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SYNOPSIS:

Large Wind Power Plants (WPPs), comparable to the con-
ventional power stations are the viable solution for de-
livering clean energy in near future. However a series of
technical challenges appear when grid penetration levels
of wind power become high. Especially the older WPPs
are experiencing difficulties in ensuring higher quality
power into the grid, as demanded by the more and more
stringent grid codes.

Thus a proven solution to these problems is to install
FACTS devices in the system. From this family, STAT-
COM is gaining popularity, therefore a system with WPP
and STATCOM is proposed. First, a small scale system is
modeled in Plecs environment. Two Voltage Source Con-
verters are included, one is emulating the WPP and the
other represents the STATCOM.

The WPP and STATCOM reactive power injec-
tion/absorption performance is analyzed. To validate the
simulation results, laboratory experiments are further
performed on a similar setup with two VSC connected
to same PCC. Finally a large scale system involving an
aggregated model of WPP, with PMSG and full scale
converter was modeled in Matlab/Simulink. In conclu-
sion, along with WPPs power capability curve STATCOM
proves to offer comprehensive and fast reactive power
compensation.

By signing this document, each member of the group confirms that all participated in the
project work and thereby all members are collectively liable for the content of the report.
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CHAPTER 1. INTRODUCTION

CHAPTER 1

INTRODUCTION

This chapter presents an introduction to the report. The project background is described in first section,
then there is definition of problem statement along with project description, goals and limitations. In
the end there is presented a short overview of chapters.

1.1 Background in Wind Power

Today, modern energy industry faces a growing awareness regarding the impact of conventional
power generation on the environment. Issues such as limited fossil fuel reserves, climate change
due to CO, emissions, brings to attention alternative technologies to generate electricity in a
more sustainable manner [4].

As global energy demand is constantly rising, there is a great responsibility for society to
develop the green technologies for reducing its impact on the environment. In the trend of
diversifying the energy market, wind power is the most rapidly growing sector. After the oil
crisis from three decades ago, wind power industry started to flourish. Since then wind turbine
technology improved rapidly and it soon took the title of champion from all renewable sources
of energy.

According to Global Wind Energy Council more than 160 GW of installed capacity has been
achieved by the end of 2009 around the world. Also a total power increase of 35% is accom-
plished in the year 2009 in the world.Thus a new record per annum of installed wind power
capacity has been reached, summing up in 38 GW around the world. Europe accounts for 50%
of the total amount of installed Wind Power around the world [5]. Figure 1.1 shows the continu-
ously growing trend of wind power installations inside European Union. This reference scenario
shows that with installations of up to 300 GW by the year 2030, EU will have a 21% to 28% wind
market penetration [2].
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Figure 1.1: EU Wind Power Forecast for 2030 [1].
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Along with the increasing demands for wind power, the turbine technologies are improving
and thus equipment costs are reducing. Because the wind industry is a well established power-
house on the renewable market, its prices per kWh are comparable with prices of the conven-
tional energy generations. Unlike gas, coal and oil resources which in future will become scarce,
and for which the technologies became mature decades ago, the wind energy is abundant and
new improvements on aerodynamics and power electronic devices are still to come. Therefore
by 2030 electricity production from wind will inevitably become cheaper than any other source
of energy, currently having a high market share [2].

There is a good correlation between wind turbines costs and their sizes. Unlike solar panels,
which remain at the same price regardless of array size, wind turbines become cheaper with
increased system size. The practical explanation is that the power delivered by the wind turbine
depends on the square of the rotor diameter. Figure 1.2 shows the evolution of wind turbine
size with respect to year of production. It is seen that in the last 20 years the rotor diameter has
increased by a factor of 10. Today state-of-the-art wind turbines, with 126 m for rotor diameter,
produce 5 to 6 MW of power (from REPower and Enercon manufacturers [6]).

160m @

Airbus A380
wing span
80m

Rotor diameter (m)

'85 87 '8¢ ‘91 'e3  '9s 'e7 ‘98 01 03 ‘05 ? 1% year of operaticn
.05 3 5 13 16 2 4.5 5 8/10 MW installed power

Figure 1.2: Increase of wind turbine size over the years [3].

In order to better control more and more wind power fed into the network, these MW range
wind turbines are usually connected together either onshore or offshore to form a wind farm.
However, including larger (hundreds of MW) wind farms into the grid, will rise the wind power
penetration to a point at which it will have a significant impact on power system operation. Al-
ready some regulatory tasks needed for system stability, are being performed by wind power
plants. With the ever increasing of wind power in the energy mix, Transmission System Opera-
tors (TSO) are forced to impose new requirements on the wind farms for the well-functioning of
the power system network.

1.2 Problem statement

To ensure the stability of the system, regarding power quality and voltage level, all the grid codes
demand that the Wind Power Plant (WPP) must be able to produce reactive power at the point
of the common coupling (PCC). When dealing with WPP, adding the reactive power capability
of each individual WT may not be sufficient to comply with the grid codes. This is due to the
losses in connection cables and line losses between WPP and PCC. One solution is to use an
external reactive power compensation, for example installing static synchronous compensator
(STATCOM) at the PCC. The main objective of this project is to develop a reliable control strategy
for WPP and STATCOM and investigation of the impact of the connection cable length on reactive
power losses during steady state.
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1.3 Project description

To fulfill the main goal of the project some basic considerations have to be stated. Modeling of
the system will be done in MATLAB Simulink software. The following models are taken into
account: wind model, rotor model, drive train model, permanent magnet synchronous generator
(PMSG) model, converter models, STATCOM model, connection line model. Development con-
trol strategy for STATCOM and one control method for machine and grid side converter will be
performed. The WPP will be simulated as an aggregated model. Figure 1.3 presents discussed
concept. To verify obtained simulation results, experiments will be carried out using the dSPACE
platform.
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Figure 1.3: Simulated system.

The system will be emulated by two controlled voltage source converters. One of the VSC
will represent the WPP and the other one will reproduce static synchronous compensator. Im-
plemented laboratory setup is presented on Figure 1.4.

Line Coupling Grid
trafo

]
5! 3
iy ic
(OF ] O
— -
LS
= \'
A Pa 8
g4 >
= L
2 (@)
<C
o
%)
pel
8
Q=
03
h

Figure 1.4: Laboratory system diagram.
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1.4

Goals and Limitations

The goals of this thesis are:

understanding the role of FACTs in WP application

review of state-of-the-art in regards to the grid codes for WPP applications

building a model with two VSC,, first emulating the WPP and second the STATCOM
verification of the built model and successful implementation in the laboratory
extending research for large scale WPP analysis - investigation in terms of simulations
study of the impact of the connection line of WPP on reactive power capability

verification if obtained performances comply with the grid codes

This project is limited by several different factors:

1.5

no literature describing VSC based STATCOM support for WPP with PMSG

setup limitation - only two inverters are available instead of having a generator with full
scale converter and STATCOM

having a strong, stiff grid results in small range of impact on the grid voltage magnitude

small power ratings of the converter - inability to use the entire power due to the supply
safety protection

the simulated VSC models, by means of mathematical equations, are ideal and thus switch-
ing losses or harmonic generation are not taken into consideration

the C, curve for the 2MW WT was not available, therefore an approximation of the curve
is made as stated in [11]

the exact parameters for 2MW PMSG and 2MVAr VSC based STATCOM were not available,
thus an approximation is made

the connection cables between specific WT in WPP are not taken into consideration

The WPP is modeled as an aggregated model. This means that WPP is actually modeled
as a one wind turbine. As stated in the literature [11] this approach is reasonable if one is
interested in power flow studies

Project outline

The project studies the control of STATCOM for WPP applications and the presented report is
structured in six chapters.

The first chapter may be seen as an introduction to the wind energy and discussions about
the recent problems facing grid connection of large state-of-the-art WPP’s. The chapter
is followed up by the problem formulation and the objectives of the current project. The
project limitations are also presented.

The second chapter presents an overview of grid codes in Denmark (Energinet.dk) and
Germany (EON.Net). The focus is made on reactive power / voltage control for WPP’s
connection to the grid. Furthermore, a presentation of the four main WT topologies in the
market, highlighting their specific problems in regards to grid connection.
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The third chapter focuses on the Flexible AC Transmission System (FACTS) devices used in
WPP applications. It describes the Static Var Compensator (SVC) as one of the most widely
used in power systems, and the recent Static Synchronous Compensator (STATCOM) as one
of the more advanced shunt devices used in power systems for var compensation.

In Chapter 4 a presentation of the modeled system is given. First, a small scale system
was modeled for purpose of laboratory implementation and validation. Next, a large scale
model is built for the purpose of expanding the results to a real system with large WPP
and STATCOM. Each of the components for modeling both the small scale system and the
large scale system are described. Afterwards, the control methods used for the inverter
emulating the WPP and for the inverter, representing STATCOM, are presented.

Chapter 5 describes the study cases obtained from the simulations performed for all three
modeled systems.

In the last chapter the conclusions of the project are presented and also ideas for future
work are proposed.
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CHAPTER 2. GRID CODES REQUIREMENTS FOR WIND POWER

CHAPTER 2

(GRID CODES REQUIREMENTS FOR WIND
PoOwER

This chapter presents the grid codes requirements regarding the Wind Power along with the WPP ca-
pabilities to fulfill those demands.

In earlier years of the wind power industry most individual wind turbines or first small wind
farms were connected to distribution networks. Because the levels of integration were very small
at that time, TSO’s regarded connected wind turbines as negative loads. But as larger wind tur-
bines were merging into wind farms with sizes starting to reach comparable levels with conven-
tional power plants, TSO’s concern grew due to power quality and network stability problems.
As a result, based on a number of parameters, such as grid stiffness, transmission voltage lev-
els, wind turbine topology, TSO’s issued a number of requirements for wind turbines to fulfill
in order to get grid connection agreement. These requirements were called grid codes, and they
became more demanding as wind penetration levels grew and regional specific as well.

2.1 Grid codes

The grid codes regarding Wind Power are country specific. However each of the TSO’s issue
a number of different requirements. Some of them are described below in the following man-
ner. First the active power regulations are issued, then the next section presents reactive power
requirements. The third section explains the various control parameters for voltage quality as-
sessments. Next the operation during grid disturbances is pointed out. The section regarding the
reactive power is emphasized and demonstrated in a deeper manner due to its biggest relevancy
to the project topic.

2.1.1 Active power regulation

The active power/frequency control demands that the active power deviation around actual out-
put should stay in accordance with a voltage/frequency diagram stated in grid codes [22]. Several
regulation techniques are defined in the grid codes. A power/frequency characteristic, or droop
characteristic controls the slope of active power production. This control shall be adjusted ac-
cording to TSO demands. Due to the fact that the active power regulation is not the topic of
discussion of this report it will not be further investigated.

2.1.2 Reactive power regulation

Nowadays the WPP are required to be able to fulfill the reactive power and voltage control de-
mands. Due to the current penetration level of Wind Power in the grid WPP must provide the
reactive power exchange with the grid. The exchange rate and level is specified by the TSO. The
given range defines for each operation set point the minimal amount of reactive power (lagging
or leading) in respect to produced active power. Danish grid code states that wind farms need to
control reactive power at PCC inside the narrow band along the rated value.The reactive power
averaged over 10 seconds should be kept in the control band as in figure.In the Figure 2.1 it is
stated that a WPP should be capable of producing reactive power of up to 10% from its rated
active power generation. Also in case no active power is generated the WPP may consume no
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more 0.1 pu. reactive power. Figure 2.1 shows the Danish WPP requirement concerning reactive
power flow at point of connection.
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Figure 2.1: Reactive power control.

In Germany each new power generating unit connected to the grid must be able to meet the
requirements presented in Figure 2.2. This figure shows one of the three possible variants of TSO
demands. TSO selects one of the versions on the basis of relevant network characteristics.

System voltage per voltage level
at the grid connection point in [kV]
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Figure 2.2: Basic requirement upon the network-side supply of reactive power from generating
units to the network [22].

Additionally the German grid codes request the WPP to exchange the reactive power with
the grid also below the rated active power production level. Figure 2.3 presents the largest reac-
tive power range, which should be covered, along with the associated voltage band. The x axis
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displays the reactive power which should be supported in relation to the operational installed
active power in percent. The y axis displays the instantaneous active power (in the consumer
meter arrow system negative) in relation to the available installed active power in percent.
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Figure 2.3: PQ diagram in the consumer meter arrow system for Figure 2.2 at 400-420 kV /
233-245kV / 117-123 kV [22].

Some of the TSO’s constrain the transition between operating set points with a certain time
limit. For example in Germany E.On gives maximum time for getting to a new set point equal to
4 minutes [22].

2.1.3 Voltage quality

In every national grid codes a set of requirements are imposed to cope with problems arising due
to rapid voltage changes/jumps, voltage flicker and harmonics. These requirements are more
important on medium voltage levels, especially where the wind power penetration level is high.

Rapid voltage changes refer to sudden increase/decrease in the value of RMS voltage at the
PCC. In the Danish grid codes a basic requirement for voltage jumps is that the deviation value
cannot exceed 3.0% at the PCC[10].

Flicker is a term used for defining the unsteadiness of visual sensation in the light source,
cause by voltage fluctuations. These variations occur due to switching of capacitors, lines, cables
transformers etc. in the system. The voltage fluctuations in a Danish transmission system shall
not exceed 3.0% in time frames of several hours and 1.5% in time frames of minutes.

For harmonic disturbance the indicator D,, denotes the level of distortion for each individual
harmonic:

U
D, = = x100% (2.1)
U

Which should be less than 1.0% at PCC for every 1<n<51 The total harmonic effective distor-
tion (THD) is defined as:

50
THD =100 Z

n=

U\ .
(71) % (2.2)

and it should have a value less than 1.5% at PCC.
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2.1.4 Operation during grid disturbances

During the fault period WPP’s are requested to restore the voltage level back to the nominal
value at connection point by injecting required amount of reactive current. Modern WPP’s are
not allowed to disconnect during a grid fault as long as voltage at the connection bus is not lower
than the voltage profile stated in the codes. In the Danish grid codes a description of the events
for which WPP must remain connected to the grid is enumerated [10]. Parameters of interest
are mentioned in [10] to be RMS values of current, active and reactive power in the PCC and
the voltage variations. The reactive power regulation system is required to change from normal
voltage to maximum voltage support during a grid fault.

The German TSO (E.ON) gives the maximum time of 1.5 seconds for the voltage recovery up
to 90% of its rated value. E.On states that in symmetrical three-phase faults with high voltage
dips, at least 1.0 pu. reactive current should be achievable [22].

2.2 Wind turbines capabilities with respect to grid codes

There are four basic wind turbine topologies on the market (Figure 2.4). Each of them can be cat-
egorized into either fixed speed wind turbines or variable speed wind turbines. The advantages
and disadvantages of each topology in respect to grid connection are highlighted below.
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Figure 2.4: Wind turbine concepts a)FSWT b)PVS-WT ¢)DFIG d)FRPC [9].

Fixed Speed Wind Turbine ((FSWT in Figure 2.4a) is a concept that uses a Squirrel Cage In-
duction Generator (SCIG) directly connected to grid. Therefore the speed of this WT is fixed
by the grid frequency. Due to this fixed speed, the wind fluctuations are converted in power
fluctuations which will cause voltage variations in weaker grids. Having large numbers of FSWT
in a wind farm connected to grid, the reactive power consumption will be large. This reactive
power can be compensated by adding capacitor banks to each individual WT, for achieving a PCC
power factor close to unity. This type of WT lacks power electronic interfaces, therefore reactive
power control is not possible. The tracking of optimum active power and assuring power quality
cannot be fulfilled. In case of a grid fault there is a large amount of fault current contribution,
thus the turbines need to rely on protection devices (overcurrent, over- and undervoltage, over-
and underfrequencies). As a result FSWTs cannot meet grid code demands without any form of
external support such as FACTS devices.

Second type of wind turbine is the Partial Variable Speed Wind Turbine (PVS-WT in Figure
2.4b) with a variable rotor resistance. The generator for this turbine topology is a Wound Rotor
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Induction Generator (WRIG) and like in the previous case, it is connected directly to the grid
through a soft-starter. As a result, this type of wind turbine offers again low performances with
regards to grid codes. A small improvement can be noticed during grid disturbances by con-
necting the variable resistance in series with the rotor winding. This will allow the increase of
speed in the range of 0-10% above synchronous speed. A grid code problem regarding flicker is
significant for the first two WT topologies, especially if the WPPs are connected to weaker grids.

The third wind turbine concept is the Variable Speed Wind Turbine (VSWT) with Partial Scale
Power Converter (PSPC) shown in Figure 2.4c. It uses a Doubly Fed Induction Generator (DFIG)
with the stator connected to the grid and the rotor speed is controlled by a partially scaled power
converter (often a bidirectional power converter). This capability will allow a speed variation in
the range of +/- 30% of the synchronous speed. Here the reactive power exchange is controlled
by the grid-side converter, but the control is limited due to the partial rating of the converter.
Therefore, in large WPP based on this concept if the grid is not stiff enough, additional reactive
power support will be required from external sources. This concept in case of grid faults con-
tributes to the fault current but for very short period because the control of the converter detects
fast the voltage drop and disconnects the unit.

The last wind turbine concept is the VSWT with Full Scale Power Converter (FSPC) shown in
Figure 2.4d. More than one generator type can be supported by this concept, in any case the con-
trollability is much improved, being able to control active and reactive power in widest ranges.
The variable speed WT do not contribute to the fault currents due to the converter topology.
One drawback which can be mentioned for both third and fourth WT concepts is that with the
use of power converter, they will be the main source of harmonics, therefore filtering devices
are needed. In VSWT flicker is not a problem due to the existence of the energy buffer between
generating unit and grid. As a conclusion this type of wind turbine will be capable of meeting
the most severe grid codes issued by TSO’s.

2.3 Summary

In this chapter a review of grid codes for wind power in Denmark and Germany was made, high-
lighting the important requirements relevant to reactive power control and power quality. These
requirements shall be met by modern WPPs or by installing an external reactive power com-
pensation device. The report focuses on the German grid codes because they impose stringent
requirements on connected WPPs.

Grid impacts of each of the main four WT topologies in the market were discussed. The report
chooses the fourth topology of FSPC with PMSG. This is a new and still improving topology, and
so far the literature has not covered the impacts of large FSPC based WPPs with STATCOM on
grid stability.
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CHAPTER 3

OvVERVIEW OF FACTS CONTROLLERS FOR
WP TECHNOLOGY

The basic limitations in power system transmission such as distance, stability, effective power
flow and cable loading limits led to the investigation of power electronic devices into power sys-
tems and their impact on reactive power compensation. Thus Flexible AC Transmission System
(FACTS) devices were introduced as a solution for ameliorating the power system performance.
Development of this technology was based on the same principle as in traditional power system
controllers (i.e. phase shifting transformers, passive reactive compensation, synchronous con-
densers etc.)[7].

Growing capabilities of power electronic components resulted in creation of controllers with
much faster response times, due to their lack of mechanical switch inertias. Lower transient over-
voltages are accomplished when using semiconductor devices, also a smooth, gradual change in
var output is made, compared to the large discrete steps that arise from mechanically switch-
ing in capacitor and/or reactor banks. FACTS controllers using semiconductor devices are the
fastest option for obtaining maximum system benefits. Also the usage of semiconductor switches
instead of mechanical switches, led to an increased life-time of the system by less maintenance.
The drawback of this technology is that it is more expensive than the traditional methods.

As can be seen in Fig. 3.1 FACTS devices can be divided into two subgroups. Old generation
was based in thyristor valve idea and the new generation focuses on using the voltage source
converter. In both cases corresponding solutions provide similar services. The main difference
between those two categories is that VSC technology is much faster and has a bigger range of
control [8].

Conventional FACTS-Devices
(switched) (fast, static)
|
. Voltage Source
R, L, C, Transformer Thyristor-valve Converter (VSC)
| \ \
Shunt Switched Shunt- Static Var Stagznsquﬁgc:g?us
Devices | Compensation (L, C) Compensator (SVC) (STATCOM)
| | \
Series Switched Series- Th)_lristor Controlled Sta_tic Synchronous
Devices | Compensation (L, C) Series Compensator Series Compensator
' (TCSC) (SSSC)

Unified/Interline

Phase Shifting Dynamic Flow Power Flow Controller
Transformer Controller (DFC) (UPFC/IPFC)
HVDC VSC

HVDC Back to Back

(HVDC B2B) Back to Back

(HVDC-VSC B2B)

Figure 3.1: Overview of major FACTS devices [8].
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Eventually FACTS devices found applicability in the wind power industry. It was found that
providing earlier WPP’s with some external reactive compensation devices such as SVC or STAT-
COM, the grid compliance can be met, and thus the WPP’s could remain connected to the power
system without stability risks.

Different way to categorize the FACTS controllers is to group them in a way that they are
connected to the power system:shunt, series or shunt-series connection. This project focuses on
FACTS device applicable for Wind Power(WP) technology. In the following section the shunt
FACTS controllers used for Wind Turbines are presented.

3.1 Static Var Compensator - SVC

SVC’s being dated from early 70’s, have the largest share among FACTS devices. They consist of
conventional thyristors which have a faster control over the bus voltage and require more sophis-
ticated controllers compared to the mechanical switched conventional devices. SVC’s are shunt
connected devices capable of generating or absorbing reactive power. By having a controlled
output of capacitive or inductive current, they can maintain voltage stability at the connected
bus.

Figure 3.2 shows these configurations: the Thyristor Controlled Reactor (TCR), the Thyristor
Switched Reactor (TSR) and the Thyristor Switched Capacitor (TSC) or a combination of all three
in parallel configurations. The TCR uses firing angle control to continuously increase/decrease
the inductive current whereas in the TSR the inductors connected are switched in and out step-
wise, thus with no continuous control of firing angle.

Usually SVC’s are connected to the transmission lines, thus having high voltage ratings.
Therefore the SVC systems have a modular design with more thyristor valves connected in se-
ries/parallel for extended voltage level capability.
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Figure 3.2: SVC configurations and its I — V characteristic.

To provide the needed reactive power generation/consumption in the network SVC’s adjust
the conduction periods of each thyristor valve. For an SVC consisting of one TCR and one TSC,
assuming that both reactor and capacitor have same pu. ratings then the following scenarios can
occur:

* Reactive power is absorbed when the thyristor valve on the reactor leg is partially or fully
conducting and the capacitor leg switch is off.

* Reactive power is generated when the thyristor valve on the reactor leg is in partial or no
conduction mode and the capacitor leg switch is on.

* No reactive power is generated/absorbed if both the thyristor valve is not conducting and
the capacitor switch is off.

The voltage-current (V-I) characteristic of an SVC with the two operating zones is shown
in Figure 3.2. A slope around the nominal voltage is also indicated on the V-I characteristic,
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showing a voltage deviation during normal operation, which can be balanced with maximum ca-
pacitive or inductive currents. As the bus voltage drops, so does the current injection capability.
This linear dependence is a significant drawback in case of grid faults, when large amount of
capacitive current is needed to bring back the bus nominal voltage.

The technology of SVC with thyristor valves is becoming outdated mainly due to the slow time
responses, of injected current dependence on bus voltage and low dynamic performance. Their
replacements are called Static Synchronous Compensator’s (STATCOM) and will be discussed in
the following section.

3.2 Static Synchronous Compensation - STATCOM

Another way to enhance a Wind Power Plant with ability to deliver or absorb reactive power
from the grid is to use Static Synchronous Compensation. STATCOM can be treated as a solid-
state synchronous condenser connected in shunt with the AC system. The output current of this
controller is adjusted to control either the nodal voltage magnitude or reactive power injected
at the bus. STATCOM is a new breed of reactive power compensators based on VSC. It has a
characteristics similar to a synchronous condenser, but because it is an electrical device it has no
inertia and it is superior to the synchronous condenser in several ways. Lower investment cost,
lower operating and maintenance costs and better dynamics are big advantages of this technology

[8].

3.2.1 Power semiconductor devices

STATCOM consists of one VSC with a capacitor on a DC side of the converter and one shunt-
connected transformer. Voltage Source Converter is usually built with Thyristors with turn-off
capability like Gate Turn-Off (GTO) or today Integrated Gate Commutated Thyristors (IGCT) or
with Insulated Gate Bipolar Transistors (IGBT) based converter. Configuration of the STATCOM
circuit is presented on Fig. 3.3.

Bus k Bus k
Vir /Oy
+| J Evr + ;_/\/—\R_ Yir T / Yk
VDC <
T |hA= I
Ma "VR
Vi = Vi / Bk

Figure 3.3: STATCOM scheme with equivalent circuit representation.

3.2.2 Operation principle

As it was mentioned before STATCOM can be treated as a synchronous voltage source, because
its output voltage can be controlled as desired (Fig. 3.3). Assuming that no active power is
exchanged between STATCOM and the grid (lossless operation) the voltage of the controller is in
phase with the grid voltage. If the compensator voltage magnitude is smaller than the voltage at
the connection node current will flow from the grid to STATCOM. In this case the reactive power
will be consumed. If the situation is opposite the reactive power will be delivered to the grid.
Schematic representation of this principle is presented using phasor diagrams on Fig. 3.4

25



> VSTATCOM
‘-:ivnd —_— A
Ur
XT :
1
i Vief C
BI
Ur
i | Gria IGrid

1
1
“ i
UCDmp UT i
- Usria Usrid i
|+_I IJ UComp A i
- 0 >

|
“capacitive” “inductive” —| |— —~—  lstatcon
over-excited under-excited capacitive inductive

Figure 3.4: Schematic representation of working principle of STATCOM.

A STATCOM injecting reactive current is supporting the grid voltage. Comparably when
STATCOM is absorbing reactive current it is decreasing the grid voltage. In the first case con-
troller behaves as an overexcited generator or capacitor and in the second case STATCOM be-
haves as an under excited generator or inductor. According to [8] the power flow constraints of
STATCOM are:

Py = V7 oy — Vi Ven(8sncos(6; — Ogp) + bgsin(0; — ) (3.1)

Qsh = _Vizbsh - Vi Vsh(gshSin(ei - 6sh) - bShCOS(Qi - Gsh)) (3-2)

where V;and 0; are the voltage and the angle of the bus to which STATCOM is connected,
Vsn and Oy, are the voltage and the angle of the synchronous voltage source (STATCOM) and
8sh T jbsh =1/Zg,.

3.2.3 Control modes

The control of reactive power flow provided by STATCOM can be realized in one of the following
control modes.

Reactive power

This type of control strategy focuses on reactive power injection to the local bus, to which the
STATCOM is connected, according to a reference from the wind park controller. Mathematically,
such a control constraint is described as follows:

Spec _

Qin=Qy =0 (3.3)

where fo “is given reference signal, Q;j,, which is described by equation (3.2) is the actual
reactive power.

Voltage droop characteristic

In this type of operation STATCOM works in a way to fulfill a voltage/reactive power slope
characteristics. This is done by setting a target voltage accepted from wind park controller at the
PCC. The control constrain goes as follows:
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V-V =0 (3.4)

Spec . .
where V; P is a control reference signal.

Power factor

This mode provides control of the power factor at e.g the point of connection of the WPP. This
done by realizing control constrain as follows:

Qref —Qpcc =0 (3.5)
Where Qpcc is the measured reactive power at PCC, and Q,. is the reference signal calcu-
lated form equation presented below:

p?
_ 2 2 _ PCC 2
Qref =VS*~Fhee =\ os2g,,.; e (3.6)

where Ppcc is active power at the point of common coupling and cos¢,.y is desired reference
power factor.

3.3 Applications

The growing penetration of produced wind power (size growth of wind farms) forced the TSO
and DSO to develop more strict and detailed grid codes for wind turbines. The new grid codes
specify new requirements for WPP regarding such issues as frequency control, voltage control
and fault ride-through behavior. This thesis deals with reactive power compensation, which
in practice influences the voltage control. Besides its main role, which is voltage regulation,
STATCOM applications include the following:

* stabilization of weak system voltage
* reduced transmission losses

* enhance transmission capacity

* power oscillation damping

* improve power factor

* reduce harmonics

o flicker mitigation

* assist voltage after grid faults

3.3.1 Retrofitting case

STATCOM can be widely used for retrofitting old wind turbines or WPP which are not able to
comply with new strict grid codes. This can be done by adding static synchronous compensation
alone or with a battery storage.

3.3.2 New WPP case

In case of new WPP reactive power control can be done to some extend by single wind turbines.
However, even new designs are limited with the respect to the newest requirements given in grid
codes. Therefore some additional reactive power compensation is needed. STATCOM is a good
example of such additional control.
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3.4 Summary

The following table summarizes the main characteristics of the most important shunt Var com-
pensators. The significant improvements observed in the STATCOM devices, makes them a first

choice for improving the performances in AC power systems.

SvC
TCR TSR (+TCR)
Compensation Very Good
Accuracy Good (very good with TCR)
Control Very Good Good
Flexibility (very good with TCR)
Reactive Power | Lagging/Leading Leading/Lagging
Capability indirect indirect
Control Continuous Discontinuous
(cont. with TCR)
Response Time Fast, Fast,

0.5 to 2 cycles

0.5 to 2 cycles

Very high Good
Harmonics (large size (filters are
filters are needed) | necessary with TCR)
Good, Good,
Losses but increase but increase in

in lagging mode

leading mode

Phase Balancing
Ability

Good

Limited

Cost

Moderate

Moderate

Table 3.1: Comparison between SVC and STATCOM [34].
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CHAPTER 4

SYSTEM MODELING AND CONTROL

In this chapter a description of investigated systems is presented. Two systems models were developed
- the small scale system model and the large scale system model. Afterwards the control principles for
STATCOM and WPP are presented and discussed. Next section describes the Q-capability performance
of a WPP with regards to the grid codes. The last part of the chapter explains the developed reactive
power distribution algorithm.

4.1 Small scale system model

Small scale model is created for having a possibility to perform experimental verification of in-
vestigated ideas. It is built in MATLAB Simulink using the PLECS toolbox and after validation
it is implemented in laboratory. This model is simplifying the concept of WPP and STATCOM.
The approaches taken into consideration are presented below.

4.1.1 Wind Power Plant

For small scale system WPP was modeled as an VSC with IGBT switches. The VSC is supplied
from a constant DC source and the output active power is set to a constant value. An LC filter is
placed at the output of the converter. The use of an VSC with an LC filter allows you to generate
sinusoidal voltages at the output with low harmonic distortion. All the details regarding the
model are presented in the Appendix A.1.

4.1.2 Transformer and cable

The model of the transformer is simplified to an inductance and resistance. This is due to the fact
that in the simulation and in experimental setup the PCC was placed on the primary windings
of the transformer. The cable emulating line connection of the WPP to the PCC is modeled
as a variable inductor placed between the output of WPP filter and primary winding of the
transformer. A detailed description of the model can be found in Appendix A.2.

4.1.3 Grid model

For the simulation purposes grid is modeled as a controlled three-phase voltage source having
small inductance and resistance. A detailed description of the model can be found in Appendix
A.3.

4.1.4 STATCOM model

For small scale system STATCOM is modeled as an VSC with IGBT switches. The modeling is
done in the same manner as in case of WPP small scale system model. The only difference is
that STATCOM is not supplied from a DC source, but it has an internal capacitor which has to
be charged at the beginning. All the details regarding the model are presented in the Appendix
Al
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4.2 Large scale system model

Large scale model is a representation of actual large WPP system. In this approach focus is
emphasized on modeling of every component of a single wind turbine. The rated power of the
turbine is set to 2 MW and the rated power of STATCOM was set to 2MVAr. The parameters used
for modeling of the turbine are taken from the data sheet of VESTAS V80 2 MW turbine. After
validating the modeled WT an aggregation was performed according to the method presented in
[11].

4.2.1 Wind Turbine Model

For WT modeling, a turbine with PMSG is chosen. This model is based on the fourth WT topology
presented in the Figure2.4 in the section 2.2 The built WT model consists of several elements:
wind, rotor, drive train, generator, full scale converter. Short description of each element is
presented below.

Wind model

The wind model developed for purpose of simulation of Wind Power Plant is based on [11] and
[12]. A model that can generate wind speed sequences, with characteristics to be chosen by the
user is developed. The ability that allows to choose the data for the main wind components
makes this model flexible. A detailed description of the model can be found in Appendix A.4.

Rotor model

Created rotor model has a property to be a model for VSWT or a model for FSWT. Most of the
rotor model are using lookup tables with power coefficient curves. This one is using a general
approximation of the power curves based on mathematical equation. A detailed description of
the model can be found in Appendix A.5.

Drive train model

The drive train is modeled as a two-mass model with a single stage gearbox. The model itself is
a simplified two-mass model with several assumptions. A detailed description of the model can
be found in Appendix A.6.

Wind Turbine Generator

WTG as a core in a wind energy conversion system has to be chosen very carefully. As it is
explained before in section 2.3 the chosen machine was a PMSG with a full scale converter. A
detailed description of the model can be found in Appendix A.7.

Full scale converter model

According to [20] the wind turbines with a full-scale power converter between the generator and
the grid give a better technical performance. Nowadays back-to-back Voltage Source Converter
(VSC) is the most used topology in the wind turbine industry. Although there are several pos-
sible systems incorporating a full scale converter, this project is only interested in architecture
involving a PMSG. A detailed description of the model can be found in Appendix A.8.

Aggregated WPP model

Aggregated WPP model containing collective response of the many wind turbines at rated op-
eration will be represented by a single machine equivalent operating at the optimum set point
[11]. A detailed description of the model can be found in Appendix A.9.
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4.2.2 Grid model

For modeling the grid a symmetrical three-phase voltage source having an inductance and resis-
tance is used. A detailed description of the model can be found in Appendix A.10.

4.2.3 STATCOM model

STATCOM was modeled as VSC based on signal model presented by [12]. The approach is very
similar as in case of modeling of full scale converter for WT. A detailed description of the working
principle can be found in Appendix A.8.

4.3 Wind turbine control

The project deals with a variable speed, variable pitch FSPC WT. The main circuit and control
block diagrams for the chosen WT topology, are presented in Figure 4.1. For variable speed oper-
ation, the WT uses a full scale back-to-back converter. The generator side converter is controlling
the speed of the generator for maximum power extraction. The grid side converter controls the
voltage on the DC-link and also the reactive power flow between the WT and grid. Another con-
trol for the WT is the pitch control. It is applied to the rotor blades and modifies the angle of
attack of the blades so that the output power can be controlled during high wind speeds.

R Generator Side Grid Side
otor
PMSG Converter Converter
Drive
Train
Wind :\ i J l J

= T

Vbe
o | . PWM l be PWM |Imecas Vineas
D Generator Grid side
control control Grid

Converter Control Operator
A * A
'w‘”t Pz:cn Wgen VSC Q;rid
Pitch control Power  Control synch(rir:ijzation

Wind Turbine Control

Figure 4.1: Control scheme of WT.

4.3.1 Generator side converter control

The generator side converter is controlled with the Field Oriented Control (FOC) strategy. The
control scheme of this strategy is presented in Figure 4.2. Since this part of wind turbine control
was the focus of last semester project, it will be only briefly described here. FOC is the most
popular vector control method in electrical machines. In case of a PMSG, the electrical equations
are transformed into a coordinate system which will rotate in synchronism with the permanent
magnet flux vector Wpy,. The position information of the PM flux is required, which can be easily
obtained by monitoring the rotor angle or speed, using an optical encoder.
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Figure 4.2: The Field Oriented Control for Generator Converter

FOC uses a current control method in the dq synchronous reference frame and adjusts the
generator speed to suit the wind speed. There are three PI controllers used in the strategy. Two
of the controllers, which form the inner loops, regulate the d and g-axis of the stator currents. The
third controller in the external loop sets the speed reference. This reference is calculated from
the optimal rotor tip speed ratio for getting maximum output power from each wind speed. To
improve the accuracy of the control and obtain better performance, the i; and i, currents are
decoupled. The outputs from the two current controllers are the d and g-axis stator voltage
references, which are sent to the space vector modulation (SVM) block. The SVM will generate
the switching signals required by the transistors inside the converter.

4.3.2 Grid side converter control

The aim of the grid side converter control is to supply a reliable electric power to the consumers,
following a specific set of parameters such as voltage, frequency and harmonic levels.

The developed control strategy is called Voltage Oriented Control (VOC) and the scheme of
this strategy is presented in Figure 4.3. and as in Field Oriented Control strategy the transfor-
mation of abc reference to dgq synchronous reference is implemented for an easier control. Also
VOC control contains two cascaded loops. The inner loops independently control the grid iy and
iy currents, while the outer loops control the DC-link voltage and the reactive power. The PI
controllers are tuned using the method explained in Appendix C.1.
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Figure 4.3: The Voltage Oriented Control for Grid Inverter
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The grid side converter has to keep the DC-link voltage constant and control the power fac-
tor of the output electricity by adjusting the reactive power. Under normal conditions the wind
turbine’s reactive power output is controlled in +/- 0.1 pu. range (according to the Danish grid
codes). In situation with grid disturbances the grid operator requires reactive power compen-
sation and thus it can send a reactive power reference signal to the inverter control. As well
as in FOC, at the outputs of the current controllers, the cross-coupling terms and voltage feed-
forward are added for improving the system performance. The resulted signals will be the v,
and v voltage references for the SVM method.

4.3.3 Grid synchronization

For synchronizing the output of the full scale converter of wind turbine Phase Locked Loop
(PLL) algorithm is used. In the state of the art this is one of the most common techniques for
phase detection. It has to be stated that there are many variations of this method. The algorithm
presented below was used because it is suited for the synchronous dgq reference frame current
control strategy (which was used for performing the experiments in the laboratory). The block
diagram of the PLL implemented in Simulink is presented on the Figure 4.4:

Vabc abc VaB
"| S ap DSOGI

\

vo

Figure 4.4: The structure of PLL.

The PLL makes use of a transformation module (abc — af) and a structure based on two
Second Order Generalized Integrators (SOGI) [13], [14], [15], [16], [17]. The structure of SOGI
is presented in [18], [19].

The property of SOGI structure is filtering. As can be seen in Figure 4.4 the frequency signal
provided by locking loop is fed back to SOGI, which leads to having a self adapting algorithm
[17]. The dynamic of the PLL is strongly related to the bandwidth of the SOGI filter.

After filtering the orthogonal components of the voltage the signals are coming into a block
that makes the Park transformation (@ — dg). The g component is used of the Park transfor-
mation block. This case implies aligning the voltage vector with the d axis. One could align
the voltage vector with the g axis using only the d component of the voltage. The difference be-
tween this two possibilities lies in the application. In the case of grid connected inverters d axis
alignment is preferred. In the case of electrical machines control, the g axis alignment is more
desirable [13]. From the g component, the reference component V, _,.r must be stated in order
to obtain an error signal that is introduced in a PI controller. The output of the PI controller
is added to a block which represents the pulsation of the fundamental signal (27t50). This feed
forward makes the presented PLL algorithm much faster and thus more reliable. After that the
signal is integrated what results in getting the angle (0) of the voltage. Angle 6 is used for fur-
ther transformation of signals in different reference frames. The obtained results can be seen in
Figure 4.5.
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Figure 4.5: The estimated grid voltage angle 6 in case of balanced grid

4.3.4 Pitch control

For the purpose of limiting the produced power, when wind speeds rise above rated, a pitch
control mechanism was implemented. The control uses a proportional (P) gain after the obtained
error between measured generator power and rated WT power. Because this method was treated
in the previous project it will not be further explained. Details and results obtained for the pitch
control can be found in [31].

4.4 STATCOM reactive power control

4.4.1 STATCOM control

The control of reactive power is based on the scheme presented in Figure 4.6. Control is di-
vided in two sections. First one is responsible for controlling the DC-link voltage of STATCOM.
It is keeping the DC voltage at the desired value. The lower branch is responsible for actual
STATCOM control. The figure shows two strategies that were implemented. The first one (high-
lighted in blue) is a voltage droop characteristic control. It allows to control the voltage level at
PCC according to the voltage-droop characteristics with a desired slope (X). The strategy high-
lighted in green allows to inject or absorb reactive power according to the TSO demands. Those
strategies were based on [26], [27]. The reference current calculation is based on instantaneous
active-reactive control theory based on [27], [28]. For detailed control strategy description see
the Appendix C.2.
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Figure 4.6: STATCOM control scheme
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4.4.2 Control of the emulated system

As it was described in section 1.3 to emulate the WPP with STATCOM connected to the grid a
simple model, which contains two grid connected inverters, was applied in the laboratory. The
overall control structure is presented in the Figure 4.7. Reference currents for Inverter 1 (WPP)
are calculated from the power delivered by simulated model of WPP. The reference currents for
Inverter 2 (STATCOM) are calculated according to one of the chosen STATCOM control strat-
egy which where described in section above. For detailed control strategy description see the
Appendix C.3.
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Figure 4.7: Control diagram for the system in laboratory

4.5 Distribution of reactive power between WPP and STATCOM

Wind farms can deal with provision of reactive power support to the grid in two ways. They
can use only the capability of WT from a WPP or they can use additional reactive power support
devices. As it was mentioned before commonly used device for that purpose is STATCOM. One
of major tasks when having two power support points is to distribute the reactive power in an
efficient way. It means if the WPP is able to deliver required amount of reactive power STATCOM
should not interfere. It should work only when WPP reactive power capability is not enough to
fulfill the requirements. The next problem is that usually there is a line between WPP and
PCC, which can result in reactive power losses. If it goes for STATCOM it is usually installed
at PCC. This section describes the algorithm for reactive power distribution between WPP and
STATCOM.

4.5.1 WPP reactive power capability curve

This section is based on [29]. The scope of the project focuses on a WPP created from VSWT
with full-scale power converter. Such WPP system is presented on Figure 2.4d. The V,, P and
Q are voltage, active and reactive power at PCC. V, represents the converter voltage, which is
determined by the V. voltage of a power converter, the amplitude of the modulation index and
the modulation technique itself [30]. When one is considering a given hardware setup, converter
voltage has a certain maximum value. The reactances on the figure are described as follows: X;
stands for the total inductance of a WT’s step-up transformers and grid filters, while X, repre-
sents the transformer reactance for transforming the WT medium voltage to high voltage bus.
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For getting the maximum possible reactive power from WT on has to impose limiting factors.
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Figure 4.8: Considered wind park.

First of the imposed limits is the grid side converter maximum current-carrying capacity. The
equation describing the relation between P, Q and and limit of the converter current is shown
below:

P?+ Q% = (V,I.)? (4.1)

where I, is the converter current. In PQ plane the graphical limitation will be similar to
armature current limits of a synchronous generator [29].

The next limit is a result of converter voltage limitation. It is similar to field current limit of
a synchronous generator. Knowing that one can state the relationship between P, Q at converter
voltage limit is given by the equation:

V2 V.V,
2 g&\2 _ c'8\2
P +(Q+Y) —(—X (42)

where X is the total equivalent reactance from the wind turbine low-voltage terminal to the
PCC (formula describing X is presented in Figure 4.8).

As it was mentioned before, many grid codes require WPP to be able to operate continuously
at the rated power with a requested power factor in a specified voltage and frequency band.
Referring to the German grid codes [22] the upper and lower values can be defined for voltage
and frequency: Vg uox=1.12, Vg in = 0.9, fruax=1.01, £,,;,=0.98 and the rated power factor as
cosOg, where Oy, is the rated pf angle of WPP. These values can be used in design process to de-
termine the maximum values for the converter voltage and current. The design procedure for
Q —capability curve will be shown below.

The converter current can be obtained from the equation:
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R L (4.3)
8

The maximum current of the converter is determined when the reactive and active power
from the WPP at their rated values, and the grid voltage is at minimum, which yields:

\/Pg +Q2 \/p,g + (Patan6ip)?

Lo max =
Vg,min Vg,min

(4.4)

Taking Pr as a mega volt ampere base of the system the previous expression can be reduced
to an pu. equation:

V1 +tan26y (45)

Ic,max = Vv

g,min

To find the converter voltage one can use the relation:

VY2 v2)2 X v2\?
( cXg) :P2+[Ptan9+yg] :>VC:7g P2+(Ptan9+yg] (4.6)

The maximum voltage of the converter can be determined when the reactive and active power
from the WPP at their rated values, and the grid voltage and frequency are at maximum:

2

Xfmax ng,mux

\% = 1+|tanbg + —— (4.7)
omax Vg,max Xfmax

To calculate the maximum reactive power injection capability one can use the formula:

Q= min(ch Qv) (48)

where Q. and Q, are converter-current-rating and converter-voltage-rating limits given at
certain level of active power production. They are described by the formulas:

Q= (Vglc,max)2 - P2 (4.9)
Ve max Ve \* %5
Q, = \/( c,n;x g) _p2_ Yg (4.10)

The PQ curves showing Q — capability of WPP may be graphed for different pf requirements
at the PCC. Table 4.1 presents different design cases for system emulated in the laboratory. The
design parameters for the laboratory system are presented in Appendix D in Table D.

Table 4.1: I, yaxs Vemaxs Pe,max for different PF
pf=1 | pf=0.95 | pf=0.9
It max [PU] 1.11 1.17 1.24

Vemax [Pu] | 1.139 1.206 | 1.2379
Seomax [Pu] | 1.2643 | 1.411 1.535

Figure 4.9 presents the actual Q —capability curves for system implemented in the laboratory
designed for having a pf=1 at the PCC. As it was described above the curves were plotted for
three operating points. Namely for V, = 0.9, V, =1 and V, = 1.11. The grid code requirements
from Figure 2.3 are incorporated on the figure below (red lines). It can be easily notice that for a
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steady state with voltage equal to 1 pu. the WPP is able to comply with the grid codes without
need for any external reactive power delivery. However, in case of having voltage at level of 1.12
pu. WPP is able to fulfill the requirements only for supporting the voltage at PCC. In case of
having the PCC voltage at 0.9 pu. the WPP will have problems with complying with grid codes
when it is asked for supporting the grid voltage, when it is working around its rated active power.
One should also note than this curves are considering that the WPP injects the reactive power
directly at the PCC. It means that for having long connection line between the WPP and PCC one
should consider having a reactive power compensation at PCC.

WPP capability diagram for different grid voltges (designd for PF = 1)
T T T T T T T T T T T T T T T
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Figure 4.9: Q-capability curves for different grid voltage levels.

4.5.2 Reactive power distribution algorithm

Having the ability for providing the reactive power by WPP is not always enough. For WPP
with long connection cables the line losses can significantly influence the availability of reactive
power at PCC. One of the possible solution is to use STATCOM at the PCC. The challenge lies in
building a good communication and distribution algorithm, for both WPP and STATCOM. This
section proposes a simple solution. Figure 4.10 presents the idea:

WPPC
AQ
Pwpp [—
b Qwep
_ ’ >
Qrso >
Y | QsTatcom
Qpce 3

Figure 4.10: Simple reactive power distribution algorithm for WPP with STATCOM.

The algorithm works as follows: first the Wind Power Plan Controller (WPPC) gets the reac-
tive power reference signal from TSO. Then depending on the produced active power WPPC gets




CHAPTER 4. SYSTEM MODELING AND CONTROL

the available reactive power from WPP. If the TSO requirement is not fulfilled a reactive power
reference signal is send to STATCOM controller. This signal is built as a difference between the
required reactive power at PCC and reactive power produced by WPP. In case of having a con-
nection line between the WPP and the PCC additional reference signal component for STATCOM
is defined. This signal is built as a difference between required reactive power at PCC and actual
measured reactive power at PCC.

4.5.3 Summary

In this chapter system modeling and used control strategies are presented. The development
and explanation of each element of the proposed system is demonstrated. The control methods
include WT control, for WT with full scale back-to-back converter, STATCOM reactive power
control and reactive power distribution algorithm. The WT consists of:

* generator side converter control (Field Oriented Control)
* grid side converter control (Voltage Oriented Control)

* gird synchronization (Phase Locked Loop)

* pitch control

The STATCOM control consists of:

* QU slope control strategy
* demanded Q strategy

* emulated laboratory system control

The reactive power distribution algorithm takes into account the WPP Q-capability curve. It
is investigated how the WPP can comply with the grid codes in terms of reactive power injec-
tion/absorption.
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CHAPTER 5

SIMULATION AND EXPERIMENTAL
RESULTS

This chapter presents the obtained results. First section describes the laboratory setup, which includes
the explanation of used software and hardware. The next part of the chapter shows the simulation and
laboratory results for small scale system model. It contains several test cases and summary in which
comparison of results is concluded. The next section demonstrates how the simulations for large scale
system model are performed. Several test cases are taken into consideration. The last part of this chapter
summarizes all the obtained results.

5.1 Laboratory setup

A dSPACE DS1103 platform is used for implementing the small scale setup. Since the mod-
eling and controller design is accomplished in MATLAB/Simulink environment special system
for communicating between the dSPACE platform and Simulink is required. This is done by
Real-Time interface (RTI). RTI allows user to build Simulink models with the dSPACE PowerPC
processor. It also adds a new library to Simulink which give the opportunity to have access
to corresponding blocks with I/O of the board. This means access to timers, PWM generators,
interupts etc. The RTILIB interface is presented in the figure below:

=] Library: rtilib1103 M=1E3
File Edit View Format

Real-Time Interface
for the DS1103 PPC Controller Board

| simulink I[ INTLIB ] I MASTER PPC ]

| Blocksets I | EXTRAS I |SLAVE DSP F24ﬂ|
| Help I | DEMOS I [ sLave we cies |
| Read Me I

dSPACE
A ersion 3 p7 4

Figure 5.1: RTILIB library.

For easy monitoring of the experiments, adequate maintenance and management Control
Desk Studio software is used. It allows the user to link the actual measurements with its virtual
instruments. This feature allows to display the gathered data in attractive form. The display
can be presented as a user made control panel, including sliders, indicators, buttons and scopes.
Moreover, the Drag&Drop technique makes the work intuitive and easy. Taken measurements
displayed on PC screen can be exported to MATLAB for further analysis. Experiment layout is
shown in Figure 5.2.
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Figure 5.2: Control desk studio layout.

The hardware implementation used for experimental work consists of DS1103 dSPACE plat-
form,transformer for grid connection, two Danfoss FC302 inverters, LEM measuring modules,
two DC supplies connected in series for supplying the emulated WPP inverter and PC. Detailed
information about each of the hardware elements can be found in Appendix E. The experimental
setup with indication of each element is presented in Fig.5.3.
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Figure 5.3: Experimental setup in the lab.
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5.2 Study cases for small scale model

Study cases for small scale model include investigation of how the distribution algorithm behaves
and how can it be affected by having a line between WPP and PCC. The third section of the
studies presents the QU-slope characteristics for STATCOM. Having a distinct difference between
sending and receiving ends, when talking about absorbing or generating reactive power the sign
conventions must be stated. In this project following convention are used for generating and
absorbing reactive power:

Table 5.1: Generating and absorbing reactive power: sink and source conventions [32]

Convention Lagging PF (I lags V) Leading PF (I leads V)
Load (sink) Q, > 0 Absorbing VArs | Q, <0 Generating VArs
Generator (source) | Q,; > 0 Generating VArs | Q, <0 Absorbing VArs

For small scale model the load convention is used and in case of having the large scale model
the generator convention is used.

5.2.1 Simulation results

Simulations were carried out using MATLAB Simulnik software with PLECS toolbox. Simulation
model is built in a way to reproduce as close as possible, though including some simplifications,
the laboratory conditions.

Q distribution

The algorithm presented in section 4.5.2 is implemented in simulations and tested. In this test
case the TSO requests the reactive power as steps in power. The active power coming from WPP
is set to 0.64 pu (1.4 kW). This power limit is appearing due to the laboratory setup limitations.

@ distribution between WPP and STATCOM while giving steps by Q.
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Figure 5.4: Steps in reactive power for Qrso.

Trying to use higher power in the laboratory resulted in having an overcurrent warning on the
DC source, so for sake of the setup power of 1.4 kW is used. To reproduce the same conditions
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in simulation the same power level is used and according to the Figure 4.9 from section 4.5.1
the WPP is able to produce reactive power of 0.58 pu (1.276 kVAr)at maximum. Having a LC
filter at the output of the inverter emulating the WPP is drawback having a significant impact on
available reactive power production. For having a Qpcc = 0 at steady state compensation of the
filter reactive power production must be taken into account. Due to the fact that filter capacitors
produce a reactive power the WPP converter has to absorb this amount of reactive power. This
results in having only 0.273 pu (600 VAr) available reactive power from WPP. It means that WPP
absorption capability is significantly reduced. Applied Q7so steps and resulting reactive power
distribution are presented in the figure above. As can be seen in the Figure 5.4 the distribution
algorithm is working in a good manner. In the beginning when the demanded power at PCC
is zero there is no reactive power absorption. Then, when the requested reactive power rises in
as steps one can observe that WPP starts to absorb the reactive power following the demanded
value. Then when the WPP reaches it limit the signal is sent to STATCOM, which provides an
extra requested reactive power absorption. One can observe that having a step request of reactive
power the controller is able to reach the desired level of power with a speed of 200 ms (for both
WPP and STATCOM). Such fast response can satisfy with ease the grid codes from different
TSO’s.

Q distribution - line impact

When having a large WPP one should consider the influence of having a connection cable be-
tween a WPP and the PCC. For simulation purposes analysis, containing emulation of line as ad-
ditional phase inductor, is conducted. Different line lengths are investigated. Figure 5.5 presents
the case when a 5.4 mH (emulating 4.15 km) inductor is used.
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Figure 5.5: Line impact on the delivered reactive power - STATCOM compensation not active.

Looking at the figure above one can see that having a line between the WPP and PCC intro-
duces reactive power losses. The reason for that the Qpc¢ is lower than the requested value of
reactive power is that, the line which is modeled as inductor is absorbing reactive power. The
difference between requested reactive power and between the actual delivered reactive power is
0.013 pu. This can be seen in the next figure.
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Figure 5.6: Line impact on the delivered reactive power(ZOOM).

As it was explained above having a line between the WPP and the PCC results in difference
between requested reactive power and between the actual delivered reactive power. Algorithm
presented in Figure 4.10, in section 4.5.2 takes into account such scenario. It copes with line
losses using STATCOM for compensation at PCC. The results of compensation can be seen in the
next figure.
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Figure 5.7: Line impact on the delivered reactive power - STATCOM compensation .

Looking at figures 5.6 and 5.8 one can clearly see the difference between the demanded and
delivered reactive power is smaller. However, one can notice that control is not removing all the
steady state error. This is due to the fact that gain of the PR controller were chosen in way to get
rid of oscillations in delivered reactive power and over-currents. More explanation can be found
in section 5.2.2.
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Figure 5.8: Line impact on the delivered reactive power - STATCOM compensation (ZOOM).

QU-slope strategy

One of the applied methods for STATCOM is QU-slope strategy. Investigation is performed for
whole range of available reactive power coming from STATCOM. Such linear characteristic is
required in some of the grid codes [33].
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Figure 5.9: Obtained QU-slope.

Due to the fact that the grid was simulated as a stiff and stable (to reproduce the laboratory
conditions) the slope obtained in the simulation analysis is around 0.7%. Despite this result, one
has to state that as it was mentioned above some of the grid codes require such linear character-
istic, but with a slope of at least 5%. In this case our STATCOM wouldn’t comply with UK codes
[33].
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5.2.2 Laboratory results

Laboratory experiments are carried out in the same investigation manner like it is presented in
the section above. The test cases taken into account: distribution algorithm examination, line
impact on distribution algorithm, QU-slope characteristic determination.

Q distribution

The figure below presents the behavior of distribution algorithm in the setup implemented in the
laboratory. In the beginning, when only the WPP is delivering required reactive power, one can
see that STATCOM is injecting small amounts of reactive power. This happens during steps of
demanded reactive power. The reason for that is the way that the reference signal for STATCOM
is calculated.
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Figure 5.10: Performance of the distribution algorithm.

One of the components of STATCOM reference signal is connected with the measured Qpcc.
When a step is appleid in demanded reactive power, the reactive power at PCC will not immedi-
ately reach the desired level. In the figure above it can be seen that after each step reactive power
injected by the WPP need around 40 ms to reach the steady state. However STATCOM is trying
immediately reduce the difference causing the change in the reactive power decreasing faster. In
the laboratory similar drawbacks to those considered in simulations are taken into account. This
refers to the filter reactive power compensation. Also due to the DC source limitations maximum
active power generated from the WPP is 1.4 kW.

Q distribution - line impact

For investigation the line impact on the distribution algorithm a 3-phase inductor is used. Dif-
ferent line lengths are investigated. Figure 5.11 presents the case when a 5.4 mH (emulating 4.15
km) inductor is used. As is can be seen in the figure below the similar situation is shown, as in
the case of simulated test.
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Figure 5.11: Line impact on the delivered reactive power.

The difference between requested reactive power and between the actual delivered reactive
power is around 0.008 pu. This can be seen in the next figure.
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Figure 5.12: Line impact on the delivered reactive power (ZOOM).

For compensating for the line influence, again as it was described in the simulation section
above, STATCOM is used. The delivered reactive at PCC with STATCOM compensation for line
losses is presented below.
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Figure 5.13: Line impact on the delivered reactive power - STATCOM compensation .

Looking at figures 5.12 and 5.14 one can clearly see that the difference between the requested
reactive power and actual delivered reactive power decreased significantly (namely from 0.008
pu to 0.002 pu).
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Figure 5.14: Line impact on the delivered reactive power - STATCOM compensation (ZOOM).

One can reduce completely the steady state error at the PCC by changing the gains of the
controllers. However, there are some drawbacks that one has to take into account. Namely
delivered reactive power oscillations at the PCC. This situation is showed on the figure below.
Except that another disadvantage is having over-current spikes in STATCOM currents.
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Figure 5.15: STATCOM compensation for reative power losses.

QU-slope strategy

In this section the results of injecting/absorbing reactive power with desired slope are discussed.
Due to acquisition data errors coming from dSPACE measuring system the measured voltage
data is linearized. Obtained data is linearized in the way presented in Figure 5.16.
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Figure 5.16: Linearization of obtained data.

by STATCOM. Obtained results are shown in a form of QU-slope characteristic presented below.
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Figure 5.17: Obtained QU-slope.

The slope of the characteristic is equal to 0.7%. The fact that the obtained slope value is small
is due to having a strong and stiff grid, and at the same time small power rating of the laboratory
setup.

5.2.3 Summary

The obtained laboratory results fairly correspond to the results obtained in simulations. The
difference between simulations and experimental results occurs due to several factors. In the
first place it should be stated that simulations deal with ideal elements. Second factor having an
influence on obtained results is that the transformer for simulations is modeled as an inductor
and resistor connected in series, while in the laboratory setup the real transformer is used. Next
is the impact of measuring devices used in laboratory. In simulations measuring error does not
appear.

Having in mind all the above limitations one can still consider that the obtained results are
matching. This leads to a conclusion, that the small scale model test cases can be expanded
to a large scale model. In large scale model some additional properties of WPP are taken into
consideration.

5.3 Study cases for large scale model

In this analysis the model of the large system is consisting of one 2MW WT unit and one 2MVAr
STATCOM. The two blocks are modeled using mathematical equations in Simulink, both are
using PI controllers in their control loops. Three different study cases have been performed
to validate the well function of the system in steady state situations. The obtained results are
plotted in pu. values. The base values for the WPP and STATCOM are presented in Appendix D
in Table D.

5.3.1 Steps in active power from WPP, zero reactive power

In this first case, steps in the active power produced by the WT are considered, to simulate wind
speed changes. It is assumed that no reactive power was demanded from TSO, as a result the
references for WT and STATCOM reactive powers were set to zero. From the generator side
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control the DC-link current is obtained which will be an input for the grid side inverter. For
an easier understanding and clear representation of results obtained the actual DC-link current
coming from generator side converter is approximated with step functions. In reality, inertias of
the WT rotor and generator masses will cause the speed to change in slower pace, which will be
further propagated in the DC-link current (see Appendix D). Thus, the DC-link current from the
rectifier (the reference) side and from the inverter side are plotted in Figure 5.18.
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Figure 5.18: DC-link currents after the capacitor (blue) and to inverter (green).

The measured output DC-link current (green) is shown in the above figure with respect to
input DC-link current (blue). The results in Figure 5.19 and Figure 5.20 indicate the active and
reactive power flows between WT and PCC. The steps resulted in the active power produced
(from Figure 5.19) are proportional to the DC-link current input to the inverter and are a conse-
quence of steps in wind speed. Thus, at time 0.1s the active power rises from 0.7pu. to 0.95pu.
(including inverter losses), which is equivalent to a wind step from 11m/s to 12m/s (the rated
value). The simulation follows then at time 0.2s and 0.3s with two steps-down in the DC-link
current, resulting in the decrease of active power produced from the WT.
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Figure 5.19: WT’s Active Power Flow .
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Figure 5.20: WT’s Reactive Power Flow.

In Figure 5.20 small changes in reactive power are noticed at the moments of applying the
steps. The deviations from the zero set point of reactive power are very small compared to the
rated power (less than 5%). In Figure 5.21 the DC-link voltage measured across the capacitor
shows the dynamics of the system during power flow. When more power is delivered to the
grid the DC-link voltage tends to increase and when less power is given then the voltage tends
to decrease. This is a consequence of current difference between rectifier and inverter which
will charge the capacitor at time 0.1s and discharge it at time 0.2s and 0.3s. But the voltage
controller responds very fast and puts back the voltage on the reference value, moment when the
two currents become equal.
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Figure 5.21: DC-link Voltage Transients.

The dashed red lines at 0.95 and 1.05 pu. indicate the +/-5% variation allowed in the DC-link
voltage. This is the required dynamic performance and it is well accomplished by the obtained
results. The relation between active power/reactive power and d-axis/q-axis current is made
clear from Figure 5.22 compared to Figure 5.19 and 5.20.
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Figure 5.22: Inverter dq-axis Currents.

Because only active power is produced by the WT, the plot in Figure 5.23 shows that the
voltage and current for phase a at the PCC are in phase as expected. Thus the unity power factor
at the grid is achieved. The currents at the PCC are increasing / decreasing, following the current
on the d-axis id from previous figure. When the rated power is reached by the WT, the currents
also increase to 1.0pu. values.

VY HI ' .. \

Time [s]
Figure 5.23: Phase a of PCC Voltage and Current.

Analyzing the result from the Figure 5.24, a slight phase angle shift is noticed between the
PCC voltage and the WT inverter voltage. Because PCC voltage lags the inverter voltage it is
proven that the active power produced by WT flows from the inverter to the PCC.
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Figure 5.24: Phase a voltages for inverter and PCC.

5.3.2 Reactive power steps for WPP while active power set to rated

In this second analysis, TSO requests some amount of reactive power to be delivered by the WT.
It is assumed that the wind speeds are of 12m/s or higher, thus the WT rated output power is
produced (0.95 pu. if adding the losses). Figures 5.25 and 5.26 indicate the active and reactive
power flow between WT and PCC.
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Figure 5.25: WT’s Active Power Flow .
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Figure 5.26: WT’s Reactive Power Flow.
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The reactive power steps vary from 0 to +/-0.4 pu. (meaning 40% from the total active power).
These steps are applied as reference inputs to the inverter controller. It can be noticed the very
good step responses in the reactive power. Fast time responses of less than 30ms are achieved
and also no overshoot when stepping up from zero reactive to 0.5 pu. capacitive or inductive.
Because of the small DC-link voltage variations from Figure 5.27 the active power shows some
overshoots at the moment of steps in reactive power reference.
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Figure 5.27: DC-link Currents from rectifier (blue) and to inverter (green).

The measured DC-link current is kept almost constant at rated value 1 pu.
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Figure 5.28: DC-link Voltage Transients.

The DC link voltage variations are very small, so it can easily satisfy the 5% dynamic perfor-
mance (highlighted by the red lines).
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Figure 5.29: Inverter dq-axis Currents.

The small overshoots that appear in the measured d-axis current are a result of the applied
steps in the reactive currents from the g-axis. Both PI controllers for the dq-axis currents work
properly with response times in the order of few milliseconds and less than 5% overshoots.

Figure 5.30 and Figure 5.31 depicts the phase one in voltage and current at the PCC. It is
observed that at simulation time of 0.1s the positive step in reactive power - which means that
the WT gives the reactive power to the grid - the g-axis current becomes negative, therefore
the current i, pcc is lagging the voltage u, pcc. Also when a negative step in reactive power is
applied at time 0.3s - which signifies that the WT inverter is absorbing reactive power - the g-axis
current is now positive, therefore the current i, pccis leading the voltage u, pcc.
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Figure 5.30: Phase one current and voltage at the PCC.
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Figure 5.31: Lagging and leading phase one current.

From the following figure it is observed that when reactive power is either absorbed or gen-
erated by the WT, the amplitude in the three phase currents at the PCC are increasing. This is
explained by the fact that gq-axis current will no longer be zero and thus, contribution from both
id and iq currents will give a rise in the PCC currents.
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Figure 5.32: Three phase currents at the PCC.

The three phase voltages shown in Figure 5.33 indicate the impact of reactive power injec-
tion/absorption on the PCC voltage. It can be seen being able to control the reactive power by
STATCOM, one can control the voltage at the PCC. In this case the range of +/-5% is achieved.
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Figure 5.33: Three phase voltages at the PCC.

5.3.3 Reactive power steps for both WPP and STATCOM

In this third analysis, TSO requests reactive power to be delivered in steps as it is shown in Figure
5.34.
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Figure 5.34: TSO’s reactive power demand.

In the beginning the reactive power demanded is 0.2 pu. and it can be delivered by the
WT alone. At simulation time 0.1s the demand is increased to 1.0 pu. According to the PQ
capability curve of the WT, the maximum amount of reactive power to be generated / absorbed
by the inverter is +/-0.48 pu. (in this case 1 pu. active power is considered) as stated in section
4.5.1 (indicated by the red dashed lines from Figure 5.35) and thus the WT is no longer able to
fulfill the TSO demands. As a result the installed STATCOM will start working and deliver the
difference in reactive power (0.52 pu.). At simulation time 0.2s the TSO suddenly changes its
reference reactive power to -1.0 pu. which will cause both WT and STATCOM to shift their Q
capability from inductive to capacitive.

59



0.6 T T |

g_ 0.4]- f —Qut ref

g —Qwt meas

o 02 ................................................................................................. —

T

& or

o

L

.02 -

v

2

[ L R _

g0 ) I
i I I I \ i \

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time [s]
Figure 5.35: WPP’s reactive power capability .
0.8 T T L

= — Qstat ref

o 0.6 [ —Qstat meas||

B 0db i : i

3

o 02 .

]

=

k3 0 ...............................

2]

(7]

o -02+ ,

3

O _0.4_ .............................................................. —

|_ N

E I 1> S OO OOt SO ORSSUSUOOS SO B _
i \ \ I i \ i

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

Time [s]
Figure 5.36: STATCOM'’s reactive power flow.

It is of importance to see that STATCOM’s measured reactive power follows the reference
from TSO with high speed and accuracy. The step applied at time 0.2s takes the STATCOM
reactive current from 0.52 pu. inductive to 0.52 pu. capacitive in less than 10ms. Dynamic
performance of a commercial STATCOM (From ABB reference) includes step responses of 30ms
from fully inductive to fully capacitive reactive power generation. There are no oscillations after
the applied step. Thus it complies with the most demanding E.ON requirement (which is 30ms
response time and 60ms settling time).

It is assumed that the power delivered by the WT is the rated value. Figure 5.37 shows
the active power variations, in which small overshoots appear due to changes in reactive power
reference.
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Figure 5.37: WPP produced active power.

Figure 5.38 indicates that the STATCOM'’s active power is zero at all times, not counting the
very small overshoots at the moments of step in reactive power reference, which stabilize in less
than 10ms.
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Figure 5.38: STATCOM'’s active power.
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Figure 5.39: DC voltage for STATCOM.
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In Figure 5.39 the response of DC link voltage is shown. The DC link voltage tracks the
reference with high precision and the variations are very small, thus it can easily satisfy the 5%
dynamic performance (highlighted by the red lines).
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Figure 5.40: WT inverter dg-axis currents.

The relation between active power/reactive power and d-axis/q-axis current for the WT is
made clear from comparison of Figures 5.40 to Figure 5.35 and 5.37.
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Figure 5.41: STATCOM dg-axis currents.

Also the STATCOM’s dq-axis currents in Figure 5.41 are well correlated with the active and
reactive powers from Figures 5.36 and 5.38. Figure 5.42 and Figure 5.43 depicts the phase one
in voltage and current at the PCC. As it is explained in the previous test case, here the lagging
or leading current in respect to voltage is behaving accordingly with the injected or absorbed
reactive power to the PCC.
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Figure 5.43: Transition from lagging to leading of phase one current.

Figure 5.44 indicates how the amplitude in the three phase currents at the PCC are increasing
in respect to the amount of injected reactive power. The currents are increasing both in the
positive and negative reactive power steps, however the difference is that the phase angle changes
at time 0.2s from lagging to leading as shown in the previous figures.

2

—_
(o3}
I

—_
N
T

—

o
o

@
@

iabc at PCC [p.u.]
-
[

0.05 01

0.15 0.2 0.25
Time [s]

Figure 5.44: Three phase currents at PCC.
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As explained in the previous test case, the injection or absorption of reactive power at the
PCC affects the magnitude of the three phase voltages. For this case the contribution of WPP and
STATCOM to the reactive power flow can increase or decrease the voltages by +/-5%. Therefore
in case of voltage excursion in the 0.95 pu. range, they can reestablish the desired 1.0pu. voltage
level at the PCC.
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Figure 5.45: Three phase voltages at the PCC.

5.3.4 Q/U Slope

This last test case was performed with the outcome of obtaining the Q/U slope for the STATCOM.
This case is investigated when the reactive power is produced only by STATCOM, only active
power comes from WPP. In steady state reactive power supply or absorption, a reactive power
set-point should be followed. This can be implemented by a linear reactive power versus voltage
(Q/U) characteristic. The grid codes require such a voltage control (like in UK grid codes [33]),
with slopes of 5%. Two simulations were performed and the following plots are obtained. In
Figure 5.46 the blue slope has a high slope rate of 13%. In this case the rated STATCOM power
was 2MVAr, the same rating as for the WT. This can explain the large changes made possible in
the voltage in the range of 0.87 pu.<V<1.13 pu. But in the second simulation a power rating of
660kVAr is assumed (which is one third of the WT rating). Thus the green line now has a slope
of 5%. As a result, the rating of STATCOM can be decreased to one third and grid codes can be
still fulfilled.
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Figure 5.46: Q-U Characteristic.
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Finally the next three figures show the waveforms and relations for currents and voltages for
the STATCOM when is generating / absorbing reactive power.

In Figure 5.47 maximum reactive power is generated by STATCOM, thus the phase one cur-
rent has amplitude of 1.0 pu. and is lagging the STATCOM voltage by 90 degrees. Assuming
lossless operation STATCOM is producing a voltage in phase with the voltage at PCC. It can be
observed as well that in this case the STATCOM voltage has higher amplitude than PCC voltage,
which implies that capacitive VARs are flowing from STATCOM to PCC.
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Figure 5.47: Phase one voltages and currents at PCC and STATCOM.

The results shown in the next figure, indicate that when the two voltages at the PCC and
STATCOM have same amplitude, no reactive power generation / absorption takes place.
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Figure 5.48: Phase one voltages and current at PCC and STATCOM.

In analogy with Figure 5.47, the results in Figure 5.49 show that maximum reactive power is
absorbed by STATCOM, thus the phase one current has amplitude of 1.0 pu., it changes direc-
tion and now is leading the STATCOM voltage by 90 degrees. In this case the PCC voltage has
higher amplitude than STATCOM voltage, which implies that reactive power flows from PCC to
STATCOM.

65



—PCC Voltage
|—STATCOM Voltage ||
—STATCOM Current

Absorbing Q to STATCOM
o]

: H : | : : :
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Time [s]

Figure 5.49: Phase one voltages and current at PCC and STATCOM.

5.4 Summary

The performance of STATCOM with regards to grid codes is investigated. The analysis is car-
ried out by treating the small scale system model, as a starting point for doing a comprehensive
analysis for large scale system model. The study is divided into several test cases. First the in-
vestigation of developed reactive power distribution algorithm is realized. In all of the cases the
algorithm is showing satisfactory performance. The next test case looks into the impact of having
a line between a WPP and PCC. In both cases for small scale system model the line influence is
observed. It introduces a difference between the requested reactive power and actual delivered
reactive power. For compensating the losses at PCC STATCOM is used. The third test case is a
study of STATCOM control strategy, which is focusing on injecting/absorbing reactive power by
STATCOM with a desired slope.For small scale system model the results almost identical. The
same slope of 0.7% is reached. For the large scale system model two different STATCOM power
ratings are compared. In the first case, where STATCOM is rated at same level as WPP slope of
13% is achieved. For the second case, where STATCOM is rated as one third of the power of WPP,
slope of 4% is achieved.

For large scale system model additional test cases are carried out. The performance of the
WPP for different TSO demands is analyzed. This includes zero reactive power demand, rated
active power production with reactive power injection and absorption. Fast controller responses
allow the whole system to comply with the grid codes requirements. It should be mentioned that
this model is based on mathematical formulas which describe each element of the system. It is
simulated in continuous time domain. The drawback of the model is that it does not map the
real system behavior deeply enough. For example see the assumptions made in aggregating in
Appendix A.9.

Performed simulations and experiments proved that STATCOM is a reliable, fast external re-
active power compensator device. It can be used for enhancing the existing systems in respect to
fulfilling the demanding grid codes. Furthermore it has the potential of ensuring the compliance
of the WPP with the grid codes during faults, which will be investigated in the future.
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CHAPTER 6

ConcLusioNs AND FuTure WORK

This project has been an attempt to address the importance of the reactive power compensation
for WPP. The role and the impact of having an external devices for reactive power compensation
is analyzed with regards to chosen grid codes. The VSC based STATCOM is chosen as modern,
fancy and reliable solution for WP application.

Most of the objectives stated in the initial phase of the project were fulfilled. The investiga-
tion of ancillary service requested from WPP in terms of reactive power generation/absorption
was performed. For us, master students it was a new research topic. In addition to the review
of SOA of FACTS it is shown that grid codes from different TSO are becoming more and more
demanding in term of grid voltage support. Modeling and laboratory implementation of the pro-
posed system was completed successfully.

The extension of the conducted research was building the large scale model by means of sim-
ulation. However this successful analysis has some drawbacks, which were stated as limitations.
Having an aggregated model of WPP is a simplification, which leaves a gap in research process
that could be further investigated. This refers to including in the future work the examination of
the cable connection in WPP and taking into consideration the interaction between the individ-
ual turbines.

The implemented control methods for both grid side converter emulating WPP and STAT-
COM are tuned according to the design requirements, what is shown in the appropriate section.

The study of the impact of WPP connection line confirmed the initial assumptions that the
reactive power losses in line have a significant meaning for Q delivery from WPP. Nevertheless,
having an auxiliary service as for example STATCOM can solve this problem.

The verification of the obtained results showed that the system with a STATCOM as a support
device can meet the grid code requirements. Unfortunately, the results acquired in QU-slope
strategy in the small scale system are not satisfactory. As it is explained before, several factors
determined this outcome. Namely, the DC supply limitation and having a strong, stiff grid.

As future work, a number of points can be paid attention to, in order to further demonstrate
the benefits of STATCOM devices in WPP applications:

* Different inputs to the inverter, taking in consideration power fluctuations caused by wind
speed variations, tower shadowing, etc.

* Adding long transmission cables for the large scale model and investigate communication
delay problems occurring between WPP / STATCOM and TSO.

* Moving from an aggregated WPP model to a real design of WPP with many turbines, expe-
riencing different wind speed profiles, thus each WT working at a different set-point.

* Different control strategies can be implemented for STATCOM and a comparison between
them to show which one offers higher performances.

* Investigate through simulations, the impact of changing the Short Circuit Ratio (SCR) of
the grid, and STATCOM sizing depending on grid stiffness.
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* Investigate various grid disturbances, and observe how STATCOM can assist the WPP with
regards to voltage ride through requirements stated in the grid codes.

* Include an energy storage system on the DC side of STATCOM. This will allow compensa-
tion of power fluctuations and improve the active power control with respect to grid codes.

* Perform experiments using a PMSG machine and full scale back-to-back power converter
for investigating the power flow from the rotor up till the grid.
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APPENDIX A

MODELING

A.1 WPP and STATCOM in small scale system.

The diagram showing three-phase two-level inverter incorporated for WPP and STATCOM model

is presented below.
sk sk ik
L
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Figure A.1: Two-level three phase inverter.

The mathematical model behind this structure is widely explained in Appendix A.8.

A.2 Transformer and cable in small scale system.

For making the simplification regarding control design of emulated WPP system in laboratory,
transformer was modeled as inductance connected in series with a resistance. The transformer
ratio is 1:1. The connection line was modeled as a variable inductor. The figure showing trans-
former and line model is presented below:

a. —rYYyNM AN

b, ——rph

Figure A.2: Modeled transformer (a) and connection line (b).

A.3 Grid model in small scale system.
Grid was defined as a controllable three-phase voltage source. The phase voltages defined as:
V,=E, -cos(w-t) (A.1)

2
v, :Em-cos(w-t—?n) (A.2)
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4
VC:Em.cos(a).t—?n) (A.3)

In the above equations w represents the angular frequency and E,, represents the phase volt-
age amplitude.

A.4 Wind model

Simulations concepts concerning wind modeling that the wind speed is characterized by the sum
of the four following components [11]:

¢ the average value;
* aramp component, which describes a steady increase in wind speed;
* a gust component, representing a sudden wind gust;

* a turbulence component;

The equation below describes the whole concept:

V(1) :Vwa""vwr(t)"'vwg(t)"'th(t) (A.4)

where v,,(t) is the wind speed at time t, v,, is the average wind speed, v,,(t) is the ramp
component, v,,¢(t)is the gust component and v,,(t) is the turbulence. All the wind speed compo-
nents are in "meters per second" and time t is "in seconds". The model does not include the tower
shadowing effect.

Average wind speed

The average speed of the wind is based on wind classes stated in IEC 61400 which are presented
in the table below:

WTG class I II m 1

Ve average wind speed at hub-height (m/s) | 10 85 75 6
I, 5 characteristic turbulence Class A 18%
I;5 characteristic turbulence Class B 15%

Table A.1: IEC classification of wind turbines.

Except class specification of the average wind speed user has an opportunity to use his own
average speed and turbulence inputs.

Turbulence component

The turbulence component is obtained by the means of using a normally distributed white noise
generator. The model uses a new normally distributed white noise generator which has been
implemented using a ‘C’ S-Function based on the Ziggurat Algorithm shown in [12].

Ramp component

To characterize the wind speed ramp one needs to define three parameters - the amplitude of the
wind speed ramp, A, (in m/s), the starting time of the wind speed ramp T, (in seconds), and the
end time of the wind speed ramp, T,, (in seconds). The equation (A.5) describes the relation for

the ramp component:
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t< Ty, for wvy,,=0
{ (t_Tsr)
T, <t<T, or vy, =A,——m"— A5
ST er f wr r (Ter _ TST) ( )
T, <t for vy, = A,

The model includes the possibility of using n-ramps with predefined offset time between
them.

Gust component

For modeling the wind speed gust one needs to define three parameters - the amplitude of the
wind speed gust, A, (in m/s), the starting time of the wind speed gust T, (in seconds), and the

end time of the wind speed gust, T, (in seconds). The gust component is modeled using equation
(A.6):

t<T,

sg for vue=0

. (t—Tig)
Toe<t<T,e  for wvye=Agql—cos|2m —) (A.6)

(Teg - ng

Too <t for vue=0

The model includes the possibility of using n-gusts with predefined offset time between them.

For the turbulence, gust and ramp components ‘C’ S-Functions were used. For specifying
all the input parameters the mathematical model was implemented in Simulink using a masked
subsystem. It can be seen in Figure A.3.

=) Source Block Parameters: Wind Model x|

(~Wind Model using Marsagiia's Ziggurat. Algerithm {mask)

Tnplermerts a rotor wind model developped by RISOE Mational Laboratory based on
|| Kaimal spectra. The model does not take into account the rotational turbulences and
the tower shadow,

The white noise generators uses a new block based on & 'C S-Function which
implements the Marsagli's Ziggorat Algorithm, Nev additional Feature - Wind Power
Classes are addsd.
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Figure A.3: Implemented wind mathematical model.

To present the performance of the implemented model a simulation was carried out.
results can be seen in Figure A.4.

The
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Generated wind speed
T T T T T

v [mis]

i 1
0 100 200 300 400 500 600 700 800 900 1000
time [s]

Figure A.4: Example of a simulated wind speed sequence, with the following input values: aver-
age wind speed, vy,,, 10 m/s (IEC class Al); start time of wind speed ramp, T;,, 80 s; end time of
wind speed ramp, T,,, 400 s; amplitude of wind speed ramp, Ar, 3 m/s; start time of wind speed
gust, ng, 500 s; end time of wind speed gust, Teg, 520 s; amplitude of wind speed gust, Ag -6
m/s.

A.5 Rotor model

The model of the mechanical rotor of wind turbine is based on concepts presented by [11]. The
mechanical power extracted from the wind from the wind as a function of wind speed is given
by the equation:

Pur = & Auicy (1,000} (A7)

where P, is the power coming from wind in watts, p is the air density (kg/m?), ¢p is the power
coefficient , A is the tip speed ratio v;/v,, - between the blade tip speed and wind speed, 6 is the
pitch angle and A, is the area covered by the wind turbine rotor. As stated in [11] most of the
individual wind turbines have very similar power curves. Therefore an individual approximation
of a power curve for each wind turbine is not necessary. Instead a general approximation of
cp(A,0) will be used. The general equation describing the fixed speed and variable speed win
turbines is presented below.

cp(/\,()):cl(%—536—64965—56)exp(%) (A.8)

1 1

where

-1

1 Co
A= ~(5725) A9
' [( A+cgf ) 03 +1 (4.9)
The constant coefficients from c; to ¢y are presented in table .
‘1 € ) €4 s 6 ¢7 Cs 9
Heier (1998) 0.5 116 0.4 0 - 5 21 0.08 0.035
Fixed-speed wind turbines  0.44 125 0 0 0 6.94 16.5 0 -0.002

Variable-speed wind turbines 0.73 151 0.58 0.002 2.14 13.2 184 -0.02 -0.003

Table A.2: Approximation of power curves.
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Above model was implemented in MATLAB Simulink software and it is presented in Figure
A5,

Niind

Homega_ it T witpe

M pitch

Wyind Turbine Rotor

Figure A.5: Implemented rotor model.

A.6 Drive train model

The simulated wind turbine uses a drive train with a single stage gearbox. To analyze the behav-
ior of the wind rotor during transients, a mechanical model for the wind turbine drive train was
used.

The drive train behavior can be analyzed by the simplified two-mass model, if the following
assumptions are made [12]:

* the moments of inertia for the low speed shaft, high speed shaft, and gearbox wheels are
neglected, being small quantities when compared to wind wheel and generator inertias
(around 2 —4 % of total inertia [21]);

* the shaft torsional stiffness and the damping coefficient of the low-speed shaft and high-
speed shaft are combined together and moved on either side of the gearbox.

In the presented model, the system equivalent stiffness and damping factor are put on the low
speed shaft, to illustrate that in a real wind turbine, the stiffness of the low speed shaft is about
100 times less than the generator shaft [21], here considered as stiff. The component diagram for
the drive train with its parameters is shown in Figure A.6.

T

T m

Q) :
P N\
I ] 0
Figure A.6: The drive train component diagram
The following equations are forming the two-mass model of the drive train:
dw
Jut = wt = TIs (A.10)

dt




APPENDIX A. MODELING

Tis = Kshaft (Owt — O15) + Dspags (s — wis) (A.11)
Jeon o 7y~ T, (A12)

% = Wyt (A.13)

d,%m =Wy, (A.14)

Kgear = ;—Z = ‘L‘U’—};: (A.15)

By using equation (A.15), all the equations can be transferred to one side of the gearbox. In
this case (A.12) will be transferred to the rotor side.

Having written the differential equations for the two mass model, the Matlab/Simulink block
of the drive train can be built. Above model was implemented in MATLAB Simulink software
and it is presented in Figure A.7. The detailed model, showing the implemented differential
equations, is presented in Appendix D, and it is based on [12].

Drivetrain
(Two-mass model)

Figure A.7: Implemented drive train model.

The values for parameters of the drive train model are given in Appendix . The presented
drive train model is a simplified but a sufficient approach to inspect the behavior of the mechan-
ical part in a wind turbine.

A.7 Wind turbine generator model

The Wind Turbine Generator (WTG) is the most important component in a wind energy conver-
sion system. It converts the mechanical energy from the rotor shaft into electrical energy, with
the use of electromagnetic induction principle. The Permanent Magnet Synchronous Generator
(PMSG) is a synchronous generator which has permanent magnets (PM’s) mounted on the rotor.

The dynamic model of PMSG is made simpler by transforming the three phase ‘abc’ reference
frame in the two phase ’dq’ synchronous reference frame, in which the quadrature g-axis is 90°
ahead of the direct d-axis, referring to the rotation direction.

The electrical equations describing the PMSG model in ‘dq’-reference frame are given in
(A.16).

dig __Rs, + L i+ L
g _ Koo L
At~ Lp 4 Mera
) (A.16)
dzq R,
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where:

* ug,ug and ig,i, - represent the d- and g-axis stator voltages and currents respectively

* w, - represents the electrical rotor speed obtained from equation:

w, = 2e (A.17)
Mpp
* n,, - represents the number of pole pairs
* w,, - represents the mechanical speed
o W) - represents the PM flux linkage
The equation for the electromagnetic torque T, is shown in (A.18).
3 . .
T = Mo [\Pleq+(Ld—Lq)zdzq] (A.18)

Assuming that the PMSG generator has Surface-mounted magnets on the rotor (SMPSG),
resulting in equal values for direct and quadrature axis inductances (L; = L; = L). Thus the
generator electric model is simplified resulting in the following set of equations:

di; R, o1

E:—Tld"ra)elq'f‘zl/ld

di, R, 1 1 (A.19)
T =i pWou )+

The equivalent circuit for one phase of the PMSG in dq-reference frame is presented in Figure
A8.

Rs L ) i Rs L

+ 9 + la
wel iy Welig
ey Ug eq=0 Uy
g-axis equivalent circuit d-axis equivalent circuit

Figure A.8: PMSG electrical circuit in synchronous reference frame

The electromagnetic torque equation (A.18) can also be rewritten as:

3

Tom = 5 1pp (Wpariy) (A.20)

The last equation which completes the PMSG model is the mechanical equation given in
(A.21).

dw
T, -T,, =] —2
L em ] dt (A 21)
do, _ '
at "

where:

* T; - represents the driving torque
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o ] - represents the rotor and generator equivalent moment of inertia
* 0, - represents the rotor angular position

The input/output signals of the generator modeled in Simulink are shown in Figure A.9. The
values for the generator parameters are presented in Appendix.

Uabc i_abcp

omg_m

PMSG

Figure A.9: PMSG block diagram

A.8 Full scale converter model
Modeled converter is presented in Figure A.10.

Generator side Grid side
Converter Converter

PMSG

| |
| | | |
| | s s
| | sy Isy Ise PCC
| |
| } N } _C"
|
| = b
‘ 4
| } }As |
| |
| } \ }
| | | |
| | | |
| | | |
! T f I

Figure A.10: Full scale converter scheme.

The ability to operate in rectifier and inverter mode allows to achieve bidirectional power
flow. This project assumes that the WPP will deliver power to the grid, so the machine side
converter works as a rectifier, controlling the torque and the speed and the grid side converter
works as an inverter keeping the DC-link voltage constant and it can control the grid side voltage.

Three phase VSC consists usually of six IGBT-s, two on each leg. To implement a mathemat-
ical model of a VSC into Simulink three switching variables S, S, and S, are introduced. These
variables can only have two values, either 1 or 0 and each of them is associated with one leg of
the converter (either its machine side converter or grid side converter).

In order to define the three phase voltages of the converter the switching variables S,, S, and
S. and the DC-link voltage must be known. The voltages can be found from formula:

va] o [2 -1 -1][S
Von :% -1 2 -1||s, (A.22)
Ven -1 -1 2||S.
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To express DC-link current one can use an expression:

iq
Ipc=[Sa Sy S H
I

(A.23)

Above model was implemented in MATLAB Simulink software and it is presented in Figure

A.1l.

A9 Aggregated WPP model

i_abc

i

coo | de_rec

S_ABC iR

Machine side WSC1

|_de_rec

’—' I_de_iny

DC-link1

e

i_abc

de

0. . V.aheo
AS_ABC N

Grid-side ¥SC1

Figure A.11: Implemented full scale converter model.

According to [11] one can express the simulated behavior of many wind turbines by a single
equivalent model. The reason allowing to make such assumption is that the WT’s in large WPP
show a coherent response when they are exposed to transient incidences in the power system.
Since this project focuses on modeling large WPP consisting of many VSWT with PMG one can
make following assumption: If control system for all converters are tuned properly it is likely

that there is no risk of mutual interaction between them [11].

In conclusion in this case, a large WPP expressed as single machine model can be used in
terms of analysis of voltage stability. This means that a single WT represents a large WPP and
the following additional assumption has to be taken into consideration :

The sum of the power capacities of all of the WT’s in the WPP corresponds to the power

capacity of the single machine equivalent [11]

The sum of the power all of the WT’s in the WPP corresponds to the power supplied by the
single machine equivalent [11]

The impact of connection cables in WPP is neglected (no different cable reactances between
specific WT and collectro bus)

reactance values for transformers are chosen to be equal and calculation of an equilvalent
reactance is shown in Figure 4.8

Only one connection line is considered between WPP and PCC

There are no delays in communication between WPP and STATCOM

Taken assumption allow to analyze the behavior of WPP using a single equivalent model.
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A.10 Grid model

Grid was defined as a controllable three-phase voltage source. The phase voltages defined as:

V,=E, -cos(w-t) (A.24)
2
Vb:Em-cos(a)-t—?ﬂ) (A.25)
4
VC:Em-cos(w-t—?ﬁ) (A.26)

In the above equations w represents the angular frequency and E,, represents the phase volt-
age amplitude.

The three-phase voltage source line-to-line voltages are defined as:

V= Vo=V, (A.27)
Ve =V, =V, (A.28)
Va=V.-V, (A.29)

Figure A.12 presents the vector representation of the grid voltage and current.

C

Vbc

Figure A.12: The vector representation of the symetrical three-phase grid

Above model was implemented in MATLAB Simulink software and it is presented in Figure
A5,

Figure A.13: Implemented grid model.
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AprpPENDIX B

WIND TURBINE PERFORMANCE

This section presents the results obtained by simulating the whole WT plant (from the wind
model to the VSC). The test was performed by applying steps in the wind speed and the outcome

was to observe the generator shaft speed response and the DC-link current at the output of the
rectifier.

Wind Speed [m/s]

1 15 2 25 3 35 4 45 5 55
Time [s]

Figure B.1: Wind speed steps.

As an be seen, the shaft speed rises slow as a ramp, limited by the rotor and generator inertia,
after oscillations occurring due to the effect of the two mass drive train. The steady state is
reached after 0.7s, and very small overshoot is occurring.

1.10

‘ ——Omega ref
1.05 ——Omega meas

1 1 1
0'701 15 2 25 3 35 4 45 5 55
Time [s]

Figure B.2: Generator speed.

The last Figure shows the measured DC-link current, which has a waveform similar with the
generator speed. The value of the current changes with the same rate as the speed.
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Figure B.3: DC link current measured after the rectifier.
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AprpeNDIX C

CONTROL DESIGN

C.1 Grid converter controller

An easy and effective engineering way for tuning the PI controller parameters is called "trying-
adjusting” method, which gains the robustness to any parametric uncertainties and having no
complicated calculation and analysis for parameter estimations.

Thanks to the independent operating areas of k, and k;, separately tuning them is made pos-
sible. The basic principle of designing a PI controller is from high frequency domain to low
frequency domain and from inner loop to outer loop. K, and k; are more or less independent
in determining a PI controller’s performance, where k, is dominant in determining the high
frequency domain response (dynamic response) and k; is dominant in low frequency zone. Fur-
thermore k, directly contributes to the whole control gain of the system. So, based on the basic
rule of tuning PI controller k, should be tuned ahead of k;. By increasing k,, the dynamic re-
sponse of system is improved but phase margin is decreased, resulting in reduced reliability. On
the other side, k; dominates low frequency response, like steady state error and overshoot. In
general, high k, provides better ability to reject high-frequency disturbances, while high k; helps
the control system reject lower-frequency disturbances, like eliminating the steady-state error.

The basic steps of tuning the PI controller parameters using the "trying-adjusting? method
are:

* Keeping k, initially to zero. Now phase margin is 90 degrees and the system is stable.
Trying to increase k, to a small value and continue in small steps until further increasing
kp will result in response oscillation.

* Keeping k, fixed to the found value, start increasing ki until no steady-state error showed
up and desired maximum overshoot is reached. Increasing in k; value will cause a little
affect on the higher frequency zone, which is determined by k,, therefore it is no need to
tune k, again.

For multiple loops design, like in the case of VOC, the inner loop is always designed first and
overshoot should be not over 5%. Then the outer loop controller is design with the same basic
steps.

C.2 STATCOM control

The DC link controller for STATCOM was based on [26]. It takes into consideration the variation
of the DC link energy. The reason for using an energy controller is simple - the relation between
DC link energy variation and power of STATCOM is linear. That means that used controller can
only have a proportional term. In [26] the DC-link voltage controller was developed for Shunt
Active Power Filter (SAPF). For this SAPF the relation between energy variations at DC-link of
SAPF and power of the filter was described as:

t
Awge = e — wge(0) = —fo (Prag + pr,)dt (C.1)
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Where pr3 is the instantaneous active power developed by the filter, and py, is the instan-
taneous power associated to the link inductances of the legs. As STATCOM can be treated as a
SAPF ([27]) the relation expressing the DC link energy variation can go as follows:

u: -U?
deref dc,meas
AWy = — G ‘ (C.2)
c

Using simple proportional controller will allow to keep the dc voltage at the desired value.
The constant gain value for the proportional controller (P on figure 4.6) was taken from [27].
Figure C.1 shows the used controller.

AWpc AP
—» C —>»

Figure C.1: Proportional controller for DC link.

Having the reference active power from the energy controller and the reactive power from one
of the control strategies described in section 4.4.1 one can calculate the reference currents for PR
controllers. The reference current calculation was based on Instantaneous active-reactive control
startegy [27], [28]. The active currents components were calculated according to the formulas:

p
Iabcp =T (C3)
VZ+VZ+ Ve

And the reactive components:

» Q VeV
Vi+VE+VE V3
oy = Q Ve-Ve A
N 9
Q -V

I =

&

VZ+VE+ Ve

The reference current are calculated as follows:

Lope = abep Iubcq (C.5)

And then for the purpose of using them in PR controllers they are transformed to stationary
reference frame (abc — a). The adjustment of the current controllers was done using Control
and Estimation Tools Manager (CETM) feature of MATLAB Simulink. From the control point of
view the plant of the system for the STATCOM inverter is represented by the LCL filter transfer
function, which was obtained using also CETM. The parameters of the filter are shown in table
D. The transfer function used for adjusting the gains is presented in equation (C.8). The obtained
controller is shown by the next equation:

(58 -5?)
Gpr =14.807 + C.6
PR 2 + w2 ( )
From which the proportional and integral gain are:
K, =14.807, K;=58 (C.7)

In the process of adjusting K, and K; some requirements regarding the stability of the system
should be fulfilled. Namely, the damping factor should be 0.707, the phase margin of the Open
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Loop Bode Diagram should be larger than 45° [23][24] [25]. The above gains were obtained using
the Root Locus and Open Loop Bode Diagram of the system. The next figure presents both plots.
The position of the dominant poles was chosen in a way to fulfill the damping criteria. In the
Open Bode Loop diagram the gain margin is 6.19 dB and the phase margin is 64.5°, according to
the demands.

Rt Locus Exitor for Open Loop 1 (OL1)
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Figure C.2: Root Locus and Open Loop Bode Diagram of the system.

C.3 Emulated system

For the synchronizing the output voltage of the two inverters with the grid voltage a Phase
Locked Loop (PLL) was used. The adjustment of the current controllers was done using CETM
feature of MATLAB Simulink. From the control point of view the plant of the system for the WPP
inverter is represented by the LCL filter transfer function, which was obtained using also CETM.
The parameters of the filter are shown in table D. The obtained transfer function is presented in
the next equation:

i 144.9-52+1.449 - ¢5s+7.342-¢°
G(s)= S = — ’ e ¢ (C.8)
V: s3+41232-52+6.615-¢75+5.139-¢°

The obtained controller is shown by the next equation:

23.437(s+212.8
Gpr = (s ) (C.9)

From which the proportional and integral gain are:

K, =23.437, K;=4987 (C.10)

In the process of adjusting K, and K; some requirements regarding the stability of the system
should be fulfilled. Namely, the damping factor should be 0.707, the phase margin of the Open
Loop Bode Diagram should be larger than 45° and the bandwidth should be larger than 500Hz
[23][24] [25]. The above gains were obtained using the Root Locus and Open Loop Bode Diagram
of the system. This can be seen in the next figure. On the Root Locus the position of the dominant
poles is chosen in such a way to fulfill the damping criteria. In the Open Bode Loop diagram the
gain margin is 4.84 dB and the phase margin is 60°, according to the demands.
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Bode Diagram
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Figure C.3: Root Locus and Open Loop Bode Diagram of the system.

In the Closed Loop Bode Diagram in the Fig.C.4 the bandwidth of the control loop is approx-
imately 700Hz, fulfilling the constraint.
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Figure C.4: Closed loop Bode Diagram for the system
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AprpPENDIX D

PARAMETERS

WT Parameters

|

| Simbol | Value | Unit

|

|

|

Parameter
Rotor blade radius R 40 [m]
Air density p 1.225 | [kg/m3]
Cut-in speed Veyt—in 3 [m/s]
Cut-out speed Veut—out 20 [m/s]
Rated speed V,ated 12 [m/s]
Rated rotor speed Wrated 1.71 [rad/s]
Optimum TSR Aopt 5.7 [-]
Drive Train Parameters
Parameter \ Simbol \ Value \ Unit
Inertia of the wind turbine rotor Jwt 9.0-10% (kg -m?]
Inertia of the generator Jgen 70 (kg -m?]
Shaft stiffness Kshart | 1.64- 108 [Nm/rad]
Damping factor Dgpagt 7.4-10° | [Nmsec/rad]
Gearbox ratio Keear 46 [-]

PMSG Parameters

| Simbol | Value [ Unit |

Parameter
Rated voltage 1% 690 [V]
Rated power P 2 [MW)]
Stator resistance R, 2 [mQ]
d-axis stator inductance Ly 0.11 [mH]
g-axis stator inductance L, 0.11 [mH]
No. of pole pairs Mpp 4 [-]
Permanent magnet flux linkage {17 291 | [mWb]

Grid Connection Parameters

Parameter \ Simbol \ Value \ Unit ‘

DC-link Voltage Vpe | 690-V3-v2 | [V]
DC-link Capacitor Cpc 0.01 [F]
Grid Voltage (RMS) Vg 690 (V]




Control Parameters

] Parameter | Simbol | Value |
FOC
PI Current Control Proportional Gain kyi 0.5467
PI Current Control Integrator Gain ki 0.047
PI Speed Control Proportional Gain kys 700
PI Speed Control Integrator Gain kis 0.6
VOC
PI Current Control Proportional Gain Kpi 0.7
PI Current Control Integrator Gain K;; 50
PI DC Voltage Control Proportional Gain Kpo 0.04
PI DC Voltage Control Inegrator Gain K, 10
LCL filter parameters
Sampling frequency fs =5kHz
Filter inverter side inductance | 6.9mH
Filter grid side inductance 2mH
Filter capacitance 4.7uF

Laboratory system reactance

Xsystem (consists of L and C of LC filter of a inverter) | 0.23
Maximum active Power from WPP inverter 1pu.
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HARDWARE

Inverters

The characteristics of the used inverters is presented below:
* Rated power: 3.9 kVA
* Rated input voltage:3x360 V,,,,5;-500 V.
* Rated input current:5.0/4.3 A
* Rated input frequency:50-60 Hz
* Rated output voltage:3x0-V-in
* Rated output current:5.6/4.8A

* Rated output frequency:0-1000Hz

LC filters
LC filter for each inverter:
Filter inductance 6.9mH
Filter capacitance 4.7uF
Rated filter power 3kW
Maximum filter current 8A
Transformer
Used 1x1 transformer data:
Primary windings 3x400
Secondary windings 3x400+ N
Rated Transformer Power 5kVA
Maximum Transformer current 7.2A
Output frequency 50/60Hz
Windings connection Dynll

DC source

For having a DC supply for the inverters 2 x Delta Elektronika DC power supplies connected in
series are used:

« Type: SM300 D10
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* Rated power: 3kW
* Rated voltage: 300V

e Rated current: 10A

Lem boxes
The measuring system consists of:

e 2x LEM box for measurement of Uy, (1 x voltage transducer LV25-800, LEM)

* 3 x LEM box for measurement of WPP, STATCOM and grid currents and voltages (3 x
current/voltage transducer LA55-P, LEM)

Line inductors

Used line inductors for emulating a line between WPP and PCC:

Number of inductors connected in series | Inductance | Line length
1 1.8mH 1.4km
2 3.6mH 2.8km
3 5.4mH 4.2km
4 7.2mH 5.6km
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