and compared
from different points of view: economic or dynamic behavior.

In [9] and [14], the AC connection is compared with HVDC
connection, and draws the conclusion that HVDC is favorable
than AC connection under the following conditions:

e Weak AC connection

e Distance > 100km

e  Wind farm size > 350MW

The two HVDC systems: voltage source converter using
IGBT switches and current source converter using Thyristor
Bridges are compared in [1], [2], [9], [12], [14] and [26]. The
CSC using Thyristor Bridge is cheap and robust but needs
additional reactive power compensation. The VSC using
IGBT switches can provide dynamic reactive power
compensation, but much more expensive and sensitive to the
faults. It is concluded that for weak AC connection, the VSC
are more appropriate. And for strong AC connection, the CSC
can be used (1%,

I1l. INTEGRATION PROBLEMS AND SOLUTIONS

Integration of large scale wind farm with power grid raises
several integration problems which are not encountered in the
operation of the previous power system which is dominated
by the traditional thermal power plant. These new integration
problems arise from the characteristics of wind power and the
various technologies adopted in the wind energy industry.
This may require a step by step redesign of existing power
system and operation approaches. In this section, the possible
integration problems are analyzed and corresponding solutions
are proposed.

Until now, most of the studies are concentrated on
“transient voltage stability” (4 (171 [18]. [19]. [23]. [32], [22]. [24], [25]. [26],
(27). 28], 1291, 301 3 small number are focused on “power quality”
(5116 341 [19], [32], and [35], the power quality problems
are partly investigated.

The small signal stability and sub synchronous oscillation
problems are seldom studied. Only a very few papers
mentioned the sub synchronous oscillation 2 B2 B3 | [32],
it is considered not important, but in [28] and [33], the sub
synchronous oscillations excited by wind power variations are
recommended for future research.

A. Static Problems

The steady state problems are the overloading and static
voltage/frequency deviations. It is caused by the variations of
electric power due to the long term fluctuations of wind speed.

The possible solutions could be:

e Improve the wind speed forecast, use energy storage
system, design coordinated central wind farm control
and individual wind turbine control to make the output
electric power of wind farm smooth and schedulable.

e Use reactive power compensation to control the
reactive power and voltage.

In [9], two wind speed forecast model are discussed and

compared. The short term wind predictions (hour-ahead) are
very accurate but the long term (day-ahead) predictions still



have large errors.

In [31], the active and reactive power control of whole wind
farm was discussed. It proposed to use a distribution function
for the central control of active power and reactive power.

B. Power Quality

Two important power quality problems related with
integration of wind power are flickers and harmonics.

Flicker is the 1-25 Hz voltage variations. This low speed
voltage variation can be caused by short term fluctuations of
wind speed, turbulence, tower shadow, wind shear effect and
switching of the wind turbines. Flicker could be a very serious
problem for the type A and B wind turbines, because the
fluctuations of wind speed are directly reflected on the output
electric power. For wind turbines type C and D, because the
rotation speed is decoupled with power grid. The variable
speed shafts become buffers which can absorb the fluctuations
of wind speed. Noticing that the wind speed fluctuations are
quite local phenomenon, the large geographical area will
contribute a spatial smoothing effect on the output electric
power of the large wind farm. The possible solutions could be:

e Reinforce the transmission system that is to decrease
the transmission impedance.

e Implement anti flicker algorithm in the control systems
of wind turbines C and D. ™!

o Design appropriate start-up and shut-down strategies of
wind turbines to avoid large fluctuations of active
power and reactive power, 234

e Use dynamic reactive power compensation to control
the voltage on the point of common connection with
power grid.

Harmonics are components with frequencies which are
multiples of the supply frequency, i.e., 100 Hz, 150 Hz, 200
Hz, etc. Inter-harmonics are in a similar way defined as
components having frequencies located between the
harmonics of the supply frequency. Harmonics can be caused
by the switching of the power converters, the saturation of
transformers and unbalanced loads. The possible solutions
could be:

e Passive filters can improve power factor, reduce high-
frequency harmonics. Their performances depend on
tuning the reactors according the unknown source
impedance.

o Active filters can inject the anti-phase PWM currents
or voltages into the grid.

e Use PWM control techniques to eliminate specific
dominating orders of harmonics.

e Reactive power compensation system STATCOM can
also used to mitigate the specific orders of harmonics.

C. Transient Stability

One challenge of integration of the large scale wind farm
with power grid is the requirement of fault ride through
capability (or low voltage ride through capability). It is
normally related with the transient voltage stability of the
wind generator during voltage dips.

For type A and B wind turbines, they are basically
induction generators which require reactive power for
magnetizing. The limited electric torque during voltage dips
will lead to the accelerating of the generator and increase of
the slip. From the torque-speed curve and reactive power-
speed curve, it is understood that when slip is larger than the
critical value, the electric torque decreases, and the generator
absorbs large amount of reactive power. This makes the
voltage continues to drop and the generator shaft continues to
accelerate. Without proper remediation, this will finally leads
to voltage collapse and over speed of the generator. The type
B wind turbine has variable rotor resistance which can
increase the value of the critical slip. Thus the type B wind
turbine has better LVTR capability than type A.

For type C DFIG wind turbine which is equipped with
partial rated power VVSC converters on the rotor, if the voltage
dip is not severe, the rotor converters can control the DFIG to
produce reactive power to the grid. But if the voltage dip is
severe, then the rotor converter may face a transient over
current and has to be blocked and the rotor is short circuited
with resistances (active crowbar). Then the DFIG becomes a
normal induction machine and requires substantial reactive
power. This may cause voltage collapse and over speed of the
generator.

The type D wind turbine with full scale back to back VSC
converters on the stator has the best LVRT capability. The
only possible problem due to the voltage dip is that the DC
voltage may increase to a high level to trigger the protection
of VSC converters. But with coordinated wind turbine speed
control and rectifier’s active power control, it is possible to
limit the DC voltage level by temporarily decreasing the input
mechanical power of wind turbine during severe voltage dips.

Some general solutions to improve the transient voltage
stability of wind farms could be:

e Use dynamic reactive power compensations such as
SVC, STATCOM or the grid side VSCs of type C and
type D wind turbine to help the recovery of voltage

e Use active stall or blade pitch angle control to limit the
input mechanical power, thus to avoid the over speed
of generators

e Use HVDC link to decouple the wind farm from power
grid

e Improve the control of DFIG converters to actively
suppress the large oscillations excited by the severe
voltage dip

D. Small Signal Stability

Small signal stability is the ability of the power system to
maintain synchronism when subjected to small disturbances.
The transient stability simulations in the time domain can not
cover all the possible oscillation modes of the power system,
thus the small signal analysis is necessary by calculating the
Eigen values of the state matrix of the power system.

The small signal stability of wind turbine is seldom
investigated at this moment.

Possible methods to improve small signal stability are:



e Implement supplementary controls of HVDC link, type
C and D wind turbine, and SVC or STATCOM to
increase the damping.t*”!

E. Sub Synchronous Oscillation

Sub synchronous oscillations are the 0.2 Hz to 2 Hz low
frequency mechanical oscillations of shafts which are excited
by power oscillations of the grid. And without proper damp, it
may continue for a long time or even increase the oscillation
magnitude. The sub synchronous oscillation increases the
fatigue of the shafts of generators and has to be avoided.

Only a very few papers mentioned this problem. 28! [(321 [33]
In [32], it is considered not important. But in [28] and [33],
the sub synchronous oscillations excited by wind power
variations are recommended for future research.

1V. SIMULATION AND MODELLING ISSUES

Computer simulation is valuable in many aspects. It makes it
possible to investigate the properties of prototype wind turbine
and integration of wind farm without the necessary of full-
scale test which is often expensive, time consuming or even
impossible to be implemented.

The quality of the simulation depends on two facts: the
quality of the model and the applied data. To achieve good
simulation results, the simulation purpose has to be defined
clearly. In reality, there is always a compromise between
detail of the model, availability of the data and the acceptable
simulation time.

In this section, the models of wind energy conversion
system will be discussed in steps as shown in Figure 2 and the
influences on the simulation results will be investigated.

Active and
Generator|reactive power|
and/or
converter
models

Mechanical
power

Mechanical
power

Wind
speed
model

Power
grid
model

Shaft
model

Rotor
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find speed|

Turbine spee: [Generator spegd Voltage and

frequency

Figure 2 Model structure of wind turbine

A. Wind Speed
The wind speed should be made up of four components:
e The average value
e Ramp component representing a steady state increase of
wind speed
e Wind gust component
e Wind turbulence
In [19], [34], the impacts of wind speed models are studied.
The conclusions are:
e wind speed gust, speed ramp, and turbulence are
important for flicker calculation of FSIG;
e Turbulence is not important for flicker calculation of
DFIG and PMG ' but have large influences on shaft
torque.

B. Rotor and Pitch Servo
Two important phenomenons should be included in the
rotor model:
e The unsteady inflow which influences the mechanical
torque of wind turbines, thus influences the output

electric power of type A and B wind turbines;
e The tower shadow effect (3p effect) which will influence
the flicker level of type A and B wind turbines.

C. Shaft System

Due to the large inertia of low speed shaft of wind turbine,
it is considered as “soft” which implies that the twist angle of
it is large. It can be as large as 90 mechanical degrees at rated
torque ™ thus the transient speed deviation between
generator and wind turbine during disturbances will be large,
and considerable elastic energy stored in the soft shaft will be
dissipated out during grid disturbances. This has a large effect
on the transient voltage stability of type A, B and C wind
turbines.

So the shaft system should be modeled as two mass model
for type A, B and C wind turbines. But for type D wind
turbine which is totally decoupled from power grid by back to
back VSCs, the lumped mass model can be used.

D. Generator

Perhaps the generator model receives most of the debates.
Whether the third order or fifth order model should be used is
still in argument. The difference between fifth order model
and third order model is whether the transients of stator fluxes
are included or not. The third order model omits the transients
of the stator fluxes, thus the simulation speed is improved.
Omitting the transients of stator fluxes introduces some errors:
e The fast damping DC offsets in the stator currents are
omitted. These DC components will cause DC braking
torque for the generator.

This error can be omitted due to the following reasons !

e  Multi-phase faults are mostly sequentially developed
which means the DC offsets in the fault currents are zero.
This is validated by the records of oscillograms of actual
short circuit currents.

e Ignoring this effect introduces a slight degree of
conservation.

For type A wind turbine, the large transient stator currents

using fifth order model are not interesting to us because this

will not trigger any protections of the induction generator. But
the DC breaking torque can be important because the speed of
the induction generator is critical to the transient voltage
stability. This is reported in [9] and [32]. But the influences of
this error are still questionable because of the same reasons for
omitting stator flux transients of synchronous generator as
stated above.

For type C wind turbine, the large oscillation in the rotor will

trigger the protection of rotor converter which will change the

operation and behavior of type C wind turbine. So the fifth
order model should be used in the type C wind turbine. If the
number of type C wind turbines is large, then an approximate
way may be used: The third order model is used, and the
protection of the rotor converter is triggered by the degree of
voltage dip.

For type D wind turbine, the generator is totally decoupled
with power grid by the back to back converter, so the
transients in the stator fluxes can be neglected



E. Converter

For all simulation purposes except the harmonic study, the
converter can be modeled as controlled voltage source which
means that the switches are ideal and voltage wave forms are
perfect. Control of the converters can be found in [18], [32],
[35].

The non ideal switches may introduce nonlinearities in the
control function which will cause oscillations and errors. This
phenomenon and the remediation are illustrated in [7] and [8].

F. Power Grid

To study the influences of large scale wind farm on the
power system, the model of power grid should be
implemented in some details with the data of transmission
system operator, including the models of large power plants
nearby, large consumption centers nearby, etc. Use one
equivalent synchronous generator to represent the dynamic
behaviors of power system is not accurate for some simulation
purposes, for example, when investigating the sub
synchronous oscillation of the synchronous generator due to
the integration of wind farm.

G. Developed models

Matlab/Simulink is chosen as the dynamic simulation
software. The electric models developed until now are all
symmetrical models for balanced three phase system, they are:
e  Wind speed model
e Rotor model
e  Shaft model
e  Generator models: type A, type C and type D.

Power electronic converters’ models
o0 Voltage source converter using IGBT switches
o0 Current source converter using Thyristor Bridge
e  Electric components” models
o0 Transmission line and cable
o0 Transformer
0 Shunt capacitor bank
e Simplified Grid model

The unsymmetrical electric models will be developed in the

next step.

V. CONCLUSIONS

Due to the high penetration levels of wind power, the
integration problems have to be investigated. These
integration problems may be new comparing with the
operation of traditional thermal power plant. Computer
simulation is valuable to investigate the integration problems.
The simulation models are always compromises between
details of the model, availability of the data and the required
simulation time.
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Abstract— Due to the fast increase in wind power production
there is a need for detailed studies of integration problems.
Integration problems arise from the characteristics of wind
power and various technologies used in wind energy industry. In
this paper, integration problems are analyzed as well as their
origins and possible solutions. A case study of doubly fed
induction generators connected with HVDC thyristor bridge is
investigated. New control strategies are proposed and simulation
results are presented.

Index Terms—Wind power, Integration problem, Simulation

I. NOMENCLATURE

DFIG - doubly fed induction generator

HVDC - high voltage direct current transmission
HVAC - high voltage alternate current transmission
LVRT - low voltage ride through

SCIG - squirrel cage induction generator

WRIG - wound rotor induction generator

PCC - point of common coupling

PMG - permanent magnet generator

II. INTRODUCTION

ROM the beginning of 1990s, the wind power develops so

quickly that it now has significant shares of power

production in many countries. In Europe, wind generation
reached approximately 33,600 MW by the end of year
2004.The old low voltage protection of wind turbines can
cause significant loss of active power which is not permitted
from the point of view of transmission system operators. As
the requirements of utilizing more wind power are still
increasing, the integration of large scale wind power with
power grid has to be studied. Today, the large scale wind
farms are required to be controllable both in active power and
reactive power, and to have low voltage ride through
capabilities.

This paper focuses on the integration of large offshore wind
farm with power grid, which includes investigations of
dynamic behaviors inside wind farm, interactions between
wind farm and power grid and the development of appropriate

This work is part of the project PhD@Sea, which is substantially funded
under the BSIK-program of the Dutch Government and supported by the
consortium WE@Sea.

* The authors are with Electrical Power Processing group of Delft
University of technology, 2628 CD, Delft, the Netherlands. (e-mail:
Yi.Zhou@tudelft.nl).

** The author is with Energy Research Center of the Netherlands (ECN),
Petten, the Netherlands. (Pierik@ecn.nl)

controls both for the individual wind turbines and wind farm.

In this paper, the state of the art wind turbine technologies
and integration methods are reviewed, the possible integration
problems and solutions are investigated, the simulation and
modeling issues are discussed, and finally a wind farm
composed of DFIGs connected with power grid through a
HVDC thyristor bridge is studied.

III. WIND ENERGY FACTS

In this section, the characteristics of wind power and the
technologies used in wind energy industry are introduced.

A. The Wind

The kinetic energy of a moving body is proportional to its
mass (or weight). The energy extractable from the wind is
proportional to the cubic of the wind speed. The wind speed
varies continuously as a function of time and height. From a
power system perspective, the fluctuations of wind speed may
affect the power quality of wind power production. For
example, the long term variations such as diurnal, weekly or
seasonal cycles will affect the steady voltage of power system.
While the short term variations such as turbulence may
introduce serious amount of flicker at the point of common
coupling. The impact of variations of wind speed on power
quality depends very much on the turbine technology applied.

B. Wind Turbines

The various kinds of wind turbines can be found in
literature [9], [12], [13] and [35].

In [9], a survey of the world’s top-10 wind turbine suppliers
for the year 2002 is summarized. It lists the two largest wind
turbines produced by each of the top-10 manufactures. It also
presents a detailed overview of the market share of each wind
turbine concept from 1998 to 2002. These studies provide
very useful information on the trends of the installed wind
turbines. The four dominating commercial wind turbines in
modern wind energy industry are shown in Figure 1:

e Type A: Fixed speed squirrel cage induction
generator

e Type B: Variable wound rotor resistance induction
generator

e Type C: Doubly fed induction generator with partial
scale back to back converters on the rotor

e Type D: Synchronous generator with full scale back
to back converters on the stator
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C. Wind Farm Configurations and Integration Methods

Wind farm grids can be AC or DC. In [15], an evaluation
program is developed to access the different electrical
configurations of wind park from the point of view of energy
production cost. The “all AC” system is concluded as the best
choice for moderate connection distances. But when
considering the dynamic behavior, the “all AC” system is not
always feasible, especially for long transmission distance.
Additionally, the cost of dynamic reactive power
compensations has not been included in the comparison of
different electrical configurations.

In [14], various layouts of wind parks are compared by
energy production cost. And their influences to the power
quality on the point of common connection are considered. It
is concluded that for mid and long distance connection (longer
than 20km), the total DC grid is the best choice.

In [16], several layouts of DC wind farm were investigated.
The series connected DC wind turbines are the most difficult
to be controlled. A DC voltage controller is required for each
wind turbine. It is shown that use booster converter with DC
transformer, the series connected DC wind farm has good
system response at steady state.

The integration methods can be AC connections, or HVDC
voltage source converters, or HVDC thyristor bridges
equipped with additional reactive power compensation
system. HVDC connections are more promising than AC
connections for large scale wind farm with respect to electric
power control.

In literatures [1], [2], [3], [9], [13], [15], [21], [23], and
[27], various integration methods are proposed and compared

from different points of view: economic or dynamic behavior.

In [9] and [14], the AC connection is compared with HVDC
connection, and draws the conclusion that HVDC is favorable
than AC connection under the following conditions:

e  Weak AC connection

e Distance > 100km

e  Wind farm size > 350MW

The two HVDC systems: voltage source converter using
IGBT switches and current source converter using Thyristor
Bridges are compared in [1], [2], [9], [12], [14] and [27]. The
CSC using the Thyristor Bridge is cheap and robust but needs
additional reactive power compensation. The VSC using
IGBT switches can provide dynamic reactive power
compensation, but much more expensive and sensitive to the
faults. It is concluded that for weak AC connection, the VSC
is more appropriate. And for strong AC connection, the CSC
can be used "1,

IV. INTEGRATION PROBLEMS AND SOLUTIONS

Integration of large scale wind farm with the power grid
raises several integration problems which are not encountered
in the operation of the a power system which is dominated by
the traditional thermal power plant. These new integration
problems arise from the characteristics of wind power and the
various technologies adopted in the wind energy industry.
This may require a step by step redesign of existing power
system and operation. In this section, the possible integration
problems are analyzed and corresponding solutions are
proposed.

Until now, most of the studies are concentrated on
“transient voltage stability” [} [!7} 118} 1201 [24]. [35]. [23]. [23]. [26]. [27].
(281 (290 301 31 "3 small number are focused on “power quality”
BLIL 1371 1 [20], [35], and [38], the power quality problems
are partly investigated.

The small signal stability and sub synchronous oscillation
problems are seldom studied. Only a very few papers
mentioned the sub synchronous oscillation 35561 I [35],
it is considered not important, but in [29] and [36], the sub
synchronous oscillations excited by wind power variations are
recommended for future research.

A. Static Problems

The steady state problems are the overloading and static
voltage/frequency deviations. It is caused by the variations of
electric power due to the long term fluctuations of wind speed.

The possible solutions could be:

e Improve the wind speed forecast, use energy storage
system, design coordinated central wind farm control
and individual wind turbine control to make the output
electric power of wind farm smooth and schedulable.

e Use reactive power compensation to control the
reactive power and voltage.

In [9], two wind speed forecast models are discussed and
compared. The short term wind predictions (one hour-ahead)
are accurate but the long term (one day-ahead) predictions still
have large errors.



In [32], the active and reactive power control of whole wind
farm was discussed. It proposed to use a distribution function
for the central control of active power and reactive power.

B. Power Quality

Two important power quality problems related to
integration of wind power are flicker and harmonics.

Flicker is the 1-25 Hz voltage variations. This low speed
voltage variation can be caused by short term fluctuations of
wind speed, turbulence, tower shadow, wind shear effect and
switching operations of the wind turbines. Flicker can be a
very serious problem for the type A and B wind turbines,
because the fluctuations of wind speed are directly reflected in
the output electric power. For wind turbines type C and D,
because the rotation speed is decoupled with power grid, the
variable speed drive train is a buffer which can absorb the
fluctuations of wind speed. Noticing that the wind speed
fluctuations are quite local phenomenon, the geographical
dispersion of wind turbines will contribute to a spatial
smoothing effect on the output electric power of the large
wind farm. The possible solutions could be:

e Reinforce the transmission system that is to decrease

the transmission impedance.

e Implement an anti flicker algorithm in the control
systems of wind turbines C and D. ¥

e  Design appropriate start-up and shut-down strategies of
wind turbines to avoid large fluctuations of active
power and reactive power. 3 %7]

e Use dynamic reactive power compensation to control
the voltage on the point of common connection with
power grid.

Harmonics are components with frequencies which are
multiples of the supply frequency, i.e., 100 Hz, 150 Hz, 200
Hz, etc. Inter-harmonics are in a similar way defined as
components having frequencies located between the
harmonics of the supply frequency. Harmonics can be caused
by the switching of the power converters, the saturation of
transformers and unbalanced loads. The possible solutions
could be:

e Passive filters to improve power factor and reduce
high-frequency harmonics. Their performances depend
on tuning the reactors according the unknown source
impedance.

e Active filters cto inject the anti-phase PWM currents or
voltages into the grid.

e PWM control techniques to eliminate specific
dominating orders of harmonics.

e Reactive power compensation systems (STATCOMs)
to mitigate the specific orders of harmonics.

C. Transient Stability

One challenge of integration of the large scale wind farm
with power grid is the requirement of fault ride through
capability (or low voltage ride through capability). It is
normally related to the transient voltage stability of the wind
turbine generator during voltage dips. '*!

For type A and B wind turbines, they are basically
induction generators which require reactive power for
magnetizing. The limited electric torque during voltage dips
will lead to the accelerating of the generator and increase of
the slip. From the torque-speed curve and reactive power-
speed curve, it is understood that when slip is larger than the
critical value, the electric torque decreases, and the generator
absorbs large amount of reactive power. The voltage
continues to drop and the generator shaft continues to
accelerate. Without proper remediation, this will finally leads
to local voltage collapse and over speeding of the generator.
The type B wind turbine has variable rotor resistance which
can increase the value of the critical slip. Thus the type B
wind turbine has better LVRT capability than type A.

For type C DFIG wind turbine which is equipped with a
partial rated power VSC converter on the rotor, if the voltage
dip is not severe, the rotor converters can control the DFIG to
produce reactive power to the grid. But if the voltage dip is
severe, then the rotor converter may face a transient over
current and has to be blocked and the rotor is short circuited
with resistances (active crowbar). Then the DFIG becomes a
normal induction machine and requires substantial reactive
power. This may cause voltage collapse and over speed of the
generator. 1!

The type D wind turbine with full scale back to back VSC
converters on the stator has the best LVRT capability. The
only possible problem due to the voltage dip is that the DC
voltage may increase to a high level to trigger the protection
of VSC converters. But with coordinated wind turbine speed
control and rectifier’s active power control, it is possible to
limit the DC voltage level by temporarily decreasing the input
mechanical power of wind turbine during severe voltage dips.

Some general solutions to improve the transient voltage
stability of wind farms could be:

e Use dynamic reactive power compensations such as
SVC, STATCOM or the grid side VSCs of type C and
type D wind turbine to help the recovery of voltage

e Use active stall or blade pitch angle control to limit the
input mechanical power, thus avoiding the over speed
of generators

e Use a HVDC link to decouple the wind farm from the
power grid

e Improve the control of DFIG converters to actively
suppress the large oscillations excited by the severe
voltage dip

D. Other Stability Problems

Small signal stability and sub synchronous oscillation are
other stability problems which can increase due to integration
of large scale wind power.

Only very few papers mentioned these problems. 2} 1123]- [36]

V. SIMULATION AND MODDELLING

Computer simulation is valuable in many aspects. It makes it
possible to investigate the properties of prototype wind
turbines and wind farms including the wind farm electrical



system without the necessary of full-scale test which is often
expensive and time consuming.

The quality of the simulation results depends on two facts:
the quality of the model and the applied turbine and wind farm
parameters. To achieve good simulation results, the simulation
purpose has to be defined clearly. In reality, there is always a
compromise between detail of the model, availability of the
parameters and the acceptable accuracy of the results.
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A. Wind Speed

The wind speed should be made up of four components:
e  The average value
e Ramp component representing a steady state increase of
wind speed
e  Wind gust component
e  Wind turbulence
In [20], [37], the impacts of wind speed models are studied.
The conclusions are:
e Wind speed gust, speed ramp, and turbulence are
important for flicker calculation of FSIG;
e Turbulence is not important for flicker calculation of
DFIG and PMG' but has large influences on the shaft
torque.

B. Rotor and Pitch Servo

Two important phenomena should be included in the rotor
model:

e Rotational sampling of the wind speed in the rotor plane
influences the mechanical torque of wind turbines, thus
influences the output electric power of type A and B wind
turbines;

e The tower shadow effect (3p effect) which will influence
the flicker level of type A and B wind turbines.

C. Drive train

The drive train of wind turbine is considered as “soft”
because of the small shaft stiffness, this implies that the twist
angle of shaft can be large during transient states.

The shaft system should be modeled as two mass model for
type A, B and C wind turbines. But for type D wind turbine
which is totally decoupled from power grid by back to back
VSCs, the lumped mass model can be used for power grid
study.

D. Generator

Perhaps the generator model receives most of the debates.

Whether the third order or fifth order model should be used is
still in argument. ** The difference between fifth order model
and third order model is whether the transients of stator fluxes
are included or not. The third order model omits the transients
of the stator fluxes, thus the simulation speed is improved.

Omitting the transients of stator fluxes introduces some errors:

e  The fast damping DC offsets in the stator currents are
omitted. These DC components will cause a braking
torque for the generator.

This error can be omitted due to the following reasons

e  Multi-phase faults are mostly sequentially developed
which means the DC offsets in the fault currents are zero.
This is validated by the records of oscillograms of actual
short circuit currents.

e Ignoring this effect introduces a slight degree of
conservation.

For type A wind turbine, the large transient stator currents

using fifth order model normally will not trigger the over

current protection because generator can accommodate large
transient over current. But the DC breaking torque can be
important because the speed of the induction generator is

critical to the transient voltage stability. This is reported in [9]

and [35]. But the influences of this error are still questionable

because of the same reasons for omitting stator flux transients
of synchronous generator as stated above.

For type C wind turbine, the large oscillation in the rotor will

trigger the protection of rotor converter which will change the

operation and behavior of type C wind turbine. So the fifth
order model should be used in the type C wind turbine. If the
number of type C wind turbines is large, then an approximate
way may be used: The third order model is used, and the
protection of the rotor converter is triggered by the degree of
voltage dip.

For type D wind turbine, the generator is totally decoupled
with power grid by the back to back converter, so the
transients in the stator fluxes can be neglected

[10]

E. Converter

For all simulation purposes except the harmonic study, the
voltage source converter can be modeled as controlled voltage
source neglecting the switching of the current from one IGBT
to the next. This means that the switches are ideal and voltage
wave forms are perfect. Control of the converters can be
found in [18], [35], [38].

The non ideal switches may introduce nonlinearities in the
control function which will cause oscillations and errors. This
phenomenon and the remediation are illustrated in [7] and [8].

F. Power Grid

To study the influences of large scale wind farm on the
power system, the model of the power grid should be
implemented in some details based on the data of transmission
system operator, including the models of large power plants
nearby, large consumption centers nearby, etc. Use of only
one equivalent synchronous generator to represent the
dynamic behaviors of power system is not accurate for some
simulation purposes, for example, when investigating the sub
synchronous oscillation of the synchronous generator due to
the integration of wind farm.

G. Developed models

Matlab/Simulink is chosen as the dynamic simulation
software, the electrical dynamic models are in dq coordinates
which is intentionally chosen to improve the simulation speed.



[18]

The electric models developed until now are all
symmetrical models for a balanced three phase system in dq
coordinates. The dynamic models include:

e  Wind speed model
Rotor model
Shaft model
Generator models: type A, type C and type D.
Power electronic converter models
o Voltage source converter using IGBT switches
o  Current source converter using Thyristor Bridge
e  Electric component models
o Transmission line and cable
o Transformer
o Shunt capacitor bank
e Simplified Grid model (a single synchronous generator
with voltage and frequency control, consumers,
transformers, cables and overhead lines)

The unsymmetrical electric models will be developed in the

next step.

VI. CASE STUDY

From the economic points of view, DFIGs and HVDC
thyristor bridge can be a candidate for large offshore wind
farm connecting with power grid over long distance.
However, control strategy of this concept is not straight
forward.
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Figure 3 topology of case study

The traditional grid-flux oriented controller of DFIG is only
appropriate for the situation when DFIG is connected with
stiff power grid whose voltage at PCC is constant. To use this
grid-flux oriented controller of DFIG in a wind farm
connected with power grid through HVDC thyristor bridge
requires:

e Additional reactive power compensation system to keep
the voltage level of the wind farm constant.

e Centralized control to balance the transmitted power
through thyristor bridge to the power of the wind
turbines.

The solution is economically not favorable. Therefore a
new control concept is developed which does not have the
drawback of the traditional grid-flux oriented controller of
DFIG. The new proposal is to treat the thyristor bridge as a
constant impedance load by keeping the fire angle of thyristor
bridge constant under normal operating conditions. The active
power transmitted through thyristor bridge is controlled

through dynamically controlling the voltage level of wind
farm. In this case, the DFIGs are considered to be connected
with a very weak power grid. The traditional grid-flux
oriented controller cannot work.

Two new controllers of DFIG were developed in this case
study. One is terminal voltage controller and the other is
stator-flux oriented controller. They both control the voltage
level of the wind farm in order to control the active power
transmitted through thyristor bridge. The terminal voltage
controller uses the rotor voltages to control the terminal
voltages of generator directly. The stator-flux oriented
controller controls the stator fluxes, thus controls the terminal
voltages indirectly. In order to prevent large reactive power
circulating between nearby generators, an explicit reactive
power controller is added.

At this stage, only two DFIGs are simulated in the wind
farm. Simulation event is that one DFIG’s active power and
rotation speed ramps down while the other’s P and wm ramps
up after some time. Simulation results are shown in the
following graphs.
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Figure 5 simulation results of stator-flux oriented controller
In Figure 4 and Figure 5, the upper right graph depicts the
terminal voltages of DFIGs, the upper left graph depicts the
active power of DFIGs and Thyristor Rectifier, the bottom
right graph depicts the reactive power of DFIGs and Thyristor
Rectifier, and the bottom right depicts the electrical
frequencies of wind farm, power grid, and rotation speed of



DFIGs.

Results prove that the two new controllers can control the
active power of each DFIG independently. However they both
have some drawbacks.

The terminal voltage controller has oscillations which take
time to damp out, and the stator-flux controller has a relatively
slow reactive power control. These problems are caused by
the coupling of active power and reactive power on each
generator and between the two generators.

These control problems are caused by the fact that the wind
farm’s characteristic is such that resistance R is similar as the
reactance X in this case study, thus both active power and
reactive power will influence AC voltage vds and vgs. It is not
possible to use AC voltage’s phase angle difference and
magnitude difference to decouple P and Q as in the high
voltage transmission power system.

Because AC voltage of wind farm is intentionally
controlled to be variable, the traditional grid-flux oriented
control is also not appropriate for this case study.

Research is still ongoing to improve this multi-variable
control system.

VII. CONCLUSIONS

Due to the high penetration levels of wind power, the
integration problems have to be investigated. These
integration problems may be new comparing with the
operation of traditional thermal power plant. Computer
simulation is valuable to investigate the integration problems.
The simulation models are always a compromise between
details of the model, availability of the parameters and the
required accuracy of the results.

A case study of doubly fed induction generators with
HVDC thyristor bridge is presented. Two new types of
controllers have been developed. They do not require a
centralized controller and additional reactive power
compensation system, and can control active power of each
generator independently. However, decoupling P and Q of
multiple DFIGs when connected to a very weak AC grid is a
new research topic, these two new controllers still have some
drawbacks. Future works will concentrate on the
improvements of this multi-variable control system.
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Abstract: Today, large scale wind farm is required to be controllable both in active and reactive power, and to
have the low voltage ride through capability when the grid faults happening. Therefore, the integration of large
scale Wind Park with power grid is very important. Simulation is the most important tool for investigating the
integration problems. Compromises between details of the models and simulation time have to be made. This
leads to the requirement of developing fast and accurate models. In this paper, four thyristor bridge models for
balanced and unbalanced three phase systems in dq0 coordinates are developed in Matlab/Simulink. Compared
with models from Power System Block sets, the new models are proved to be time efficient and accurate.

Key words: thyristor bridge, model, Matlab/Simulink

1. Introduction

The wind generation in Europe reached
approximately 33,600 MW until the end of year
2004. The demands of connecting large scale
wind parks to the power grid are continuously
increasing. Nowadays, the large scale wind
farms are required to be controllable both in
active and reactive power, and to have the low
voltage ride through capability when grid faults
happening. The integration methods can be AC
connections, or HVDC voltage source
converters, or HVDC thyristor bridges equipped
with additional reactive power compensation
system. The 180MW offshore wind farm Horns
Rev was installed in 2002 in Denmark, and
connected to the 150KV power grid with AC
connection. But HVDC connections are more
promising than AC connections for large scale
wind farm in the aspect of electric power control.
The voltage source converters using IGBT
switches can provide dynamic reactive power
compensation, but are much more expensive,
and have large energy loss due to the high
switching frequencies. The current source
converters using thyristor bridges are cheap and
robust, having low energy loss, but need
additional reactive power compensations. The
AC transmission system and those two HVDC
systems are compared in [1], [2], [3], [4], and [6].
It is concluded that for weak AC transmission
system, the Voltage Source Converters are more
appropriate considering the overall system
economics. For large wind farm (>350MW)
integrated with strong AC transmission system,
the thyristor bridges are more favorable than AC
transmissions or HYDC VSC transmissions.

Ldc

Figure 1. Schematic of thyristor bridge

As HVDC thyristor bridge can be a candidate for
the integration of large wind farm, the thyristor
bridge model are required.

Quasi-steady Model 1 Symmetrical quasi-
state models steady model
Model 2 Unsymmetrical quasi-
steady model using
Fourier analysis
Model 3 Unsymmetrical quasi-
steady model using
partial symmetric
Instantaneous | Model 4 Instantaneous model
model without commutation
effects
Instantaneous | PSB Power System
model BlockSets

Table 1. lists of the thyristor bridge models

In [5], simulations of the voltage source converter
in the dg0 reference frame (Park’s
transformation) are proved to be much faster
than the simulations in the abc reference frame.
In this paper, one symmetrical and two
unsymmetrical quasi-steady state thyristor bridge
models in dq0 reference frame are developed for




the electromechanical simulations. In addition,
an instantaneous model with commutation
effects are also developed using the switching
function concept.

The four thyristor bridge models developed in
this paper are summarized in Table 1.

The developed models are verified and
calibrated using Power System BlockSets. They
are described in the next sections in detail.

2. Quasi-steady state thyristor bridge models
in dg0 coordinates

In the quasi-steady state models, the converter
are represented by equations relating average
values of dc quantities and RMS values of ac
fundamental components. It would accurately
represent the HVDC thyristor bridges system
performance in the electromechanical
simulations.

The assumptions made for the quasi-steady

state models are:

e The implementation of fire angle s
instantaneous compared with slow a.c.
system dynamics;

e The AC voltages and currents are assumed
to be purely sinusoidal at fundamental
frequency and all higher order harmonics are
filtered out.

e The DC side voltage is considered to be
smooth and it is the average value per 60
degrees;

e The DC side current is considered to be
smooth due to the large smoothing DC
inductance.

The inputs of the model are three phase voltages

in dq0 coordinates v4, vq and vy, and the DC

current ly; the outputs are three phase currents

i, iq, Io and DC voltage Vge.

A. Model 1

Under balanced three phase system, the 0
components vy and iy are always zero. The RMS
values and phase angles of voltage and current
of phase-a can be calculated from vg, vq and Iy
as:
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Under balanced three phase system, voltages
and currents in dqO0 coordinates are time
invariables, some numerical integration methods
are very efficient for these calculations. But for
an unbalanced three phase system, voltages and
currents in the d, g, 0 coordinates are all time
variables. After Park’s transformation, the values
in d and q coordinates are second order
frequency components and the 0 values are the
fundamental frequency components. More
important, the RMS values and phase angles of
phase voltages are six unknowns which cannot
be calculated directly from those three
independent equations.

B. Model 2 and 3

In the quasi-steady state models 2 and 3, two

methods are used to solve the above mentioned

problem, and lead to two different models:

e Model 2, quasi-steady state model using
Fourier analysis for unbalanced three phase
system

e Model 3, Quasi-steady state model using
partial symmetric of the unbalanced three
phase system

The first method is rather straightforward, but
has shortcomings due to the Fourier analysis.
The output DC voltage lags the change of input
ac voltages with one cycle 0.02s.
The second method assumes that partial
symmetric still exists under unbalanced three
phase system. For example, when a single line
to ground fault happens in phase a, the RMS
values of b and c phase are equal. When double
lines to ground fault or double line to line fault
happen in phase b and phase c, the RMS values
of b and c phase are still equal. The assumptions
are:

o Two phase voltages’ RMS values are always
the same;

e The phase angles of phase voltages are
displaced with each other in 120 degree.

The above two methods are used to calculate

the RMS values and phase angles of AC

voltages from the instantaneous vy, vq and vo.

The DC voltage and AC current equations for

unbalanced three phase systems are much more

complex
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system, an instantaneous thyristor bridge model

is developed. In order to calculate the

instantaneous DC voltage and AC current, a

state matrix SW of thyristor bridge is calculated

with switching functionlg], and the instantaneous

DC voltage and AC currents are calculated with

SW.

The schematic of three-phase thyristor bridge is

shown in Figure 1.

The thyristor is switched on by a pulse signal on

the gate, but can not be switched off by gate

signal. It is switched off only when the current
flowing through approaches zero.

An instantaneous model of a three-phase diode

bridge without commutation effects is realized in

Simulink in [9]. There is no instantaneous

thyristor bridge model in Matlab/Simulink.

Assuming the AC commutation inductances are

small, this instantaneous thyristor bridge model

does not considering the commutation effects.

This means:

e At any time, only one thyristor in the upper
group and one thyristor in the lower group
are conducting;

e The DC voltage V4 always equals to the line
to line voltages;

e The AC phase  currents change
instantaneously between DC current and 0.

The states of six thyristor are assigned as

Conducting Blocked
T1, T3, T5 1 0
T4,T6, T2 -1 0

The conducting sequence of the thyristor bridge

R Y / in one cycle is
o\ i (. Conducting DC ia ib ic
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Figure 2. Unsymmetrical voltage waveforms

Both methods have their own limitations:

e The Fourier analysis cause phase shifts and
value deviations on the output signals.

e The assumption that phase angles of phase
voltages are displaced with each other in 120
degree maybe not true during the real
unsymmetrical faults.

3. Instantaneous thyristor bridge models
Due to the above mentioned limitations of quasi-
stead state models for unbalanced three phase

For model 4, the switching function, DC voltage
V4. and three phase AC currents can be
calculated as

T1+T4 AREN
SW =[T3+T6|,V,, =SW-|V, [.[ I, |[=SW -1,
T5+T2 AL

c c

4. Implementation in Matlab/Simulink

All the four new models are implemented in
Matlab/Simulink. The inputs are instantaneous
three phase AC voltages vq, Vq, Vo, DC currents



lsc and fire angle « ; the outputs are DC voltage
V4. and instantaneous three phase AC currents
ids Ig, To-

Ide
alpha

w_grid

Figure 3. General view of thyristor bridge model in
Matlab/Simulink

In the quasi-steady state models, an interface is

used to calculate the phasor values such as

RMS voltages and phase angles from the input

instantaneous values. The main differences

between three quasi-steady state models are the

implementations of this interface:

e Model 1, directly calculation for balanced
three phase system;

e Model 2, Fourier analysis for unbalanced
three phase system;

e Model 3, Use partial symmetric of
unbalanced three phase system.

In the instantaneous model, firing pulses are
used to trigger the thyristors which are
represented by flip-flops, and the firing pulse of
the next thyristor following the firing sequence is
used to reset the flip-flops. Thus the thyristors’
states and the switching function are calculated.
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= ./
Hit e
Crossing1 R

Thyristors' states

Figure 4. Firing pulses of thyristor bridge

5. Verify the thyristor bridge models in back
to back configurations

All the four new models are compared with
models from Power System BlockSets in back to
back configurations as shown in Figure 5.

AC | Thyristor VDG — Thyristor| AC
voltage —{ Bridge link Bridge — voltage
source | | model +——— model —— source

Figure 5. Back to back configuration of thyristor bridges
The parameters and events of simulations are
listed in Table 2. (For the symmetrical quasi
steady state model: model 1, the inverter side
AC voltages do not change.)

Table 2. Parameters and simulation events of verifications

Rectifier | Va, Vb, Vc (Maximum 1000V
side amplitude)

Fire angle of rectifier increase from 30
degree to 45 degree
at 2.0s

Inverter Va (Maximum drops from 500V to
side amplitude) 200V at 1.0s

Vb, Vc (Maximum 500V

amplitude)

Fire angle of inverter 150 degree

DC link DC resistance 1Q

DC smoothing 100mH

inductance

In Figure 6 and Figure 7, DC currents of model 1
and PSB are compared, the results prove that
the symmetrical quasi-steady state model: model
1 is accurate.

() uauno g

Time (s)

Figure 6. DC current of model 1

Ao H-- .- SEERREE

Figure 7. DC current of PSB

From Figure 9 to Figure 13, the Rectifiers’ DC
voltages, Inverters’ DC voltages, and DC
currents of Model 4 and PSB are compared.
Model 4 is proved to be accurate when AC
commutation inductances are small.
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Figure 11. Inverter’s DC voltage of PSB PSB 236s
Model 1 1s
Model 2 4s
Model 3 3s
Model 4 8s
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Figure 13. DC current of PSB

DC currents of two unbalanced quasi-steady
state models: Model 2 and 3 are shown as in
Figure 14 and Figure 15.

IH

(v) wauno 9q

Time (s)

Figure 14. DC current of model 2

() wauno 90

Time (s)

Figure 10. Inverter's DC voltage of model 4 Time ()

Figure 15. DC current of model 3

Comparing the DC currents of models 1, 2, 3, 4
and PSB, their DC currents have the same
profile, except that for model 4 and PSB, the DC
currents have larger ripples due to the ripples of
instantaneous DC voltage.

The required simulation time for simulating 3s
dynamics are recorded and compared in Table 3.

Table 3. Required simulation time for the models

Time (s)

6. Conclusions and future works
Three quasi-steady state thyristor bridge models
for balanced or unbalanced three phase system

Time (s)

Figure 12. DC current of model 4



in dq0 reference system are presented in this
paper which can be used for electromechanical
simulations. An instantaneous model without
commutation effects is also developed.
Compared with models from Power System
BlockSets, all the quasi-steady thyristor bridge
models are proved to be fast and accurate for
balanced three phase system. For unbalanced
three phase system, the two unsymmetrical
quasi-steady state models have their own
shortcomings: model 2 has a time lag due to the
Fourier analysis, and model 3 can only be used
when phase angles of three phase voltages are
displaced with each other in 120 degree.

The instantaneous model without commutation
effects is accurate if the AC commutation
inductances are small.

Considering the possibility that error may exist if
the AC commutation inductances are large, an
instantaneous model with commutation effect is
under developing.
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Abstract— The large offshore wind farms are planed to be
connected with power grid at transmission level due to their
large power capacity and possible long transmission distances.
HVDC thyristor bridge as well as other integration methods
requires systematical integration studies. In this paper,
thyristor bridge models developed in Matlab/Simulink are fast
and accurate enough for electromechanical and
electromagnetic simulations.

1II. INTRODUCTION

Wind power is the fastest growing power source through
out the world in recent years. The offshore wind power
draws special attention. The average wind speed offshore is
higher than onshore which means larger power production,
the turbulence and wind shear effect is lower offshore than
onshore which implies higher power quality. These benefits
initialize the plans of developing large offshore wind farms
in many countries. Unlike the onshore wind turbines which
are often dispersed in the distribution grid, the offshore
wind turbines will be connected to the transmission grid as
large wind farms. The connections between offshore wind
farm and power grid can be high voltage alternating
connection, high voltage direct current connection using
thyristor bridge, or high voltage direct current connection
using IGBT switches.

The demonstration offshore projects use HVAC
connections at this moment, but HVDC links are superior
for large power capacity and long transmission distances.
The HVDC system can be current source converters using
thyristor bridges or voltage source converters using IGBTs.
Voltage source converters using IGBTSs have better dynamic
behaviors than thyristor bridges during voltage dips, but
they are expensive and the power losses are higher. The
three integration methods are compared in [1], [2], [3], [4]
and [6]. A general conclusion is that HVAC can be used for
small wind farm, 200MW for example, and short
transmission distance, 100km for example. For large power
capacities and long transmission distances, HVDC
transmissions are more favorable. Considering the cost and
efficiency, HVDC using thyristor bridges can be used for
extremely large wind farm, 600 MW for example, which is
connected with strong AC grid. HVDC using IGBTs can be
integrated with relatively weak grid for its good low voltage

J. Pierik
Energy Research Center
of the Netherlands
1755 ZG, Pattern, the Netherlands
Email: Pierik@ecn.nl

ride through capability.

The simulation is a valuable research method, because it
makes it possible to investigate the integration problems
without the necessary of full-scale test which is often
expensive, time consuming and even impossible to be
carried out. In [5], dynamic models using Park
transformation are developed in Matlab/Simulink. The
advantage of using Park transformati on is that voltages
and currents under steady state in dq coordinates for
balanced three phase system are dc values, very large
simulation time steps can be used during steady state, and
thus the simulation speed is greatly improved. The models
include generator, transformer, transmission line and
voltage source converter. As HVDC thyristor bridge can be
a choice for integration of large offshore wind farm,
thyristor bridge models are developed for grid studies in this
paper.

Unlike the voltage source converters using IGBTs which
can be modeled by switching functions, the thyristor bridge
model is difficult to be modeled because of its
uncontrollable switch-off characteristics.

Five models are developed. They are compromises
between simulation purposes and simulation speed. For
electromechanical simulation purpose, the quasi-steady state
model is accurate enough, while for electromagnetic
simulations purpose, the instantaneous model is required.
All the models are compared with thyristor bridge model of
Power System BlockSet in Matlab/Simulink in back to back
configurations. They are summarized in table I.

TABLEI
LISTS OF THYRISTOR MODELS

Model 1 Symmetrical quasi-steady
model
Quasi-steady state | Model 2 Unsymmetrical quasi-steady
models model using Fourier analysis
Unsymmetrical quasi-steady
Model 3 model using partial
symmetric
Instantaneous model without
Instantaneous Model 4 commutation effects
models Model 5 Instantaneous model with
commutation effects
:Irlﬁiagtsaneous PSB Power System BlockSets




IV. QUASI-STEADY STATE THYRISTOR BRIDGE MODELS
IN DQO COORDINATES

In the quasi-steady state models, the converters are
represented by equations relating average values of dc
quantities and RMS values of ac fundamental components.
It would accurately represent the HVDC thyristor bridges
system performance in the electromechanical simulations.

The assumptions made for the quasi-steady state models
are:

e The implementation of fire angle is instantaneous
compared with slow a.c. system dynamics;

e The AC voltages and currents are assumed to be purely
sinusoidal at fundamental frequency and all higher
order harmonics are filtered out.

e The DC side voltage is considered to be smooth and it
is the average value per 60 degrees;

e The DC side current is considered to be smooth due to
the large smoothing DC inductance.

The inputs of the model are three phase voltages in dq0
coordinates vq, vq and vy and the DC current I4; the outputs
are three phase currents ig, iq, ip and DC voltage V.

A. Model 1

Under balanced three phase system, the 0 components v,
and ipare always zero. The RMS values and phase angles of
voltage and current of phase-a can be calculated from vy, vq
and I as:

2+V2 V
v, =Y 8 g =2 arctan(-Y),

NE) 2 vV,
Ia:kildc’qila:¢va_¢vi’

T

2L -1
¢ ~a+£ a)i
2 22U, sina
where ¢,y are fire angle and commutation angle

B

respectively, K ~ 1.
The outputs Ve, iq and iq are

Vie =ﬂﬁva cosafia)lec,
T T
i =x/§|asin¢a,iq =—x/§|acos¢a

Under balanced three phase system, voltages and currents
in dq0 coordinates are time invariables, some numerical
integration methods are very efficient for these calculations.
But for an unbalanced three phase system, voltages and
currents in the d, q, 0 coordinates are all time variables.
After Park’s transformation, the values in d and
coordinates are second order frequency components and the
0 values are the fundamental frequency components. More
important, the RMS values and phase angles of phase
voltages are six unknowns which cannot be calculated
directly from those three independent equations.

[7], [8], and [10].

B. Model 2 and 3

In the quasi-steady state models 2 and 3, two methods are
used to calculate the phasor values from instantaneous
values, and lead to two different models:

e Model 2, quasi-steady state model using Fourier
analysis for unbalanced three phase system.

e Model 3, Quasi-steady state model using partial
symmetric of the unbalanced three phase system.

The first method is rather straightforward, but has
shortcomings due to the Fourier analysis. The output DC
voltage lags the change of input ac voltages with one cycle
0.02s.

The second method assumes that partial symmetric still
exists under unbalanced three phase system. For example,
when a single line to ground fault happens in phase a, the
RMS values of b and ¢ phase are equal. When double lines
to ground fault or double line to line fault happen in phase b
and phase ¢, the RMS values of b and ¢ phase are still equal.
The assumptions are:

e Two phase voltages’ RMS values are always the same;

e The phase angles of phase voltages are displaced with
each other in 120 degree.

e The above two methods are used to calculate the RMS
values and phase angles of AC voltages from the
instantaneous vy, vq and vj.

The DC voltage and AC current equations for unbalanced
three phase systems are much more complex !":

V,, = guba [cos(C,+a—C,+m)—cos(C, +a—C, +)]
U, [cos(C, +a—C,)—cos(C; +a—C))]

+£ch [cos(C, +a—C,)—cos(C, +a+7-C,)]
z

B Il (oL, +ol, +ol,)
T

L sin(L)
i_lzﬁ 2
hy =+ 2=~ o

a)L +wL

=arccos| cosa —

a)L +a)L

=arccos| coso —

[ J
[ J

a,,p, are fire angles and commutation angles

respectively. C;are the initial angles of line to line voltages,
and T; are conduction periods of each phase as shown in
figure 1.
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Figure 1: A sample of unsymmetrical voltages

Both methods have their own limitations:
e The Fourier analysis cause phase shifts and value

o

An instantaneous model of a three-phase diode bridge
without commutation effects is realized in Simulink in [9].
There is no instantaneous thyristor bridge model in
Matlab/Simulink.

A. Model 4

Considering the commutation effect in thyristor bridge
model will need many more integrators to calculate the
instantaneous phase currents during commutation period.
The large number of integrators decreases the simulation
speed distinctively.

Considering the simulation speed, the first instantaneous
model does not include the commutation effects of AC
inductances. The thyristor is switched off actively as a
GTO. This means:

e At any time, only one thyristor in the upper group and
one thyristor in the lower group are conducting;
e The DC voltage V4. always equals to the line to line
voltages;
e The AC phase currents change instantaneously between
DC current and 0.
The states of six thyristor are assigned as table II.

deviations on the output signals.

e The assumption that the phase angles of each phase
voltage are displaced with each other in 120 degree
may not be true during the real unsymmetrical faults.

V. INSTANTANEOUS THYRISTOR BRIDGE MODELS

Due to the above mentioned limitations of quasi-stead
state models for unbalanced three phase system, two
instantaneous thyristor bridge models are developed. In
order to calculate the instantaneous DC voltage and AC
current, a state matrix SW of thyristor bridge is calculated
with switching function, and the instantaneous DC voltage
and AC currents are calculated by the state matrix.

The schematic of three-phase thyristor bridge is shown in

Figure 2.

Ldc
+ [

1 3 5
A
B MM
c M

Figure 2: Schematic of thyristor bridge

The thyristor is switched on by a pulse signal on the gate,
but can not be switched off by gate signal. It is switched off
only when the current flowing through approaches zero.

TABLEII
THYRISTOR STATES
Conducting Blocked
T1, T3, T5 1 0
T4, T6, T2 1 0

The conducting sequence of the thyristor bridge in one
cycle is listed in table III.

TABLE III
THYRISTOR BRIDGE CONDUCTION SEQUENCE
t(}f;r;;dsltlgﬁmg DC voltage ia ib ic
T1, T2 Va-Vc Idc 0 -Idc
T3, T2 Vb-Vc 0 Idc -Idc
T3, T4 Vb-Va -Idc Idc 0
T5, T4 Vc-Va -Idc 0 Idc
T5, T6 Vc-Vb 0 -Idc Idc
T1, T6 Va-Vb Idc -Idc 0

For model 4, the switching function, DC voltage V. and
three phase AC currents can be calculated as

T1+T4 Vol 1,
SW=[T3+T6 |,V =SW |V, |,| I, |=SW -1,
T5+T2 V.||,
B. Model 5

Neglecting the commutation effect will lead to large
errors when the ac inductances are large. More importantly,
the commutation failure cannot be observed in the
simulation during voltage dips.

Model 5 considers the commutation effects of the AC
line inductances. For simplify reasons, the following



assumptions are made:
e During commutation periods, the DC current is

constant (dli ~0)
dt

Based on this assumption, the DC voltage and AC phase
currents can be calculated:
e The DC voltage during the commutation periods

1
isV, =—(v,+V,), v; and v; are the phase voltages of
2

commutating phases.
e To avoid the algebraic loops in Simulink, the DC

voltage during other periods isV,, =V, —V j> Viand v,

are the phase voltages of the conducting phases.

e AC currents during commutation  periods

arei(t) = i(t0)+ij(vi —v,)dt.
2L

0

e Ac currents at other periods are 1(t) = I,

The switching functions are much more complex
compared with switching function of model 4, and they are
not the same for DC voltage and phase currents. Generally,
it can be represented by the following matrix.

Sa Sab Sac
SW=|s, s S
sca Scb Sc

DC voltage and phase currents can be calculated by

1
lye +—| (v, —v,)dt

a a 1
Vie = SW, - |V, |, :b = SW;- Idc"’ZJ-(Vi—Vj)dt

c c

1
Idc+x.|.(vi —v;)dt

VI IMPLEMENTATION IN MATLAB/SIMULINK

All the five new models are implemented in
Matlab/Simulink. The inputs are instantaneous three phase
AC voltages vq, vq, Vo, DC currents I, and fire angle ¢ ; the
outputs are DC voltage Vg and instantaneous three phase
AC currents ig, ig, io.

ao
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Figure 3: General view of thyristor bridge model in Matlab/Simulink

In the quasi-steady state models, an interface is used to
calculate the phasor values such as RMS voltages and phase
angles from the input instantaneous values. The main
differences between three quasi-steady state models are the
implementations of this interface:

e Model 1, directly calculation for balanced three phase

system,;

e Model 2, Fourier analysis for unbalanced three phase
system,

e Model 3, Use partial symmetric of unbalanced three
phase system.

In the two instantaneous models, firing pulses are used to
trigger the thyristors which are represented by flip-flops.
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Figure 4: Firing pulses of thyristor bridge

The difference between the two instantaneous models is
the reset signals of flip-flops. In model 4 it is the firing
pulse of the next thyristor following the firing sequence and
in the second model the reset signal is the thyristor’s own
currents. Thus the commutation effects are implemented in
model 5.

To avoid that the zero current resets the flip-flops at the
beginning of conduction period, a pulse width of 15 degree
is used to block the currents at the beginning of conduction.

Firing pulses Integrator2

Pulse width Thyristors' states

Memary

labe

CRIA

Figure 5: thyristor currents as reset signals

In order to get a converged solution in Matlab/Simulink,
the thyristor currents are values from one simulation step

TABLE IV
SIMULATION PARAMETERS AND SIMULATION EVENTS

Parameters

Rectifier side AC voltages 1e5 (v)
Rectifier fire angle 30 (degree)
Inverter side AC voltages 0.7e5 (v)
Inverter fire angle 120 (degree)
AC inductance 0.01 (H)
DC resistance 10 (Q)

DC inductance 0.1 (H)

Events

Fire angle of rectifier changes from 30
degree to 45 degree at 1.0s.

Inverter side phase-a voltage decreases from
0.7e5 to 0.5e5 volts at 1.0s.

Simulation 1

Simulation 2

earlier. This introduces one simulation step error in the



switching functions at the end of each commutation period,
and thus the DC voltage and AC phase currents all have
errors. As the simulation steps are small around the end of
commutation period, these errors can be assumed small.

VIL VERIFY THE THYRISTOR BRIDGE MODELS IN BACK
TO BACK CONFIGURATIONS

All the five new models are compared with models from
Power System BlockSets in back to back configurations as
shown in Figure 6.

AC |—Thyristor— HVDC — Thyristor| AC
voltage — Bridge link Bridge voltage
source model —— +——— model source

Figure 6: Back to back configuration of thyristor bridges

Two sets of simulations are carried out.

First set “simulation 1” is applied to all five models to
compare the results under symmetrical situations.

The second set “simulation 2” is applied to the four
models except model 1. It is used to compare the results
under unsymmetrical situations.

They have the same parameters but different events.

The following graphs compare the results of five models
and model from PSB in “Simulation 1”.
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Figure 7: DC currents of all models of “simulation 1”
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Figure 8: DC currents of Models 1,2,3,5 and PSB of “simulation 1”

As shown in Figure 7, neglecting the commutation effects
will cause large errors in the DC current when the AC line
inductances are large.

In Figure 8, the DC currents of quasi-steady models 1, 2,
3 are exactly the same.

The small differences between the DC currents of PSB
and model 5 are caused by the assumption used in model 5
which assumes the DC voltage outside the commutation

periods isV, =V, —v,. However, the average DC currents

of model 5 and PSB are almost the same, and they equal to
the DC currents of models 1, 2 and 3, so the active power
transferred by the thyristor bridges of all the models except
model 4 are the same. This proves that models 1, 2, 3, and 5
are accurate enough for electromechanical simulations.

In the second simulation, the results of model 2, 3, 4 and
5 are compared with PSB as shown in Figure 9.
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Figure 9: DC currents of models 2, 3, 4, 5 and PSB of “simulation 2”
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Figure 10: DC currents of Models 2, 3, 5 and PSB around 1.0 second of
“simulation 2”

Same as the previous simulation, Figure 9 shows that the
DC current of model 4 has very large errors because it omits
the commutation effects.

Due to the Fourier analysis, the DC current of model 2
lags model 3 around one cycle (0.2 second) until they
reached the same steady state value.

The DC current of model 5 has only small difference
compared with PSB.
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Figure 11: Inverters’ AC phase-a currents of model 2, 3, 5 and PSB

In Figure 11, the two sinusoidal waveforms are the
inverters’ phase-a currents of model 2 and 3; two
trapezoidal waveforms are those of model 5 and PSB.

It is clear that the phase currents have nearly the same
phase angles and RMS values except that the instantaneous
models have trapezoidal wave shapes which contain high
order harmonics.
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Figure 12: Inverters’ DC voltages of model 5 and PSB under unbalanced
three phase system

Figure 12 compares the DC voltages of model 5 and PSB
under unbalanced situations.

The above results prove that model 5 is accurate. Model 3
is accurate if the two assumptions of that model can be
fulfilled. Model 2 is accurate during steady state, but has
significant errors during transient state.

The required time for simulating specific time period of
dynamics of all models are recorded and compared. Results
are shown in table V.

TABLE V

THYRISTOR BRIDGE CONDUCTION SEQUENCE
Model name Required simulation time
Model 1 1 second
Model 2 4 second
Model 3 3 second
Model 4 8 second
Model 5 40 second
PSB 220 second

VIII.

Comparing different types of wind turbines, the doubly
fed induction generator is studied in this case. The topology
is shown in the following graph.

CASE STUDY
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Figure 13: Topology of case study

The reasons to use doubly fed induction generators with
thyristor bridge in this case study are its superior reactive
power control capability comparing with fixed speed
induction generator and its lower investment cost
comparing with permanent magnet generator.

As the thyristor bridge absorbs reactive power, the
conventional unit power control of doubly fed induction
generator has to be modified. A voltage droop controller is
implemented to control the voltage of ac wind farm. The
frequency of ac wind farm is set to be 50 Hz because the
doubly fed induction generator at present is designed to
work best at this stator frequency.

At steady state, the controllers of thyristor bridge are
implemented as:

e The inverter controller is a minimum extinction angle
control, which sets up the dc voltage level, and absorbs
the minimum reactive power from grid.

e The rectifier controller determines the power
transmitted through the HVDC link by controlling the
fire angle a. The power reference of the controller is the
sum of the active power reference of all the doubly fed
induction generators.

During grid voltage dip, the grid ac voltage is reduced,
which affects the operation of thyristor bridge in the
following ways:

e The inverter dc voltage will decrease, and the dc
current will increase.

e If the voltage dip is serious, then a commutation failure
may happen.

If commutation failure happens, the inverter is short
circuited and no power can be transmitted through HVDC
link. The inverter’s extinction angle is then advanced to
avoid the commutation failure and the rectifier’s fire angle
is increased to limit the dc current.

1X. CONCLUSIONS

Three quasi-steady state thyristor bridge models for
balanced or unbalanced three phase system are presented in
this paper which can be used for electromechanical
simulations. Two instantaneous models with and without
commutation effects are also developed.



Compared with model from Power System BlockSets, all
the quasi-steady thyristor bridge models are proved to be
fast and accurate for balanced three phase system. For
unbalanced three phase system, the two unsymmetrical
quasi-steady state models have their own shortcomings:
model 2 has a time lag due to the Fourier analysis, and
model 3 can only be used when phase angles of three phase
voltages are displaced with each other in 120 degree. The
instantaneous model without commutation effects has large
errors if the ac inductances are large. The Instantaneous
model with commutation effects is accurate and more time
efficient than Power System BlockSets. It can be used for
either balanced or unbalanced three phase case studies,
either electromechanical or electromagnetic simulations.
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Abstract- Today, doubly fed induction generator (DFIG) gains
the dominant market power in the wind energy industry. It
provides the benefits of variable speed operation cost-effectively,
and can control its active and reactive power independently.
Crowbar protection is often adopted to protect the rotor side
voltage source converter (VSC) from transient over current
during grid voltage dip. But under unsymmetrical voltage dip, the
severe problems are not the transient over current, but the
electric torque pulsation and DC voltage ripple in the back to
back VSCs. This paper develops dynamic models in
Matlab/Simulink, investigates the behavior of DFIG during an
unsymmetrical voltage dip, and proposes new controllers in
separated positive and negative sequence. Methods to separate
positive and negative sequence components in real time are also
developed, and their responses to unsymmetrical voltage dip are
compared. Simulation results prove that the separated positive
and negative sequence controller limit the torque pulsation and
DC voltage ripple effectively.

1. INTRODUCTION

The wind generation in Europe reached approximately
33,600 MW until the end of 2004. The demands of connecting
large scale wind parks to the power grid are increasing.
Nowadays, the large scale wind farms are required to be
controllable both in active and reactive power, and to have the
low voltage ride through capability when grid faults happen.
Because of its ability to provide variable speed operation and
independent active and reactive power control in a cost-
effective way, the doubly fed induction generator (DFIG) has
the largest world market share of wind turbine concepts since
the year 2002 [1]. Many researches have studied the low
voltage ride through (LVRT) capability of DFIG [3] [4] [5] [6]
[7] , most of them are focused on the behaviors and protections
of DFIG under symmetrical fault. Transient over current in the
rotor is identified as the most severe LVRT problem of the
DFIG, because the rotor side voltage source converter (VSC) is
very sensitive to thermal overload. The active crowbar
protection is designed to short circuit the rotor under such
circumstance, both to protect the rotor side VSC and to damp
out the oscillations faster. In reality, unsymmetrical fault
happens much more frequently than symmetrical fault. Under
unsymmetrical fault, the most severe problem is not the
transient over current in the rotor, but the large electric torque
pulsation which causes tear and wear of the gearbox, and large
voltage ripple in the DC link of back to back VSC which may
decrease the lifetime of the DC capacitance. Literatures [8]
and [9] give new definitions of instantaneous active and
reactive power. These definitions can be used to design and
operate the grid connected VSC under unbalanced situations
[10] [11]. Unlike the normal grid connected VSC which has a

J. Pierik
Energy Research Center of Netherlands
Westerduingweg 3, 1755 ZG,
Pattern. the Netherlands

constant instantaneous active power input from the rectifier
side in the above literatures, the rotor side VSC of DFIG can
also send pulsating instantaneous active power to the DC link.
Thus it is necessary to study the behavior of DFIG under
unsymmetrical voltage dip, and design proper controllers to
improve the behaviors of DFIG under unsymmetrical voltage
dip.

IL. DFIG SYSTEM DESCRIPTION

A.  System description
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Figure 1 simplified diagram of DFIG system with proposed controllers

Figure 1 describes the DFIG system and the proposed
controllers. The controllers of rotor VSC and grid VSC control
stator currents and grid converter currents, both in independent
positive and negative sequences. According to symmetrical
components theory [2], during unbalanced voltage dip, the
system can be decoupled into positive, negative and zero
sequence. Positive and negative sequences are balanced three
phase systems, they can be transferred to positive dq and
negative dq system. Their voltages and currents are DC values
and can be easily controlled by simple PI controller.

The positive and negative sequence has to be totally
decoupled. Otherwise, when controlling the positive sequence,
the negative sequence will be influenced, and vice versa. The
coupling between positive and negative sequence will
deteriorate the control performance.

In order to fully decouple positive and negative sequence,
the following assumptions are made:

e DFIG’s stator and rotor windings are assumed to be in

symmetrical.



e Grid VSC’s three phase ac inductances and resistances

are in symmetrical.

The reference stator currents and grid converter currents are
calculated according to instantaneous reactive power theory.
The instantaneous reactive power theory is given in [8] and [9].
When applying it on a three phase three line power system, the
theory is simple and easy to understand. It becomes complex
for three phase four line power system. In this paper, only three
phase three line power system is studied, the zero sequence is
omitted. This choice is justified by the following reasons:

e The transformer is often Y/A connected.

o The neutral point of stator winding of DFIG is not

grounded.

In the next sections, the simulation results of DFIG under
symmetrical and unsymmetrical voltage dips will be presented
first, then the instantaneous reactive power theory will be used
to analyze this result.

B. Symmetrical and unsymmetrical voltage dip

Distinctive differences between the behaviors of DFIG under
symmetrical and unsymmetrical voltage dips can be identified
as Figure 2.

Figure 2 (a) shows that under symmetrical voltage dip, the
most severe problem is the transient over current in the rotor.
This over current problem is generally protected by the so
called “crowbar protection”, which use thyristor controlled
resistor bank to short circuit the rotor windings.

Figure 2 (a) shows that under unsymmetrical voltage dip,
the maximum rotor currents are smaller, but have second order
harmonics, and cause large DC voltage ripples in the DC link.
A noticeable point is that the magnitude of rotor transient
currents under unsymmetrical voltage dip also depends on the
starting moment of the dip. The starting moment of the voltage
dip determines the initial conditions of the stator currents, and
thus determines the natural response of the stator currents. The
natural response of stator currents has a large influence on the
transient rotor currents.
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Figure 2simulation results of DFIG under (a) symmetrical and (b)
unsymmetrical voltage dips. Graphs from top to bottom are rotor currents and
DC voltage, respectively.

C. Applying Instantaneous reactive power theory on separated
positive dq and negative dq sequence
According to instantaneous reactive power theory [8], the
instantaneous power p and q in stationary aff reference frame
are

r|_ Vol +Vgig
u _[% —w‘J o
Eq. (1) is true for both balanced and unbalanced three phase

three line system. The stationary off reference frame can be
decoupled into positive and negative sequence as Eq.(2).

v (O | v () +v, (1)
[Vﬂ(t)}_["/;(t)“’ﬁ_(t)} @
Using Eq. (1), Eq.(2) and Park’s transformation, the

instantaneous active and reactive power of positive and
negative dq sequences can be derived as Eq. (3).
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The terms of sin(20) and cos(20) in Eq. (3) are the oscillation
parts of instantaneous power p and q. The oscillation parts of
instantaneous active power p will cause DC voltage ripple and
electric torque pulsation, such as shown in simulation results of
DFIG in Figure 2.

In order to limit the DC voltage ripple or torque pulsation
under unsymmetrical voltage dip, the terms of sin(20) and
cos(20) of instantaneous active power p in Eq. (3) has to be
controlled to zero. Rearranging Eq. (3), four independent
equations can be used to determine the four reference
currentsi, ", i q+, i, ,i_ ,and the currents can be controlled by

q i
voltages of VSC Vd+,v +,vd ,v_ with simple PI controllers.

q q

D P, v, +vq+iq+ v, i v i

q |_ 0. 3 vq*id* 7vd+iq+ v, = 4
Deinro 0 v 1=y =
Peosre 0 v, i+ vq"iq’ +v, i+ vq’z'q+

DPanrg and P, are the two oscillation terms of
instantaneous active power p. In order to control them to zero,
instantaneous voltage and current has to be separated to
positive and negative sequence in real time.

1. REAL TIME SEPARATION OF POSITIVE AND NEGATIVE
SEQUENCES

The proposed control method requires fast and accurate
separation of positive and negative sequences. Two methods
are often used [10].

The first method is based on the fact that the negative
sequence component appears as second order harmonic in the



synchronous rotating frame - positive dq, and the positive
sequence component appears as second order harmonic in the
negative synchronous rotating frame — negative dq. The low
pass filter can be used to bypass the DC values and suppress
the high frequency oscillations. Thus the positive and negative
sequences are separated in real time. The description of this
method is shown in Figure 3.

Positive dq Low pass filter | Positive
Tug(6) reference frame > sequence
abc
Negative dq Low pass ﬁlteL Negative
reference frame P| sequence
Taq(-0)

Figure 3 Separate positive and negative sequences by low pass filters

The second method is the so called “signal delay
cancellation” method. The abc system is first transformed into
stationary reference frame of3 coordinates using Clark’s
transformation, then it is delayed for T/4. The positive and
negative sequence can be calculated by adding or subtracting
the present real time signal with the delayed signal. It is
explained mathematically in the following way.

The abc system can be transformed into stationary of
reference frame using Clark’s transformation, and can be
expressed in positive and negative sequence as:

(v, (t):| _ [vn* )+ v,,(t):| _ {v* cos(wt +¢")+v cos(—awrt + ¢’)j| (5)

_vﬁ(t) v, () +v, (1) vsin(wt + ¢ )+ v sin(-wt +¢7)

Delay this signal for T/4:
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—v' cos(wt +¢")+ v cos(—wt+¢7)

Comparing the above equations of af(t) Eq.(5) and af(t-T/4)
Eq.(6), it is clear that the positive and negative sequence can be
derived by adding or subtracting them.
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The positive and negative sequence in aff coordinates can be
further transformed into positive dq and negative dq sequences
using Eq.(8).

v,"(O)| | cos@ sind||v," (1)

v, ()| |-sin@ cos| | v, (1) ®)

v, ()| | cos(=6) sin(-0) ) v, (1)

v, ()| [-sin(-0) cos(-0)] | v, ()

At the moment of voltage dip and/or recovering, the “signal
delay cancellation” method will have large transients and also

a time delay of T/4. This method is summarized as following
graph.

Positive sequence
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Uﬁ P positive and
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Figure 4 Separate positive and negative sequences by “signal delay
cancellation” method

The unbalanced voltages in the positive dq reference frame
with and without applying those two separation methods are
shown in Figure 5.
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Figure 5 unbalanced voltages in positive dq reference frame with and without
using the two separation methods (a) vd (b) vq

Without the two separation methods, the unbalanced three
phase voltage or current has second order harmonics in the
positive dq reference frame. Both separation methods have
time delays before their outputs can reach to steady states. The
“signal delay cancellation” is much faster than “low pass filter”
method, but it has larger transients at the start and end period
of voltage dip.

1Vv. SEPARATED POSITIVE AND NEGATIVE SEQUENCE
CONTROLLERS OF DFIG

D. Control of rotor VSC

Assuming the DFIG itself is in symmetric, the voltage
equations of positive and negative dq sequence in generator
convention are

. o dyyt
-Ri, - (o )+
stds ( ‘s'//qs ) dt
Vas + + d si
' * R, +(iw.;l//df)+7wq
Vz].s‘ _ dt (9)
vdrt .+ + dl// 't
. -Ri,* - (tw, - o g
y £ g — (20, ,)V/q, dt

“Ri, + (o -0y, +—"
< ‘ ¢ dt

In Eq.(9), oy is the stator electrical angular velocity, and o, is
the rotational speed of rotor times the number of pole pairs
Om'P-



The positive and negative sequences are completely
decoupled as shown in Eq.(9), thus the DFIG can be controlled
in positive and negative dq sequence independently. The
controller of rotor VSC is designed from Eq.(9), which uses
rotor voltages to control stator currents, and uses stator currents
to control active and reactive power as shown in Figure 1. The
controller is shown in Figure 6.
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v
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Figure 6 Separated positive and negative sequence controller of rotor VSC

In rotor VSC controller, the cross-coupling terms between d
and q coordin?tes are (o, _wr)‘//qr% and (o, —a;r);//dri. They
are different in positive and negative sequence. In order to
completely decouple d and q axis, these cross-coupling terms

are feed forwarded and added with the outputs of PI controllers.

E.  Control of grid VSC

Assuming the smoothing ac inductance and resistance of
grid VSC is balanced, the voltage equations of positive and
negative dq sequence are

+ + N d *
+ Vg T Ri, + (iwsLCiq[) +1, %
- j * (10)

di
+ .o+ A qc
Ve T Rclqc — (o, Li, )+ L, —d[

Unlike the works presented in [10] and [11], in this paper the
DC voltage ripples are caused by both the rotor VSC and grid

VSC. The instantaneous active power of grid VSC has to be
controlled in coordination with the rotor VSC, in order to
eliminate the DC voltage ripple.

The reference currents of grid VSC are calculated from dc
link voltage vdc, grid ac voltage, rotor power, and reference
reactive power Q... The details of this controller can be seen in
Figure 7.
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Figure 7 Separated positive and negative sequence controller of grid VSC

In grid VSC controller, the cross-coupling terms between d
and q coordinates are (*o, Lciqf)and (o, Lcidci). Same as in
the rotor VSC controller, they are feed forwarded and added
with outputs of PI controllers.

V. MODELING AND SIMULATION

A.  Modeling DFIG system

The complete DFIG system with controllers is modeled in
Matlab/Simulink [3]. These models are developed in the
synchronous rotating reference frame in order to improve the
simulation speed, because the balanced three phase voltage and
current in the synchronous rotating reference frame are DC
values at steady state. The simulink model of DFIG system is
shown in following graph.
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Figure 9 Simulink models of “separated positive and negative sequence
controller” of rotor VSC

As shown in Figure 9, the stator voltages and currents are
separated by “sequence separation” block, then fed into the
“ref Ir_cal” block with reference active and reactive power to
calculate the reference stator currents. The stator currents are
controlled through “pos_ctrl” and “neg_ctrl” blocks separately.
Finally the required rotor voltages are calculated, which are
assumed they can be perfectly produced by the rotor VSC.

The topology of the controller of grid VSC is quite similar as
that of the rotor VSC. The main difference is that it has to be
controlled in coordination with rotor VSC, in order to eliminate
the effects caused by rotor power oscillations.

In order to improve simulation speed in Matlab/Simulink,
the DC link is modified, based on the following equation.

v () = \/é[ j (P ()= P, (O)d1 + v(,r<0>2} an

B.  Separated positive and negative controller of rotor VSC

The effects of proposed controller on rotor VSC can be seen
in Figure 10.

The separated positive and negative controller of rotor VSC
drastically limits the torque pulsation to less than 20% of the
original value. The stator power oscillation is limited, but the
rotor power oscillation increases a little bit. As the stator power

Wdr v

often dominates the total power of the generator, the total
power oscillation is still limited a lot.
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Figure 10 Compare the results of DFIG under unsymmetrical voltage dip with
and without “separated positive and negative sequence controller”. Dotted line
— normal controller, solid line — “separated positive and negative sequence
controller”. Graphs from left to right and from top to bottom are electric torque
Te, stator power Ps, rotor power Pr, DC voltage Vdc, rotor voltage Vdr, and
rotor voltage Vqr, respectively.

The rotor reference voltages in positive and negative
sequences from normal controller and new controller are
shown in Figure 11.

During the unsymmetrical voltage dip, the normal controller
also tries to counteract to the 100Hz oscillation in the electric
torque Te. It outputs a certain degree of negative sequence
voltage, but its output reference voltage is not correct
comparing with the new controller as shown in Figure 11.

The normal controller can be tuned very fast to limit the
torque pulsations during unsymmetrical voltage dip, but the
stability margin will decrease.
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Figure 11 rotor voltages of positive dq and negative dq sequences. Dotted line
— normal controller, solid line — “separated positive and negative sequence
controller”. Left graph is rotor voltage of positive sequence, and right graph is
voltages of negative sequence.

C.  Separated positive and negative controller of grid VSC

The effects of proposed controller on grid VSC can be seen
in the following graph.

When the grid VSC is controlled separately in positive and
negative sequence, and controlled in coordination with the
rotor VSC, the DC voltage ripple is drastically limited to less



than 10% of the original value. The instantaneous active power
of grid VSC is intended to be controlled to have second order

harmonic, in order to compensate the rotor power oscillation.
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Figure 12 Compare the results of DC link of back to back VSCs under
unsymmetrical voltage dip with and without “separated positive and negative
sequence” controller. Dotted line — normal controller, solid line — “separated
positive and negative sequence controller”. Graphs from left to right and from
top to bottom are DC voltage Vdc, grid VSC active power, rotor voltage Vdr,

and rotor voltage Vqr, respectively.

Same as previously discussion of rotor VSC controller, the
normal controller of grid VSC can be tuned very fast to
counteract to the DC link voltage ripple, but its stability margin
will decrease.

Figure 13 shows the positive dq and negative dq sequence
voltages of grid VSC controlled by normal controller and new
controller. The positive dq voltages are the same, but negative
dq voltages are different.
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Figure 13grid VSC voltages of positive dq and negative dq sequences. Dotted
line — normal controller, solid line — “separated positive and negative sequence
controller”. Left graph is grid VSC voltage of positive sequence, and right
graph is voltages of negative sequence.

VL CONCLUSIONS AND RECOMMENDATIONS

The LVRT capability of DFIG under symmetrical voltage
dip has been thoroughly investigated in many researches, while
DFIG’s behavior under unsymmetrical voltage dip is seldom
studied. Instead of the large transient rotor current which is
caused by the symmetrical voltage dip, the large electric torque
pulsation and DC voltage ripple in back to back VSCs are
identified as the most severe problems of DFIG under
unsymmetrical voltage dip. In this paper, the DFIG is proposed
to be controlled in positive and negative sequence
independently. In order to implement the separated positive
and negative sequence controllers of DFIG, two methods to
separate positive and negative sequence in real time are

compared. The “signal delay cancellation” is much faster than
the “low pass filter”, and is chosen in this study. Equations of
instantaneous active p and reactive power ¢, and voltage
equations of DFIG and grid VSC in positive dq and negative
dq sequence are derived. The complete DFIG system with
proposed controller is modeled in Matlab/Simulink. The
simulation results prove that the independent positive and
negative sequence controllers of rotor VSC and grid VSC
effectively limit the electric torque pulsation and DC voltage

ripple.
In this paper, the control objective is focused on how to

improve performance of DFIG itself under unsymmetrical
voltage dip when it is connected to a strong power grid. In
future, the control objective will be focused on how to use
DFIG to improve grid performance when it is connected with a
weak power grid, such as to limit the grid voltage unbalance
and etc.
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Abstract — Rural area often has only one transmission line in
connection with main power grid. The safety of critical load cannot
be insured. Instead of adding a second transmission line,
distributed generation can be installed. In this paper, a hybrid
power system is analyzed. It is composed of solar power, wind farm
of doubly fed induction generators (DFIG), pumped storage station,
residential load and industry load. Both grid connected operation
and islanded operation of this hybrid power system are analyzed. A
control strategy is proposed to stabilize this power system under
islanded condition without the necessary of central master
controller. The water tower with back to back voltage source
converter (VSC) is operated as a pumped storage station under
islanded situation, which controls the frequency and voltage of the
islanded power system. Wind farm, solar power, and load
contribute to frequency and voltage control of the hybrid power
system.

[. INTRODUCTION

Distributed generation (DG) is an economic choice for
remote areas. Using distributed generators as the main power
source has some obvious advantages. Firstly the power loss on
the long transmission line is reduced, secondly the reliability
of the area is increased without the necessary to build a second
transmission line for backup. Among the distributed
generation sources, renewable energy source develops fast. Its
development is driven by the government policy to reduce the
greenhouse gas emissions and conserve fossil fuels.

In this paper, a hybrid power system for rural area is
analyzed. It has a solar power system, a small wind farm
composed of several DFIGs, a water tower operated as small
pumped storage station, residential and industry load, and a
long transmission line connected with main power grid.
Because of the length and limited capacity of the line, the
transmission line’s impedance between the hybrid power
system and power grid is large. In this weak power grid with
low X/R ratio, voltage fluctuation may cause coupling effect
between active and reactive power. More importantly, the
distribution line can be out of service without notice. In this
digest, firstly the configuration and parameters of this hybrid
power system is given, secondly the issues of concern of safely
operation of the system are discussed, and then the possible
operation strategies and control methods are proposed, both
under grid connected situation and islanding situation, and
finally the simulation results in Matlab/Simulink are
presented.

II. CONFIGURATION AND PARAMETERS OF THE
HYBRID POWER SYSTEM

A. Topology of hybrid power system

The hybrid power system includes a solar power system, a
small wind farm composed of DFIGs, a water tower,
residential and industry loads. It is connected with main power
grid through a long and unreliable transmission line. The
topology of this system is shown in Figure 1.

Wind farm and solar power are the main power source, their
active and reactive power can be controlled independently by
VSCs. They can participate in frequency and voltage controls
of the power grid.

The water tower is integrated with the local grid through
back to back VSCs. It can be operated either in motor mode or
in generator mode. It is thus an energy storage device and can
work as a small pumped storage station to balance generation
and load. In the autonomous power system of [10] and [11],
diesel generator or battery is required to start up the wind
turbine. In this paper, the wind turbine can be started by the
pumped storage station under islanded condition.

10kvi3skv
.’ 4, Power
System
| |

Industrial Pumped
L Storage

Residential

Figure 1 Topology of the hybrid power system

B. Typical parameters of the power system

Typical parameters of DFIG wind farm, transmission line,
transformer and etc are taken from [7], [12] and [13].



In Table I, the transformer parameters are referred to the
10kV side. The DFIG’s inertia is calculated by approximate
equation in [13].

Table | Case study parameters

Type R (Q) L (H) C (uF)
DFIG generator Stator 0.0033 0.0047

Rotor 0.0143 0.0185
IDFIG transformer|0.96/0.69/10kV|  0.4889 0.0118
Overhead line 35kV 0.17 Q/km | 0.0012 H/km
(Cable line 10kV 0.14 Q/km | 0.00024 H/km [0.42 pF/km
[Transformer 10/35kV 0.664 0.208
IDFIG inertia J Wind turbine | 2949 kg/m2

Generator | 240 kg/m2

C. Typical grid connected operation of the power system

Typical data of power from wind, solar, and consumed load
is recorded from [10] and [11]. The site under consideration in
[11] is a small village in remote area of India. Here the load
and wind power are scaled up to emulate a large town which
has heavy industry. The pumped storage station is only
working in motor mode for grid connected operation,
providing water for drinking or irrigation and keeping water
reservoir at a certain level. The power exchange with power
grid is then calculated. At point A, the power drawn from grid
is at maximum. At point B, the power sent to grid is at
maximum. If the hybrid power system is disconnected from
the power grid when absorbing large amount of power from
the grid, then low frequency control is required. If it is
disconnected from power grid when sending large amount of
active power, then high frequency control is required. In
section V, cases of point A and B will be studied.

Typical daily grid connected operation

A B

~

Power (MW)
w
)

20

Time (Hour)

‘ —— Wind (MW) —e— Solar (MW) —— Pumped Storage (MW) —+— Load (MW) —x— Grid (MW)

Figure 2 Typical daily operation of the hybrid power system
D. Simple design of pumped storage station

The duration time of islanded operation is taken as 24
hours. Under islanded situation, when load is higher than

generation such as point A shown in Figure 2, load shedding is
used to limit the imbalance between generation and load.
However, there are some critical loads which have to be
maintained all time, for example, the load of high furnace of
steel factory.

The renewable energy sources are working at their
maximum power production before grid disconnection. They
are not possible to increase their active power for a long time.
For example, the kinetic energy in the shaft of variable speed
wind turbine can only be used for short term primary
frequency support. Normally, it can only last for several tens
of seconds. Furthermore, when the kinetic energy of variable
speed wind turbine is used for primary frequency control, the
rotation speed will deviate from its optimum speed. The power
captured from the wind will decrease. Thus from the point of
view of long term, it is not good to use kinetic energy of
variable speed wind turbine for islanded operation.

Thus the pumped storage station has to provide
considerable energy to maintain critical load during islanded
situation.

To simplify the design, the critical load is assumed to be 0.5
MW. The renewable sources can provide half of the total
required energy. The volume of water tower has to be designed
to provide the other half of required energy. The efficiency of
pumped storage station is taken as 90%.

The potential energy of water can be calculated as

P=m*g*h (1)

The required electrical energy to provide active power of
0.5MW for 12 hours is 6MWh. It is 2.16%¥10'° Joules. Taking
into account of the efficiency, the required potential energy of
water is then 2.4*10" Joules. The potential energy of water is
both related with the height of water head and the volume of
water reservoir. The results are listed as in the following table.
The water tower can be placed on a hill to increase water head
and decrease the required volume of water reservoir. The
water reservoir is assumed to be in cylindrical shape, and its
height is taken as 10m.

Table 2 required volume and height of pumped storage

Design number | Water head (m) | volume (liter) | Radius (m)
1 20 1.22E+08 62
2 50 4.90E+07 39
3 100 2.45E+07 28
4 150 1.63E+07 23
5 200 1.22E+07 20
6 250 9.80E+6 18

An existing design of water Tower with a capacity of
1.2%107 liters is found through internet. Its water head is 52
meter. If this water tower is placed on a hill of 150 meter, then
it can provide enough energy for the islanded operation of this
hybrid power system.



II1. PROBLEM IDENFICATION OF THE HYBRID
POWER SYSTEM

Although this hybrid power system has many advantages
such as reduced power loss and high reliability, it has to face
challenges of some new control problems. The control
problems include how to detect system separation fast and
accurately, how to control several DFIGs and VSCs in parallel
operation in a very weak power grid, how to control DFIGs
and VSCs in islanded power system to stabilize frequency and
voltage without the necessary of centralized controller, how
the controllers of DG units can be transferred through grid
connected operation to islanding operation and vice versa
seamlessly in order to protect the critical load, and what are the
influences of different load characteristics. In the following
sections, these questions will be discussed in more detail, and
then a proper control strategy will be proposed.

A. System separation detection

If the controllers of DG units under grid connected and
islanded operation are quite different, then signals are required
to determine the states of the power system and switch the
controller between grid connected mode and islanded mode.
Literature often suggests that the status of the circuit breaker is
not a reliable signal for indication of system separation. The
phase angle difference between local power grid and main
power system is adopted as the indication of system separation
[31, [5]- However, this method requires a central supervision
system and continuous communication between central
supervision system and DG units.

If controllers of DG units do not have any difference
between grid connected and islanded operation, then it is not
necessary to detect the states of the power system. In [6], a
local control method is designed for VSC without the
requirement of central supervision system.

B. Grid connected operation

It is often a challenge to control the voltage profile in
distributed grid due to the low X/R ratio. The voltage profile is
not mainly influenced by the reactive power as the case in high
voltage transmission power grid. The active power flow is
found to be critical in controlling the voltage profile in
distribution power grid [7]. Thus the maximum active power
that can be transmitted from or to the power grid through the
distribution line is limited, in order to keep the voltage level of
the hybrid power system in the allowable range.

In grid connected operation, DG units work in current
controlled mode, assuming the grid voltage is more or less
constant. However, in a very weak power grid, the terminal
voltages of the generator and VSC will fluctuate. The
fluctuation of voltage can cause coupling effect between active
and reactive power. Phase locked loop is thus necessary to
measure the accurate phase angle. With accurate phase angle

of the voltage, active and reactive power can be efficiently
decoupled.

C. Islanded operation

In islanded operation, without a constant voltage source,
the current control mode of DG unit of grid-connected
operation is not appropriate. Without a reference voltage
source, the DG units have to control the voltage and frequency
in the power grid by themselves. This is not an easy control
task, especially when several generators and VSCs are
operated in parallel. The islanding operation of VSCs can be
found in literatures [3], [4], [6], and [7]. The control method of
single DFIG for stand-alone operation is found in literatures
[1]and [2], but this method is not appropriate for controlling
multiple DFIGs in one islanded system.

D. Influences of different kinds of load

The characteristics of load can have significant influences
on the designation of the controller.

The load can be either static load or inertia load. The static
load is resistive load whose consumed active power is related
with its voltage level. The inertia load is the motor load whose
active power is related with its rotating speed. If the islanded
system is composed totally of static load, it will be difficult to
operate several DG units in parallel. The reason is that both
active and reactive power will influence the voltage level.
Thus it is not possible to determine the active power imbalance
from the frequency deviation, and reactive power imbalance
from the voltage deviation.

In [8], it is stated that without enough inertia load, the
system is difficult to be stabilized after being disconnected
from main power grid.

E. Transfer between grid connected operation and islanded
operation

In order to protect the critical load, the transfer between
grid connected operation and islanded operation must be
smooth.

If the controllers of DG units in grid connected operation
and islanded operation are quite different, then a master central
controller and communications between all DG units are
required to determine the change of DG units’ controller
mode. This will increase the cost and decrease the reliability of
the system, and has to be avoided if it is possible.

Iv. PROPSED CONTROL STRAGETY OF THE
HYBRID POWER SYSTEM

In order to solve those problems discussed in section III, the
following control strategy is proposed.
This control strategy is explained in the following figure.
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Figure 3 control strategy of the hybrid power system

In Figure 3, the dotted lines are the measurements and
control loops, and the solid lines are the electrical connections.

A. Principles of grid connected operation

The principles for grid connected operation are:

e DFIG wind farm operates under maximum power
production mode;

e Solar power system operates under maximum power
production mode;

e  Pumped storage operates under motor mode, provides
water for drinking or irrigation and keep water
reservoir at a certain level. Grid side converter controls
the DC voltage, generator side converter controls
motor power;

e  Residential and industrial loads work under maximum;
The distribution line is in service, transmits power
from or to the power grid depending on the balance
between power production and consumption in this
system;

e Frequency is controlled by the main power grid, while
wind farm and solar power can participate in the
primary frequency control by using frequency droop
control;

e  Pumped storage, wind farm and solar power system all
participate in the voltage control of the local power
grid.

B. Principles of islanded operation

The principles for islanding operation are:

e Pumped storage station works as a virtual power grid
which determines the voltage and frequency of the
hybrid power system. Grid side converter controls the
AC voltage, generator side converter controls DC
voltage;

e DFIG wind farm and solar power system participate in
the frequency and voltage control;

e Load shedding is adopted to limit the frequency dip;

e  Critical loads must be protected.

C. Transfer between grid connected operation and islanded
operation

Voltage angle difference between local power system and
main power grid is measured. If the angle difference increases
to an abnormal value which cannot happen under grid
connected operation, then it is determined that the local power
system is disconnected from the main power grid. This method
is very fast, and can be done in less than one cycle.

A synchronization procedure is required to connect local
power system with main power grid. Before synchronization,
voltage magnitudes and phase angles of islanded system at
point of common coupling (PCC) and grid are measured. The
islanded power system at PCC can be controlled by the
inverter VSC of pumped storage station. When the magnitude
and angle differences between islanded system and main grid
approach zero, the synchronization begins, and the hybrid
power system is connected with power grid again.

In this control strategy, only one DG unit — the pumped
storage station is required to change its control mode. Under
grid connected status, the pump storage station is in standard
current control mode, while under islanded status, it changes
to voltage control mode, and set voltage and frequency of the
hybrid power system. This, however, means that the pumped
storage station will balance the active power of the hybrid
power system. As the volume of the water tower is limited, the
total energy that can be used for active power balancing is also
limited. Load and DG units can be controlled to help active
and reactive power balancing, but they need clear indexes to
distinguish between active power imbalance and reactive
power imbalance.

As being discussed in section III. D, unlike the main power
grid which is composed of synchronous generators, the
frequency of the local power system may not change if the



system is dominated by static load. Then it is not possible to
control the load or other DG units for active power and
reactive power balancing.

The pumped storage station can change its output - ac
voltage’s frequency based on its own water level. If the water
level is beyond the maximum, its inverter will increase the
output ac voltage’s frequency. If the water level is less than the
minimum, it will decrease the frequency. Then other DG units
and load can be controlled by the frequency deviation. When
DG units or load take part in the active power balancing, the
requirement on the pumped storage station is alleviated.

V.SIMULATION

The hybrid power system is modeled in Matlab/Simulink.
Dynamic models are developed in the synchronous rotating
reference frame in order to improve the simulation speed,
because the balanced three phase voltage and current in the
synchronous rotating reference frame are DC values at steady
state.[15]. Some important control tasks of this hybrid power
system are simulated. Simulation results are shown in the
following graphs.

A. Transfer between grid connected and islanded operation
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Figure 4 Steady state active power production of the hybrid power
system. Dotted line — power flow to the grid, solid line — power
production of pumped storage station, and dashed line — power
production of wind farm.

During the grid connected period, the pumped storage
station works in motor mode, which consumes active power.
The imbalance between generation and load in the power
system is transmitted to the power grid through the
transmission line.

At the 10" second, the transmission line is tripped off. The
power flow to the grid immediately drops to zero. Oscillations
start in the islanded hybrid power system. After several tens of
mille-seconds, the pumped storage station detects the system
has been disconnected from the main power grid by
measurement of phase angle difference. It then changes from
current control mode to voltage control mode. It will work as
virtual power grid to balance generation and load.

B. Low frequency control

When wind speed is low and load is high, the islanded
power system may experience generation shortage which has
to be balanced by the pumped storage station. As DG units like
wind farm and solar power system cannot increase their output
power for long time, load shedding is required. The islanded

power system’s frequency can be controlled by the pumped
storage station to enable load shedding.

In Figure 2, at point A, the power absorbed by the hybrid
power system is at maximum. Islanded operation at point A is
simulated, and results are shown in Figure 5.
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Figure 5 Low frequency control for islanded operation at point A of
Figure 2. Graphs from top to bottom are wind speed, power production
of wind farm, frequency of islanded power system, power production of

pumped storage station and load.

When the islanded system’s frequency drops to a low value,
the load shedding will begin. After the load shedding, the
imbalance between generation and load is limited. Power
production of the pumped storage station decreases.

C. High frequency control

When wind speed is high and load is low, the islanded
power system may have too much generation which has to be
absorbed by the pumped storage station. DG units such as
wind farm can take part in the high frequency control, by
limiting their power production. The islanded power system’s
frequency can be controlled by the pumped storage station to
enable power limitation of DG units.

When the islanded system’s frequency increases to a high
value, the DFIGs start to limit their active power output by
frequency droop control loop in their rotor VSC controller.
The imbalance between generation and load is limited, and
power absorption of the pumped storage station decreases.
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Figure 6 High frequency control for islanded operation at point B of
Figure 2. Graphs from top to bottom are wind speed, frequency of
islanded power system, power production of pumped storage station
and wind farm.



In Figure 2, at point B, the hybrid power system sent
maximum power to the power grid. Islanded operation at point
B is simulated, and results are shown in Figure 6.

D. Voltage control

All the DG units should contribute to the voltage control by
controlling their reactive power output. Otherwise, the
pumped storage station will experience too much reactive
power flow. Though the reactive power will not affect the
stored energy in the water tower, too much reactive power
output will increase the ac currents, and can cause over current

problems of the VSC.
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Figure 7 Reactive power production of wind farm and pumped storage
station. Solid line — pumped storage station, dotted line — wind farm

Originally, the wind farm controls its reactive power to zero.

The ac cables produce large amount of reactive power which
has to be absorbed by the pumped storage station.

At 15™ second, the wind farm begins its reactive power
control through voltage-droop controller. The reactive power
which has to be absorbed by the pumped storage station is
limited.

VI CONCLUSIONS AND RECOMMENDATIONS

A hybrid power system for rural area is analyzed. Control
strategy is proposed for grid connected and islanded operation.
The proposed control strategy functions well even the load is
purely static. In this hybrid power system, the water tower with
back to back VSCs is worked as pumped storage station. It
changes from current control mode to voltage control mode
when the hybrid power system is disconnected from the main
power grid. It controls the ac voltage and frequency of the
power system under islanded operation. DG units contribute to
the high frequency control and voltage control. Load shedding
is adopted for low frequency control. Simulation results prove
that this hybrid power system works fine under grid connected
and islanded operation at steady states, though large
oscillations appear when the hybrid power system transfers
from grid connected operation to islanded operation.

In this paper, it is assumed that the pumped storage station
can change from motor mode to generator mode
instantaneously. But in reality, several tens of seconds are
required for the mode change. The time scale of this mode
change is in accordance with the primary frequency control

capability of variable speed wind turbine. Thus the kinetic
energy of variable speed wind turbine may be used to provide
primary frequency during this period.

In future, the transfer between grid connected and islanded
operation will be analyzed in more detail, effects of delayed
mode change of pumped storage station will be studied, the
possibility to control DFIG as synchronous generator in the
islanded power system to decouple active power and reactive
power will be investigated.
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H Executive summary of the Erao-2 project

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

e 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. Electri-
cal transients have very small time constants, resulting in small time steps and long compu-
tation 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 dq0-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
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.
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The application of the dg0-transformation significantly reduces the simulation time during
normal 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-1G, 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 awind 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 con-
verter controllers and proper overall behaviour of the wind farm.

A limited flicker evaluation has been executed. Instantaneous flicker values have been de-
termined over the complete range of operating conditions for the four types of wind farms.
Flicker values of a single turbine have been compared to the values of a string of twelve tur-
bines 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 currents 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 conditions 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
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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
converters, 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 wind-
ings. 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 sys-
tems are working on this solution and are making progress in meeting the voltage ride-through
requirement.

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-IG) can not assist in grid frequency con-
trol. The cluster controlled wind farm in the Erao-2 study is based on a stall controlled turbine
(CSS-CCQ). 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-
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 conven-
tional 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.
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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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