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Abstract

Double-fed induction generators (DFIG’s) became the predominant generator installed
for wind generation applications in the mid 1990’s. Issues pertaining to the operation
and control of DFIG’s subsequently became apparent, particularly in weak areas of the
grid network. Ironically weak areas of the grid tend to be where the average wind speed
is high and the usual location of wind farms. One of the issues that emerged was the
quality of the voltage in the network at the point of common coupling (PCC) with the
DFIG’s. An important issue is the question of voltage unbalance at the PCC.

As part of this work, research was undertaken into the issue of voltage unbalance in a
distribution network. Investigative studies were undertaken on a small wind farm
connected to the Irish distribution network. The results obtained were then analysed and
conclusions drawn, with recording of daily, weekly and seasonal variation of voltage
unbalance. The behaviour of DFIG’s to varying levels of network voltage unbalance at
the wind farm was analysed, and it was observed that the DFIG’s had difficulty
remaining connected to the distribution network when voltage unbalance exceeded
certain threshold levels.

The behaviour of DFIG’s to the effects of grid network voltage unbalance is further
investigated in this work. A literature review was undertaken of the effects that utility
network voltage unbalance has on DFIG’s. Emerging from this research, the suitability
of appropriate control schemes to alleviate the problems caused by grid voltage
unbalance were investigated. Control techniques to improve performance of a DFIG
during conditions of asymmetrical grid voltage including measures to control the rotor-

side and grid-side converters in a DFIG, were designed and then implemented in
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Matlab/Simulink and results showed improved behaviour. A synchronous generator
system was similarly investigated and improvements shown.

This research also includes development of a laboratory based DFIG test system. A
DSP based digital microcontroller and interfacing hardware has been developed for a
SkVA DFIG laboratory based system. The system comprises of a machine set; a dc
machine with common shaft coupling to a three-phase wound rotor induction machine.
The dc machine emulates a wind turbine, and drives the induction machine in response
to required speed. A converter has been constructed to control the rotor power of the
induction machine. Interfacing schemes for the required feedback signals including
voltage and current transducers and speed measurement were designed to enable control
of both the rotor-side and grid-side converters of the DFIG. Grid/stator voltage oriented
control is implemented to control both the rotor side and grid side converters
respectively. An additional feature is the implementation of a single DSP controller,
configured to control both the rotor side and grid side converters simultaneously.
Initially the DFIG test rig was tested as a standalone system, with a load bank connected
to the stator terminals of the induction machine. Testing of the DFIG was also conducted
with the test rig connected directly to the grid, and the system operated in sub-
synchronous and super-synchronous modes of operation.

Hardware and software solutions were implemented to reasonable success. The
laboratory based test rig has been designed for operation as a rotor converter for a DFIG;
however the converter can also be configured to operate as a system for a synchronous
generator, or for operation as a machine drive. Further research may allow the rig to be

used as a DFIG/UPQC (unified power quality controller) test bed.
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General conventions

The following subscripts are frequently used:

max
min
ref
err
rated
base
ave

r

Maximum value for the considered variable
Minimum value for the considered variable
Reference value for the considered variable
Error value for the considered variable
Rated value for the considered variable
Base value for the considered variable
Average value of the considered variable
Rotor; rotor reference frame

Stator; stationary reference frame
Synchronous reference frame

Positive component

Negative component

Positive sequence reference frame

Negative sequence reference frame

The following operators are frequently used:

%

complex conjugate;

absolute value of complex (phasor) variable.
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Chapter 1 Introduction

1.1 Introduction

Developments in wind power generation techniques increased significantly in Europe in
the 1980’s. With respect to wind generation schemes Ireland lagged behind a number of
proactive countries including Denmark and Germany, however in the early 1990’s, the
installation of wind power energy conversion systems (WECS) in Ireland gained
momentum. Initially the majority of wind turbine installations incorporated fixed
speedgenerators; however double-fed induction generators (DFIG’s) became the

predominant generator installed for wind generation applications in the mid 1990’s.

This thesis had its genesis in initial investigations into power quality issues associated
with the transmission and distribution systems in Eire. During this period it also became
clear that perhaps one of the biggest issues in the general area of power quality was the
connection of renewable energy generation systems, specifically wind energy conversion
systems to the transmission and distribution networks. Attention was shifted to the
power quality issues associated with the connection of wind energy generation to

transmission and distribution networks.

According to the TSO Eirgrid [51], the current installed wind generation capacity1 in the
distribution system is 988 MW and in the transmission system 772 MW, a total capacity
of 1760 MW. This is in the order of 16% of total capacity of the grid. This installed
capacity is expected to rise substantially over the coming years as global trends towards
a decrease in reliance on carbon fuels and an increase in sustainability become
increasingly popular and necessary. This growth trend is shown in Figure 1.1, based on

data obtained from Eirgrid.

" As of Spring 2013
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Figure 1.1 Increase in installed wind energy capacity in Eire
European targets are for 20% for all energy to come from renewable energy sources by
2020 with renewable energy contribution to gross electricity consumption of 40% by
2020 [5]. Ireland is committed to this target with the vast majority of renewable

contribution coming from wind energy.

Research into the issues associated with power quality and wind-turbines involves the
study of the effects of grid networks on wind turbines and the affects of wind turbines on
grid networks. Power quality problems can originate in utility supply systems, due to
faults or natural hazards, which can affect the operation of wind turbines. Wind turbines
can also introduce poor power quality into a network. Power quality problems associated
with the network can lead to tripping of individual turbines and perhaps a whole wind
farm. Among the power quality issues associated with a network that can impinge on the
performance and operation of wind turbines are voltage sags/swells, harmonics, flicker,
transient interruptions and voltage unbalance. Each of these power quality issues was
investigated to establish and understand the issues and develop a strategy for research.
Collaboration with an Irish wind farm operator, Airtricity, proved beneficial. Airtricity

indicated that they would welcome cooperation in investigating problems and
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developments in wind energy integration into the national grid. They requested help in
investigating problems they were experiencing with a small two-turbine wind-farm in

County Cavan.

D.LT in association with Premium Power plc, a company specialising in power quality
issues, monitored the power quality of the wind-farm. A single ION 7600> Meter was
connected to one turbine to monitor the power quality of the 690 V supplied to it. The
generator technology connected to the turbines is the Double-Fed Induction Generator
(DFIG). A report and presentation was made to Airtricity. Airtricity were happy with the
investigations and further collaboration ensued. It appeared that voltage unbalance was
an issue, however a comprehensive analysis of each turbine and of the 10 kV utility
voltage supply was required. On our recommendations three ION 7600 [29] power
quality meters were installed at the wind-farm, one meter connected to the 690 V supply
of each turbine and one connected to the utility 10 kV network side of the turbine
transformers. The wind-farm was monitored through a dial-up connection in a laboratory

at DIT Kevin Street.

Following on from the initial investigations of the wind farm, further monitoring
continued, with intent of obtaining data during the winter and spring periods when
electrical demand was high. The wind-farm was monitored and data collected for real
and reactive power, voltage and current from each power-quality meter. A second report
was produced. Utility voltage unbalance appeared to be an issue with a number of faults
and trips of the turbines. On the recommendation outlined in the report adjustments were
made to the DFIG protection settings on each turbine. As a result of these adjustments

downtime decreased and average power output increased.

% A power quality meter from Power Measurement, now under the ownership of Schneider Electric.
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During this research on power quality, including the power quality assessment of a rural
wind-farm in County Cavan, it was discovered that voltage unbalance in weak rural
networks can result in poor performance of wind-turbines connected to it. While faults
and transients will always occur in a distribution network, usually in a random fashion,
voltage unbalance can be periodic or seasonal in nature. Also voltage unbalance in weak
rural networks is difficult to eliminate. For these reasons a greater understanding of
voltage unbalance is required and solutions required for induction-generators connected

to unbalanced networks.

1.2  Research objectives

The work in this thesis focuses on the following objectives:
¢ [Initial work:

e Investigations of issues associated with voltage unbalance in
transmission and distribution networks.

e Improve understanding of voltage unbalance and the integration of
WECS.

¢ DFIG and Synchronous Generator System:

e Investigation and design of control strategies to improve performance of
DFIG’s and synchronous generator converter systems to grid voltage
unbalance.

®  Modelling of DFIG and synchronous generator converter systems.

e Investigation of the performance of designed systems in a network
through dynamic simulations.

e Develop a laboratory based test rig system, suitable for operation as a DFIG

converter, (also adaptable for other applications, including converter for
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synchronous wind generator, and Variable Speed Drive (VSD) converter for
induction motors), including:

® Design and development of measurement circuits and interfacing circuits
for Digital Signal Processor (DSP) and power circuits of the test-rig.

¢ Implementation of single DSP to operate both the rotor side and grid side
converters in a DFIG simultaneously.

e Design and development of software to enable operation as a DFIG.
Software designed on a modular basis for ease of transferability to other
applications as described.

e Testing of the converter test-rig as a DFIG under various load and supply

configurations, including stand-alone mode and synchronised to the grid.

1.3  Thesis Organisation

To further this research it was necessary to conduct a literature review (Chapter 2), into
the issues of voltage unbalance in distribution networks and the effect this unbalance has
on wind turbines. The review focuses on voltage unbalance and its effects on induction
generators, converters and double fed induction generators. Chapter 3 deals with current
wind turbine technologies connected to the Irish Transmission and Distribution
Network. Chapter 4 investigates the effects that voltage unbalance has on induction
machines, converters and DFIG’s. In Chapter 5 the induction machine steady state and
dynamic equations are outlined and Chapter 6 investigates the control of DFIG’s. The
topology and structure of the rotor side and grid side converters are illustrated, and
equations for the control of the rotor side and grid side converter are developed. Chapter
7 investigates the current status of control techniques to improve the performance of

DFIG’s during network voltage unbalance conditions.
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Chapter 8 is devoted to the construction of a rotor converter for a laboratory based
DFIG. Hardware and software details are illustrated and discussed. Testing of the test rig
is documented in Chapter 9. The chapter includes details of the performance of the
DFIG when connected in stand-alone mode and when synchronised to the grid.
A summary of the contributions of the research in this thesis is presented in Chapter 10,

including an outline of possible future research possibilities.
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Chapter 2 Voltage Unbalance Literature Review

To establish where the issue of network voltage unbalance “fits” within the broader

aspects of electrical power quality, the following sections provide some elucidation.

2.1 Introduction to Power Quality

The importance of power quality internationally is increasing. The term power quality
can be used to describe any abnormal behaviour in a power system arising from voltage,
frequency or current variations which adversely affects the usual operation of electrical
equipment [4]. “Power quality is a set of electrical boundaries that allow a piece of
equipment to function in its intended manner without significant loss of performance or
life expectancy” [77]. However the work presented in this thesis is mainly associated
with one area of power quality referred to as voltage unbalance or asymmetric voltage.
The causes and effects of voltage unbalance will be reviewed in section 2.4, but before
that a discussion about general aspects of network power quality is presented,

particularly with respect to issues associated with the connection of wind-turbines.
2.1.2 Power Quality of Wind Turbines.

Power quality can be described in terms of issues associated with voltage, frequency and
interruptions. The quality of the voltage must fulfil requirements stipulated in national
and international standards. In Ireland, the Transmission Grid Code, administered by the
TSO (Eirgrid) and the Distribution Code, administered by ESB Networks are the
relevant codes. In these standards, voltage disturbances are subdivided into voltage

variations, flicker, transients and harmonic distortion [2].
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Figure 2.1 General characteristics of power quality.

Figure 2.1 provides the classification of various power quality phenomena. This thesis
primarily addresses voltage issues; hence the focus will not be afforded to interruption
and grid frequency variation. In general, grid-connected wind turbines can affect the
quality of power in the grid, and they in turn can also be affected by poor network power

quality, which will depend on the interaction between the grid and the wind turbine.

2.1.3 Voltage Sags/Dips

Voltage dips normally occur as a result of a network disturbance, with the degree of
disturbance mainly determined by amplitude reduction/increase and time duration.
Voltage dips are normally due to some event within the network, e.g. the occurrence
and termination of a short-circuit fault or other extreme increase in current due to motor
starting, transformer switching etc. In networks with wind turbines a single-phase or
two-phase voltage sag or dip in the network can result in voltage unbalance at the point

of common coupling with the generators.

2.2 Potential problems associated with connection to g rid.

An important feature of wind farms is their ability to deal with problems that may arise

on the distribution or transmission network to which they are connected. Figure 2.2
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shows how power quality issues which may originate in the transmission and

distribution networks, can impact on the voltage to which turbines are connected [2].

Voltage Dips/Swells
Harmonics

Voltage unbalance
Transients

Figure 2.2 Influence of network power quality on wind farms
Such network problems can lead to tripping of individual turbines and/or an entire wind
farm. One of the most important features of wind farms is their ability to ride through
network faults. Figure 2.3 describes power quality effects a wind farm may impose on a
distribution-transmission network, including flicker, transients, harmonics and increase

in reactive power [2].

Flicker

Harmonics
Reactive Power (+-)
Transients

Figure 2.3 Influence of wind farm power quality on network

The principle focus of this research is the effect of network voltage unbalance on wind

turbines; the impact by wind turbines on the network is not addressed per say.
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2.3 Integration of Wind Energy in National Grids

Network integration of distributed generation is a complex issue, raising significantly
different issues to traditional network integration of power generation into transmission
networks. Innovative solutions are required in addressing the interface between DG and
the distribution systems to which it connects [55].

Wind power generation in Ireland has significantly increased in recent years. From a low
base position of connectivity to either the transmission or distribution grids in the 1990’s
in comparison to other countries, the growth has been significant in recent years. The
amount of wind power connected to the National Grid in 1997 was 20 MW, but has now
increased to approximately 1763 MW" of installed wind power in 50 separate wind
farms around the country [6], [S1]. A further 575 MW in wind farm projects are at
various stages of planning. Wind from 159 wind farms accounted for 15.5% of total
generated electricity in 2012 [6]. Accommodating the expansion of wind power
generation, whilst ensuring the orderly and reliable development of the power system,

has not been faced before by system operators, and is not straightforward [50].

2.3.1 Connection Requirements of Wind Turbines

Gardner et al assumed in [50] that wind turbines would become available that would
ride-through-faults and meet the Grid Code requirements. Increasingly wind turbine
manufacturers are providing improved technology with such capability, however in
terms of sustained voltage unbalance in distribution networks, technological challenges
remain.

It is only in recent years that Grid Codes have been developed to accommodate wind

power generation. Transmission System Operators (TSOs) in Ireland and countries

3 March 2013
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throughout Europe have produced documents that outline the requirements for the
performance of wind farms connected at transmission voltages. Many of the grid codes
have specific requirements for the behaviour of wind turbines connected to utility
networks [57]. The grid code requirements vary with the capacity (MW) of wind-farms
connected. These requirements include tolerance levels for frequency, voltage, reactive
power, harmonics and fault-ride-through. Many countries, including Ireland, now have
Grid Codes that allow for the expansion of wind energy conversion systems (WECS). In
early 2005 the Distribution Code and the Transmission Grid Code [51], were approved
by the Commission for Energy Regulation (CER) [52], and for the first time, included

comprehensive requirements for the connection of distributed generation.

In grid code requirements the emphases is on the affects that wind-farms may have on
the network, and the ability of wind turbines to remain connected to the network under
certain conditions. To enable wind turbines remain connected under voltage unbalance

conditions, continuing research in improving generator performance is important.

2.3.2 Voltage Drop Ride-through Requirements

TSOs in most countries have issued grid connection requirements and fault ride-through
requirements for distributed generators and among the first to issue such requirements
were Eltra® and E.ON°, of Denmark and Germany respectively were the first countries
to install large amounts of distributed generation capacity, mainly wind power
generators. Their connection requirements were used as a reference for other TSOs
facing the same challenges. Fault ride-through requirements specify the extent and
duration of a voltage or frequency drop or rise that may not lead to a disconnection of

the generator. Research institutes, TSOs and generator manufacturers recognise that the

4 Eltra, Transmission System Operator, TSO - Denmark
° EON, Transmission System Operator, TSO - Germany
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most critical grid disturbance is a voltage drop, as this is a disturbance that regularly
occurs, and can also result in unstable generator behaviour. If a voltage drop is restricted

to just one or two of the three phases then severe transient voltage unbalance results.

2.3.3 Distribution System in Ireland

Grid codes in a good number of countries world-wide have been and are undergoing
major reform to facilitate the connection of ever increasing amounts of distributed
generation, specifically wind turbines. The grid code connection requirements to the
distribution system (DS) in Ireland for distributed generation as well as specific
requirements for wind farms are provided in [52]. The development of the distribution
grid code in Ireland is a direct result of the increasing amounts of distributed generation
requiring connection to the distribution grid. These additional requirements are applied
to Wind Farm Power Stations (WFPS) with Registered Capacity of 5 MW or more, or
with Registered Capacity less than SMW due to be developed on a Contiguous Wind
Farm Site (CWFS) where the development of the WFPS results in the total Registered
Capacity of WFPS on the CWES exceeding or remaining above 5 MW.

There are various voltage levels and configurations in the transmission and distribution
networks to which wind-farms can be connected. Based on the connection type and
voltage level five categories of Wind Farm Power Stations (WFPS) are identified as

shown in Figure 2.4 [86].
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Figure 2.4 Classification of wind farm power stations connected to Ireland’s

distribution system.

In the connection configurations illustrated in Figure 2.4, network voltage unbalance is
more likely to affect wind turbines connected as Types C, D and E due to the lower
voltage levels and the possibility of adjacent local loads being substantially single-phase

and also the aspect of loads not being distributed equally among all three-phases.

2.4 Voltage Unbalance

In many electrical power system designs, it is normally convenient to assume that the
electrical system is symmetrical (balanced). However in reality, perfect symmetry rarely
occurs. Mutual coupling effects between transmission lines, transformer windings and

unevenly distributed single-phase loads are typical causes for system unbalance. In some
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parts of Ireland for example, it would appear that voltage unbalance may be attributed to
uneven distribution of domestic load. In small rural substations loads are frequently
distributed on single phase lines and thus fluctuating power from each single phase load
can cause voltage unbalance. The primary source of voltage unbalance less than 2% is
that of unbalanced single phase loads on a three-phase circuit [64]. Voltage unbalance
can also be the result of capacitor bank anomalies, such as a blown fuse on one phase of
a three-phase bank. Severe voltage unbalance (greater than 5%) can result from single-

phasing conditions [64].

Voltage unbalance can be of concern at the electricity distribution level. Although
generated voltages are well balanced at the generator and transmission levels the
voltages at the utilisation level can become unbalanced due to unequal system
impedances and unequal distribution of single-phase loads. An excessive level of
voltage unbalance can have serious impacts on some mains connected plant, e.g.
induction machines. The negative or zero sequence voltages in a power system generally

result from unbalanced loads causing negative or zero sequence currents to flow.

Utility supply voltage unbalance is typically maintained at less than 1%, although 2% is
not uncommon. Voltage unbalance greater than 2% should be reduced where possible
[20], by balancing single-phase loads, as phase current unbalance is usually the cause.
Phase monitors are often required to protect three-phase motors from the adverse affects

of single phasing.

In induction machines the elevel of current unbalance can be several times the level of
the voltage unbalance at the stator [1]. Such unbalance in the line currents can lead to
excessive losses in the stator and rotor windings that may cause protection systems to

operate thus causing loss of production. Although induction machines are designed to
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tolerate a small level of voltage unbalance they have to be derated if the voltage
unbalance is excessive. If operated at the nameplate rated capacity i.e. without derating,
the useful life of such induction machines can become quite short. It should be noted that
if an induction machine is oversized to a given application the machine may not operate
at best efficiency and power factor.

Voltage unbalance also has an impact on ac variable speed drive systems, with front end
three-phase rectifier systems. The triplen harmonic line currents that are uncharacteristic
to these rectifier systems can exist in such conditions leading to problematic harmonic
issues. Although it is practically impossible to eliminate voltage unbalance it can be kept

under control at both utility and plant level by several practical steps.

2.5 Voltage Measurement and Voltage Unbalance Standards

A three-phase power system is considered balanced or symmetrical if the three-phase
voltages and currents have the same amplitude and are phase shifted by 120° with
respect to each other. If either or both of these conditions are not met, the system is

considered unbalanced or asymmetrical [3], [4].

Va
Va
Ve / N
V. Vs
(a) Balanced System (b) Unbalanced System

Figure 2.5 Representation of a balanced and unbalanced three-phase voltage
Figure 2.5 illustrate a balanced and a magnitude unbalanced three-phase voltage.
Voltage unbalance (or imbalance) can also be defined as the ratio of the negative

sequence component to the positive sequence component [4]. It can also be expressed as
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the maximum deviation among the three phases from the average three-phase voltage
divided by the average three-phase voltage [3].

There are a number of accepted definitions for determining voltage unbalance.
Unbalanced three-phase systems can be described in terms of Voltage Unbalance Factor
(VUF). The percentage negative sequence voltage unbalance factor (% VUF), or true
definition is given by the ratio of the phase voltage negative sequence component to
positive sequence component [4]. The voltage positive and negative sequence
components are obtained by resolving three-phase unbalanced line voltages V,p, Vi, and
V. (or phase voltages) into two symmetrical components, positive sequence voltage V),
and negative sequence voltage V, [33]. The VUF of a system can be determined by three
phase voltage magnitudes and phase angles that depend on load conditions and system

configuration [33]. The VUF transformation (Fortescue) can be described as:

V, . 1 1 1]V, V., 1 1 1|V,

Vi|==[1 a a|V, V,|=|1 & alV
3

v, 1 a* alV. V. 1 a a |V,

where V,, V,, and V, are three line voltages and V; is the positive sequence voltage, V> is
the negative sequence voltage and V) is the zero sequence voltage and a is the operator
1£120°.

Positive, negative and zero sequence voltages can be obtained using the Fortescue
transformation using only the rms line-to-line voltages and without having to measure

the phase angles between these voltages [18].

Alternative definitions of voltage unbalance are also available. The NEMA definition
[15] of voltage unbalance, also known as the line voltage unbalance rate (LVUR), is
given by the ratio of maximum deviation from the average line voltage, to the average

line voltage. The NEMA definition considers magnitude only, phase angles are not
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included [16]. Voltage unbalance can be estimated as the maximum deviation from the
average of the three-phase voltages or currents, divided by the average of the three-phase
voltages or currents, expressed in percent [64]. The NEMA® definition for voltage

unbalance is:

maximum deviation from average voltage
.100%

average voltage

For example, with phase-to-phase voltage readings of 230V, 232V, and 225V, the

NEMA definition of voltage unbalance is calculated as:
2 100=1.7%
229

The IEEE definition of voltage unbalance [17], also known as the phase voltage
unbalance rate (PVUR), is given by the ratio of maximum deviation from the average
phase voltage to the average phase voltage. The IEEE definition is similar to NEMA in
that the definition only addresses magnitude, phase angles are not included. The IEEE
definition uses phase voltages rather than line-to-line voltages as used by NEMA.
Positive and negative sequence voltages may be used when analysing induction
machines performance under unbalanced conditions. The ‘true’ definition involves both
magnitude and phase angles when calculating the positive and negative sequence voltage
components; Pillay and Manyage [16] however apply an expression that avoids the use
of complex algebra and gives a good approximation to the true definition.

Standards for voltage unbalance are required to determine international performance
levels. There are several such standards [[19], [20], [21]]. Gosbell et al [22] investigated
some of these standards and examined possible errors, which can arise with incorrect
averaging procedures and the use of phase voltages in voltage unbalance calculations.

Among the findings in [22] were that the VUF, calculated from 10 minute average

® National Electrical Manufacturers Association of USA
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voltages (Unbalance of the Average), gives a lower value than the correctly calculated
10-minute rms average VUF, determined from voltages over a small time scale (Average
of the Unbalance) for the sites investigated. Also determined in [22], sline-line voltage

calculations provide best accuracy in determining VUF calculations.

2.6 Voltage Unbalance and Weak Networks

Voltage unbalance tends to arise in certain rural (sometimes termed weak) networks.
Voltage unbalance in rural distribution networks is normally more pronounced than in
urban distribution networks [8]. Voltage unbalance can arise due to the predominately
single-phase nature of the loads, owing to the difficulty of balancing these loads on each
phase of the utility supply [[7], [8], [10], [31], [47]]. To reduce the degree of voltage
unbalance, efforts are normally made to distribute single-phase loads among three-
phases as uniformly as possible; however this is not always successful. The reoccurring
nature of the unbalance can correspond to characteristics of the load in the local supply
area [60].

The geometrical configuration of overhead lines can lead to asymmetric impedance
resulting in a difference in the electrical parameters of the line (the impedance of
electrical network components may not be exactly equal among each phase) [[3], [7],
[8]1, [31], [48], [59]]. As stated earlier, the primary source of voltage unbalance less
than two percent is the dominance of single-phase loads on a three-phase distribution
network [4]. ESB Networks estimate that roughly two thirds of voltage unbalance in the
distribution network is as a result of single-phase loads. In the USA many utilities do not
normally record unbalance because adverse affects are not immediately apparent or

recognised, and voltage unbalance is only addressed when a complaint is received [7].
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Utilities require that wind-farm operators do not cause the network power quality to
deteriorate below agreed standards, including EN 50160 [48].

Wind turbines can have a positive effect on network voltage unbalance at the point of
common coupling, PCC. Wind-farms were investigated for unbalance in reports
produced for Airtricity, and in [[12], [13]], and results showed a decrease in voltage
unbalance at the PCC as generated power from the wind-farms increased. A paper by
Davidson [12], on a study of a wind farm containing fixed-speed induction generators,
observed that voltage unbalance at the PCC decreased from 1% at zero power generated

to 0.2% when generating power at 6 MW.

2.7 Voltage Unbalance Sags/Dips — Types

There are many unbalanced voltage profiles possible with the same voltage unbalance
factor (VUF). Among the possibilities are: single-phase under-voltage unbalance, two
phases under-voltage unbalance, three phases under-voltage unbalance, two phases over-
voltage unbalance, three phases over-voltage unbalance [27]. Voltage unbalance sags
can be classified according to type. Bollen [26] considers single-phase, two-phase and
three—phase voltage sags on star and delta-connected equipment, and transformer
configurations. There are three main types of three-phase voltage unbalance sags, B, C,
D. Types B, C and D are due to single-phase and phase-to-phase faults. A type B
voltage sag is a magnitude sag and is confined to one phase only. Type E is a voltage sag
on two phases. For types C, D, F and G sags, the phase voltages change by different
amounts and their phase angles also change [34].

Siddique et al [27] have analysed the effects of above described unbalance phase faults
on various rated three-phase induction motors. The six faults described in Figure 2.5,
with identical VUF, were applied to an induction motor. Results obtained from each test

indicated a difference in operating performance.
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Figure 2.5 Phasor diagrams of voltage unbalance sags
Losses in the induction machine varied depending on the type of fault initiated and to
assess the real condition of the machine, the positive sequence voltage should be
considered. For example with lower positive sequence voltage and with the same VUPF,
losses in the machine are higher. Also with the same VUF, a higher positive sequence

voltage leads to a higher motor efficiency [28].

2.8 Voltage Unbalance Behaviour of Induction Machines

An understanding of the effects that voltage unbalance has on wind turbines is important
in determining solutions to the problem. Ghorashi et al [33] uses symmetrical
components to investigate the effect of voltage unbalance on weak grids. A voltage can
be analysed using positive, negative and zero sequence components. The combination of
a positive sequence component and negative sequence component will result in a second
harmonic ripple [56], [59]. Under the unbalanced operational condition, an induction

generator has very low equivalent impedance due to the presence of negative phase
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sequence voltage. This condition can be explained using the per-phase equivalent circuit
of the induction machine (Chapter 5) and observing the rotor resistance R, . The rotor
resistance is divided by the slip [10], [33], and under normal operating conditions, slip is
small (< 0.1) i.e. the rotor resistance is large. However during unbalanced voltage
conditions a negative phase sequence occurs. In practice, induction generators are
normally star-connected with no neutral connection. With no neutral connection zero
sequence current cannot flow [8]. If negative sequence voltages result from an
unbalanced supply and are applied to an induction generator, a revolving magnetic field
is established in the air gap between the stator and rotor. This negative phase sequence
rotates in the opposite direction to the grid voltage, and the negative sequence slip is (2-
s). The effective negative sequence rotor resistance is then R,/ (2-s). Due to much lower
impedance to a negative sequence voltage, high current magnitudes are induced in the
rotor. The negative phase voltage sequence will therefore drive a large negative phase
sequence current, (six to eight times that of the positive phase sequence current [8])
which might trip the protection equipment and hence prevent the turbine from riding
through the fault [32].

The negative sequence current in an induction machine tends to increase the losses, raise
the temperature of the machine (stator and rotor), beyond their published rating, which
can lead to winding failures (reduce the insulation life of a generator) and bearing
failures [8], [10], [11] and [47]. Insulation life is approximately halved for every 10°C
increase in winding temperature [11], [44]. The percent increase in temperature of the
highest current carrying winding is approximately two times the square of the voltage
unbalance. For example a 3 percent voltage unbalance will cause a temperature rise of

about 18 percent [11], [44]; (32 x2=18 %).
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NEMA standards recommend a maximum voltage unbalance of 2 percent before
derating of the machine is required. =~ Machines can be derated down to 75% for a
maximum of a 5 percent voltage unbalance. If the voltage unbalance exceeds 5 percent it
is not recommended that induction machines be operated. The flow of the unbalance
current in a motor may act to magnify the voltage unbalance already existing on the

network [14].

When the stator phase voltages are unbalanced, the negative sequence currents produced
as a result, may also create torque pulsations on the shaft resulting in audible noise and
extra stress. These torque pulsations can also damage the rotor shaft, gearbox or blade
assembly [10], [11]. The locked-rotor and breakdown torque are decreased when the
voltage is unbalanced. If the voltage unbalance is extremely severe, the torque might not
be adequate for the application [44]. The negative-sequence torque has a detrimental
effect on induction motor speeds, which tend to decrease and may be unable to recover
[45]. Bearings may also suffer mechanical damage because of induced torque pulsations
at double the system frequency [3].

Losses due to voltage unbalance are illustrated in [44] where for example a 6% voltage
unbalance results in a 50% increase in losses, and a 10% increase results in a 100%
increase in losses. However there is little consensus on the voltage unbalance limits at
which a generator can still operate reliably. Since the main effect of voltage unbalance is
the heating of machine windings, higher short-term levels of unbalance may be
acceptable for a few seconds or even minutes [44].

The type of unbalance protection installed can exacerbate this situation. Many unbalance
relays operate by measuring the percentage of current unbalance being drawn by the
machine. The problem is that this increases, as the turbine is unloaded, resulting in

turbine trips with low valus of current. The negative phase sequence voltage sees
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relatively constant impedance (related to the locked rotor impedance) while the positive
phase sequence current varies with output. The result can be nuisance tripping with
disputes arising between the wind-farm and network operator regarding responsibility.

Table 1 displays the effects of unbalanced phase voltages applied to class A and class B
three-phase motors running at rated load. In addition to motor damage, voltage
unbalance in three phase systems can cause connected electronic equipment to

malfunction [102].

Table 1 Voltage unbalance effects in motors

Voltage Unbalance (%) 0 2 35 |5

Negative Sequence Current (%) | O 15 |27 |38

Increase in Losses (%) 0 9 25 50

Class A Temperature Rise (°C) 60 65 75 90

Class B Temperature Rise (°C) 80 85 100 | 120

Table 1 [46], shows that even a small unbalance in voltage can cause significant heating
of motors running at full load. For this reason, NEMA MGI1 [15] sets a voltage
unbalance guideline of no more than 1% unbalance in order to prevent damage to

sensitive loads.

2.9 Voltage Unbalance and Converters

Voltage unbalance, magnitude fluctuation and phase deviation, affects both induction
generators and the converters associated with these machines during variable speed
operation. In converters, voltage unbalance can produce undesirable low frequency
power ripple, which can result in current harmonics and poor DC link voltage regulation

[34], [47].
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Voltage unbalance in a rectifier-inverter system is investigated in [112], indicating
double frequency voltage oscillations on the dc link bus. The investigations reveal that
with appropriate values for DC link capacitance and line filter inductor, significant
improvements can be achieved in the Total Harmonic Current Distortion (7HDi) of the
input current and DC link ripple factor during unbalance input voltage conditions.
Rectifier and converter systems draw non-sinusoidal current waveforms from the grid. If
the grid voltage supply is balanced the line current waveform may take the “double pulse
per half cycle” shape as shown in Figure 2.6, that contain characteristic harmonic orders
given by [68]:
h=6k=+1
where 4 = harmonic order and k = 1, 2, etc. giving only 5th, 7th, 11th, 13th etc. order

harmonics.

Figure 2.6 Typical line current waveform of a three-phase diode rectifier

system when the supply system is balanced

With unbalanced grid voltage supply the line current waveform can deviate away from
the double pulse formation of Figure 2.6 to single pulse formation as shown by Figures
2.7(a) and 2.7(b) leading to uncharacteristic triplen harmonics. Supply voltage unbalance
can lead to tripping of drive systems caused by excessive ac line currents on some
phases and under voltage on the DC link. This can also lead to excessive thermal stress
on diodes and DC link capacitor. Increase in the unwanted triplen harmonic currents can

also lead to undesirable harmonic problems in the supply system.
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Figure 2.7 Line current waveforms of a three-phase diode rectifier system when the

supply system is unbalanced
Converters are used with variable speed wind turbines. Various electrical systems are
used to obtain broad and narrow speed ranges. Variable speed operation allows a wind
turbine to capture more energy and can smooth the power fluctuations by essentially
using the rotor as a flywheel. Power electronics offer the most effective method for
providing variable speed operation. In addition power electronics converters can supply
reactive power to the utility on demand and provide the capability to limit torque loads

in the drive-train [42].

The following variable speed wind energy conversion systems (WECS) use converters:

e Variable speed based synchronous generator, including direct drive.

e Variable speed with squirrel cage induction generator.

e Variable speed with doubly fed induction generator.
The operation of a converter in variable speed operation of wind turbines, during voltage
unbalance conditions, whether allowing full power as in the case of synchronous
generators and squirrel cage induction generators, or partial power in the case of doubly-
fed induction generators, will have similar effects to drives used with induction motors.
Quantifying the effect of voltage unbalances on adjustable speed drives (ASDs) under
input voltage unbalance and sag conditions represents an important step in developing

appropriate mitigation measures [34], [47].
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Investigations into voltage unbalance problems and solutions’ pertaining to variable
speed drives using induction motors have been documented [23], [34], [37], [38], [39],
[40], [47]. Lee et al [37] investigates the relationships between the unbalanced input
voltages and input currents on an induction motor adjustable speed drive (ASD). The
investigations are for a Type C source voltage unbalance (section 2.4) and were
evaluated through theoretical analysis simulation and experimentation. Some of the
conclusions reached are that ASD input current can reach twice its rated value at full
load conditions with up to 5% input voltage unbalance. Input current unbalance is up to
100% for input voltage unbalance of only 5%. Simulation models used Space Vector

Pulse Width Modulation (SVPWM) for inverter operation

The analysis and design of a direct nine switch three phase pulse-width modulated
controller, capable of correcting input voltage unbalance in an ASD, is presented in [38].
The correction method is validated trough experimentation and simulations. Low order

harmonics were eliminated with this method.

Positive and negative sequence components can be used to analyse the effects of voltage
unbalance on converters. The product of positive and negative sequence components of
voltage and current generate a double supply frequency power ripple causing DC link
voltage ripple [36], [39]. In [39] the authors present an unbalanced voltage compensation
strategy for a PWM converter. Counter-unbalancing currents are obtained which contain
the negative sequence components, which cancel the power ripples, and they reduce the
second harmonics of the DC link ripple. Tsai and Sun [40] investigated the effects of
voltage unbalance and harmonics on a three-phase PWM AC-to-DC converter. Among
their conclusions are that harmonics will appear in the current reference if the power

source of the converter is unbalanced. The effects of voltage unbalance and harmonics
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can be compensated for by installing a low pass filter, which completely attenuates 2®

components or higher ones [41].

2.10 Voltage Unbalance, Fault Ride-Through and Protection

To maintain high reliability and security in both grid and wind turbines, the wind
turbines must be disconnected from the grid in the event of a malfunction of the grid and
vice versa. According to the IEC 61400 standard, wind turbine protection should provide
for under-voltage, over-voltage and over-current, phase unbalance, and also under and
over frequency. Wind turbine generators, are usually fitted with protection to detect
unbalance. If the supply unbalance is sufficient, the single-phasing protection may
respond to the unbalanced currents and trip the machine. Polyphase converters, in which
the individual input phase voltages, contribute in turn to the dc output, are also affected
by an unbalanced supply, which causes an undesirable ripple component on the dc side,

and non-characteristic harmonics on the ac side [30].

The type of unbalance protection installed in WECS can exacerbate the situation. Many
unbalance relays operate by measuring the percentage of current unbalance being drawn
by the machine. The problem is that this increases, as the turbine is unloaded. The
negative phase sequence voltage sees relatively constant impedance (related to the
locked rotor impedance) while the positive phase sequence current varies with output.
The result can be nuisance tripping with disputes arising between the wind-farm and
network operator regarding responsibility. Among the various grid code requirements,
perhaps the main challenge for wind turbine manufacturers is the ability to ride through

faults [33], [58].
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2.11 Voltage Unbalance and DFIG’s

An analysis of the top ten manufacturers in 2001 [62] established that most were
supplying doubly fed induction generators with a rotor connected IGBT-based frequency
converter. Recently, synchronous generator systems have increased in popularity
however DFIG’s still account for a large share of the market [9]. The most significant
reason for the popularity of the doubly fed induction generator concept is the relatively
small size of power converter- approximately 10-30% of rated turbine power. For
example a typical variable speed DFIG might have an operating region
0.7 05 < ®: < 1.3ms. The rotor converter must be bi-directional with a smooth transition

through s = 0 [65].

Wind generators equipped with a DFIG have a frequency converter connected to the
rotor that operates in four quadrants. With under-voltage grid faults, with rapid voltage
drops, there will be high rotor currents in the generator, which result in a high dc voltage
in the frequency converter. Akhmatov [35] observed during simulation studies that the

converter in a DFIG was the most sensitive part of the wind-turbine.

Voltage unbalance can cause voltage harmonics on the dc bus of a DFIG, and lead to
current harmonics. Increased current harmonics on the DC link can shorten the life of
the capacitor, or lead to capacitor failure. The bus ripple voltage can also lead to the
generation of pulsating torques at twice the network frequency [35], [36]. Brekken and
Mohan [36] investigated a control scheme to compensate for these torque pulsations.
Compensations terms are calculated by equating the terms of the balanced torque
equation with the unbalanced torque equation. Mohamad et al [54] compares the steady
state performance of a DFIG with an induction generator and particularly the effect of

the rotor converter on harmonic current generation, and the harmonic torques and losses
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as a result. Santiago et al [59] investigates a speed controller to compensate for voltage
unbalance on the stator.

In double-fed induction generators grid voltage unbalance can affect both the induction
generator and the rotor converter. In DFIG’s, it is possible to control the rotor currents
to correct for the problems caused by unbalanced stator voltages [[24], [71], [95], [96],
[104], [105], [115], [116], [117], [118], [120], [121], [122], [123], [124], [125], [127],
[129], [130], [131], [132], [133], [135]]. A method for alleviating voltage unbalance in a
DFIG using a Statcom was investigated by Naess et al [24] based on a DFIG with PWM
control and transformer in the rotor circuit was implemented in PSCAD/EMTDC, where
a negative-sequence current was injected from the STATCOM to compensate for the
unbalanced load voltage. To completely neutralise all issues associated with the
detrimental effects that supply voltage unbalance has on DFIG’s, requires compensating
control techniques to both the rotor-side and grid-side converters. Current trends to
control the DFIG rotor-side and grid-side converters during voltage unbalance
conditions is based on previous work carried out to improve the performance of
converters for dc and ac machines as outlined above in section 2.9.

These methods include isolating the positive and negative sequence direct and
quadrature components, /; and I, respectively and applying a parallel control scheme to
compensate for the oscillating components due to supply voltage unbalance. This
method has been used by [[71], [76], [96], [97], [105], [108], [110], [113], [114], [115],
[117], [118], [120], [121], [122] and [124]].

The behaviour of DFIG’s in wind farms and improvements in the control structures is
investigated in [[120], [122]] and improvements are outlined using positive and negative
sequence controllers. A similar study by [121] also incorporated FSIG’s and DFIG’s in a

wind farm. The investigation demonstrated that not only can the DFIG’s control system
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improve its own performance but it can also improve the stability of the FSIG with the
same grid connection in the wind farm. The method uses the fact the DFIG can control
the total power at the terminals and thus the overall voltage unbalance.

Jiabing and He et al [[117], [118]] also use a dg" reference frame and developed a rotor
side control scheme with a resonant compensator in parallel with a PI controller (PIR
control) and tuned at twice the grid frequency. The PIR method was also investigated by
[[125], [126], [127], [129], [133]]. Jiabing et al [118] incorporates a similar scheme in
both the rotor side and grid side converters to improve the performance of a DFIG
during network voltage unbalance conditions. The idea is that the controller consists of
a PI regulator and a harmonic resonant (R) compensator tuned at twice the grid
frequency and the positive and negative sequence components of the rotor and grid side
converters are controlled without the requirement of extrapolating the positive and
negative components, and resulting in improved dynamic performance. The PIR control
method was implemented in stand-alone mode (i.e. not grid connected) by Phan et al

[[130], [131], [132]].

2.11.1 Coordinated Control

Normally when controlling the rotor-side converter for the reduction of stator power and
torque pulsations due to supply voltage unbalance it was not possible to reduce both the
stator power and torque pulsations simultaneously, due to the limitations of the control
variables. However by analysing both converters with respect to the total power supplied
by the DFIG, it is possible to reduce both the stator power and torque oscillations. The
control variables of both the rotor-side and grid-side converters can be used in a
coordinated fashion and thus it is possible to reduce both the stator power and torque

pulsations [[113], [115], [124]].
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2.11.2 Resonant Controllers

The use of a resonant controller in parallel with the PI current controller can also be used
to control generated unbalance currents and current harmonics in converters and DFIG’s.
The controller is often referred to as a PIR controller and requires less positive and
negative sequence decomposition and thus less time delay and errors [[96], [116], [117],
[118], [125], [129], [130], [131], [132], [134], [135]]. If a number of frequencies are
controlled it can be referred to as multi-frequency proportional resonant (MFPR)
controller [125].

During conditions of network voltage unbalance the voltage, current and flux all contain
both dc values of the positive sequence components and double frequency (2w.) ac
values of the negative sequence components in the dq" reference frame. The dc
components are regulated normally by the PI controller however this controller cannot
regulate the double frequency components. The negative sequence control currents /-
have a frequency of 2®. (100 Hz) and to control these currents adequately it is thus
necessary to use a controller that is tuned to 100 Hz. A multi-frequency proportional
resonant (MFPR) controller can be implemented for directly controlling both the
positive and negative sequence components. This controller has a very high gain around
the resonance frequency and it eliminates the steady state error between the reference
and the measured signal. The width of the frequency band around the resonance point
depends on the integral gain value. A small value produces a very narrow band, whereas
a large value produces a wider band. The cut-off frequency w, also increases the band-
width. Multilevel MFPR controllers can be implemented to control and reduce converter
generated harmonic currents injected into power systems.

DFIG’s can also be operated in stand-alone mode, i.e. not connected to a grid system.

Stand-alone operation of DFIG’s with improved control using PIR techniques was
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investigated in [[124], [130], [131] and [132]] with similar improved operational
performance results achieved. The behaviour of a synchronous generating system to grid
voltage unbalance was investigated in [134] with control strategies modified to improve

performance during network voltage unbalance conditions.

2.12 Conclusion

This literature survey is by no means exhaustive; however it providees an insight into the

current issues associated with utility voltage unbalance and the integration of WECS.
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Chapter 3 Wind Power Technologies

3.1 Wind Power Technologies

This work concentrates on DFIG’s (Double Fed Induction Generators) and the issues
associated with improved operation during network voltage unbalance conditions.
Before a discussion of these topics a general overview of wind power technologies is
presented to see where the DFIG “fits” within the wind power generation community.
Presently several main types of technologies are used for the conversion of wind
aerodynamic power into electrical power. The main types of technology can be
classified as follows:

¢ Fixed Speed Synchronous Generator.

¢ Fixed Speed Induction Generator.

e Variable Speed Induction Generator.

¢ Double Fed Induction Generator.

e Variable Speed Synchronous Generator System.

¢ Direct Drive or Gearbox.

¢ Pitch Control versus Stall Control of Rotor Blades.

Figure 3.1 shows a schematic of technologies used in wind energy conversion systems

[62].
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Figure 3.1 Technologies of wind turbines

In terms of the turbine speed there are two main classifications of wind turbine generator
systems, constant speed and variable speed. Throughout the world constant speed
operation was the most common type of technology used until the early 1990’s. In
constant speed operation the generator stator windings are connected directly to the
electrical grid with a simple electrical connection. Variable speed wind turbine
generators gained momentum as the preferred choice of wind farm developers during the
early 1990’s. Variable speed operation requires power electronic converters to operate
with generators, allowing wind turbines to capture more energy, and can smooth the
power fluctuations by essentially using the rotor as a flywheel. Power electronics offer
the most effective method for providing variable speed operation. In addition power
electronics converters can supply reactive power to the utility on demand and provide

the capability to limit torque loads in the drive train.
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A constant speed wind turbine is designed to obtain a maximum efficiency at one wind
speed that will give the optimum tip speed to wind speed ratio for the rotor blade. The
variable speed machine can obtain the optimum tip speed to wind speed ratio at any
wind speed by changing the rotor speed as the wind speed changes. During the previous
twenty years three main technologies have been developed and used by the different
wind turbine manufacturers (Figure 3.4) [65]:

e Gearbox and induction generator (IG) with single and double stator winding.

e Gearbox with double-fed induction generator (DFIG) with power converter.

e Direct-Drive generator with power converter.
Constant-speed wind turbines produce stochastic as well as periodic power fluctuations.
The resulting voltage fluctuations can cause serious light flicker. This problem has lead
to a recommendation in many European countries that the amount of wind power
installed should not be more than 5% of the short-circuit capacity [79]. Figure 3.2 shows

a typical installation of a DFIG including tower and associated switchgear.
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Figure 3.2 Typical wind turbine components including induction generator, DFIG

converter and three-phase transformer (not to scale).
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3.2 Current Wind Turbine topologies.

3.2.1 Grid-connected Squirrel Cage Induction Generator

In the past the squirrel cage induction generator (SCIG) has been the most widely used
generator type for wind turbines [78]. For fixed-speed wind turbines the induction
generator is directly connected to the electrical grid according to Figure 3.3. The rotor
speed of the fixed-speed wind turbine is in principle determined by a gearbox and the
pole-pair number of the generator.

Induction

Generator
Stator Transformer

] (O)F—

Rotor

}

-

Figure 3.3 Induction generator fixed-speed wind turbine

The torque-speed characteristic for a typical induction machine is shown in Figure 5.2
(Chapter 5). The generator operation is only stable in the narrow range around the
synchronous speed n; (s = 0). In this zone the machine speed n varies very little with
varying torque and cannot be controlled. Turbines equipped with this generator type are
often called fixed-speed systems, although the speed varies over a narrow range. The
range becomes broader with increasing rotor resistance.

The slip is mostly not higher than 5% for SCIG’s and generator operation only occurs
for speeds higher than n; (synchronous speed). As the number of pole pairs p is usually

2 or 3 in commercial wind turbine generators with SCIG’s, the synchronous speed in a
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S50Hz grid is normally 1500 rev/min. (2 pole pairs) or 1000 rev/min. (3 pole pairs). This
system (one or two-speed) was the ‘“conventional” concept used by many Danish
manufacturers in the 1980s and 1990s [57].

The main variable speed configurations for wind turbines are shown in Figure 3.4. From
the mid 1990’s until the present day the most popular installed wind turbine design has

been the DFIG.

Induction Generator
Or Synchronous Generator

Stator
— Converter Grid
#
#
(a) Variable Speed with Power Converter
Synchronous Generator:
Permanent Magnet or Wound Rotor
— Stator
—| + C _| Grid
Crotor Crid Fixed Voltage
VSC e and Frequency
Variable Voltage
(b) Direct-drive generator with power converter
Induction
Generator
Stator Transformer
# { 0
\ Grid
Rotor
Converter

(c) Variable Speed: Variation of Rotor
Resistance with with Power Converter
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Figure 3.4 Wind Turbine Systems: Induction Generator and Synchronous
Generator, (a) Variable Speed Operation, (b) Direct Drive Variable Speed, (c)
Variable Speed: Variation of Rotor Resistance with Power Converter (d) DFIG

Variable Speed.

The main types of generator and their connection with the network, as outlined in
Figure 3.4 above will vary in performance, with some performing as good if not better
than conventional synchronous generators [62]. In the case of the method shown in
Figure 3.4(b) for example, the power converter can in principle bring to a weak network
all the benefits of a Static VAR Compensator of the same rating. However there is some
way to go in suitably defining the network operators’ technical requirements before the
benefits of this technology are fully exploited. The DFIG concept has less capability, but
is still able to meet network operators’ requirements. Table 2, tabulates the real power

flow in a DFIG during subsynchronous and super-synchronous modes of operation.
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Table 2 Power flow direction in DFIG

Subsynchronous P Stator — Grid
n< ng s>0 P, Grid — Rotor
Supersynchronous P Stator — Grid
n>ng s<0 P, Rotor — Grid

Operation of DFIG’s (Figure 3.4 (d)) stator reactive power Qg can be controlled by
controlling rotor currents within the converter. Furthermore, the grid-side of the rotor
converter can control reactive power Q, 4.4, independently of the generator operation.
This allows the performance of voltage support towards the grid. Some of the drawbacks

are [65]:

e A gearbox is still necessary in the drive train to achieve the necessary
generator rotor speed for 50 Hz operation.

e The control of the rotor power by means of a grid-connected converter
requires an electrical connection between a rotating and fixed system. Such
a connection is given by carbon brushes on the slip rings and these brushes
require regular maintenance, are a potential cause of machine failure and
increase the electrical losses.

e Also the power electronic converter is a fragile component: it is very
sensitive to over-currents. In case of a grid voltage dip, the stator and rotor
currents may dramatically increase for a short time (~100 ms). To protect
the converter from over-currents, it is bypassed by a ‘crowbar’ (Figure
3.4), which is normally open. In case of rotor over-currents the rotor
winding is short-circuited by closing the crowbar switch, resulting in the
same behaviour as a SCIG for a short time. Normally, the crowbar

switching is followed by the shut-down of the entire turbine.
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e The dynamic behaviour of the installation in case of grid disturbances
(especially in case of crowbar switching) is very complex. Detailed
dynamic models and good knowledge of the machine parameters are
required to make a correct estimate of occurring torques and speeds, and
also of the impact of the machine behaviour on the grid [81]. Dynamic

modelling aspects will be discussed in Chapter 6.

3.3 Wind Turbine Aerodynamic model

Production of energy in a wind turbine requires a transfer of energy between the wind
and the turbine rotor. The blades of a wind turbine rotor extract some of the power from
the wind energy, convert it into rotational energy and it is then transferred via a gearbox

or mechanical drive to a generator [100].
3.3.1 Extraction of power from the air-stream

A simple model generally attributed to Betz (1926), can be used to determine the power
from an ideal turbine rotor. The analysis assumes a control volume, essentially a tube,

with the flow across the ends of the tube; details can be obtained in [100].

The relationship between the wind speed and aerodynamic power and torque can be
described by the following equations [100]. The power developed by the wind can be

described as:
P, = YopaR’ U’ Cy(6, 1) (3.1)
The aerodynamic torque can be expressed as:

T, = YpaR’ U Cy(6, 1) (3.2)
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where: P,, is the aerodynamic power extracted from the wind [W]
T,, is the aerodynamic torque extracted from the wind [Nm]
p is the air density [kg/ms], R is the wind turbine rotor radius [m]

U is the wind speed [m/s], @ is the pitch angle of rotor [deg]

A=—"""— is the tip speed ratio, where w,,,; is the wind turbine rotor speed

Vi

[rad/s].
Figure 3.5 illustrates the power coefficient Cp curves as a function of tip speed ratio and

pitch angle [65].

Lardynamic efficiency Cp

i R 3
2 4 =] =] Ll 12 14 16
Tip speed ratio lambda

Figure 3.5 Power coefficient Cp curves as a function of tip speed ratio & pitch angle

3.4 Stall and Pitch Control

Methods are available to limit wind power transferred to the shaft of the wind turbine if
the power available in the wind becomes higher than the power for which the wind
turbine is designed. Two common methods of controlling the maximum power that the
airfoil blades can safely withstand are stall and pitch control. Stall control can also be

sub-divided into passive stall control and active stall control.
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Passive stall control requires the rotor blades to be fixed to the hub, whereas for active
stall control and pitch control the rotor blades can be pivoted around their axis [100].
Wind turbines use the fact that the angle of attack grows with increasing wind speed in
such a manner that the angle of attack where stall occurs is reached when the wind speed
reaches rated wind speed. For passive stall the rotor blades are mounted fixed on the hub
and are installed at the required angle during the construction of the turbine. This means
that the wind turbine rests completely passive and only when the wind speed reaches a
particular velocity will passive stall causes the power taken by the blades to reduce,
similar to the stall effect on aircraft wing blades when the aircraft is not travelling at
sufficient speed.

Active stall and pitch control require motorised control of the blade angle and so they
require the ability to rotate around their axis. Active stall can cause the blades to stall
when required. As this concept requires the wind turbine to actively do something, it is
known as active stall controlled concept. Also, rotor blades can also be turned in the
opposite direction in order to reduce the angle of attack and thereby the aerodynamic
forces and the power output. This is normally called a pitch controlled concept. As these
two main characteristics are completely independent, they can be combined in various
ways. This can be shown in a combination matrix, which is given in Table 3.

Table 3 Possible combinations of Stall/Pitch and speed of WECS

Speed Concept

Variable Speed Concept

(Passive) Stall Active Stall Pitch
Single Speed Stall Controlled Single Active Stall Controlled Pitch Controlled Single
Speed Concept Single Speed Concept Speed Concept
Two Speed Stall Controlled Two Active Stall Controlled Pitch Controlled Two
Speed Concept Two Speed Concept Speed Concept
Variable Speed Stall Controlled Variable | Active Stall Controlled Pitch Controlled Variable

Speed Concept
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Chapter 4 Investigations into Voltage Unbalance

4.1 Introduction

Chapter four outlines investigations with respect to grid voltage unbalance, and the
effects and performance of induction generators and DFIG’s, when subjected to
conditions of voltage unbalance. An important part of this research is the collection of
data on a weak or rural network and to this end a small wind farm in County Cavan has
been monitored using remote power quality measuring instruments. The details of this
research are included in section 4.2. The effects of voltage unbalance on induction
generators are outlined in section 4.4. Equations are derived for torque showing the
effects of positive and negative sequence components. Simulations are performed in
Matlab/Simulink confirming the negative effects of the negative sequence components.
In section 4.5 the effects of voltage unbalance on the behaviour of a three-phase PWM
inverter and a three-phase PWM controlled rectifier are investigated. The observations
include power and torque pulsations at twice the applied frequency. In section 4.6 and
section 4.7 DFIG’s and synchronous generator systems are investigated for performance
during applied voltage unbalance conditions. Section 4.8 is a brief introduction to the
concept of using sequence (symmetrical) components to analyse the behaviour of

systems when subjected to voltage unbalance conditions.
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4.2 Distribution Networks - Corneen Wind-Farm

To establish the level of problems that voltage unbalance has on wind-turbines,
measurements of voltage, current and power at the point of common coupling (PCC) of
a wind-farm and a distribution grid are beneficial. Collaboration with a wind farm
operator Airtricity allowed DIT to obtain measurements of a small wind-farm in Ulster.
Corneen Wind Farm consists of two 1.5 MW GE Wind Turbine-Generators, which are
connected to the ESB distribution network at 10 kV. Both generators are Double Fed
Induction Generators (DFIG), operating at 690 V. Each generator has its own
10 kV/690 V, 1.6 MVA transformer. Due to frequent tripping of the turbines DIT were

asked to investigate the power quality of the utility voltage at the PCC.

Over a period of two years the wind-farm was monitored for power quality issues.
Electrical faults that tripped one or both turbines on the wind farm were analysed. It was
observed that transient faults and voltage sags occurred on a random and intermittent
basis. Analysis showed that voltage unbalance in the network occurred on a more regular
or seasonal basis. This scenario is likely in many rural or weak networks where
balancing of the three phase loads or distribution lines may prove difficult. An analysis
of the Richfield wind farm in County Wexford observed similar results. This wind farm
is connected to the 38 kV distribution network. Voltage measurements were recorded
and analysed and it was observed that voltage unbalance trending on a daily and weekly

basis was remarkably similar to that obtained at Corneen wind farm.

The results of an assessment of the power quality at the Corneen Wind Farm were
presented in three reports. In particular, power quality problems of voltage unbalance,
voltage sags and transient events were considered. The data on which the assessment is

based was collected on ION 7600 Power Quality Meters [29]. The reports of generator
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trips from the turbine’s SCADA system were correlated with the data from the power
quality equipment. The following sections present a selection of the analysis associated

with voltage unbalance presented in the three reports.
4.2.1 Power Quality Measurement of Wind Farm

A first report was completed in summer 2003. A single ION 7600 Power Quality Meter
was installed and commenced recording on 8 April 2003. The ION 7600 was configured
to monitor the voltage and current at the terminals of turbine T2 (Figure 4.1). The
configuration allowed for the monitoring of voltage (and later current) unbalance on a
10-minute basis and also the capture of several cycles of the voltage and current wave
shapes. The unbalance monitoring was continuous whereas the wave shape capture (for
voltage sags and transient disturbances) was triggered when internal threshold levels
were exceeded.

Turbine 1
1.5 MW

A ﬁ DFIG
690V

= . -«
Distributin
Grid & PCC E§B 10 kv @ 0 <+
Switch-room
1.6 MVA PQ <«
20/10/0.69 kV Meter
PQ Meter Dynl1
10KV bus Converter
1.6 MVA
20/10/0.69 kV .
Dynl1 f;s;g; 2
N ﬁ DFIG
= 690V . <«
© | :
PQ <

Meter

Converter

Figure 4.1 Corneen wind-farm single line diagram

An example of data recorded from the ION 7600 Meter during the monitoring period, is

shown in Figure 4.2. The figure shows a voltage sag, which was recorded while turbine
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T2 was out of service. This trace shows a three-phase voltage waveform at the terminals
of the generator during a voltage sag without any involvement of the generator. It can
be noticed that the sag also introduces voltage unbalance at the terminals of the

generator.
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Figure 4.2 Voltage sag at the terminals of a turbine

4.2.2 Analysis of Voltage Unbalance at Turbine Terminals

The first report presented an analysis of the result of power quality monitoring over a
seven-week period at the Corneen wind farm. A number of reported trips have been
associated with observed power quality events during this period. Figure 4.3 shows the
recorded voltage unbalance over a seven week period. These results show the mean
unbalance during each 10 min. interval. The daily variation in voltage unbalance is
obvious from Figure 4.3, with the daily peaks occurring in the late afternoon/early
evening period. Also, the highest voltage unbalance peaks recorded during each 10 min.

interval tended to occur at weekends.
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Figure 4.3 Voltage unbalance (%) recorded on Turbine 2 over seven weeks

The variable nature of the voltage unbalance is clear from Figure 4.3. In order to
investigate the degree of severity of the voltage unbalance and to quantify the duration
when the unbalance exceeds defined threshold levels over a certain period, a cumulative
graph of voltage unbalance against duration of exceedance was produced. Figure 4.4
shows the graph for all periods over the duration of the study. For example, it can be

noted from the graph that a voltage unbalance of 1% was exceeded for approximately

10% of the time.

Distribution ot Voltage Unbalance

Duration of Study Period, %

0 0.5 1 15 2 25 3
Negative Sequence Unbalance, %

Figure 4.4 Distribution of voltage unbalance
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Although the period of study was limited, and only one turbine was monitored, it served
as a useful initial study and allowed for a number of recommendations to be made with
regard to future work in this area. DIT was asked to monitor Corneen due to a high level
of trips during the winter months of 2003/2004 and produce a report. This report focused
on the period winter 2003 to spring 2004 as recommended in the previous study. On the
basis of the recommendations in the first report, three ION 7600 Power Quality
Monitors were installed at the Corneen Wind Farm to enable further assessment of the
causes of trips on the wind farm turbines over an extended period and, in particular, an
assessment over the winter period when the perception was that the voltage unbalance

was at its highest.

The second report demonstrated similar findings to the first report in terms levels of
voltage unbalance. To enable continuous monitoring of the wind-farm power quality
monitors were installed on both wind turbines, and also on the 10kV bus where
connection is made to the ESB distribution network. The data collected on the 10 kV bus
was used to determine the voltage unbalance at the distribution network side of the wind

farm.

The voltage unbalance factor at Turbine 1 determined during the month of January 2004
is shown in Figure 4.5. An analysis of the voltage unbalance at Turbine 2 provided
similar results. The daily variation in voltage unbalance at Turbine 1 shows daily peaks
occurring in the late afternoon/early evening period. It would appear that the
predominant load is domestic, with an evening peak, and that peak domestic load is

inherently unbalanced.
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Figure 4.5 Voltage unbalance (%) at Turbine 1
To quantify the degree of voltage unbalance and compare with the requirements of the
relevant codes and standards, the distribution of voltage unbalance was calculated on a
weekly basis over the period described. Figure 4.6 shows the distribution of the voltage
unbalance for each of the weeks in the period under consideration for Turbine 1. The
duration of unbalance was greatest over the Christmas and New Year period (weeks 22

December and 29 December) for Turbine 1; conditions of high domestic loading.
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Figure 4.6 Distribution of voltage unbalance for Turbine 1
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Figure 4.7 shows an example of recorded percentage voltage unbalance factor for the
26™ December 2003 for both turbines. It is evident that protective relay settings on the
turbines are dissimilar; Turbines 2 trips at a lower level of voltage unbalance when
compared to Turbine 1. The steady increase in network voltage unbalance throughout
the day particularly after 4 pm is clearly evident. The calculated voltage unbalance drops
to zero when the protective relays open the circuit breakers and isolate the power quality

meters.

26 December 2003
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Figure 4.7 Negative sequence voltage on Turbines 1 and 2

The relevant Irish Standard relating to the power quality of distribution networks is L.S.
EN 50160:200 [43]. Section 3.10 of the Standard states that “under normal operating
conditions, during each period of one week, 95% of the 10 minute mean rms values of
the negative phase sequence component of the supply voltage shall be within the range 0

’97

to 2% of the positive sequence component”’. The analysis indicated that for the weeks

’ The Standard also states that “In some areas with partly single phase or two phase connected customers’
installations, unbalances up to about 3% at three-phase supply terminals occur.”
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considered the level of voltage unbalance did not exceed the limits defined in the
Standard.

The results presented in the reports indicated that the degree of voltage unbalance was
quite variable over the course of the study. It appears that the degree of voltage
unbalance was highest over the Christmas and Easter holiday periods, when possibly the
industrial/commercial load was low and the domestic load was higher. Fault times for
Turbine 2 over a six week period over Christmas and New Year, are illustrated in Figure
4.8. All faults presented occurred for asymmetrical voltage. Discounting the earliest and
latest event times, the mean time for faults during the six week period is in the region of

5.45 pm.
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Dec.'03 Dec.'03 Dec.'03 Dec.'03 Dec.'03 '04 Jan.'04 Jan.'04 Jan.'04 '04 '04 Jan.'04 04 '04

Date
Figure 4.8 Turbine 2 fault times, Christmas holidays
A very similar fault trend occurred on Turbine 1. It can clearly be observed that all faults
occurred in the evening and except for two faults, one on Turbine 1 and one on Turbine
2 all faults occurred after 5.00 pm. The faults that occurred on both turbines on the 31*

Dec. (New Years Eve) at approximately 9 pm occurred within minutes of each other.
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4.2.3 Analysis of Voltage Unbalance at 10 kV Distribution Voltage

The percentage voltage unbalance profile at the switch room 10 kV bus during the 30"

Dec. is shown in Figure 4.9. Both turbines tripped at about 4.30 pm (Turbine 1 trip times

are illustrated in Figure 4.8).

10 kV Voltage Unbalance 30/12/'03
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Figure 4.9 Switch Room 10 kV voltage unbalance
When both turbines are not operating, the 10 kV voltage unbalance rises sharply,
eventually reaching a value in excess of 3 %. The voltage unbalance at the 10 kV bus
over a four week winter period is illustrated in Figure 4.10. The voltage unbalance
profile can be compared with the results for Turbine 1 in Figure 4.3.
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Figure 4.10 Voltage unbalance (%) at the 10kV bus for January 2004
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In general, the level of voltage unbalance at the 10 kV bus is higher than that recorded at
the terminals of turbines 1 and 2. It is clear that the degree of voltage unbalance inherent
in the network varies in response to the network load. Whereas the voltage recorded for
both turbines is obviously zero after a trip occurs (circuit breakers isolate PQ meters),
the voltage at the 10kV bus can be continuously monitored if only the individual turbine
circuit breakers operate. The data collected at the 10kV bus was used to analyse the
impact of the operation of turbines on the degree of voltage unbalance in the network.
When the turbines were not operating, the inherent voltage unbalance present in the
network was observed. By comparing the unbalance recorded with and without the
turbines operating, an indication was obtained as to the effect the turbines have on the
network voltage unbalance. Separate assessments were made of the statistical
distribution of the voltage unbalance during the operating and non-operating periods of
both turbines. Figure 4.11 shows the distribution for the operating period is centred on a
value of 0.7% voltage unbalance. The distribution for the non-operating period is
clearly shifted to the right, centred on a voltage unbalance of 1.6%. It can be seen from
these results that the effect of the operation of the turbines at Corneen is to reduce the

degree of unbalance as observed at the 10 kV bus (discussed in Section 2.5 (Chapter 2)).
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Figure 4.11 Distribution of voltage unbalance at 10 kV bus during operating and

non-operating periods of the turbines.
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The results presented in Figure 4.12 also serve to illustrate this point. The graph shows
the probability of exceedance of the indicated degree of voltage unbalance for both the
operating and non-operating periods. (This result is essentially a cumulative distribution
of the probability density function presented in Figure 4.11). In particular, the results
show that the voltage unbalance is well inside the Irish Standard EN 50160:2000 as the
2% unbalance is exceeded for less than 0.1% of the time when one or both turbines are
operating. On the other hand, for the non-operating case, the 2% unbalance level is

exceeded for 32% of the non operating period.

Voltage Unbalance, %

Figure 4.12 Cumulative probability distribution of voltage unbalance
The results presented in Figure 4.13 further illustrate the relationship between turbine
generated power and grid voltage unbalance. Figure 4.13 is a plot of percentage voltage
unbalance and output power in kW of one wind turbine measured over two days. The
figure shows that the inherent voltage unbalance of the utility network without the
operation of the wind farm is higher when the generator is not connected and delivering
power. It is clear from the results that when the generator is on load it has a positive
effect on the supply voltage unbalance. This feature was also observed in a study of a

wind-farm in Wales [12].
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Figure 4.13 Voltage unbalance and generated power of one turbine at a Wind Farm

in County Cavan. The ION 7600 PQ meter was set for a sampling rate of 10 mins.

4.3 Effect of Distribution Power Transformers on the Dip Type

When considering wind-turbines which are mainly rated at low voltage (generally 690V)
a three-phase power transformer is normally connected between generator terminals and
the ESB distribution network. The connection scheme of the power transformers can
affect phase voltages. Depending on the winding connections of the transformer the
retained voltages seen at the secondary side due to an unsymmetrical voltage dip or fault
at the primary side may be altered. This means that a voltage dip type on one side of a
three-phase transformer may change to an alternative type of voltage dip when observed
on the opposite side of the transformer. The transfer from one voltage dip type to another
is listed in Table 4 [119]. The voltage dip classification is described in Chapter 2
Section 2.7.

Table 4 Voltage dip classification

Voltage Dip Type on Primary Side A|B C D E F G

Delta/Star Transformer (Secondary) | A | C D C F G F

An overview regarding the influence of transformer winding connections on the

propagation of voltage dips is given in [86], [87]. In delta-star transformers a phase shift
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is introduced by the phase winding connections of the transformer and it is necessary to
consider this transformation when investigating voltage faults or unbalanced voltages.
Such a phase shift is seen in practice as a transformation between fault types. In other
words a phase-to-phase fault at one side of a three-phase delta-star transformer is seen as

a phase-to-ground fault at the other side.

¢ ¢ l1pu
1 pu Transformer
120° 120°
A C
T30° , 0.58 pu NS pu
b a
B /1pu
Single-phase —to-ground Dip in two phases
C
c
Lpu Transformer
0.
120° >8 pu 120°
A N\
60°
[
a 0.58 pu
Two-phase —to-ground Dip in two phases, and
interruption on the third
Transformer
05 180° 180°
.5pu N A 0.87 pu /TN 0.87 pu
B,C Ipu b a
e
Two-phase without Dip in two phases, and

ground interruption on the third

Figure 4.14 Propagation of voltage dips caused by asymmetrical faults on a Dyl
transformer
For example various short-circuit fault types on high-voltage windings of a Dyl or Dy11

transformer (common transformer configuration installed in wind turbine systems), can
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lead to a different voltage dip classification on the low voltage side as shown in

Figure 4.14 [86].
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Figure 4.15 Voltage unbalance propagation through a delta-star transformer

A model of a three-phase star-delta transformer was developed using the power system
toolbox “SimPowerSystems” in Matlab/Simulink. Figure 4.15 is the result of a
simulation performed on the transformer model. The figure shows that at the input to the
transformer high voltage side there is a reduction in ‘a’ phase, (v,, green trace) results in
a drop in phases v, and v, (v, green and v, blue) on the low voltage side of the

transformer. This result is similar to the single-phase to ground fault in Figure 4.14.

Delta-star transformer connections are normally the preferred choice in wind turbine
installations. For transformers manufactured according to the ANSI/IEEE standard [87],
the low voltage side whether in star or delta, has a phase shift of 30° lagging with respect
to the high voltage side phase-to-neutral voltage vector. These phase displacements are
applicable to positive-sequence voltages. Hence in passing through the transformer from
the fault side to the observation side, the positive-sequence phase voltages of the

corresponding phase are shifted 30° in one direction, and the negative-sequence
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quantities are shifted 30° in the opposite direction. A delta or ungrounded star winding
removes the zero-sequence voltage component, however positive and negative-sequence
voltages and currents pass through the transformer. In sequence networks, the
impedance is the same value independently of the winding connections.

Hence the positive-sequence voltage does not need to be shifted, but the negative-
sequence voltage needs to be shifted £ 60° to take into account the effect of the

transformer. To clarify this, consider Figure 4.16.

Trahsformer HV
’ Network
|
Stal;-Delta
Vaww) i Viav)
o | 30°
30 VI(HV) | 5 VI(LV)
-30° | -30
VI(LV) VZ(HV)
(a) Phase shift w.r.t. to HV side (b) Phase shift w.r.t. to LV side

Figure 4.16 Star-delta power transformer located between a wind-turbine and a

network; V; is positive sequence voltage and V, is negative sequence voltage

According to (ANSI/IEEE, 1988) the positive-sequence phase to neutral voltage at the
network has a phase shift of -30° with respect to the positive-sequence phase to neutral
voltage of the wind-turbine. In terms of voltage unbalance, this phase shift is seen as a
+60° phase shift in the negative sequence voltage with respect to the positive sequence
voltage of the same side [87]. If phase voltage unbalance originates at the HV side and is

observed at the LV wind-turbine side, the rotation in the negative sequence is +60°,
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Figure 4.16(a). For voltage unbalance originating at the LV side and observed at the HV

sector a -60° shift needs to be considered in the negative sequence, Figure 4.16(b).

4.4 Induction Machines and Voltage Unbalance

Phase voltage unbalance in utility distribution networks can affect WECS and the level
of interference will depend on how they are configured. For example in the case of
directly connected induction generators, voltage unbalance at the stator terminals will
create a negative sequence voltage. Negative sequence voltage can produce negative
sequence currents in induction generators. The amplitude of these currents will depend
on the level of negative sequence impedance of the machine.

Induction machines can be represented in steady-state analysis by a per-phase equivalent
circuit. Equivalent circuits can be obtained separately for positive and negative sequence

components illustrated in Figure 4.17 and Figure 4.18.

L R, joLy = jX I, jo, Ly = jX
> N > VYV
VIO
I, |
VS Rc jmsLm = ij R’Js

Figure 4.17 Positive sequence equivalent circuit of an induction machine

I, R, JosLy v, joly =X/

T Lf &tlm

R’./(2-s)

Figure 4.18 Negative sequence equivalent circuit of an induction machine
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where ; Vg = Terminal voltage.

R = Stator winding resistance.

Jj o L = Stator leakage reactance.

Jj ®s Ly, = Magnetising reactance.

R = Core loss resistance.

E = Induced voltage in the stator winding.

E. = Induced voltage in the rotor winding.
jorL, = Rotor leakage reactance referred to stator
R, = Rotor winding resistance referred to stator.
N = Ns/Nr = Turns Transformation ratio.

s = Slip

’

r

Stator referred negative sequence rotor resistance is 2=s)
-5

as indicated in Figure 4.18.

’

r

R
For low values of slip this is approximately equal to 5

, considerably lower than the

positive sequence resistance. With a low value of negative sequence voltage large
negative sequence currents may flow.
The developed power (P,) of an induction machine consists of the positive sequence real

power (P;) and the negative sequence real power (P;) components [14], [46]:

P, = P, + P, 4.1
where
P, = 37,219 R’ 4.2)
R)
P, = 31,2 (1-s) R (4.3)
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The developed power is:

P, = P+Py = 3pp 20780 _3py 2 (79 (4.4)
s 2-1%)

For values of slip less than 1, P; is positive and P is negative.

The torque due to positive sequence current (7;) and torque due to negative sequence

current (715) are:

2
r, = H _ _ B _ 3R (4.5)
o, o, (1-5) s,
2
T, = b _ Bk _ _3L'R (4.6)
w, o, (1-5) 2-s)w,

The developed torque in the machine is:

2 2
. = T+T = 3R|L- I, 47
w s (2_3)0)5

s

Negative sequence torque 7> will cause a torque reduction that can introduce unwanted
effects in induction machines as described in the literature survey. There is a reduction
in both the developed power and torque due to the negative sequence current as
indicated in equations (4.4) and (4.7). The positive and negative sequence currents are
functions of their sequence voltages, machine parameters and the slip s.

The power in an induction machine can also be described in terms of positive and

negative sequence components as:

P = Real [3%(Vi1," + Vo, IL))] (4.8)
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4.4.1 Simulation

To demonstrate negative sequence power and torque in an induction machine, a

Simulink model was developed based on a simple circuit shown in Figure 4.19.

Grid Induction
Machine
/// /\ Load
N —+ (@)1t |
5kVA 3-ph
380V
Sinlge

phase load | 0-10kW

Figure 4.19 Circuit implemented in Matlab/Simulink

Induction machine parameters in the model are based on a four-pole 5 kVA machine,
and are tabulated in Table 14A (Appendix A). Induction machine parameters were
obtained from standard machine tests. In Table 14, R, and X, are the stator resistance
and leakage reactance respectively and R, and X, are the stator referred rotor resistance
and leakage reactance respectively. R, is the core loss resistance and X,, the magnetising

reactance.

A Matlab/Simulink model of the simple network shown in Figure 4.19 is shown below in

Figure 4.20.
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—p Tm,

=—a

=—a

Three-Phase Source

In the Simulink model a single phase load is connected across one phase and ground of
the grid supply. This single-phase load draws a current in one phase only, reducing the
voltage amplitude in that line. The other two phases remain unaffected. Three-phase
voltage unbalance is thus applied to the stator terminals of the induction machine. The
requirement of the model was to simulate a voltage unbalance relating to a change in the
applied voltage magnitudes, therefore the line voltage phase angles were not altered.
The single-phase voltage dip (other two phases remained unchanged) produced a phase
voltage unbalance of 5.2 percent applied to the 5 kVA induction machine terminals. The

single-phase load was timed to be connected to phase A at 0.3 seconds. Operation of the
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Figure 4.20 Simulink model of 5 kW induction machine

induction machine as a generator required negative per unit torque be applied.
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Figure 4.21 Induction machine: (a) Torque and (b) Stator Power

Torque and power pulsations at a frequency of 100 Hz, double the applied frequency of
50Hz, are observed in Figure 4.21, demonstrating the effects of the negative sequence
torque 7T», equation (4.7) and the negative sequence power P, equation (4.4). The

periodic torque pulsations reach a peak value of -1.25pu and peak oscillating power is

6.3 kW.
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Figure 4.22 Induction machine speed

A plot of speed versus time of the induction machine is illustrated in Figure 4.22. Speed

oscillations at a frequency of 100Hz are observed.
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4.4.2 Assessment of Negative Sequence Impedance

To establish the effects of unbalanced voltage on the impedance of a laboratory based 5
kVA machine, tests were carried out to determine the negative sequence impedance of
the machine [1]. The stator voltage supply was made unbalanced by incorporating a
single phase variac in series with one of the three phase voltages supplied by a three-
phase variac as shown in Figure 4.23. When the single phase variac was set to maximum
output voltage, three balanced line voltages were applied to the machine. Reducing the
output of the single-phase variac reduced the magnitude of one phase voltage. This
introduced a voltage unbalance magnitude applied to the stator of the induction machine.
The level of voltage unbalance was adjusted by altering the voltage magnitude output of

the single-phase variac.

ESB Supply Induc‘tion
3 ph. Variac Machine
) (
- \
/ ©
380V 1 ph. Variac 5kVA 3-phase

Figure 4.23 Induction machine circuit for voltage unbalance testing

Tests were then performed and the negative sequence impedance was determined.
These results were compared with those predicted by the equivalent circuit in Figure

4.19 using the impedance parameters in Table 14A in Appendix A.

The single phase variac connected as shown in Figure 4.23 was adjusted to deliver
voltage unbalance levels of 2%, 3% and 4% to the stator of the induction machine. The
three stator line voltages and currents were then measured. In addition to these tests, a

series of measurements were made to directly determine the negative sequence
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impedance. These tests involved rotating the induction machine in the reverse direction
by means of a dc machine directly coupled to the induction machine. The stator was
connected to a low-voltage positive sequence supply and the stator voltage and current
were measured. The technique proposed by Oliveira et al [49] was used for the voltage

unbalance calculation:

VUF = 1_— “3_6’3 4.9)
1+3-64

4

4 4
V| + V| +[V.
ab be ca
where 8 =
2 2 2
Vub + |Vbz?| + Vz?u )z
20
18 /& B
N

a 16 ***\ // B
g 14 * »sé/ B
£ 12 e, 4
8 10 o T e
g N 3% *
§ 8r ~__ 4% ) — - - - — 7
o - T T _ s
>
k| 6;( x e X &7
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4t i
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slip

Figure 4.24 Evaluation of negative sequence model

Figure 4.24 shows a summary of these results. The solid line shows the calculated
negative sequence impedance (calculated from the equivalent circuit, Figure 4.18 using
the parameters in Table 14A). The figure shows that impedance is largely independent

of the slip. From Figure 4.18 neglecting the magnetising branch, the impedance is:

Z, = Ri+R:/(2-s) + j(X;+X>") (4.10)
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When operating with full load, the slip s of the induction generator is 0.095, so the
operating region for slip between no load and full load is O to 0.095. Therefore
neglecting slip s in the above equation does not introduce appreciable error. The

impedance then becomes:

Z Ri+R: 2 +j(X;+X5") 4.11)

t

Inserting the machine parameters into equation (4.11) the negative sequence impedance
is approximately 5.5Q. The results of the measurements at the nominal levels of
unbalance of 2%, 3% and 4% are also shown. As can be seen, the agreement is quite
poor for an unbalance level of 2% but improves as the level of unbalance increases. The
measured values also tend towards the calculated value for increasing slip. Direct
measurements of negative sequence impedance were made at 1500 rev/min. (s = 0) and
1400 rev/min. (s = 0.07). As can be seen from Figure 4.24, there is good agreement with

the calculated impedance for the two speeds.

4.4.3 Losses in Induction Machine

As utility voltage unbalance increases, losses in induction machines can increase due to
an increase in negative sequence currents. The 5 kVA induction machine model
described previously was simulated in the program Matlab/Simulink to analyse the

losses in the machine due to voltage unbalance.
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Figure 4.25 Losses as a result of applied voltage unbalance to an 800 kW induction

machine

The results obtained are illustrated in Figure 4.25. The electric power losses of the
induction machine under voltage unbalance conditions are plotted against slip. (Table 1
in Chapter 2, Section 2.8, also showed increased losses in motors due to voltage
unbalance). In Figure 4.25 two plots are shown, the top plot is for a voltage unbalance of
6% and the bottom plot is for a voltage unbalance of 3%. It can be observed that as the
level of voltage unbalance increases the electric power losses increase. This power loss
will result in heating of the machine windings and is the reason for degrading the
induction machine when subjected to voltage unbalance as outlined in Chapter 2,

Section 2.8.

4.5 Unbalance Voltage Applied to Converters

4.5.1 Converter - Controlled Rectifier.

An unbalanced three-phase voltage source can be decomposed into two balanced

positive and negative sequence components [38]:
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V. = V,cos(ax + @) + V,cos (ax + f)
Vs = V,cos(ax 2773 + @) + V, cos (ax + 273 + ) >(4.12)
V., = V, cos (ax +2773 + &) +Vncos(at—2ﬂ/3+,8))

Where V), is the positive sequence voltage and V,, is the negative sequence voltage.

Equation 4.12 can be rewritten in space vector form:

V., = V,e "4y ereh (4.13)

s

where V), is the positive sequence space vector voltage and V,,,, is the negative sequence
space vector voltage.

Unbalanced currents flowing into a PWM converter can also be obtained as:

I, = I,e“Y+] e’ (4.14)

N

The power in the converter can be obtained as:

P +jQ VI

VI, = V,I,e" P4V, I e V4V [ er ey [ el

5T pm= pm nm= nm pm= nm nm> pm

(4.15)
The product terms in equation (4.15) between the positive and negative sequence
components of voltage and current generate 2-® frequency power ripple causing DC link
voltage ripple.
To illustrate the effects of supply voltage unbalance on converters, simulations were
performed in Simulink of a model of a PWM controlled rectifier (Figure 4.26). The

control technique incorporated Space Vector Pulse Width Modulation (SVPWM).
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Figure 4.26 PWM Controlled Rectifier

A library model obtained in Simulink (and subsequently modified), of a PWM three-
phase controlled rectifier is shown in Figure 4.27. The model consists of a three-phase
IGBT voltage source bridge converter (VSC). The converter is controlled using PWM to
produce a 500 V dc voltage. In this example, the converter switching frequency is 1350
Hz and the power system frequency is 50 Hz. A 100 kW load was connected to one
phase of the supply voltage through a circuit breaker. When the load was switched to
ground, a voltage dip was introduced on this phase resulting in supply voltage unbalance

of 2.2% at the terminals of the converter.
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Figure 4.27 Simulink model of a PWM controlled rectifier
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The switch was timed to close the circuit breaker at 0.1 seconds after commencement of
the simulation. The model in Figure 4.27 was simulated and a plot of the DC link
voltage is shown in Figure 4.28. It can be seen in Figure 4.28 at 0.1 seconds oscillations
occur on the DC link bus due to the voltage unbalance at the converter supply terminals.

The dc output voltage V,. oscillates at a frequency of 100 Hz, at twice the voltage supply

Figure 4.28 Rectifier DC link voltage V4.

frequency of 50 Hz.

4.5.2 Inverters

To establish the effects of voltage unbalance on DFIG’s an investigation of induction
motor drives under voltage unbalance conditions is advantageous. To this end a

Simulink model of a Space Vector Pulse Width Modulated (SVPWM) induction motor
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drive was implemented (Figure 4.29).
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Figure 4.29 SVPWM Induction Machine Drive
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Figure 4.30 Matlab/Simulink model of space vector PWM VSI induction motor

drive

Figure 4.30 is a Simulink model of a PWM VSI coupled to a 2.2 kW ac induction motor.
The motor drives a mechanical load characterized by inertia J, friction coefficient B, and
load torque 7. The three-phase breaker in Figure 4.30 was set to close at 0.5 seconds
and connect a load between phase A and ground, introducing a voltage dip on phase A.
The model in Figure 4.30 was compiled and simulated in Matlab/Simulink. The resulting
voltage unbalance factor measured at the terminals of the drive was 6%. Results of the

simulations are shown in Figures 4.31 and 4.32.
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Figure 4.31 DC Link Voltage of SVPWM Induction Machine Drive

Voltage oscillations on the DC link voltage bus due to a supply voltage unbalance in the
induction machine drive, as referred to in Chapter 2 Section 2.9, are observed in Figure
4.31. Similarly the torque pulsations at twice the applied frequency can be observed in

Figure 4.32.
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Figure 4.32 Induction machine torque

4.6 Double-Fed Induction Generators

The stator windings on a typical DFIG are normally connected directly to the grid, and a
wound rotor configuration accessible through slip rings and brushes. The induction
generator rotor winding connections are normally connected to a power electronic
voltage-source four-quadrant converter which can vary the voltage applied to the rotor
windings. The rotor currents are normally controlled to manipulate active and reactive
power output from the turbine as required. The main benefit of this scheme when
connected to a fixed frequency grid is the ability to vary rotor speed within a certain
range (depending on the rating of the rotor side converter), and to control the active and
reactive power flows into and out of the generator. The power flow in a DFIG is

indicated with direction arrows in Figure 4.33.
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Figure 4.33 Subsynchronous and super-synchronous power flow in a DFIG

Unbalanced grid voltage affects the induction generator as described previously and it
can also affect the normal operation of the DFIG converter in a detrimental manner.
Under such abnormal conditions, wind turbines may be disconnected from the grid for

their own protection, significantly impacting their energy production.

Volltage unbalance will directly affect the stator windings and also the normal operation
of the grid-side converter. The grid-side converter is designed to accept a balanced three-
phase supply voltage and the control of the DC link voltage in the converter is based on
this assumption. Voltage unbalance affects the operation of the grid side converter

resulting in DC link voltage oscillations.

The most critical problems which can be experienced by DFIG’s during grid voltage

unbalance are [82]:

e Rotor over-current, risking rotor converter power electronic component
damage.

e DC link over-voltage and capacitor failure.
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e DC link voltage oscillations resulting in loss of control of rotor current.

e Temporary loss of control of turbine active and reactive power output.

e Power and shaft torque oscillations resulting in possible generator damage.

e Stator and rotor unbalanced currents resulting in generator uneven heating
and possible reduction of generator life-span.

e Complete loss of DFIG control in extreme cases.

The frequency of the rotor currents during an unbalanced fault will be dominated by two

main components [82]:

e Positive sequence component at the slip frequency. This is the fundamental
component.

e Negative sequence component at a frequency of (slip plus twice system
frequency). This is a reaction to the negative sequence component of the

source voltage.

4.7 Synchronous Generator Systems

The development of WECS in the period from the early 1990’s to the late 2000’s was
predominantly Double Fed Induction Generators (DFIG’s’), however in recent years the
frequency of installations of synchronous generators has increased. These systems are
also susceptible to problems associated with grid voltage unbalance and grid faults
[134]. Synchronous generators systems can be configured as permanent magnet (PM) or
electrically excited, and can be connected through a gearbox or direct driven. Figure
4.34 illustrates a typical synchronous generator system, consisting of a wind turbine
connected through a gearbox to an electrically excited synchronous generator and a full

converter connected to the stator. The stator of the synchronous generator is connected
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to an uncontrolled three-phase rectifier, a DC/DC boost converter, DC link and a three-

phase IGBT voltage source inverter.

Synchronous Generator:

Permanent Magnet or Wound Rotor Fixed Voltage
and Frequency

Stator * F ‘LMTTC i} l -

/ ¥ ¥ X3
Crotor ‘ C2rid f

PWM
Control

|

b

\

Boost
Control

\A

Figure 4.34 Synchronous Generator System

Grid disturbances including grid voltage unbalance and single-phase faults can affect
synchronous generator systems and result in distorted converter currents and problematic
operation. The performance of a synchronous generator system to the effects of voltage
unbalance and grid faults is investigated in [134]. Improvements in performance of the
synchronous generator WECS to grid disturbances are analysed.

A comparison of the performance of a DFIG and a synchronous generator WECS to the
affects of single-phase faults and network voltage unbalance conditions has been
investigated [136]. Among the conclusions reached are that synchronous generators
connected to the grid through a converter and DFIG’s are affected by single-phase faults
and grid voltage unbalance. However the performance and ride-through capability
during grid voltage problems of synchronous generator systems is superior when
compared to the performance of a DFIG. The differing responses of both systems to
grid voltage unbalance can be explained by their connection configurations. The
synchronous generator is not directly connected to the grid. It is connected to a

converter, and this in turn is directly connected to the grid. Thus any voltage
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abnormalities originating in the grid, are not transferred directly to the synchronous
generator stator terminals. The DFIG has a direct connection to the stator and a grid side
connection to the rotor. It is the direct connection to the stator terminals, and associated
low value of negative sequence impedance of the induction generator, that result in large
negative sequence current and power oscillations. And therefore the synchronous
generator responds better to voltage unbalance when the compensation scheme is

introduced.

4.8 Sequence Components

Causes of voltage unbalance include unequal impedances of three-phase transmission
and distribution system lines, large and/or unequal distribution of single-phase loads,
phase to phase loads and unbalanced three-phase loads. When a balanced three-phase
load is connected to an unbalanced supply system the currents drawn by the load also
become unbalanced. While it is difficult or virtually impossible to provide a perfectly
balanced supply system to a customer every attempt has to be taken to minimise the
voltage unbalance to reduce its effects on customer loads.

Using symmetrical component theory enables the analyses of an unbalanced set of
voltages and currents by means of two symmetrical three-phase systems having opposite
phase sequences (positive and negative) plus a third set of three identical vectors having
zero phase displacement (zero sequence) [83], [84]. The technique requires describing
the system by means of its sequence networks: positive, negative and zero. Each
sequence network represents the behaviour of the system to that sequence source,
voltage or current. By deduction power systems can also be described by their positive-

sequence impedance, negative-sequence impedance, and zero-sequence impedance. For
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symmetrical faults only the positive-sequence impedance matrix is required. For non-

symmetrical faults the three sequence networks may be required.

4.8.2 Negative Sequence Calculation

Three-phase systems are not always balanced, particularly in weak and remote parts of
the network. During unbalanced conditions a system may have positive, negative and
even zero sequence components. An example of three phase voltages under an

unbalanced condition follows.

Consider the following set of phasors: V, = 0.5 £0°, V, = 1.0 £-120°, V. = 1.0 £-240°.
Figure 4.27 shows the time domain representation of this three-phase unbalanced

system.

_ Voltage

0002 0004 0006 0.008 001 0012 0014 0016 0018 002
Time (sec)

Figure 4.35 Unbalanced voltage system

The symmetrical components of this unbalanced system are obtained as:

Vi = 0.833£0°, V, = -0.167 £0°, V, = -0.167 £0° (4.16)

The symmetrical components transformation is a good tool to determine the type of
distortion or asymmetry the system has. Figure 4.36 shows the trajectory followed by the

rotating space vector of the unbalanced system in the d-q-o plane using Clarke’s
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transformation (Chapter 5 section 5.3.2.1). This trajectory is clearly distorted from the

ideal one, and the space vector no longer follows a circular path.

Figure 4.36 Space vector trajectory of an unbalanced system in the d-q-o plane
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Figure 4.37 Results of a Matlab/Simulink simulation of a DFIG showing the direct

and quadrature components V4 and Vs respectively.

A model of a DFIG was implemented and simulated in Matlab/Simulink. Results of
simulations are shown in Figure 4.37 of plots of stator quadrature components V,, and
Vs at the terminals of a DFIG. It can be observed that when voltage unbalance is
introduced at the terminals of the DFIG at 0.3 seconds, double frequency voltage
oscillations are introduced in both Vs and V. Similar results occur with the rotor side

converter direct and quadrature currents /- and 1, illustrated in Figure 4.38. Grid voltage
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unbalance is introduced in the model at 0.5 seconds and double frequency oscillations

occur in the rotor currents /;-and /.

Idr
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[ P e .

Figure 4.38 Results of a Matlab/Simulink simulation of a DFIG showing the direct

and quadrature components I, and I, respectively.

In the synchronous reference frame the fundamental component (50Hz) appears as DC,
and negative sequence component appears as twice the fundamental (100Hz) as
illustrated in Figure 4.39. With respect to Figure 4.39 in the frequency domain, the
positive sequence component (®) in the synchronous reference frame (blue) appears as
dc, a dc component appears as a fundamental component (®) and a negative sequence

component (-m) appears as a double frequency (2m) component.

Vabc
A
Synchronous
Ref. Frame
4V,=0.833
Positive
. Sequence
Negative Component
Sequence
Component
V2= 0.167
A20 (] dc
;(0 dc (E o

Figure 4.39 Sequence Components in the Frequency Domain
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4.9 Impact of Voltage Dips

In WECS voltage dips generate most problems for converters as they occur much more
frequently than interruptions. In many electrical converters, voltage dips are not
acceptable and will cause under-voltage circuit breakers to trip and disconnect the drive
[68]. In wind-turbines with directly connected converters or converters connected in the
rotor circuits of induction generators as in the case of DFIG’s, the effects that voltage

dips has on the converter is similar to that of induction motor drives.

Voltage dips can be either balanced (all three phase reduce in magnitude) or unbalanced
(one or two phases reduce in magnitude). Unbalanced dips can produce a negative
sequence voltage. Figure 4.40 shows the effects of a voltage dip with all three phases
decreased and the effects of a two-phase voltage dip resulting in negative sequence

voltage generated.

[41]
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Figure 4.40 Balanced (a) and unbalanced (b) voltage dips.
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The upper left plot in Figure 4.40 shows a three-phase voltage dip down to 50%
remaining voltage, and the lower left plot shows the corresponding d and g voltage
components. The upper right plot of Figure 4.40 shows a two-phase voltage dip down to
50% remaining voltage and the lower right plot shows the corresponding d and ¢

components. There are double frequency oscillations in the v, and v, components.

4.10 Conclusion

Issues associated with voltage unbalance in grid networks have been reported on.
Investigative studies were undertaken on two wind farms in Ireland to ascertain the level
and severity of voltage unbalance at 10kV and 38kV. Among the findings are that
voltage unbalance of the utility network at the PCC is higher when wind farm
generators are not connected and delivering power. The effects of grid voltage unbalance
on three-phase star-delta power transformers were also investigated. Simulations were
performed to verify the influence that star/delta and delta/star connected transformers
have on unbalanced voltage sags and voltage unbalance.

Three-phase induction machines were analysed through simulations and testing, to
illustrate the effects of asymmetric voltage applied to the stator windings of a machine.
Negative effects included torque pulsations, power oscillations, heating of windings and
increased losses. Three-phase rectifiers and converters were also studied to observe the
effects of asymmetric voltage including double frequency voltage oscillations on the dc
link bus. The effects of asymmetric voltage on DFIG’s and synchronous generator
converter systems were also reported on. The process of negative sequence components
was outlined and negative sequence calculations illustrated.

All of the engineering plant and equipment investigated, behaved in a detrimental

manner when subjected to grid voltage unbalance conditions.
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Chapter 5 Induction Generator and DFIG Modelling

5.1 Induction Generator

A Double-Fed Induction Generator (DFIG) is an induction generator that can be “fed”
voltage supply to both the stator and rotor, hence the term “double-fed”. However it is
usually the case that a description of the DFIG includes the induction generator and the
back-to-back converter connected to the rotor windings. Before an analysis of the DFIG

is described, it is important to first analyse the induction generator.

5.2  Steady State Analysis of Induction Generator

In this section suitable models of a standard induction machine (IM) and the double-fed
induction generator (DFIG) for steady-state calculations are presented. Also the
operational characteristics (speed-torque) of the induction machine and methods to alter
these characteristics are outlined. Two main types of rotors are commonly featured in
induction machines: the short-circuited squirrel-cage rotor and the wound rotor
containing slip rings that can either be short-circuited or connected to an external electric
circuit. External rotor circuits can either be connected to a passive load (resistors) or an
active source (converter). In early wind turbine development the most commonly used
rotor was the short-circuited squirrel-cage rotor. In applications where it is desired to
influence the rotor circuit, a wound rotor machine with slip rings can be used, to enable
variation of the speed-torque characteristics without changing the stator supply. For
example, external rotor resistance can be added to a wound rotor machine to increase the
starting torque or to control the speed of a wind turbine. The rotor current can also be

controlled with a series converter.
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5.2.1 Equivalent Circuit of Induction Machine

The slip of an induction machine is:

s = 279 (5.4)
w

s

where w; is the synchronous angular velocity and , is the angular velocity of the rotor.

Figure 4.17 (Chapter 4 Section 4) shows the per phase equivalent circuit with respect to

the stator. The stator referred rotor current, neglecting stator resistance is:

= (5.5)

i = —
R ,
( rjﬂw,L,

S

Power in an induction machine can be described using the following equations.

Power across the air-gap: P, = 3|1+2Rr (5.6)

Shaft power: P, = Py1-5) = w 5.7

Developed mechanical power: P, = T.w, (5.8)

where @), is the angular velocity.

The synchronous speed: o, = O = 25 (5.9
o (I-y9) p

where p is the number of pole pairs and fis the frequency.

The developed torque is:
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P 31ic 1> R,
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w s 27

m

Equation (5.10) can also be described as:

P R 'l )
o, o (1-5)

(5.10)

(5.11)

Figure 5.1 is a plot of the shaft torque-speed characteristics of an induction machine. The

torque and speed scales are in per unit. The rotor is short-circuited i.e. V, is zero. It is

observed in Figure 5.1 that the torque-speed characteristic is quite linear around

synchronous speed (slip s = 0). Below synchronous speed (positive slip) the induction

machine operates as a motor and above synchronous speed (negative slip) the induction

machine operates as a generator.

Torque Curve

Figure 5.1 Shaft Torque of the induction machine with a short-circuited

rotor, as a function rotor speed.

The speed/torque characteristic of the induction machine developed in equation 5.10 is

proportional to the rotor resistance. It is possible to have external rotor resistors

connected in series with the rotor windings of a wound-rotor induction machine. Adding

external resistance to the rotor windings changes the slope of the speed-torque
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characteristic. Figure 5.2 shows the speed-torque characteristics for five values of
external rotor resistances. A disadvantage implementing this method is that it is only
possible to increase the slip by inserting external rotor resistors. By increasing the value
of external rotor resistance applied to an induction machine, in generation mode the rotor

speed will increase for a given value of shaft torque, illustrated in Figure 5.2.

Torque Curve

pu

Figure 5.2 Shaft Torque of the induction machine.

In Figure 5.2 the blue plot-line is the induction machine torquer versus slip characteristic
without external rotor resistance inserted; the other coloured lines are with progressively
increasing levels of rotor resistance connected to the rotor windings.

To influence the rotor circuit, the induction machine must be equipped with a wound
rotor equipped with slip rings. To analyse a wound rotor induction machine with slip
rings, it is necessary to consider the per-phase equivalent circuit with an applied rotor
phase voltage v,. A per-phase steady-state equivalent circuit for a DFIG is shown in

Figure 5.3, with quantities on the rotor side are referred to the stator side.
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Figure 5.3 DFIG steady state equivalent circuit

In the equivalent circuit, vy and v are the applied stator phase voltage and rotor phase
voltage to the induction machine respectively. Applying Kirchoff’s voltage law to the

equivalent circuit in Figure 5.3, equations (5.12) to (5.15) can be determined:

vy = iRy +isjo,Ly -E’ (5.12)
vi/s = i,’R}/s+i}joL,-E’ (5.13)
E} = iyjosly (5.14)
im = Qs+ iy (5.15)

The per-phase equivalent circuit in Figure 5.3 is based on calculations with rms values
of voltages and currents and can only be applied for steady state analysis of an induction
generator. For dynamic analysis a model in the form of differential functions has to be
employed, which will be introduced in following sections.

The phasor diagram in Figure 5.4 of the simplified equivalent circuit Figure 5.3, shows
stator current 180° out of phase with stator voltage; the induction generator is generating

current, and rotor referred current i, supplies i,, and ;.
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Figure 5.4 Phasor diagram of simplified equivalent circuit

The rotor referred current i, “is composed of a real part i, “and an imaginary or reactive
part i,, - The rotor referred current can be calculated with the following equation (V, = 0,

short circuit rotor) [65]:

sE’ sE/(R +sjw.L;)

r

(R +sjw,L,) (R +sjo,L, )R, +sjo,L,)

~i
<
1l
~.
N
N
+
~.
<\
3
1l

= ’ ZSE”R” 7 \2 + /Sfrsja)rlﬂr/ 2 (516)
(Rr) +(sa)rLlr) (R) +(sa)rLlr)

r

Thus the real part of rotor current i°,, is:

SE'R’
i = = (5.17)
(Rr )2 + (Serlr )2

Neglecting rotor reactance in (5.17) yields:

ia = —- (5.18)
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If an external voltage is applied to the rotor windings in a DFIG, the real current in the

rotor circuit can be described as:

., _SE"+V] sE
Lo = R/ - R/

r r

(5.19)

where s is the generator slip after the voltage v, is applied to the rotor circuit.

The equations above indicate that it is possible to control the speed of the generator and
also the stator-side power factor by modulating the magnitude and phase of the applied
voltage, while keeping the electromagnetic torque constant. This is illustrated in the

phasor diagram of Figure 5.5 with the stator resistance neglected [65].

Vs A
ira’ A
s'E/ 4
sE, 4
im
>
' B,
1
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|
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1
1
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L
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(a) vy — Opposite to s E, (b) v — Perpendicular to

Figure 5.5 Phasor diagram of DFIG

In Figure 5.5 B, is the air-gap magnetic flux intensity in Tesla, i, is the reactive current
in the rotor circuit, ¢, is the angle between v, and i; in degrees. If the rotor voltage (v,\),
is applied in the opposite direction to sE,; (supersynchronous) the real current in the

rotor circuit will decrease, leading to a reduction in electromagnetic torque. Maintaining
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a constant applied load torque, a reduction in the electromagnetic torque causes the rotor
to accelerate. When the generator slip reaches a new value of s “where v, "+ s E,is equal
to sE,; the rotor real current recovers and the torques will rebalance. If v, “and sE, "have
the same phasor direction, the generator slip will increase (speed decreases) until the
torques are balanced. The generator can also be operated at sub-synchronous speed

provided that the magnitude of v,” is sufficiently large.

The stator-side power factor can be modified by modulating the phase of v, with respect
to the phase direction of v;. If the applied rotor voltage v,”is applied perpendicular to the

direction of sE,”(Figure 5.5(b)) the stator-side power factor will alter accordingly.

Stator
P Prota

— _> Grid

Converter Converter

Rotor Side J_ Rotor Side

Power and Torque «4——— DC Link voltage
control — and VAr control
—
P, Subsynchronous
P, = Stator Power —
Pg = Rotor Power P, Super-synchronous

Prowl = Power Delivered to grid

Figure 5.6 Subsynchronous and super-synchronous power flow in a DFIG.

Power flow through the rotor converter in a DFIG will flow according to operating
speed. For example during subsynchronous operation power is supplied from the grid to
the rotor windings through the converter, whereas during super-synchronous operation
power is delivered to the grid through the converter. This feature is illustrated in Figure

5.6. Phasor diagrams corresponding to DFIG operating in sub-synchronous and super-
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synchronous modes are shown in Figure 5.7, where ¢, is the angle between the rotor

voltage v,” and rotor current i, “and ¢ is the angle between stator voltage v, and stator

current ;. Figure 5.7 also includes the effects of the stator impedance.

(a) Sub-synchronous mode (b) Super-synchronous mode

Figure 5.7 Phasor diagram of DFIG

With fixed values of stator voltage, frequency and speed (slip), the rotor current i,

(equation (5.20)) will change depending on the magnitude and phase angle of the rotor

voltage (v /s). The rotor current, based on the equivalent circuit Figure 5.3 [65] is:

v, 20°=" £
.’ S

7 \2
R | @, (Lis+ L
\/(Rv-% r) +o?(Lis+L, )* Ztan™ M
’ Ky Rr
R, +
S

Substituting equation (5.20) into the equation for torque (5.10) yields:

(5.20)
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The electromagnetic torque developed (5.21) is dependent on the rotor voltage (v ,/s).
The rotor voltage (v,/s) can be controlled to allow the generator operate at various
speeds. Also by changing the phase angle of the rotor voltage the stator-side power
factor can be controlled. Modulating the voltage in the rotor circuit, the DFIG can be
operated in both sub-synchronous and super-synchronous modes. Power can also be
obtained from equation (5.21). DFIG power is plotted against slip for varying values of

the magnitude of rotor voltage v, and the resulting characteristics are plotted in Figure

5.8.

Values of magnitude rotor voltage vr\, Blue: v, ' =
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Figure 5.8 Plots of DFIG power versus slip s.

-0.12pu; Green: v, =

v; = 0 (short circuited rotor), Cyan: v, = +0.06pu and Purple: v, = +0.12pu
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Figure 5.9 illustrates the typical bidirectional nature of the relationships of power
transferred between grid-side and rotor side converters in DFIG’s. Included are stator
power P, total developed power Pr, power in the rotor side converter P, and the power
in the grid side converter P, In Figure 5.9 values of the DFIG real powers are in per unit
and are typical for a variable speed range of * 30% of rated speed. It is observed that
power delivered by the stator is constant at 0.75 pu throughout the speed range. However
power through the rotor converter alters. For example when the DFIG shaft speed is 0.7
pu (slip s = +0.3, sub-synchronous mode), power is supplied by the grid-side converter
(P, = -0.25 pu) to the DC link bus, through to the rotor converter (P, = + 0.25 pu) and
injected into the rotor windings of the generator. The grid-side converter receives power
from the grid (-0.25 pu), therefore total power supplied to the grid is 0.5 pu (0.75
pu(stator) — 0.25 pu (converter)). Similarly if the DFIG is operating in super-
synchronous mode the grid-side converter delivers power to the grid and total power

supplied to the grid is 1.0 pu (0.75 pu (stator) + 0.25 pu (converter)).

* Power
pu

0.7

P, — Stator Power

Py —Total Power

P; 0.5 7 P, - Rotor-side Power
P, - Grid-side Power

0.2

»

0.3 0.2 0.1 1 -0.2 -0.3 Slip

P, -0.25 -

Figure 5.9 Power flow versus slip in a DFIG
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A DFIG connected to a grid with a constant level of voltage unbalance, and delivering
constant stator power, stator power and current oscillations will be constant throughout
the speed range of the DFIG. However the power in the grid side converter varies from
negative power (power supplied by the grid) to positive power delivered to the grid. Grid

voltage unbalance may influence the operation of the grid-side converter depending on

the speed of the DFIG.
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Figure 5.10 Typical characteristic for a DFIG. (a) Slip as a function of wind speed.
(b) Mechanical power (Blue), rotor power (Red) and stator power (purple) as a

function of wind speed.

Figure 5.10 (a) shows typical wind speed versus slip and Figure 5.10 (b) the mechanical
and electrical powers versus wind speed. Observing the DFIG characteristics shown in
Figure 5.10, stator power delivers only 0.75 times the rated power of a DFIG the
remainder being obtained from the rotor windings through the grid side converter.
Maximum rated power of a DFIG is composed of 0.75 pu from the stator and 0.25 pu

from the rotor converter.
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5.3 Dynamic Modelling of the Induction Machine

Dynamic models of induction machines can be described in space vector notation and
are based on the fifth-order two-axis representation commonly known as the “Park
model" [65], [67]. Voltage equations for a three-phase induction machine can be
developed by considering an idealised induction machine [69]. Figure 5.11 shows the
displaced stator and rotor windings of a three-phase induction machine. The rotor angle
0, is the displacement between the stator and rotor windings. The windings for each
phase should ideally produce a sinusoidally distributed radial field (F, B and H)® in the

air-gap [67].

v

A, magnetic axis

Figure 5.11 Three-phase induction machine windings

Stator voltage equations can be expressed as [69]:

- - d abc
pobe = jobe R +% (5.22)

¥ F - magnetising force, B - flux density and H- field intensity-
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And the rotor voltage equation is:

abc

d
pobe = jabe g +% (5.23)
t

For control purposes it is desirable to transform the model of the induction machine to
synchronous coordinates (Section 5.3.2.2). Transformation to synchronous reference
coordinates implies that the variables will be dc quantities in the steady state.
Transformation to synchronous coordinates implies substituting d— dt+j@, where @, is

the stator frequency (synchronous speed). The stator and rotor voltage equations

become:
abc . abc d l//?bc . abc
v =i"R, +7+ joy; (5.24)
abc «abc d l//:l be . abc
v, =1, Rr +7+]0)el//r (525)
The flux linkages are:
IR L |
Where:
l//as l//ar
v =y, | v =, (5.27)
W(‘S WCV
lav iar
i =i, |, i =i, (5.28)
i(é iL'V

J Kearney PhD Thesis 121



The stator-to-stator winding inductances are:

Lls + Lss Lsm sm
L?fc - L‘vm le + Ls‘v sm (529)
Lvm Lvm le + Ls‘v
And the rotor-to-rotor winding inductances are:
Llr + er er er
L‘;f” = er Llr + er er (530)
er er Llr + er

The stator-to-rotor mutual inductances are dependent on the rotor angle:

cosd. cos(&r + 27% ) cos(é’r - 2% )
LY = [L‘jf" ]T =L, cos(é’, — 27% ) cos 6, cos(&r + 27% ) (5.31)
cos(é’r + 2% ) cos(é’r - 2% ) cosd,

where:
Ly = Stator winding per phase leakage inductance
L = Self inductance of stator winding
Ly, = Rotor winding per phase leakage inductance
L, = Self inductance of rotor winding
Ly, = Stator to rotor mutual inductance
L = Rotor to stator mutual inductance
Ly, = Stator mutual inductance

The ideal machine can be described by six first-order differential equations, one for each
winding. These differential equations are coupled to each other by the mutual

inductances between the windings. The stator-to-rotor coupling terms are a function of
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the rotor position, therefore when the rotor rotates the coupling terms change with time.
This problem is solved when the induction machine equations are transferred to

quadrature dqg rotating reference frame and values appear as dc.
5.3.1 Space-Vector Notation

Vector control or field-oriented control can be used in converters associated with
induction machines. The main idea behind vector control is to transform the model of
the induction machine so that it is mathematically equivalent to a separately excited
shunt dc machine.

Induction machine windings displaced by +120° can be described as complex vectors
[67]. For convenience, the real part of the complex space vector is aligned to phase a of
the three-phase stator system or three-phase rotor system. The complex vector “a” can
be expressed as:

1 3 P

a = 12120° = ——+j— = ¢e?3 5.32
A (5.32)

Three current vectors can be described as:

. . . . . )
I, =14 Ip = Ipa, i, = i.a (5.33)

where i,, i, and i, are the absolute values of the current time vector. A resulting current

vector can be achieved through an addition of the three phase current vectors as:
i = 2/3(iy +ip.a + ic.d’) (5.34)

Similarly space vectors can also be used for voltages and fluxes. For example stator

voltage, current and flux vectors can be described as:
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Vs = 2/3 (Vas + Vps @ + Veg az)
E.s = 2/3 (ias + Ipsa + iy aZ) > (535)
Y = 2/3 (Was +Ypsa + Y aZ)

Using the above introduced complex space vector, the general machine equations can be

expressed more conveniently compared to the vector presentation per phase [67].

Vs, Is OF s

o
A Stator
magnetic axis

B,

Figure 5.12 Three-phase induction machine windings showing space vectors vy, i,

and ;.

The dynamic equivalent circuit of a DFIG can be described as shown in Figure 5.13.

i R lw}//\s Ly L, . R, i
/ 7N\
’_ ) (\ w/z'- /‘\/\ /\f\ (\ 7/\7-4
T “ J(o- o)y,
vs' Ayt \\ ‘ dyJdt ”'|/s

Figure 5.13 Equivalent circuit of a DFIG in an arbitrary reference frame
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The stator space vector equations of the three-phase induction machine can be obtained

by combining the individual phase equations [67]:

(Vas = las Ry + dl//as/dt) . €j0

~—

(Vbs = ips Ry + dynp/dt) . €7 (5.36)

(Vcs = ics Rs + dl//cy/dt) . €j4”/3

If the three voltages in equation (5.36) are summed and the definition of space vectors is
applied, the stator and rotor equations in the stator reference frame (5.24) and (5.25) can

be written as:

N
N N N

=i'R, 4+ + jo,y’ 5.37

Vg SR, i JOY ( )
d N

v =i+ oy (5.38)

where v; is the stator voltage space vector, v, is the rotor voltage space vector, ¥ is

the stator flux space vector and ¥ is the rotor flux space vector.

The complex space vector representation for the stator and rotor voltage equations (5.37)
and (5.38) respectively can be expressed through stator flux y, and rotor flux y, [89].

The flux in the stator of the machine can be expressed with flux created by the stator
phases itself and the flux part influencing the stator originating from the rotor phases.
Similarly the rotor flux can be separated into the flux belonging to the rotor and a part
penetrating the rotor windings originating from the stator phases. The fluxes can be

defined with the following equations:
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s

l//s = Ws(s) + l//s(r) (539)

r

l//r = Wr(r) + Wr(x) (540)

where the subscript (s) refers to the flux due the stator windings and subscript (r) the

flux due to the rotor windings.

The flux components can also be described as [78]:

N

w'=i'L +i'L e’ = i’(L,+L)+i'L e (5.41)

m r m

"= 'L +i'L e’ = i"(L, +L )+i'L e’” (5.42)
l//r r=r s 'm r Ir m s 'm

N

w'! = i'L +i'L e’" (5.43)

where L;is the stator inductance, L, is the rotor inductance, L is the stator leakage
inductance, L, is the rotor leakage inductance and L,, is the magnetising inductance.

The fluxes in stator coordinates are:

v' = 'L +i’L, (5.44)
v' = 'L +i'L, (5.45)
' = i'L +i'L (5.46)
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5.3.2 Three-Phase to Two Phase Representation

5.3.2.1 Clarke Transformation

Space vectors can describe the induction machine with two phases instead of three. The
main advantage of this transformation is in the ease in which control schemes can be
implemented. In an induction machine the three-phase stator currents generate a rotating
flux in the air gap. The same rotating flux could also be formed with only two phases, as
shown in Figure 5.14. This is the principle of space vectors. The figure shows a voltage
transformation from three-phase time varying voltages, v,, v, and v, all 120° or 2n/3
radians apart, to two-phase voltages v, and vg along the a and f axis. If the o axis is
aligned with the a axis, this is normally referred to as the stationary frame. The £ axis is

rotated by -90° as shown by v; in Figure 5.14.

B axis
VB
Vb A" % \Y
)\ = ) N\ N O axis
Va Vo
Ve
(@) (b)

Figure 5.14 Equivalent two phase machine from three-phase machine using Clark

Transformation

To determine the space vector vy, of a three-phase voltage quantity v,, v, and v, with a

balanced system (v, + v, + v, = 0) the following transformation can be applied [65]:
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v 1 \;)_ 1| v,
‘ 1 43 :
V, | = —E 7 1 Vf (547)
v, \/3 | Vo
L2 2 ]
where superscript (*) indicates the stationary frame.
The inverse transformation is:
-
v %
o 2 \/5 \/g a
v |==1 0 ——— —|v 5.48
A > 5| (5.48)
3 I R B £
2 2 2 |

In star connected three-phase induction machines the star point is normally not
connected and therefore the zero sequence vy is equal to zero. For induction machines
the three-phase to two-phase transformation can be used for voltage, currents and
associated fluxes in both the stator and rotor. The two-phase transformation analysis
described by arand £ (and also d, ¢) in induction machines makes it less onerous to use
vector control methods. The method of transformation from three-phases to two phases

is usually referred to as the Clark Transformation [67].
5.3.2.2 The Park Transformation

Similar to the @, f components described in the section 5.3.2.1, the d-g components are a

separation of the complex space vector in real and imaginary part.
iag = ig+jig = % (ia+ aiy +a’.i)e” (5.49)

The Clarke transformation referred space vector to a stationary frame, however in the

Park transformation the complex space vector can be expressed in any rotating reference
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frame. For example it could be expressed in a rotating orthogonal system linked with the
rotor of the machine i.e. the rotor reference frame. The advantage by doing so is that
rotating space vectors appear stationary in a rotating reference frame, which means
alternating traces of the space vector are steady state and the changes in absolute value
of the vector is depicted clearly. This is advantageous in the control schemes of
electrical machines.

Reference frame theory is an importance part of electric drives associated with induction
machines. By using reference frame theory it is possible to transform machine variables
(voltages, currents and fluxes) to another reference frame to reduce and improve the
implementation of control structures [67], [69]. There are normally three reference
frames that are associated with induction machine control; stationary reference frame
(usually referred to applied voltage of the machine) and denoted by superscript (%),
synchronous reference frame (usually aligned with an internal flux, stator, air-gap or
rotor flux) and denoted by superscript (%), and a rotor reference frame (aligned with the
rotating shaft) and denoted by superscript (*). The three reference frames are illustrated

in Figure 5.15.

de
0,=0g4+0,

[

gr/ d’  Stationary

Figure 5.15 Reference frames where the superscript (°) indicates the stationary
frame, superscript (°) indicates the synchronous frame and superscript (*) is the
rotor frame. The position of the rotor reference indicates it is in the

supersynchronous region.
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For example the current iy, can be represented in the stationary frame or the synchronous

frame. This is illustrated in Figure 5.16.

Mo

Synchronous frame

de

Stationary frame

»
»

dS

ia

Figure 5.16 Stationary and synchronous frames.

Observing Figure 5.16 if the dg coordinates in both the stationary frame and

synchronous frame produce the same current iy, at any instant then it follows that:
i cos@, —sinb, (i’
il=|" a (5.50)
i sin€, cos@, |i;
i cos@, sind, || ¢
I v (5.51)
i —sinf, cos@, | i}

In induction machines the current iy, can be transferred from the stationary frame (*) to
the synchronous frame (°) by the transformation or vector rotation (5.50) [65]. This
transformation ensures that sinusoidal time variations along the stationary frame d', ¢’
will appear as constant values onto the synchronous rotating reference frame d*, ¢°. The
inverse Park transformation (5.51) transforms the synchronous frame back to stationary

frame. This Park transformation will be used in vector control techniques, discussed in

Chapter 6.
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Rotor frame

A 4

. »
Rotor axis >

i ds & Stationary frame
Figure 5.17 Stationary and rotor reference frames.
The current iy can be transformed from the stationary frame to the rotor frame (Figure

5.17) and from the rotor frame to the stationary frame with the following

transformations:

i, | _|cos@, —sinb, |i (5.52)
ih “|sin,  cosb, ||i i '
i | | cos@, sinb, | i (5.53)
it | |-sin@, cosé, | i’ '

For a three-phase induction machine with an isolated neutral where all three phase
currents add to zero at any time instant, the variables in the a-b-c windings can be
calculated in terms of the dg winding variables [67]. Figure 5.18 illustrates graphically

the transformation of equation (5.52).
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b v il or y’
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0.

~ >
qs d, magnetic axis

Figure 5.18 Three-phase induction machine windings, showing space vectors v, i’

and y° aligned with the synchronous frame.

5.3.3 Induction Machine Dynamic Equations

The stator winding flux linkages are:

Ws = Lyigs + igs Ly, (5.54)

Was = Lgigs + igs L (5.55)
where L = L+ L,

War = Lyigr + i4- Ly, (5.56)

War = Lyigr + igr Ly, (5.57)
where L, = L,+ L,

Stator voltage in the dg stationary reference frame can be described as:

J Kearney PhD Thesis 132



s

% (5.58)

s _ .5
vdqx - ldqx R‘v +

To transform to the synchronous frame, it is necessary to incorporate the angle between

the stationary frame and the synchronous reference frame, 6,. Implementing equation

J ‘65' .
(5.50), vy, = vye’:
s e Jjé, .5 jé, d(W:qu .eja" )
Vags =  Vap€ Tl RoeT+ T —
AW, dé .
e jbe s Jjb. dgs  j6, . s Jj6.
Vigs € = lquRX.e + T.e +j dte W igs €
dy;
e _ .5 dgs . s
vdqs - ldqus + dt + .]a)e l//dqx (559)

In dg windings, equation (5.59) where vg,, = v4s + jvgs can be written for v, and v, as real

and imaginary

components as [65], [67], [72], [78], [89]:

v, = iR —a,y+ W (5.60)
dt
dy

ve, = InR +@,p+ dl//t"“ (5.61)

or in matrix form:

‘ 1 [0 1w
Vel o gt LV +we[ } Vi (5.62)
Vi I | dt| ¥, 1 0y,

Similarly the rotor winding voltages are:
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d
ed Vdr = idrRr + z/td’" - a)sl qu (563)

d
v = i R + Zq’ +o,y, (5.64)

J 0 -1
vdr — Rr l‘dr + i Wdr + a)SZ Wdr (565)
vqr lqr dt qu 1 0 qu

5.3.3.1 dq axis equivalent circuits

From equations (5.60) - (5.64) the dg equivalent circuit in the synchronous reference

frame can be described as shown in Figure 5.19.

i R, D5 Ly Ly, - R, i,
I L/ N a a (N -
N\ \\———/‘
+ (we' @y )qu
Vs Var
dy,/dt dy,/dt
(a)
Lgs Rs OcYis Lls Llr + - Rr i r
M AN O ——
\_/ N
’ + - /ﬁ (we' @y )Wdr 1%
p dy,J/dt / W, /dt ”

Figure 5.19 dq equivalent circuit in the synchronous reference frame.

Figure 5.20 illustrates reference frames with stator flux orientation and stator voltage
orientation. If the d-axis is fixed to the stator flux (y; = yy;) illustrated in Figure 5.20 (a)
referred to as Stator Flux Oriented (SFO) control, whereas if the d-axis is fixed to the
edrtstator voltage (V; = V) shown in Figure 5.20 (b), this is referred to as Stator

Voltage Oriented (SVO) control.
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Qe

(a) Stator Flux Orientation (b) Stator Voltage Orientation

Figure 5.20 Stator vector orientation

Control techniques implemented on DFIG’s can include vector control based schemes
based on (SFO) [71], [74], [75], [89], [95], or (SVO) [74], [91], [97], [98], [99].
Transformation of the machine stator voltage equations, neglecting the zero component,
from the stationary stator reference frame into the rotating stator flux coordinate system
requires the equation to be rotated with the stator flux angle 6,, whereas the
transformation of the rotor voltage equations, from the rotating rotor reference frame on
to the rotating stator flux coordinate system requires the equations to be rotated with the

slip angle 6, (see Figure 5.15).

ldqr

s 2% a)

. 7
Vags m V4
qr
Wags dr

Figure 5.21 Equivalent Circuit in the Stationary Reference Frame.

The control of active and reactive powers in a DFIG can be described by the phasor d-g
diagram of Figure 5.22 based on the equivalent circuit in Figure 5.21 in the stationary
reference frame (®.=0), with stator and rotor resistances neglected [106]. The stator flux
is aligned with the d,s (SFO) and the stator current component i, controls the active
power P, and iy controls the stator reactive power Q, [106]. This is achieved by

controlling the rotor currents i, and i4-in field oriented control described in Chapter 6.
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Figure 5.22 D-Q Phasor diagram of induction machine with Stator Flux
Orientation (SFO)

The effects of injecting the rotor currents i, and iy on the air-gap flux y; and rotor flux

w,can be obtained by subtracting and adding the respective leakage fluxes.

q axis
A
Vi
| ____ l‘
lgs £ s
1
|
|
|
|
1
1
1
1
|
|
|
|
. 1
“Las ids : B Ws d axis
o w1 ~ .
< > Ll F
l ) j
[
! H
.
!
| Wr
| ‘A
|
:
.o .
L ' V¥ ~lgs
iqr A 4

Figure 5.23 Phasor Diagram Active Power Control.
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. The variation in the rotor flux with variations in the active and reactive power demand
is shown in Figures (5.22) and (5.23).

In Figure 5.23, i, is equal to zero, i.e. the reactive power is fed from the stator side. (The
phasor diagrams illustrated in Figures (5.22) to (5.24) will remain similar with any
reference frame used). In this condition if i, is varied from zero to full load, the locus of
w, varies along A-B in Figure 5.23 with a change in the angle J, between y, and .. It
can be noticed that the magnitude of y, changes little. Therefore a change in the angle J,
results in a change in the active power through the stator.

In Figure 5.24 the stator active power output is maintained constant so quadrature rotor
current iy, 1s constant and iz 1s varied from zero to full rated load current. The locus of
the rotor flux y, varies along C-D, resulting in a change in the magnitude of y,, with the
variation of J, remaining small. Reactive power delivered by the grid to the stator can be
decreased by increasing the magnitude of the rotor flux, whereas decreasing the

magnitude of the rotor flux increases reactive power delivered to the stator [106].

q axis
A
Ve Cos ¢

i |

: i 1 s

: |

1 1

1 1

1 1

1 1

: |

1 1

1 1
'idr i;ids ids;i id';= Ems Vs d axis
; o]
: |
| : W’"
1 1
e | %
1 1
i i . C P

i ) V i,
Lagging pf Cos ¢ Leading pf

Figure 5.24 Phasor diagram, constant active power
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From the above discussion the following is observed:
¢ The stator active power can be controlled by controlling the angular position of
the rotor flux vector.
¢ The stator reactive power can be controlled by controlling the magnitude of the
rotor flux vector.
The switching states of the rotor-side converter in a DFIG can be altered to control the
active and reactive power, as observed in Figure 5.25. When the d-axis is aligned with
stator flux space vector (), the stator current i; can be operated in any of the four
quadrants and the machine can produce or absorb real or reactive power. Normal

operation of a DFIG is with the stator current i; in the bottom half of Figure 5.25 [36].

Gaxis A
A
Vs +0, +P
'Q)+P Q
Ws
daxis
-0, -P +Q, -P
'is

Figure 5.25 Relationship between DFIG power and stator current space vector
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Chapter 6 Control of DFIG

6.1 Doubly-Fed Induction Machines

Chapter six concentrates on describing methods to control the power generated by a
DFIG. The DFIG induction generator is double-fed; the stator windings are supplied
directly by the grid voltage and the rotor windings have a voltage impressed on them by
the rotor converter. Since the stator windings are connected to the grid, the flux is
mainly determined by the voltage and frequency of the grid. The applied rotor voltage
(v,) in a DFIG can be adjusted to get the desired slip or torque responses. The frequency
of the converter will depend on the slip speed. It is also possible to control power factor

or reactive power in the stator circuit similar to a synchronous generator [70].

The DFIG back-to-back AC/DC/AC rotor converter is comprised of a rotor-side
converter (Cryr) and a grid-side converter (Cyyig) as shown in Figure 6.1. Cprr and Cgyig
can be Voltage-Source Converters or Current Source Converters that use forced-
commutated power electronic devices (normally IGBT’s) to synthesize an ac voltage
from a dc voltage source. A capacitor is normally connected on the DC link acts as a dc
voltage source. The three-phase rotor windings are connected to C,.,, by slip rings and

brushes and the three-phase stator windings are directly connected to the grid.

Power captured by the wind turbine is converted into electrical power by the induction
generator and is transmitted to the grid by the stator and the rotor windings. The DFIG
control system generates the pitch angle command and the current command signals for
the rotor-side and grid-side converters respectively (Figure 6.1). These command signals
control the power delivered by the wind turbine, the dc bus voltage and the reactive

power at the grid terminals.
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Figure 6.1 Block diagram of DFIG and control elements

The rotor side and grid side converters in a DFIG can be controlled by vector control
techniques. Vector-control techniques have been well developed for DFIG’s using back-
to-back PWM converters [72] and are applied to control power/torque and DC link
voltage. The objective of the vector-control scheme for the grid-side PWM voltage
source converter is to maintain the DC-link voltage constant regardless of the magnitude
and direction of the rotor power whilst also maintaining sinusoidal grid currents. The
grid-side converter can control reactive power flow into the grid according to the
reference Q, ,r. The vector-control scheme for the rotor-side PWM voltage source
converter controls the power delivered by the DFIG to the grid and ensures decoupling

control of stator-side active and reactive power drawn from the grid.
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In vector control schemes it is necessary to align the stator voltage with either a d-axis
voltage vector or d-axis flux vector. If the stator voltage is aligned with the flux vector
the method is referred to as Stator Flux Oriented (SFO) control whereas if the stator
voltage is aligned with the voltage vector then the method is referred to as Stator

Voltage Oriented (SVO) control (Chapter 5 section 5.3.2).

6.2 Rotor Side Converter

6.2.1 Voltage Equations

The dynamic model for a DFIG is based on the general equations obtained for an
induction machine. The stator and rotor voltage and flux equations in the synchronous

dq reference frame (Chapter 5 section 5.3.3) are rewritten here as:

Vo= 1R~ 0,y ©.)
d e

v, = iR+, p + Z’” (6.2)

Wis = Lsids + idr Lm (63)

Yys = Lsiqs +iqr L, (64)
d e

vder = isrRr _(we _wr)l//;r + % (66)
dy,,

v;r = i;rRr +(we _wr)l//; + dl‘q (6.7)

War = Lridr + ids Lm (68)
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War = Lrigr + igs Ly 6.9)

6.2.2 Power and Electromagnetic Torque Equations

Power in a DFIG can be described as:

" 3

. 3 .
S = P+jO = _E"s-’x = —E\/[m.ldqY (6.10)
Active and reactive powers can be obtained from (6.10) as [65]:
3
Ps = E Re(vdqs 'ldqs ) (61 1)
Qs = éIrn(vdqs 'i:;qs ) (6 12)
2

Aligning the d-axis of the synchronous reference frame to be along the stator flux
linkage, SFO will yield v, = 0, or using SVO, v’,,=0 [65], [89], [93], [94] and [101].
The stator-side active power P and reactive power Q; power can now be described in

stator voltage orientation as:

e e e e 3e-e 3Lm e :e
P, = 3/2 (V dsl ds +Vqslqs) = Evd‘vlds = -EL—VdSldr (613)

N

Qs = 3/2 ('veqs ieds + Veds ieqs) = % VZX (de - Lmi;r ) (6 14)

s

It is observed in (6.13) and (6.14) that adjustment of the d-axis component of the rotor
current controls the stator real power of the DFIG and adjustment of the rotor g-axis
current component controls the stator reactive power [73], [75].

The electromagnetic torque equation of a DFIG is [65], [89]:

3 . e 3 e e
Te = 5 (%) Re (V’qu 'ldqs ) = 5 (gJ Re (y/dqr 'ldqr ) (6' 15)
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where idqse* and idq,e* are the complex conjugate stator and rotor dg currents respectively.
Equation (6.15) can be expanded as:

= i) = 3L -v) e

Using (6.3) in SVO:
igs = -lgrLw/Ly = -iarLp/(Lig+Ly,) (617)

If ;s is now substituted into the equation for electromagnetic torque (6.16), the torque

can be described in SVO as:

3 e e
T = 5(§jl/lqs.ldr L /L, +L,) (6.18)

It is observed in (6.18) that adjustment of the d-axis component of the rotor current
controls the electromechanical torque of the DFIG. The rotor side converter controller
can control the active and reactive power of the DFIG [73] and is normally comprised of
ra parallel two stage controller where the active and reactive powers are controlled

independently [75].
6.2.3 Calculating the Rotor Voltages to be applied.

The switching frequency of the power electronic rotor converter is normally maintained
constant, therefore it is necessary to calculate the voltage modulation signal to ensure the
rotor currents are equal to their reference values [67]. Also with a decoupled control
scheme any change in voltage component in d or g-axis results in a change in both d and
g components. To alleviate this problem it is necessary to develop equations to

compensate for cross coupling between d and g axis components [89].
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A leakage factor is defined as [67], [71], [89];

L L
c = 1-—- = 1- =z (6.19)
LS Lr (le + Lm )(Llr + Lm)

Substituting (6.17) for iy, into (6.8) yields:

r

L
Vo = Lri§,+L—’”(—i§,Lm) = oLi‘, (6.20)

N

Also substituting (6.4) into (6.9):

e ce Lfn L, . L,
l//qr = lqr(Lr —L—)+L—l//qs = O'Lrlqr +L—l//qs (6.21)

\ s s

Substituting equations (6.20) and (6.21) into (6.6) and (6.7) respectively yields:

d-e
v, = iR —(0,-o,)0L,i, +0L, % (6.22)
t
. . L di,
v, =i, R +(®,-o,)0L,i;, +(o, —a),)L—”’z//js + OL, " (6.23)

r

The first and third terms on the right side of equation (6.22) are as a result of d-axis

.e
ldr

current iy and . The term due to i, can be considered as disturbances [67].

Similarly in (6.23) the terms iy and w,; can be considered as disturbances. Equations

(6.22) and (6.23) can therefore be expressed as [76], [89]:

’

VZI" = VZI" + v;r,comp (6’24)
e ’ . di;r
where v, = i,R +o0OL, % (6.25)
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and = —(o,-w,)olL,i (6.26)

e
vdr,comp roqr

Similarly equation (6.23) for v,,, can be expressed as:

V;l” = V;r + V;r,comp (627)
L _ di;,
where v, = i,R + 0oL, 7 (6.28)
e . € Lm e
and Vreomp = (@, —@,)0Li; + (0, —0,) L 789 (6.29)

r

Adding (6.26) and (6.29) to the uncompensated voltage terms (6.25) and (6.28) allows
decoupled performance of the rotor-side converter. This is sometimes referred to as
“Feed Forward Control”. Voltage equations (6.24) and (6.28) can be incorporated into
the vector control scheme shown in Figure 6.2 where PI controllers are applied to
control rotor current and shaft speed. The control scheme can utilise cascade control
(Figure 6.2) i.e. the inner current control loops are employed for controlling the d and ¢
axis rotor currents and the outer power control loops are used to control active and
reactive power of the stator. The power control loops generate the d-axis and g-axis

reference rotor currents for the current control loops.

The two parallel controllers in the rotor-side converter determine the converter reference
voltage signals v*d, and v*qr by comparing the id,* and iqr* current set points to the actual
iqgr and iy, currents of the DFIG rotor. The slip angle, 0y;,, is obtained by subtracting the
rotor angle, 6,, from the obtained grid angle 6, (Figure 6.2). Correct calculation of the
slip angle 6y, ensures the reference values va*, vb* and vc* for the PWM block are

obtained (Figure 6.2).
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Figure 6.2 Vector control of rotor-side converter of DFIG

6.3  Design of PI Controllers.

Designing PI control schemes is often done in continuous-time rather than discrete-time,
and in this work the continuous-time PI-controller design methods are applied. There are
a number of standard methods for designing Pl-controllers, such as Ziegler-Nichols
tuning, root-locus, Bode, pole-placement and internal model control, etc. In the
following sections, the pole-placement and internal model method are utilised, for their
straightforwardness and simplicity to design PI-controllers in control loops. Internal
model control, which is considered as a robust control method, has been used for ac

machine control. The benefit of the internal model control is that the controller
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parameters are expressed directly in the machine parameters and the desired closed-loop
rise time. Thus internal model control is applied to design the DC-link voltage

controller.
6.3.1 Rotor Side Converter

In the vector-control scheme of the rotor-side PWM voltage source converter, the d-axis
and g-axis rotor currents are decoupled for individual stator-side active and reactive
power control. Voltage-compensation terms are used for decoupling the current control

loops. Equations (6.22) and (6.23) can be expressed as:

Vg =i, R, —(®, —w,)oL,i, +oL.U,, (6.30)
e . e LW[ e e
v, =1,R +(®,—0,)oL,i, +(@, _w’)L_%‘Y + oL U, (6.31)
where:
Ul =k, g —is, )+ k, [l i, e (6.32)

where k, and k; are the proportional and integral gains of the current controllers.

Assuming ideal decoupling between d-axis and g-axis currents, the current control loop
is shown in Figure 6.3. The iy and iy, errors are processed by the PI controllers to obtain

reference voltages vy and v, .

. v d
Ldgr_ref Kp(s+a) a K . .
> s S4p > lagr
. PI
Lgr Controller Plant

Figure 6.3 Rotor converter current-control loop
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The gains of the proportional and integral parameters of the PI controllers are computed
assuming that compensation is perfect [67]. The transfer function of the plant based on
equations (6.25) and (6.28) is [67], [89]:

igqr (5) 1

_ _ 6.34
G(s) v;;,(s) r.+so(L, +L,) ( :

Transfer functions of the current control loops are stable with only one single dominant
nonzero pole. In this condition, a straightforward approach for designing a PI controller
is to place the zero of the PI controller to cancel (or approximately cancel) the dominant
pole of the plant. This method is called pole-placement. The open loop transfer function

of Figure 6.3 including the PI regulator is [65]:

ijq,(s) k, k(s+a)
Gis) = —/— = ———— 6.35
’ i ar—re (8) s(s+p) (6.35)

Letting a = p:

G(s) = £ (6.36)

where k= 1/6(Li+Ly,).

The closed loop transfer function:

Gs) _ kK
1+G(s)  s+k,k 637
This is a first order system, the bandwidth is thus:
w, = k ) k (6.38)

There is a relationship between the rise-time (10%-90%) and bandwidth for a first order

)

system and this can be expressed as @, =
tR
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In9
The rise time of the system step response is therefore fg = e
P

Thus the proportional gain of the current controller &, can be deduced as:

11;1—9(1+d%)

Ig

k, =

(6.39)

Where d% is added to ensure the required rise time will be obtained.

The active and reactive power loop transfer functions can be obtained from equations

(6.13) and (6.14) with SVO as:

P 3L

Coo 2T (6.40)
l;r 2 Lb
0 3L

L= - LV 6.41
i 2L * ©41)

Assuming ideal decoupling between the d-axis and g-axis currents, the cascade control
scheme with the power loop (real and reactive power) is shown along with the inner

current control loop in Figure 6.4, where K; represents the power control loop plant:

3L
ky = =57, (6.42)
2L,
P, Q,ref idqrfref Vgr idqr PS,QS
g Kpp (s+ajp )| K, (s+a;;) K . > K " 5
PQ _ § + s s+p
PI - PI Plant Plant
P, Q Controller dgr T Controller an

Current Control

Power Control

Figure 6.4 Cascade control structure

With the closed-loop transfer function of the current control loop expressed as equation

(6.37), the control scheme shown in Figure 6.4 may be simplified as shown in Figure

6.5.
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P e i j
yQ_rcf ldqr i ldqr Ps’Qs
—P* ] K,, (s+a;, ) > y44 >
PQ _ s s+ K,k

PI Plant
P.Q Controller

Figure 6.5 Cascade control structure
The Pl-controllers in the power control loops can be designed in a similar way to the
design of the PI-controllers in the current control loops. Controller gains can be obtained

as:

a, = k k (6.43)

= 9 e (6.44)

kp,
? k, kk tg,
where tg; is the rise time of the power control loop step response (s), and m is the design
margin.
The DFIG test-rig PI control parameters are obtained using the parameters of the
induction machine as tabulated in Table Al in Appendix A. For the induction machine

plant, the value of £ is:

k=1/o(L,+L, )= 1/((0.054676)( 0.031164)) and thus:

G(s) = k = 5808 (6.45)
p+s 86+ s

For a rise-time of 0.01s (Appendix I) the gains of the current controller are:

ai.=p = 86 (6.46)
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k, = :1—9(1+m%)=0.412 (6.47)

c "
The integral gain can be obtained as:

Kic = ajc ke = 86.0.412 = 3542 (6.48)
The gains of the power controllers are (for a rise time of 0.1s):

aip =k, k = 24276 (6.49)
From (6.42), k; = 1.458 and the proportional power gain is:

In9
k = ———(1+d%) = 0.0623 6.50
Pp kpck kl en ( 0) ( )

The integral gain can be obtained as:

Kip= ap k, = 24276.0.0623 = 15.13 (6.51)
6.3.2.1 Grid Side Converter Control Scheme

The control structure for the grid-side converter is based on decoupled d-g vector control
methods as previously outlined for the rotor-side converter. The grid-side converter
control scheme has been investigated in [73], [92]. The grid-side converter controls the
DC-link voltage and reactive power. The main objective of the grid-side converter is to
control the DC-link voltage regardless of the magnitude and direction of the slip power
[89]. In the vector-control scheme of the grid-side PWM voltage source converter, the d
and g-axis line currents are decoupled for controlling the DC-link voltage and the

reactive power flow between the grid and the grid-side converter respectively.

To maintain a constant DC-link voltage, a power balance is desirable between the rotor-
side converter and the grid-side converter neglecting converter losses. In super-

synchronous mode of operation DFIG real power flows from the rotor windings to the
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rotor-side converter, through the DC-link to the grid-side converter and into the supply

grid. The grid-side converter thus operates as an inverter.

However in sub-synchronous mode of operation real power flows from the grid, through
the grid-side converter, DC-link and rotor-side converter through to the rotor windings.
During this mode of operation the grid-side converter operates as a rectifier. Figure 6.6

shows a schematic diagram of the grid-side converter .

Grid-side

. L converter
Va lg Rg /YfY\ Vag Idc,g Idc,r

. R L, |
. 173 4
Grid vy — nm Vbg 4@ c |Va
— nmm Veg T

. L
V. Uy Rg &

Figure 6.6 Grid-side converter schematic

Power flow in the grid-side front-end PWM converter is controlled by adjusting the
phase shift angle ¢ between the source voltage v and the respective converter reflected
input voltage v,. When grid voltage v leads v, the real power flows from the ac grid
source into the grid-side converter (and thus dc bus). Conversely, if v lags v,, power flow
is from the converter (i.e., dc bus) into the grid.

Power flow in the grid side converter is determined by the load. When the DFIG
operates in the super-synchronous mode the magnitude of the output current i is positive,
and real power flows from the DC bus into the grid. Conversely during sub-synchronous
mode of operation i is negative and real power flows through the grid-side converter and
into the DC-link to the rotor-side converter.

The voltage balance across the grid-side inductors is:

_ . R L diag
% = Lug g+ g—+v

52
2 (6.52)

ag
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di
v, = i, R +L d”;+vbg (6.53)

di,
Vo= iR L =S, (6.54)

where: R, is the filter resistance
L, 1s the filter inductance

The d-q voltage equations can be obtained in the grid voltage reference frame with the
d s aligned with the grid voltage. Aligning the d,.s with the grid voltage and applying

the transform rotation to the equations (6.52 ) to (6.54) will yield:

.e

e e ld e e
vi=i3R, + L, dtg ~,L, i}, +vy (6.55)
di’
ve=i R + L, d_(;g +a,L, ij, +v;, (6.56)

When the d-axis is aligned with the grid voltage, the g-axis voltage is forced to zero i.e.
v, is zero. Grid-side decoupled vector control is normally implemented, with i,
controlling DC-link voltage and i,y controlling reactive power [75]. The control strategy
for decoupled control of the grid-side converter is shown in Figure 6.7.

The d-g axis has the same speed as that of the grid voltage and therefore 6, =w.t in
Figure 6.7. The reference voltages vdl* and vql* are computed from the errors between
reference current set-points idg* and iqg* and measured grid currents iy, and iy, . The

voltages v, * and vﬁl* are obtained using the calculated value for #, and the rotation

transformation ¢7%. The reference values va*, v;,* and vc’k are thus obtained for the PWM
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block. The actual rotor voltages v, v, and v, are supplied by the power electronics grid-

side converter, using space vector modulation.

Rotor Side
Converter

Voltage Control loop VSC

~—T Stator

Current Control loop
Vdc

) cT
Iy Var Var' Var' d _!‘I_
O SO ) ‘* L
* -

e’ —H{PwM [P

»

e

v

VSC

PR " V. % o
1 q ql abc Grid- Side
a8 ’( ) R ﬂ O ;{ Converter

)

Oe
Idg (l)eL + Vag
i 1
dg .ug (lﬁ Isabc
-jOe 1 <
i e B2 | abe
lgg =
\ 4
oL PLL | %
Vag P
. + Al (lﬁ Vgabc
ige ©L + v, 4_©< ei% Vg — >
Vag abc 7
VBg VT’s

Grid

Figure 6.7 Grid-side converter d-q vector control scheme in grid (stator) voltage

orientation.

Observing equations (6.55 and 6.56), the reference values ngf “ and v(gf ¢can be

obtained as:

.e

ref e _ e _ dg e e

Ve = i R, — L, 7 + oL, i, +v, (6.57)
we = _pepoop M ey (6.58)
Vag - Lag g $ elig Lag TVq :
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And the decoupling terms are:

oL, i, and oL, i, (6.59)

e 8 48

If the losses associated with the converter and inductor are neglected and neglecting
harmonics due to switching, the following equations associated with the DC link can be

obtained [89]:

3 e e
Vel ieg Evd i, (6.60)
. M
io= \/évdc (6.61
3 e
I, = ——M,i (6.62)

de,g 4\/5

dVdC
dt

c Idc,g _Idc,r (663)

where V. 1s the DC-link voltage, 1., 1s the grid-side dc current, I, is the rotor-side dc
current (schematic, Figure 6.6), and M| is the grid-side modulation index.

Normally the stator to rotor turns ratio z; is less than 1 for induction machines designed
as wind generators. The rotor circuit will thus present a higher rated voltage level than
the stator so that the maximum modulation index over the controlled speed range is not
so different to that of the grid side converter [128]. The laboratory induction machine
however has a stator to rotor turns ratio of 2:1 and thus for the rotor side converter the

maximum modulation index is usually smaller than that of the grid side converter.
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6.3.2.1 Grid Side Current PI Controller

For its straightforwardness and simplicity, the pole-placement method is applied for
designing PI-controllers in current control loops and power control loops. PI controllers
are used to obtain reference voltages Vd]\ and qu\ from the reference currents in the
current loops. The gains of the proportional and integral parameters of the PI controllers
are computed assuming that compensation is perfect [67]. Equations (6.57) and (6.58)

can be written as:

vl = —ig R — L U, + @L, i +v] (6.64)

vid¢= iR - L U, — @L,ij (6.65)
where:

U, =k, li5, =g, )+ &, [ ligy =5, e (6.66)

U, =k, lis —i¢ )+ & [lic, —ic (6.67)

The i4, and i, errors are processed by the PI controllers to give vdl* and vql* shown in
Figure 6.7. Considering the compensation terms as a disturbance the transfer function of

the plant current control loop is [78], [89]:

G () = ‘@ L (6.68)
vd((;g (s) Rg +SLg

Damping of the grid filter is given by:

1

272 2
D) Lg +Rg

G, (jo)| = (6.69)

The grid side converter can be controlled by considering a cascade control structure with

a current control loop inside the dc voltage control loop as illustrated in Figure 6.8.
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Figure 6.8 Grid-side converter current and voltage control loops
Similar to the rotor-side converter, the grid-side converter has a cascade control loop; a
current loop inside the DC link voltage control loop. Assuming ideal decoupling
between the d and g-axis currents, the current control loop is shown in Figure 6.9. The i,

and i, errors are processed by the PI controllers to give vd,\ and vq,\.

. v d
Ldgg_ref a .
Kp(s+a) K > i
s s+p
. PI
Lgg Controller Plant

Figure 6.9 Grid Side converter current-control loop
The grid-side plant equation is:

G,(s) = k = =156i (6.70)
p+s 8.5469+ s

where k = 1/Ly = 1562.5, and p = R,/L, = 8.5469 (Details of parameters are

included in Appendix A).

The open loop transfer function including the PI regulator is:

» k,, k
G,(s) = .el‘l‘fﬁ = M 6.71)
Ldgg—ref (8) s(s+p)
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Ifp=a
kpg
G,(s) = — (6.72)

Thus the proportional gain of the DC link current controller k,, can be deduced for a
rise-time of 0.01s as:

In9
k,, = ——1+m%) = 0.1547 (6.73)
ktp

where m% is a design margin which guarantees the required rise time will be obtained.
ai.=p = 8547 (6.74)

The integral gain is:
Kic = ajc kye = 8.547.0.1547 = 1.322 (6.75)
Fine tuning in Matlab of the proportional gain k,, ensured a satisfactory performance as

observed in Appendix I.
6.3.3 Rotor side and Grid side converter parameters.

PI control parameters for the current, power and voltage control loops for the rotor side
and grid side converters are obtained based on the information provided in Appendix A.

Values obtained for PI parameters of the DFIG laboratory controllers are tabulated in

Table 5.
Table 5 Converter gains
Rotor Side Converter | Grid Side Converter
Power Current | Current Ve
Control Control | Control control
K, Proportional Gain | 0.062 0412 0.1547 0.0505
K;Integral Gain 15.1 35.42 1.322 21.972
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6.4 Phase Locked Loop (PLL)

Methods to obtain phase angle (8,) of stator or grid voltages are predominately the PLL
technique. The PLL is normally implemented in the dg synchronous reference frame. A

schematic of a PLL in a dg synchronous reference frame is shown in Fig. 6.10.

v

= (0]
Vq_ref =0 :+ : PI @ 1/s ee

A
et
Vq
0.
Vq 4 «V
dq < af :
4—Vp
of abe | v

Figure 6.10 Phase Locked Loop, PLL to obtain 0,

The inputs to the PLL model are the grid phase voltages and the output is the tracked
phase angle 6,. The grid quadrature component v, is the locking reference, and when set
to zero reference the PLL locks vg to zero. The PLL model is implemented in dg
synchronous reference frame requiring a Park transform from abc to dq reference frame.
The Park transform requires the output angle of the PLL to synchronize the dg reference
frame.

A PI controller is used to control the v, variable and the output of this regulator is the
grid frequency. Integrating the grid frequency the utility voltage angle is obtained, which
is fed back into the aff to dq transformation module. Therefore the value of V, is
maintained at zero and V; is the positive voltage magnitude. The magnitude of the
controlled variable V, determines the phase difference between the grid voltage and the

converter phase angle. Hence the PI controller input is V,,.
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Additional improvements are required to alleviate the problems of voltage unbalance.
The PLL system can be designed to filter out the negative sequence producing a clean
synchronisation signal. During conditions of grid voltage unbalance, negative sequence
voltage can introduce double frequency oscillations on .. If the three-phase PLL system
is not designed to be robust to asymmetrical grid voltage, second-harmonic oscillations
will appear in the phase angle signal and therefore in the current reference [90]. Low
pass or band stop filters tuned to 100Hz at the output of the PLL can can eliminate the
double frequency oscillations on &. and as a consequence the three-phase dg PLL

structure can estimate the phase angle of the positive sequence of the grid voltages.

6.5 Switching Patterns

Switching patterns are required for the operation of both the rotor-side and grid-side
converters. A general scheme is outlined, which can then be interpreted for both the
rotor-side or grid-side converters. For each converter there are eight possible
combinations of on and off states for the transistors. There are six transistors on each of

the rotor-side and grid-side converter banks, observed in Figure 6.11.

Grid
Transformer o ) Q |+ Q P Q:
L uE K AGE HCE
V, X Ve Y

MM Vi —— Vi ( ( Rotor

Ve ; - Qs . Q4 . Qs 1 6 Vo
343} b_|c& zl a—' b—'(& C—|$ Stator

Figure 6.11 IGBT transistors on rotor side and grid side converters
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With respect to the rotor-side converter when an upper IGBT of a leg is on (a or b or ¢ =
1), the voltage V,,, V), or V., applied by the leg to the corresponding motor winding is
the DC link voltage V,;.. When the switch is off (a or b or ¢ = 0), the voltage applied to
the windings is zero. The on and off switching of the upper IGBTs Q;, O, or Q; have
eight possible combinations. Expressing V,,, Vj, or V., as functions of Q;, Q, or Q3,

respectively:

Var = Ql Vdc
Ve = OV, (6.76)
Vcr = Q3 Vdc

A similar analysis holds true for the grid side converter with voltages (Vg Vi Or Vi)
substituted for (V,,, V,, or V).
If the Park transformation is applied to equation (6.76) in the two-phase stationary

reference frame the following vector is obtained:
5 2 E
vV, = 3 V,+V,e3 +V_ e 3 (6.77)

Introducing the switching functions equation (6.76) into equation (6.77):

4

o) 2 4
Vo= EVdC(Q1+Q2ej3 +Q3ej3j (6.78)

Eight combinations of on and off states are possible for the upper power transistors,
therefore eight combinations can be obtained for the derived output line-to-line voltages
in terms of the DC-link voltage V,. Equations (6.79) and (6.80) establish the

relationship between the dc voltage and the line and phase voltages [67], [69].
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(v, | 1 -1 0a
v, |=V,.l 0 1 —1|b (6.79)
| Vea -1 0 1 |c
(v, ] | 2 -1 -1fa
v, =§Vdc -1 2 —1|»b (6.80)
v, | -1 -1 2 |e¢

The switching patterns described in equations (6.79) and (6.80) are outlined in Table 6.2

[69].
Table 6 Switching patterns and output voltages of converter
Switching a b c V. Vi V. Vab Vie Vea
State

So 0 0 0 0 0 0 0 0 0
S, 1 0 0 2/3 -1/3 -1/3 1 0 -1
S, 1 1 0 1/3 1/3 -2/3 0 1 -1
S3 0 1 0 -1/3 2/3 -1/3 -1 1 0
Sy 0 1 1 -2/3 1/3 1/3 -1 0 1
Ss 0 0 1 -1/3 -1/3 2/3 0 -1 1
Se 1 0 1 1/3 -2/3 1/3 1 -1 0
S, 1 1 1 0 0 0 0 0 0

Three-phase rotor winding orientation in space is given by Figure 5.12 (Chapter 5). Six
switching states S;, Sz, S3, S4, S5 and Ss (Table 6) result in the voltage space vectors V/,
V,, V3, V4, Vs and Vg at any instant in time observed in Figure 6.12 [106]. The switching
states Sy and S are null states and give a zero output.

The space phasor plane is subdivided into six 60° sectors; sector 1 to sector 6. The eight
vectors are called the basic space vectors. The magnitude and angular velocity of the

rotor voltage is controlled by selecting a particular voltage vector depending on its
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current location. The binary representation of two adjacent basic vectors is different in
only one bit. For example only one of the upper IGBT’s is switched on when the
switching pattern switches from V; to V1+600. Anti clockwise direction of rotation of the
flux vectors is normally considered the positive direction and the rotor flux y, will lead

the stator flux w; in super-synchronous mode of operation. This is illustrated in Figure

6.12.
Voo . Vg
$2(010) // S (110) A
,’/ or 2 \\
/, Sector 3 Sector l\\
Vi & /5[3)/' >S4 (100)
S5 (011) V,
\\ Sector 4 ,'/
\\ /// \lls
" Sector 6,/
\\ Sector 5 ,’/
S, (001).
--------------------------- “Ss (101
Vl V5 5 ( )

Figure 6.12 Voltage space vectors

If the rotor flux v, is located in sector one, application of vectors V, and Vg accelerates v,
in the positive direction. When in the generating mode of operation, application of
vectors V> and Vi result in an increase in angular separation between the fluxes v, and y;
resulting in an increase in active power generated by the stator. Conversely the
application of vectors V; and Vs have the opposite effect and decrease the active power

[106].

With reference to the phasor diagrams in Chapter 5 (Figures 5.25 and 5.26) repeated in

Figure 6.13, active and reactive power can be controlled by i, and iy, respectively. This
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is achieved by controlling the rotor currents i, and ig.. The variation in rotor flux with
variations in the real and reactive power demand is shown in Figure 6.13. If for example
iqr 18 set to zero, reactive power is fed entirely from the stator side, Figure 6.13(a). In this
condition if i, is varied from zero to full rated power, the locus of y, varies along A-B,

and y, does not change appreciably.

q axis q axis

V, A V. A

Cos ¢

En
A
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e -
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: Sp j d axis i iép J
| Wm : |
' 1 1 Y
| . Y A |
-lgs 1 . 1
. q ; : lq,- : . Yr
r lr
< > ¢ b
. Cos ¢
i Y Lagging pf | Leading pf
(a) (b)

Figure 6.13 Phasor diagram active and reactive power control

In the phasor diagrams of Figure 6.13 (a) and Figure 6.13 (b), reactive power taken by
the stator depends on the component of y, that is along y; i.e. w,. When the angle
between y; and vy, (J,) is very small, the magnitude of y, is approximately equal to v,
[106]. Therefore when the rotor flux vector is located in Sector 1, (Figure 6.12) voltage
vectors V4, Vs and Vs increase the magnitude of y,, and V;, V, and V; reduce the
magnitude. An increase in the magnitude of y, increases the reactive power being fed

from the rotor side, and therefore reduces the reactive power taken by the stator. This
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improves the power factor. Conversely a decreases in the magnitude of y,, has the effect

of decreasing the stator power factor.

6.5.1 Voltage Space Vectors with d-q axis

Voltages can be represented in dg coordinates and represent the spatial vector sum of the

three-phase voltage [69] as:

I b
Vq 2 2 2
=— 6.81
LJ 3 0 _ﬁ ﬁ . @80
2 2 e

The voltages corresponding to the eight combinations of switching patterns can be
mapped into the dg plane, shown in Table 7. This mapping results in siX non-zero
vectors, which form the axis of a hexagonal and two zero vectors located at the centre,

illustrated in Figure 6.14.

Table 7 Switching patterns and output voltages of converter - dg axis

Switching a b V, Va Vaq
State
So 0 0 0 0 Vo=0
S: 0 0 -1/3 Vg, 13 Vg Vi=2/3 Vg
S, 0 1 -1/3 Vg, -1A3 Vg Vo=2/3 V.
Ss 0 1 -1/3 Vg, 0 V3= 2/3 Vg
Ss 1 0 2/3 Vg 0 Vi=2/3 Vg
Ss 1 0 1/3 Vg 1N3 Vg Vs=2/3 Vg,
Se 1 1 1/3 Vg -1A3 Ve Ve=2/3 V.
S, 1 1 0 0 Vo= 0

The angle between any two adjacent non-zero vectors is 60°. The two zero vectors are
positioned at the origin and apply zero voltage to the converter. The group of eight

vectors are referred to as the basic space vectors and are denoted by V, to V;. The d-g
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transformation can be applied to the reference a, b, and c voltages to obtain the reference

Vour o0 the d-q plane as shown in Figure 6.14.

e Ve ¢ 173, -1N3

Sector 1 °,

\
Vout N

qaxis
23,0) /v, (100)

\\ Sector 4

13, N3

’

/3, 1N e -\’-/v5 (101)

Figure 6.14 Voltage dq space vectors

The envelope of the hexagon formed by the basic space vectors Figure 6.14 is the locus
of maximum V,,,,. This is a rotating vector and so the maximum is (1/\/ 3) V. for V.

The objective of the space vector PWM technique is to approximate the reference
voltage V,,, by a combination of the eight switching patterns. Each of the vectors V; —
Vs in Figure 6.14 represents the six voltage steps developed by the inverter with the zero
voltages 000 and 111 located at the origin. Observing Figure 6.14 a space vector V,,;
located in the sector defined by V., and Vi can be approximated by applying V., for a time

period (T,), and Vs for a time period (7%), such that:

T Vi+ Ts. Vs = Tewm Vou (682)
(n+1)T 1
- \v d = —T,V,+T.V,
T J; out T( 4Va +TsVe) (6.83)

where:n=1,2,.6 and T, + T4 <T

J Kearney PhD Thesis 166



If T = Tpwa, can obtain [69]:

(n+1)Tpyy

VourQt = Ty Vour = (T4Vy + TsVs) (6.84)

nTpwy
where: n = 1,2,..6, and T4 + Ts <Tpwuy

In equation (6.84) the required reference voltage V,, can be approximated by a
switching pattern of V, for a period of time 7, and Vj for a period of time Ts. The sum of
T, and T can be less or equal to Tpyy. If it is less a zero (000) Vy is required i.e. all
inverter switches are tied to the zero rail or (111) V7, all switches tied to the positive rail

for the remainder of the period. This is illustrated in Figure 6.15.

CMPR3 [ =="77 77777~ ;:;;}’ """"" ‘<;;;: """"""""
LY 1 R e e

(61171413 | il A e
PWM a
PWM b
PWM ¢
To/4 T2 Te/2 To/2 Te/2 T2 To/4
Vo V4 V6 V7 Vﬁ V4 VO

0,0,0) « (1,0,0) + (1,LO) | (1,1,1) L,L0) « (1,0,0)  (0,0,0)

Figure 6.15 Symmetric space vector PWM waveform

Therefore equation (6.84) is modified as:

Trwm Vour = TyVi+ TsVs+To(Vyor V7) (6.85)

where: Ty + T+ To = Trwu
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Figure 6.16 is an example of a symmetric space vector PWM waveform with reference
Vour 1n Sector 1 bordered by vectors V, and Vi [69]. Included in Figure 6.16 are the zero

and non-zero vectors for each PWM period in a symmetric switching scheme.
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Figure 6.16 Voltage dq space vectors
6.6 Modelling in Simulink/Matlab.

Development of wind turbine models is advantageous in studies of power systems. To
determine the performance of wind turbines under various operating and control
strategies simulation models are an important part of the analysis. For example the

behaviour of and effects of wind turbines to power quality issues on the grid can be
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studied using simulation models in the more common software packages of
PSCAD/EMTDC, PSS/E, Simpow, DigSilent, Matlab/Simulink, VisSim [69], [70].
Matlab/Simulink Power System Blockset was chosen because it provides a powerful
graphical platform to investigate a range of complicated issues in electrical systems such

as transients, unbalanced networks, harmonics etc.

Generator

A \S_ L5 MW

Distribution Line

t1

Grid

Converter

Switch
N

Single Phase
Load

Figure 6.17 DFIG and network model

The simple network model in Figure 6.17 was developed and implemented in
Matlab/Simulink [61]. In the model of Figure 6.17 a single-phase load is supplied at bus
B through a switch. This single-phase load (when connected) decreases the voltage
magnitude of phase C. The other two phase voltages remain at rated voltage magnitude
and thus a magnitude voltage unbalance is introduced at bus B. Voltage unbalance is
expressed as the ratio of the negative sequence voltage to the positive sequence voltage
[4].

Control schemes for the DFIG as outlined in Sections 6.2 and 6.3 are implemented in the
grid-connected wind turbine model in Matlab/Simulink. The control blocks designed in
Matlab/Simulink incorporate the mathematical equations described in this chapter; these
blocks include PI control, PLL bocks, reference frames, Clarke and Park models, space
vector control and PWM. Vector-control schemes are designed respectively for the

rotor-side and grid-side PWM voltage source converters.
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6.7 Results

6.7.1 Voltage and Current Distortion

Problems associated with the response of a DFIG to network voltage unbalance are
analysed using simulations in Matlab/Simulink and results can be observed in Figures
(6.18-6.31). The Simulink model when simulated took approximately 0.2 seconds to
settle to steady-state values, so timed delay switching requirements in the model were
initiated with a time delay in excess of 0.2 seconds. To observe the effects of network
voltage unbalance on the DFIG model, it was necessary to introduce voltage unbalance
to the three line voltages close to the terminal connections of the DFIG. To achieve this
a single-phase load was inserted between the distribution line and the distribution
transformer (Figure 6.17). A timed switch in the Simulink model connected the single-
phase load and initiated the required level of voltage unbalance at the DFIG terminals.

The network to which the DFIG is connected is represented by a constant voltage and a

distribution line with a length of 30 km. The line series resistance is 0.115 Q/km and the

reactance is 0.33 Q/km. The distribution line is operated at a voltage of 25kV. The fault
level at bus A in Figure 6.17 is 30 MVA. The DFIG is connected via a 25kV/690V
three-phase transformer. The generator rotor is connected to the grid side via a rotor
converter, a DC bus (1.2 kV) and a grid side converter. The DFIG model has a total
rating of 1.5 MVA and for a speed variation of 30% the rotor converter has a rating 30%
of the capacity of the induction genertor.

A single-phase load (C in Figure 6.17) was timed to switch-in at 0.3 seconds. Initially
the effect of the voltage unbalance on the stator of the generator is considered. During

network asymmetrical voltage conditions a negative phase sequence component occurs.
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Figure 6.18 Voltage profile of network busses
The effects on bus voltages on the introduction of a large single-phase load into the
network in Figure 6.17 at bus B can be observed in Figure 6.18. A noticeable
observation is the voltage profile at bus D is different to the voltage profiles at buses A
and B. The reason for the difference in the voltage profile at bus D is due to the
influence the star-delta transformer (between busses B and D in Figure 6.17) has on

voltage dips and voltage unbalance as outlined in Chapter 4, Section 4.15.
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Figure 6.19 DFIG Stator Voltage and Current
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Figure 6.19 shows the instantaneous voltage and generated current at the terminals of the
DFIG predicted by the Matlab/Simulink simulation [104], [105]. The single-phase load
is switched-in at 0.35 seconds and introduces a voltage unbalance factor of 9%. The
DFIG stator current is significantly distorted at 0.35 seconds.

Figure 6.20 is a plot of the voltage unbalance factor (VUF) and current unbalance factor
(CUF) at the terminals of the DFIG. The network VUF rises to a value of 9% as

measured at the terminals of the DFIG.
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0.3 032 034 036 038 04 042 044 046 048

Current Unbalance
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1 1 1 1 1
03 04 042 044 045 048
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1
03 032 034 036

Figure 6.20 Percentage voltage and current unbalance at DFIG terminals

Although the VUF is approximately 9%, the corresponding CUF is 30%, as shown in
Figure 6.20. Described in [1], this is because the negative sequence impedance of an
induction generator is considerably lower than the positive sequence impedance at
normal operating slip speeds, resulting in larger stator currents (Chapter 4, Section 4.4).
Investigations into voltage unbalance and voltage dip conditions in a variable speed
drive incorporating a PWM converter was evaluated in [37]. Some of the conclusions
reached by the authors are that current unbalance can be up to 100% for an input voltage
unbalance of only 5%. The stator and rotor currents of the DFIG model simulated in

Simulink are illustrated in Figure 6.21 [104].
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Figure 6.21 DFIG stator and rotor currents

During network voltage unbalance conditions a negative phase voltage sequence occurs,
resulting in power and torque oscillations. The product of positive and negative
sequence components of voltage and current generate a double frequency (100 Hz)

power ripple, causing DC-link voltage and current ripple [36], [103].
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Figure 6.22 DFIG Power
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Figure 6.23 DFIG Torque
Figures 6.22 and 6.23 show the results of the Matlab/Simulink simulation on a 1.5 MW

DFIG with network voltage unbalance occurring at 0.3 seconds. Power and torque
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pulsations are observed due to network voltage unbalance of 9%. Figure 6.24 is a plot of

the DC-link voltage pulsations in the converter of a DFIG due to the same level of

voltage unbalance.
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Figure 6.24 DFIG DC link voltage, V4,
The Matlab/Simulink model used in the simulation is controlled in the d-g reference
frame with the d-axis aligned with the stator voltage vector (SVO). Under the influence
of voltage unbalance the stator iy and i, currents will oscillate at twice the network

frequency [36], [104] shown in Figure 6.25. This result is similar to that discussed in

Chapter 4, Section 4.7.
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Figure 6.25 Stator ig and iy currents
By using a band-pass filter to isolate i; and i, (where i; and 7, are the double frequency
terms produced by the network voltage unbalance), the voltage unbalance factor can be
obtained as [104]:
VUE = Ji’+1’ (6.86)
A comparison of VUF’s obtained using stator symmetrical components and equation

(6.86) is shown in Figure 6.26. It can be observed that both methods produce a voltage

unbalance measurement of approximately 9%.
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Figure 6.26 Voltage unbalance factor

The variation in speed of a DFIG during voltage unbalance conditions is illustrated in

Figure 6.27.
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Figure 6.27 DFIG Speed

6.7.2 Third Harmonic Voltage and Current Distortion

Grid Side Converter 3rd Harmonic Voltage
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0.0z

0.2

(a)

= o5k

(b)

3 0.4 0.5 0.6 07 0.8 0.s
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Figure 6.28 Grid-side converter ac side input third harmonic voltages (a) and third

harmonic currents (b) — Subsynchronous mode of operation.

The level of third harmonic voltage and current at the ac side of the grid-side converter

when a network voltage unbalance of 7.5% is introduced at 0.4 seconds is illustrated in

Figure 6.28. In Figure 6.28(a) the 3™ harmonic voltage rises to 1.8 %, and in Figure

6.28(b) the 3" harmonic currents rise to a steady state level of 4%.
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Third-harmonic voltages and currents at the DFIG stator terminals are plotted in Figure
6.29. At the onset of Voltage unbalance at 0.4 seconds stator 3™ harmonic voltage rises
to 2% and stator third harmonic currents after an initial increase in value return to the

prefault value close to zero.
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(a) Stator third-harmonic voltages — full power super-synchronous operation
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(b) Stator third-harmonic currents — full power, super-synchronous operation

Figure 6.29 DFIG stator third harmonic voltages and currents
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Figure 6.30 DFIG Total Input 3" harmonic voltages and currents — full power
The third-harmonic voltages and currents measured at the DFIG terminals (i.e. total
input to stator and grid converter) are plotted in Figure 6.30 [116]. Voltage unbalance in

the model Figure 6.17, was introduced at 0.4 seconds, and the stator voltage 3

J Kearney PhD Thesis 176



harmonic rises to 2% and the third harmonic currents rise to 5%. Observing the voltage
and current traces in Figures 6.28-6.30, they indicate that when the DFIG is operating in
super-synchronous mode, the grid-side converter has a greater influence on the level of
generated third harmonic currents.

Figure 6.31 is a plot of the THD of the voltage and currents measured at the terminals of
the DFIG. It is evident that when voltage unbalance is introduced at 0.4 seconds the
THD of the voltage at input to the DFIG increases from 2% to 2.4%. However the THD

of the current has a larger percentage increase, from 7% to 14%.
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Figure 6.31 DFIG terminal voltage THD and current THD - full power
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6.6.2 Conclusions from simulation results
Results of simulations conducted with an asymmetrical grid supply identified key
problem areas for grid connected DFIG’s. The problems include:

e Rotor current unbalance and over current

e Stator current unbalance and over current

¢ Rotor speed deviation

e DC link voltage oscillations

e Power oscillations

e Torque pulsations

e Increase in harmonic current generation
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Chapter 7 Voltage Unbalance Compensation Techniques

Issues associated with the operation of wind turbines and DFIG’s connected to network
grids and independent loads during asymmetric voltage conditions, has been investigated
in ([24], [36], [56], [71], [95], [96], [97], [103], [107], [110], [111], [113], [117], [120],
[121], [122], [123], [124], [125], [129], [130], [131], [132], [134], [135]). This list of
previous published work provides the basis for this thesis.

Network voltage unbalance can lead to asymmetry within the DFIG system's three phase
voltages [82]. Using sequence component theory, under network voltage unbalance
conditions the three-phase voltages, currents and fluxes can be decomposed into
positive, negative and zero sequence components as outlined in Chapter 4. The stator
and rotor windings of a DFIG are usually connected in star; with the star point isolated,
therefore normally there are no zero sequence components.

The vector control schemes employed in the models in Chapter 6 assumed balanced
conditions at the terminals of the DFIG. The aforementioned control schemes cannot
control the double frequency currents generated during grid voltage unbalance
conditions, resulting in the problems outlined in Chapter 4, including unwanted power
and torque oscillations. Compensation schemes for improving machine control, under
both balanced and unbalanced conditions, make allowance for the sequence components
in the control software in a number of ways. This has the advantage of requiring no
hardware upgrade. The main disadvantage is in the increased computational
requirements.

During network asymmetric voltage conditions there are two dominant frequency

components present within the frequency spectrum of the rotor current. There is a
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positive sequence component driven by the source voltage, and a negative sequence
component as a result of negative sequence impedance of the generator [1].

Unbalanced faults introduce a negative sequence component to the stator voltages and
consequently to the rotor currents due to the impedance of the induction machine.
Methods to alleviate the problem of voltage unbalance have been investigated in the
literature as indicated above. The main theme among many of the authors is essentially
to extract and control the positive and negative sequence components in the controllers
of the rotor side and grid side converters. Thus the following sections describe methods
incorporating positive and negative sequence control structures implemented in the

laboratory based test rig.

7.1 Control of DFIG Under Network Voltage Unbalance Conditions

If the voltage in a grid network system is unbalanced, and assuming there are no zero
sequence components, the three-phase quantities, (voltages, currents and fluxes) can be
described by using positive and negative sequence components described in Chapter 4,
[71], [96].

In the stationary reference frame, a and /S voltages, currents and fluxes can be

decomposed into positive and negative sequence components as:

Fa/?(t) Fa/?+(t) + Fa/?-(t)

IF )

j(@i+g,) —j(@g+¢.)
e +|Fople |

= (B, + jF,, Je" @) +(F,_+ jF, )e’®**) (7.1)

where subscripts + and — are positive and negative sequence components respectively

and ¢, and ¢. are the positive and negative sequence phase shifts.
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The relationship between the positive and negative sequence components in the dg
reference frames can be observed in stator flux oriented (SFO) reference frame Figure

7.1(a) or in stator voltage oriented (SVO) reference frame Figure 7.1(b).

Br A
B
- [ON n
d* Vs '\ q
q" v o
(USSR '\mr
q O
0 0; _
_esl o
d / -0, =- ot
4/ Os 0, = ot
(a) Stator Flux Orientation SFO (b) Stator VoltageOrientation SVO

Figure 7.1 Reference frame orientation.

In Figure 7.1(a) stator flux orientation, the d" axis is fixed to the positive sequence stator
flux rotating at a speed of w,, whereas for the negative sequence dg components the d"
axis is rotating at the speed of -w, with a phase angle to the a axis of -6;. A similar
analysis can be performed on Figure 7.1(b) in stator voltage orientation (SVO) (Chapter
5 section 5.3.3.1). Observing Figure 7.1 the transformation between aff, dg* and dq -

reference frames is obtained as [71], [76], [96]:

Fp = Fge'™'., F, = Fge™ (7.2)
Fp = Fpe?™, F, = F ¥ (7.3)

where superscripts (+) and (-) represent the positive and negative sequence reference

frames respectively.
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The relationship between positive and negative sequence reference frames (Figure 7.1)
and equations (7.1), (7.2) and (7.3), can be used to express the stator and rotor voltage,

current and flux vectors using their respective positive and negative sequence

components as [76], [95], [96]:

v;—qs - V;‘/S'*' + V;CIS— = v:l—tls+ + v;q‘y_ .€ 2o \
i;qs - i;q” + i:quS— = i;qs+ + i(;qs_ e e
l//;qs - l//;qs* + l//‘;‘ZS— = l//;qw + l//;qs‘ e >

j 7.4
V:;qr - v;qr+ + v:qur— = v(-;qr+ + V;qr_ .e_zj o (7.4)
lyr = gy Flgg = g Fig, o 20
w;-qr - W;qr + T W;‘]’— = l//;qm + W;qr— e J

where subscripts (+) and (-) represent positive and negative sequence components

respectively.

The DFIG equivalent circuit, Figure 5.14 (Chapter 5) can be redrawn for both positive

and negative sequence conditions in the synchronous reference frames as Figure 7.2 and

Figure 7.3.
idqs+ R, meq{qqur L L, + - R i dqr+
M NAN N [ ———
N L -
N + J(me' (O N )\I’dqr +
Vags i(\liltdﬁg m i\u@; Vagr
dt

Figure 7.2 Positive sequence reference frame equivalent circuit

idqs- R, (’*)e\qus- Ly L’lr R’ ldqr-
g Yy A il
) )
-+ . — .
- L .]((De' (Dr)‘lldqr .
qus i(\lll das - m ng m- Vagr
t dt

Figure 7.3 Negative sequence reference frame equivalent circuit
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The dynamic model for a DFIG can be analysed in the positive and negative sequence
reference frames. In the positive sequence representation of a DFIG rotating at a speed

of w, (synchronous reference frame), the stator and rotor flux linkages can be given as:

Vo = Ljg, +ig, L (7.5)

m

l//;qr = Lr i;qr + l‘;qx L (76)

m

Observing Figure 7.2 positive sequence stator and rotor voltage equations are [96]:

+ + + dl/j+ s

vdqx = ldqv R‘v + a)e quv + d;q (77)
: - ., W

vdqr = ldqur + (a)e - a)r ) l//dqr + T:q (78)

where:

vags' are the stator positive sequence d-q voltages
vagr are the rotor positive sequence d-g voltages

idqs+ are the stator positive sequence a’—q currents
wag are the rotor positive sequence d-q flux linkages

The stator and rotor positive sequence dg voltage equations in matrix form are:

" » s 0 —-1|y,
Vi | g | |y ] W ja){ }"/‘f 7.9
Vs Iy | dt| W, 1 0|y,
+ .+ + 0 _1 +
Vi | g | AV ja){ }"/‘j’ 7.10)
Vor i, | dt|y, 1 0]y,

Substituting equations (7.5) and (7.6) into equations (7.9) and (7.10) respectively yields:
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+ i+ 0 -1 w"
H _ R{’f}ai{’f}wmi{f‘f}m[ }H )
Vs Ly dr|i, dr|i, 1 0y,

+ .+ .+ .+ O _1 +

0 3 I R R I L T Vil (7.12)
v, Iy dt|i, dt| i L 0|y,

The negative sequence stator and rotor dg fluxes in the synchronous reference frame

(similar to equations (7.5) and (7.6) for positive sequence) are:
l//;qr = Lr i;qr + l‘;qx Lm (7 14)

The negative sequence stator and rotor voltage equations can be described as [96]:

- - - AV,
vdqs = ldqs Rs + a)e l//dqs + d;q (7 . 15)
dwv-
v‘;‘ﬂ = it;qur + (we - a)r ) l//;qr + qur (7 16)

dt

where: v4,, are the stator negative sequence d-q voltages
vagr are the rotor negative sequence d-g voltages
idqs' are the stator negative sequence d—q currents
waqr are the rotor negative sequence d-q flux linkages.

The stator and rotor negative sequence dg voltage equations in matrix form are:
Vo iy i 0 1|y,
3 0 S L P Va 7.17)
Vs I | dt|W, 1 0|y,
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[V%} = R {’:‘f’}i[w‘f’} jo, {O _1}{'”‘5’} (7.18)
Vql‘ lqr dt qu 1 0 qu
7.2  Control of Rotor Side Converter — Parallel Control Scheme

The function of the rotor-side converter controller in a DFIG is to control the active and
reactive power [73] and is normally comprised of a parallel two stage controller with
active and reactive powers controlled independently [75]. The controller can operate
either in stator flux reference orientation (SFO) or stator voltage orientation (SVO). In
the SFO reference frame the quadrature (q,s) current signal controls active power and
the direct (d,.;s) current signal controls reactive power, whereas implementation in the
SVO reference frame the d,,;; current signal controls active power and the g,,s current
signal controls reactive power. Decoupled control between the stator-side active and
reactive powers can be obtained, providing the generator with a wide operating speed-
range [65].

When the stator voltage is unbalanced it can still be regarded as constant [71], and

differentiating the flux linkages will equal zero:

Wise _o g Wi

=0 7.19
dt dt ( )

If stator resistance is neglected, substituting equation (7.5) into equation (7.7) and taking

into consideration equation (7.4):

+ . + - 2jot
qux = J a)e (l//dqﬁ— + qus— € )

= Jjo, (L, L )+ jo (L, +L,i;, )™ (7.20)
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7.2.1 Stator Power Equations

In unbalanced networks DFIG stator apparent power can be expressed in terms of
positive and negative sequence components [71], [76], [95]. Using developed equations
for positive and negative sequence voltages and currents, apparent power of a DFIG can
be determined, to observe the effects that grid voltage unbalance has on the system.

The stator power in the positive sequence reference frame is (equation (6.11) in

Chapter 6):

. 3,
S = P+jO, = —Evquz;qs (7.21)

Stator active and reactive powers can be described as:

P = %Re v it) (7.22)

3 o
Qs = E Im (v;qs 'l;qs ) (723)
Manipulating equation (7.5) yields:

in = Li(w;qs —it L) (7.24)

s

Inserting (7.4) into (7.24):

i;qs = Li(l//;qw TV s e Had )_ IZ, (i

s s

iy o) (7.25)

+
dgr+

Substituting (7.4) for V,,," and substituting (7.25) in (7.21) yields:
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3 (v;qH + v;qb_ —j2w,t )‘(qu_)+ + (l//(;qs— 'e—jZa)L,t )* )
= T57 ] (7.26)

2LS - Lm '(V;l—qx+ + v;qx— € e X dqr+ + (ldqr— _/2[’)0' )*)
Multiplying the terms in (7.26) and then substituting the real and imaginary components

+ - o+ . o+ . - . .
forv dgs+s Vdgs-> U dgs+s Udgs-> U dgr+, U dg-» Wd’dqﬁ and qus- yleldS-

+ + + et .+ + + +
(vds+ 'l//ds+ - vds+ -J l//qs+ + -]vqs+ 'l//ds+ + Vqs+ 'l//qs+ )
Jjlo,t

+ - + e - .+ - + -
3 + (Vds+ 'l//ds— - Vds+ -J l//qs— + .]vqs+ ‘l//ds— + vqs+ ‘l//qs— )e

) - .- + . - + - + —j2w,t
ST (Vds— ‘st+ Jvds— 'qu+ + qus— 'st+ + Vqs— 'qu+ )e

Vo W v W+ Y W v W)

+ e+ + et .+ et + et (7.277)
(vds+ 'ldr+ - vds+ '-]lqr+ + -]Vqs+ 'ldr+ + vqs+ 'lqr+ )

+(+ e i+ + .- )€j2wt
3 Vasttar- Vds+'qur— qus+'ldr qv+ qr

2L . ( - st + )e Jj2w,t
§ + Vds— 'ldr+ - -]lqr+ + -]qu ldr+ + qu— qr+

+ (Vds— 'ldr— - Vds— '-]lqr— + -]vqs— 'ldr qs— qr— )

The terms for active and reactive power in equation (7.27) can be equated to equation

(7.28) ([95], [96], [97], [107], [108]):

S = P+jQ = (P, +P ,sinw,N+P, ., cosw,))

s_av 5 _S e s

(7.28)
+ j(Qs_av + QS_sinZ Sin(za)et) + QS_COSZ COS(?’a)et))

where Py, can be described as the dc average value of the real power, and P;. 2, and
Ps.cos2 the sine and cosine terms of instantaneous real power at double the network
frequency.

Similarly Q;.,, can be described as the dc average value of the instantaneous reactive
power, and Q;.sn2, and Qs.os2 the sine and cosine terms of reactive power at double the

network frequency. The active and reactive powers can thus be described as:
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P

s_av
s_av

s_sin2

Q
P
P o
O, >
O, conr |

3L
+

2L

(7.29)

Transformation to synchronous coordinates implies that the variables will be dc

quantities in the steady state. Observing equation (7.7) and neglecting the stator

resistance, with vg,, = @..j Wy, in steady state, equation (7.29) can be written as [76]:

s_av

Qs ay
P

s_sin2

P

s_cos2

Qs_sin2

P'_

_QS_0082 a

3L
+

2L

(7.30)

Equation (7.30) is a matrix of the real and reactive powers developed in the DFIG

generator, including negative sequence components and oscillating terms as a result of
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network voltage unbalance. To enable a reduction in the torque and power oscillations as
a result of asymmetrical grid voltage, it is necessary to control the positive and negative
sequence rotor currents i, iq,++, ig and i,. in equation (7.30). The terms for
oscillating active powers Ps_g,2 and Py .52 and for oscillating reactive powers Qj.gin2 and

Os-cos2 are required to go to zero. Thus:

Posing = Pyco2 = Qx-xinZ = Qx-con =0. (731)

As expanded upon in Chapter 5, in dg coordinates the d-axis can be aligned with the
positive sequence voltage vector or the positive sequence flux vector. When the positive
sequence d-axis is aligned with the positive sequence voltage vector, the g-axis
component V,,." can be regarded as being equal to zero. Equation (7.31) can now be

resolved to obtain the required reference currents to control the power oscillations as:

3 — + + — 3 o+ - o+ 4+ .=
Ps?sin 2 == 2a) L (0 + vds—vds+ + 0 + vds+vds— )+ - (vqs—ldr+ - vds—lqr+ + O + vds+lqr— ) = O
e s

2L,
(7.32)
Solving for i, :
i, = Z—i:+ Vj; (v;s_i;r+ —v;s_i;H) (7.33)
Similarly P o5, can be solved as:
P o =— 2a)3eLS (O +V, Vg, FVg Vet 0)+ %(vdsi;H — Vol F Vg F 0) =0

(7.34)

Solving for iy
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2V 1

. _ qs— — . ~
by = - (vds—ldr+ - vqs—lqr+ ) (735)
oL, v,

e —m

The positive reference control current for the DFIG power is obtained as:

. P_w?2L 1 . . 1o
l;r+ == 3}_1:‘}‘2: - V:;Ha)eLm ((V:l—ﬁ )2 + (vds— )2 + (vqs— )2 )+ a (VdS—ldr— Vsl )

(7.36)

The double frequency reactive sine and cosine compensation terms can be determined in

a similar way for reactive powers.
7.2.2 DFIG Torque Equations

The electromechanical torque of a DFIG can be described as [76]:
3 p + L+ F
Te = E (E]Im(quS .l;—qs ) (7.37)

Substituting equation (7.24) into (7.37) yields:

3 14 + +%* +  .F
Te = E (Ejlm(‘[/dqs l//dqs - l//dqs ldqr Lm ) (738)

N

Implementing equation (7.4) in (7.38) yields:

— — 2w % _ _iw £
3 [pj (l//;qH Vg€ e [W;(JH + (l//dqs_-e J20d ) )
- (7.39)

_ + - —j2w,t )(+* = —j2w,t *)
Lm (l//dqs+ + Y qds—-€ Ldgr+ + (ldqr—'e )

Similar to the analysis of the apparent power in Section 7.2.1, multiplying the terms in

brackets, and knowing ¥ gge+ = W s+ + j U 45+ €quation (7.39) can be developed as:
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+ e+ + e+ - .- - .-
- l//qs+ 'ldr+ + l//ds+ 'lqr+ - l//ds— 'lqr— + l//qs— 'ldr—

‘ 2L

N

3L
n (gj Cwi i Wi W, WL )cos(2@,1) ¢ (7.40)

+

(l//ds+ 'i;rf + l//;s+ 'iq_rf - y/;sf 'i;rJr - y/q_sf 'i;-V‘F )Sin(za)et)
Equation (7.40) can be equated to [71], [76]:
T, = T, v + Te sinsin2art ) + T, coscos(2art ) (7.41)

Where Te_av, Te_xim and Te_cos are:

.t

+ + - - Ly
Te _av - qs+ st+ qu— - l//ds— ti "
_ 3Lm pP - - + + Lors

Te _sin | T AT st— - l//qs— st+ qu+ .— (742)

2L, \ 2 _ - . (.

Te _cos l//qs— - l//ds— qu+ - l//ds+ i—

L 9= |

Using equations ((7.9) to (7.12), (7.15) and (7.16)) in the steady state and neglecting the

stator resistance equation (7.42) can be rewritten as:

.+
l
+ + - - dr+
Te_av 3L vd€+ - vqs+ vds— vqs— l+
_ m p - o, + _ 7t qr+
Te_sin - ~ vqs— Vas- vqs+ Vst .- (743)
T 2Lv a)e 2 - - 7t _ 7t ldr—
e_cos vdsf vqsf Vds+ Vqs+ .
lqr—

To control the torque pulsations it is necessary to control 7, s, = T, cos = 0 in equation

(7.43). Considering that in SVO control, Vqsf =0, T, s, can be written as:

3L, (p\[ - .+ _ g v .
e_sin = 2[[Y a)e (Ej[vqs— ‘ldr+ - vds— ‘lqr+ + 0 - vds+ 'lqr— ] = 0 (744)

To obtain the reference negative sequence current required, it is necessary to extract i 4,

in (7.44) as:
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o e i ]
lqr—_ + Vqs—'ldr+ Vds—‘lqr+ (745)
Vis+

Similarly the reference current i, can be obtained setting 7, .., equal to zero as:

-3L

_ m | P - .+ - .+ + - _
Te_cos - m(?j[vds Lgry T Vys—tgr+ ~ Vas+-tar— + O]_ 0 (746)

The reference current i ;.- 1s obtained as:

S I S
lgr— = + Vas—tar+ t Vqs— 'lqr+ (747)
Vis+

The positive torque reference is obtained as:

p

T, ,2L.w, (2 1
=—[ J— i iy ] (7.48)
Vis+ 3‘Lm Vis+

From (7.2) and (7.3), in the dq" reference frame, positive sequence components appear
as dc values while the negative sequence components oscillate at 2@,. Whereas in the
negative dq reference frame negative sequence components appear as dc values while
the positive sequence components oscillate at 2@,. Observing Figure 7.4, the stator
voltages and currents and the rotor currents are converted to the a8 reference frame.
The stator voltages and currents are then transformed into the positive sequence dg"™ and
negative dq sequence reference frames using the voltage angle 6, (Figure 7.1), obtained
with a PLL. The PLL operates by controlling the g-axis component to zero and therefore
all the voltage is manifested through the d-axis. The slip angle 6, is obtained to
transform the rotor values to the positive and negative sequence rotor reference frames.
Band-stop (notch) filters tuned at 2@, are then implemented to remove the oscillating
terms, thus obtaining the respective positive and negative sequence dg*, and dq .

components.
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Figure 7.4 DFIG rotor side converter control including compensation scheme

The positive and negative sequence control voltages vdqﬁ+ and v, and the positive and

negative sequence control currents idqﬁ+ and iy, are thus obtained. Similarly the rotor

currents are transformed into the positive sequence dg' and negative dg sequence

reference frames, using the slip angle . The slip angle 6, is obtained by subtracting the

grid angle @, form the actual rotor position angle 6,. Band-stop (notch) filters tuned at
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2@, are then used to remove the oscillating terms, thus obtaining the respective positive
and negative sequence idq,++ and ig, - control currents.

It is also necessary to incorporate positive and negative sequence components, iz, + and
iqqs - respectively to obtain the necessary decoupling terms, Vi.comp and V.comp. The
positive and negative sequence control components are regulated independently before
being transformed into the positive sequence reference frame and then summed to form
a reference for the PWM controller.

Figure 7.5 [105] illustrates the effect of the extraction process to obtain the negative
sequence component from the negative sequence reference frame. Figure 7.5 (a) shows
the rotor control current iy (in the negative sequence reference frame) after dg
transformation and Figure 7.5 (b) is the negative sequence component iz~ with the

positive sequence component removed with a notch filter.

(a) Idr-  Negative Sequence Ref Frame

? F T T T T T T =
R
=
S '2 C. 1 1 1 1 1 1 .
02 0.3 0.4 0.5 0.6 07
(b1 1dr-- Megative Sequence Component
g DE C T T T T T T —]
= 0 W
x
5 'I:I5 C 1 1 1 1 1 1 1
02 0.3 0.4 0.5 0.6 0.7
ic) lgr- Megative Sequence Ref. Frame
E 2F T T T T T T =
5 oIV A A AVAAAMAR
5 C 1 | 1 1 1 1 -
0.2 0.3 0.4 0.5 0.6 a.7
(d) Igr-- Megative Sequence Component
|:|.|'.1 F T T T T T T =
02 .
1] W
a2t i
D4 1 1 1 1 1 ]

1
02 03 04 0a 0.6 0.7
Tirne ()

Figure 7.5 Negative sequence reference frames and components
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Figures 7.5 (c¢) and (d) show a similar result for the rotor g-axis negative sequence
reference frame i,,, to obtain the negative sequence reference current /..

The stator power and torque pulsations in the DFIG are controlled using the control
scheme as described in Figure 7.4, incorporating equations (7.33) and (7.35) to control
stator power oscillations and incorporating equations (7.45) and (7.47) to control the
torque pulsations. The scheme was implemented in the toolbox “SimpowerSystems” in
Matlab/Simulink and the simple model and parameters are illustrated in Figure 6.21
(Chapter 6). Chapter 6, Section 6.7 illustrates the effects of network voltage unbalance
on a DFIG predicted by Matlab/Simulink simulations. This model in Matlab/Simulink is
also implemented here to demonstrate the efficacy of the compensation techniques in the
rotor side converter described in this chapter.

The network is represented by a constant voltage source and a distribution line with a
length of 30 km. The line series resistance is 0.115 Q/km and the reactance is 0.33
Q/km. The distribution line is operated at a voltage of 25kV, and the fault level at Bus
A in Figure 6.21 is 30 MVA. The DFIG is connected via a 25kV/690V three-phase
transformer. The generator rotor is connected to the grid via a rotor converter, a DC bus
(1.2 kV), and a grid side converter. As shown in Figure 6.21 a single-phase load of 4
MVA is supplied at bus B, and this load introduces a three-phase voltage unbalance
factor of 7% at Bus B.

It can be observed in Figure 7.6 [105] power oscillations developed as a result of grid
voltage unbalance. The steady state power reference is set at (-1.0) pu, and as observed
in Figure 7.6, when grid voltage unbalance is instigated, stator power oscillates at twice
the network frequency (100 Hz), with peak values between -0.5 pu and -1.5 pu. The
compensation control scheme was initiated through a timer and switched-in at 0.5

seconds, with the negative sequence currents controlled according to the requirement to
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minimise power oscillations, i.e. the implementation of (7.33) and (7.35) in Figure 7.4. It
can be observed that when the voltage unbalance compensation technique is switched in
at 0.5 seconds the power oscillations are practically eliminated at 0.55 seconds.
Although the voltage unbalance factor is approximately 7%, the accompanying negative
sequence current unbalance factor is in the region of 28%, (Chapter 2, Section 2.8, and
Chapter 6 Section 6.7). As described in [1] this is because the negative sequence
impedance of an induction generator is considerably lower than the positive sequence

impedance at normal operating slip speeds.

Stator Fower Ps

Puower (pu)

B 1
25 0.3 0.35 0.4 0.45 0.5 0.55 06
Tirme (s)

ok & 4o
: ]
1

Figure 7.6 DFIG stator power

Rotor Current - Rotor Side Converter

Amps (pu)

| | |
0.245 0.3 0.35 0.4 0.45 0.4 0.55 0.6

Time (=)

Figure 7.7 DFIG rotor side converter rotor currents

Figure 7.7 [105] shows the rotor currents measured at the rotor-side converter
terminals. At time 0.4 seconds it can be observed that oscillations are superimposed on
the rotor currents at slip frequency of 10 Hz (rotor speed — network frequency, (60Hz-

50Hz = 10Hz) ). Due to the negative sequence rotation, the induced oscillations have a
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frequency of 110 Hz (60 Hz + 50 Hz). The compensation scheme is introduced at 0.5
seconds and the current profile is greatly improved with a good reduction in current

oscillations at 0.55 seconds. The control currents 7, and Iq,+ can be observed in Figure

7.8 [115].

[dr+

0.3 0.4 0.5 06 0.7 0.8
Time (=)
lgr+

|:| L i
N 5 MWW“WW&WN\W
"0z 04 05 06 07 08
Tirme ()

pu

= o

M om —=

pu

Figure 7.8 DFIG positive sequence rotor side control currents I; and 1,

Torque pulsations can be controlled by implementing equations (7.45) and (7.47) in the
control loop in Figure 7.4 [105]. When the negative sequence torque control scheme is

applied, torque pulsations are reduced as shown in Figure 7.9.

DFIG Torgue

Targue (pu)

2E 1 1 1 1 1 1 1 1 1 i
04 045 05 055 OB 0es 07 075 08
Time (=)

Figure 7.9 DFIG torque
7.3 Grid-Side Converter Compensation Techniques
Control of the grid-side converter is usually defined in the synchronous reference frame

fixed to the grid voltage [73], [96], and is similar to that required for front end PWM

converters. Voltage unbalance techniques have been investigated for PWM converters
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[107], [108]. Rioual et al [41] derived voltage equations for both negative and positive-
sequence components, and obtained positive and negative-sequence control commands

to reduce the pulsations on the DC-link bus of a PWM rectifier.

Figure 6.8 is repeated here in Figure 7.10 to assist in developing equations to control the

converter under the influence of network voltage unbalance.

Grid-side
R L, converter . .
_ | g A% ldc,g Lder

V.V, : o mm o | > 5

+ - L, R, L Vi

Grid Vi Vi — mm 4@ Cc |V
L

V+ V. Ib & /ngY\ Vcl

Figure 7.10 Grid-side converter schematic when network supply is unbalanced

Dgq voltage equations can be obtained as outlined in Chapter 6 with the reference frame
aligned with the grid voltage. Song et al [107] used two synchronous reference frames,
obtaining the positive sequence components in the positive SRF (synchronous reference
frame) by eliminating the negative sequence components with a notch filter tuned to
double grid frequency. They also obtained negative sequence components in the
negative sequence SRF by eliminating the positive sequence components with a notch
filter tuned to twice grid frequency. Two parallel feedback PI (proportional-integral)
controllers are incorporated to separately control the positive and negative signals for the
space vector PWM converter. Grid-side decoupled vector control schemes are normally
incorporated with quadrature axis current i, implemented to control DC link voltage and

direct axis current i; controlling reactive power [75].

Equations 6.59 and 6.60 are repeated here in the synchronous grid reference frame as:
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di§
2 _w,L
dt

ie
8 48

e _ e e
Vag = lgg Ry + L + Vo1

.e

1
e __ e 98
Ve = LRy + L, ——

e e
o 2 + a)eLg e

(7.49)

(7.50)

Under voltage unbalance conditions, not only are there positive sequence dg*

components there is also negative sequence dg components.

include positive and negative sequence components.

.+

vi,=in . R +L, % oL, i, +Vv,,
Voo = i R, + L, % +@,L, iy, +V,,
Vig- = lc;g—Rg + Lg % - a)eLg iq_g— Vg1
Vo = i R, + L, ;"_j‘ +OL, iy +V,,

Equations (7.51)-(7.54)

(7.51)

(7.52)

(7.53)

(7.54)

where (+) and (-) indicate positive and negative sequence components respectively.

Voltage equations (7.53)-(7.54) for the grid side converter now include negative

sequence dq components.

The effects of asymmetric grid voltage on the grid-side

converter can be analysed by obtaining the apparent power of the converter using

equations for positive and negative sequence voltages and currents. The grid-side

converter apparent power can be described as [107], [108], [115]:

—yt gt
dqg " dqg
2

S = P, +jO, =

(7.55)
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Substituting equation (7.4) into (7.55) yields:

—j2w,t

.((v;qur V€ )(i;q; (i, €Y )) (7.56)

o)
[l
o | W

Similar to the analysis of the rotor side converter, multiplying the terms in (7.56) and

knowing v* gy = Vg +jV' 4 equation (7.56) can be expanded as:

+ e+ I o+ et + e+
(Vdg+.ldg+ = PVagsdger T IVaerlags +ng+.lqg+)

+ . + e .+ . + .—
+ (Vdg+.ldg_ Vs Jhgee T JVagidge Ve e )COS 20,t

.+ . + . + . .+ — .
+ (]Vdg+.ldg_ F Vi dae ~Vagrdae T JV g dge- )sm 20,t

(7.57)

o | W

+

— o+ . - ot P .t - .t
Vae—der = TVag—dger T JVae daer TV dger )cos 20,t

P o - ot - o+ . - o+ .
(— TVag— gy ~Vagdger T Voo dagr = JVog dyer )sm 20,t

+

+ (vdg—'ldg— - vdg—'-]ldg— + ]ng_.ldg_ + ng_.lqg_)

Apparent power of the grid-side converter is S = P, + jO, and from equation (7.57), the
instantaneous active and reactive powers at the input to the grid-side converter can be

expressed as [96], [107], [108] and [115]:

P, =P, +P,, cosQ2m,)+ P, sin2w,1) (7.58)
Qg = Qog + chg cos(2m,t) + Q‘ng sin(2w, t) (7.59)
r 7 M+ + - - ]
Pvg vdg+ vqg+ Vdg— vqg— _
+ + - - .+
QUg vqg+ - vdg+ vqg— - vdg— ldg+
P 3 v, v v v i
) _ _
where: e = | % " ar A (7.60)
Pszé’ 2 Vae- TVag— T Vg Viag+ Lag-
_ _ . + _
Q"Zg ng_ - vdg— vqg+ - vdg+ _lqg—
- - + +
_Qszé’ do T Vig- T Ve Vag+ Vag+
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Eliminating DC-link voltage oscillations requires double frequency power terms in

equation (7.60) to be equated to zero as:

3 — o+ — o + .— + .«—
P, = E[Vdg.ldg++vqg.lqg++vdg+.ldg+ng+.lqg] =0 (7.61)
P, = E[v_ e — Ve oy = Vo vV i ] =0 7.62
s2g T 2 qg*'lngr dg*'lqg+ qg+ "~ dg— dg+"qg—1 ( : )

In SVO reference frame v,,". is zero and reference current i, is be obtained from

equation (7.61) as:

: | -
ldgf = . [vdgf 'l;’rng + vqgf'l;g+:| (763)

dg+
Also from equation (7.62) the reference current i, is obtained as:

i = b [v_ it o=y, i ] 7.64
- + gg— "dg+ dg—""qg+ (7.64)
dg+

The positive reference currents i*,,, and i*y,, are also obtained from equation (7.60) as:
P ag g q

) 1 |2 - -
l;ng = +—{§P0—vdg_.ldg_—vqg_.lqg_} (7.65)
va’g+
. I |2 o o
[yer :_v+ [EQU—ng_.ldg_+vdg_.lqg_j| (7.66)
dg+

Equations (7.63) - (7.66) are implemented into a parallel control loop in the grid side
converter as illustrated in Figure 7.11, (similar to those described for the rotor-side
converter) where positive sequence and negative sequence functions are controlled

separately.
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Figure 7.11 Grid side converter control scheme including parallel negative

sequence compensation

Stator

The positive sequence controller regulates the control signal in the positive synchronous

reference frame, whereas the negative sequence controller regulates the control signal in

the negative sequence reference frame. Implementation in the negative sequence

reference frame facilitates the grid-side converter negative-sequence current controlled

as a dc signal.

J Kearney PhD Thesis

201



“oltage Grid-Side Converter

Yolts (pu)

Amps (pu)

1 1 1 1 1 1 1 1
0.2s5 03 035 0.4 0.45 0s 055 0.6
Time (s)

Figure 7.12 Grid side voltage and current plots
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Figure 7.13 DC link voltage V,

The control structure for the grids side converter as outlined was implemented in the
model described in Chapter 6. The model (Figure D3 Appendix D) was simulated in
Matlab/Simulink. In the Matlab/Simulink model voltage unbalance was introduced at 0.4
seconds and the voltage unbalance correction technique as described by equations (7.65)
and (7.66) was introduced at 0.5 seconds. Results of simulations include the grid-side
voltage and current waveforms and these are observed in Figure 7.12. The DC-link
voltage is plotted in Figure 7.13 and voltage oscillations are reduced when the
compensation technique is implemented. When the compensation technique in the form
of equations (7.63) — (7.66) is introduced the higher order coefficients P, and Py, are
reduced resulting in a reduction in grid-side power oscillations as indicated in Figure

7.14.
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Figure 7.14 Grid-side real power

Assuming no losses in the grid-side converter, the power flowing from the grid into the
converter and into the DC-link, (subsynchronous mode), or the power flowing out of the
converter from the DC-link (super-synchronous mode), will equal the DC- link power.
Therefore by using the power balancing equation, the power equation for the rotor

converter can be expressed as:

Poe = Py = Valse = P, (7.67)

Where P, is the ac side instantaneous active power,
P, is the grid-side converter instantaneous active power,
Ve lae 1s the DC link power and

P, is the rotor converter instantaneous active power.
7.4 Coordinated Control of Both Power and Torque Pulsations

In section 7.2 the control of the rotor side converter was configured to control either the
torque pulsations or the stator power oscillations. It was not possible to reduce both the
stator power and torque pulsations simultaneously, due to the limitations of the control
variables. However by analysing both converters with respect to the total power supplied
by the DFIG, it is possible to reduce both the total power and torque oscillations. The
idea is to integrate the control variables of both the rotor-side and grid-side converters in

a coordinated method [113], [115].
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Previously it was observed that the stator power oscillations can be improved by
controlling the negative sequence control currents as in equations (7.33) and (7.35) was
7.36 to control P gy = Ps_cos2 = 0. The torque pulsations were controlled using equations
(7.45) to control the double frequency torque pulsations T. gy and Te cos0. However it
can be observed in these four equations that it is not possible to control both the power
and torque pulsations simultaneously. Xu [113] investigates a method to control both the
stator power oscillations and the torque pulsations in a DFIG, by analysing the rotor side
converter which controls the stator power in the stator flux oriented reference frame and
the control of the grid side converter in the grid voltage reference frame.

In this thesis the rotor side converter and the grid side converter are controlled using the
stator or grid voltage reference frame, illustrated in Figure 7.14. Observing Figure 7.14,
it shows that to align the negative sequence frame onto the positive sequence frame

requires a rotation of 26,.

gV

0.
0, |
-0.= -Og =- @t v, Vg. \{ &
[Q}
0. =0, = ot e
Figure 7.14 D-Q reference frame orientation.

The total apparent power of a DFIG is [95]:

. 3 L L
S = P+jO; = _E(v;qsldqs-i-v:i—qudqr) (7.68)

The total real power in equation (7.68) is Pr = Ps + P,. From equation (7.29) and

knowing that grid side power S, = P, + jQ,, the total real power can be described as:
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, sin(2w,t) + P, ) cos(2(oet))

S _Cos

P, = P +P, =P, , +P

s_av s _sin

. (7.69)
+ (Pog + Py, sin(2w, 1)+ P,,, cos(2(oet))

p = (p_ +P )+(P

s_av og s_sin2

+P,, Jsina,0)+(P. ., +P.,, Jcos2a,1) (1.70)

_cos2

If in equation (7.70) P; a2 is made equal to -Py, and P, . is made equal to -P.y, then
the total real power becomes Pr— (Ps_q,+Po,).

If -Py_gin2 = Py from equations (7.31) and (7.62):

3(_ .. oo .o
P52g = 5 (ng—ldg+ - vdg—lqg+ - 0 + Vdg+lqg—) =
P _ 3 ( - + 0 O + - ) 3l’m ( - .+ - =+ 0 + .- ) 7 71
“Ls_sin2 _2a)—L vqs—vds+ +0+ +vds+vqs— _T vqs—ldH- _vds—qu- + +vds+lqr— ( . )

e’s N

And solving, the negative-sequence g-axis reference current can be obtained as:

.- 1[7~+ —'+] 2 (7+)Lm(7'+ - +~)
Log- == " Vgg-ldg+ +vdgflqg+ ++— Vgs—Vds+ T . Vys=tdr+ ~Vds-lgr+ +Vds+lqr7

Vdg+ vdg+a)eLs Vdg+Ls
(7.72)

Also equating Py .2 = -Pc2,, a similar analysis is performed to obtain the d-axis

reference negative sequence current iy, - as:

— 1 [— .+ - .+ ] 2 (+ - ) L, (— .+ - .+ + .- )
ldg— = _Jr_ ng— 'lqg+ + Vdg—'ldg+ + + Vds+vds— _ﬁ Vds—ldr+ +Vqs—lqr+ +Vds+ldr—
Vdg+ Vdg+a)e s Vdg+ s

(7.73)

7.4.1 Simulations Results — Parallel Control Scheme
The grid side converter control scheme illustrated in Figure 7.1 was implemented in a
model (Figure 6.16) in the software program Matlab/Simulink. In the Simulink model a

single-phase load is introduced on one of the three line voltages at 0.4 seconds creating a
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VUF of 5% at Bus B (Figure 6.16). Figure 7.15 shows plots of the stator power and
DFIG torque when compensation control is applied to the rotor side converter to control

power oscillations only [115].

DFIG Stator Power
ST T T T T T T T T T T -

ok m
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Time (s)
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pu
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pu
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T
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03 0.4 0.5 06 0.7 0.8
Time (s)

Figure 7.15 DFIG stator power and torque — stator power compensation

Steady-state power is -1.0 pu and as observed in Figure 7.15. A single phase load is
introduced 0.4s introducing VUF of 5% and immediately power oscillations occur at
twice the network frequency (100 Hz). In the model the compensation control scheme
was timed to start at 0.5 seconds, with negative sequence currents controlled according
to the requirement to minimise power pulsations. It can be observed in Figure 7.15
(DFIG Stator Power) that at 0.6 seconds the power oscillations are practically
eliminated, however there is still a reasonable magnitude of torque pulsations (DFIG
Torque).

Figure 7.16 is a plot of stator power and torque when the control compensation scheme
is implemented in the rotor side converter to control torque pulsations only. When
voltage unbalance is introduced at 0.4s, stator power oscillations and torque pulsations
occur at twice the network frequency. At 0.5s when torque control compensation is
introduced, the torque pulsations decay substantially, however stator power still has

appreciable oscillations [115].
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Figure 7.16 DFIG stator power and torque — Torque Compensation

The total power (sum of stator power and grid-side converter power) supplied by the
DFIG is plotted in Figure 7.17. The DFIG in this case is controlled to reduce the torque
pulsations (rotor-side converter only). When torque compensation is applied at 0.5s only

a slight decrease in the total power oscillations is discernable [115].

DFIG Tatal Power

D L
21
ot
03 0.4 0.5 0.6 07 ns
Time (s)

Figure 7.17 DFIG total power — no grid side compensation
Figure 7.18 is a plot of the total power supplied by the DFIG with the rotor-side
converter configured to control torque and grid-side converter configured to control total
power oscillations, i.e. implementing equations (7.71) and (7.72). There is good

improvement in the reduction of power oscillations.

OFIG Total Power

D_

2 4 MWWMJWWV\WW
-2h ) ) ) ) ) ) 1 L
03 03 04 045 05 055 0B 0B5 07

Tirme (s)

Figure 7.18 DFIG total power — grid side compensation
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The total current supplied by the DFIG is shown in Figure 7.19. With the introduction
of voltage unbalance at 0.4s current unbalance is significant. At 0.5s when the
compensation schemes are implemented the current unbalance decreases and is
significantly reduced at 0.8s [115]. The reduction in distortion of the total current leads

to a reduction in distortion of the total power.

DFIG Total Current

0 ],]1IiII.T:-.lTﬂl'llIJ‘JT].‘IIJT‘

Figure 7.19 DFIG total current

Similarly the stator current waveforms are also improved as observed in Figure 7.20.
The improvement of stator current distortion results in a reduction in distortion of the

stator power.

Figure 7.20 Stator Current

7.5 Resonant Control of Rotor Side Converter

An alternative approach to control a DFIG during voltage unbalance conditiions (as
opposed to the methods described in Section 7.2 and 7.3) is to use a resonant (R)
controller in parallel with the PI current controllers in either or both of the rotor-side and
grid-side converters. Resonant controllers for wind turbine applications have been

investigated in [116], [125], [126], [129], [130], [131], [132], [133], [134]. Resonant
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controllers are normally tuned to the required harmonic frequency to be controlled, i.e.
to control double frequency current oscillations resulting from asymmetric grid voltage
the resonant controller is tuned to twice the network frequency 2 or to control third
harmonic currents it is tuned to 3w. The idea is that at the resonant frequency the
controller has infinite gain to eliminate the steady-state error at that frequency [125]. The
R controller requires less positive and negative sequence decomposition and thus less
time delay and errors [117].

Negative sequence currents iq,-- have a frequency of 2@, (100 Hz), therefore to control
these currents it is necessary to use a controller tuned to 100 Hz. The voltage reference

output of the PI&R controller can be described as:

N k k s
P N (7.74)
dgr ( dqr "‘/’){ P ll{sz + 52w, + (za)p )2 J}

A control scheme incorporating a PI controller in parallel with a resonant (R) controller

tuned to twice the network frequency (100 Hz) is implemented in discrete form in Figure

7.21.

Figure 7.21 Rotor Side PI and Resonant Controller

The PI&R controller shown in Figure 7.21 is implemented in the SVO dg"* reference
frame. The rotor currents are transformed into the positive sequence dg"* reference frame
and the negative sequence dg reference frame using the slip angle ;. Band-stop (notch)

filters, tuned at 2@, are used to remove the oscillating terms and leave the respective
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positive and negative sequence control currents idq,++ and iy, .. The PIR control method

incorporates the negative sequence components into the positive sequence control loop.
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Figure 7.22 DFIG rotor side converter control including compensation scheme

In the rotor side converter the negative sequence compensation components required to

control the torque pulsations are as equations (7.45) and (7.47). If it is required to

reduce the stator power oscillations it is necessary to use equations (7.33) and (7.35) in

the control loop of Figure 7.22.

J Kearney PhD Thesis

210



7.6 Resonant Control of Grid Side Converter

Resonant controllers can also be used to control grid-side converters in DFIG’s to
improve performance during grid voltage unbalance conditions. In the grid-side
converter, the negative sequence compensation components required to control the DC
link voltage oscillations, are derived as equations (7.65) and (7.66).

The voltage reference output of the PI&R controller can be described as:

e+’ . e+ e+ ki s
Ve = (ldqg —ig ){kp ++km[ J} (7.75)

s s’ +520.+(2w,)

Voltage equations (7.65) and (7.66) can be incorporated into the vector control scheme
shown in Figure 7.23 where PIR controllers are applied as in equation (7.75) to control

the DC-link voltage and reactive power.
7.6.1 Resonant Control Scheme — Third Harmonic Compensation

Third harmonic currents at the grid side converter can also be controlled using a resonant
controller tuned to 3w, (150Hz) [116], [125]. The voltage reference output of the PI&R

controllers will then be as:

k; s
k, +—+k,
\ | Ps ’R(s2+s2wc+(2we)2J
ver = (e —ign ) (7.76)

+k o
s+ s20, +(3w,)’
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Figure 7.23 Grid side converter control including PIR negative sequence

compensation

The rotor-side and grid-side converters are controlled using the stator/grid voltage

reference frame. Observing Figure 7.24 [116], it shows that to align the third harmonic

reference frame onto the positive sequence frame requires a rotation of 36,.
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Figure 7.24 DQ positive, negative and 3" harmonic reference frames.

7.7 Simulations Results — Resonant Control Scheme

The previously developed Matlab/Simulink model was configured to include PIR
control structures in the rotor-side and grid-side converters, as shown in Figure 7.22 and
Figure 7.23. The grid side converter was configured to control the DC link voltage at
1200V and coordinated with the rotor side converter to control the DFIG total power

oscillations.

Stator Vaoltage
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fthotnatiauri o g RN T R R R A B
! ORI R S T G

Figure 7.25 Results for PIR Control Scheme
The stator voltage and the stator, rotor and grid side currents can also be observed in

Figure 7.25 [116]. In the Simulink model a large single-phase load is timed to switch-in
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at 0.5s, introducing a VUF of 6%. The stator and rotor currents become unbalanced at
0.5s and when rotor side converter compensation (PIR control) is introduced at 0.6s the
current oscillations reduce and are eliminated at 0.9s. The rotor currents have a
frequency of 10Hz (rotor speed 60Hz minus grid frequency S0Hz). Due to the negative
sequence rotation as a result of grid voltage unbalance, the induced negative sequence
oscillations in the rotor have a frequency of 110 Hz, (60 Hz + 50 Hz), and oscillations

are clearly visible starting at 0.5s in Figure 7.25 [116].
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Figure 7.26 Rotor Side Converter Idr and Iqr currents
The measured three-phase rotor currents are transformed into the positive sequence (dg")
reference frame, and when subjected to network voltage unbalance conditions will result
in a negative sequence ac component at twice the network frequency super-imposed on
the dc component of the positive sequence. The rotor-side converter reference currents
Lar-res, and Iy gep, and the actual currents ;- and I ,-, before and after negative sequence
compensation is applied, are plotted in Figure 7.26. The plots demonstrate that when
compensation is introduced the actual currents ;- and I, follow the reference currents

Lir-res, and 1y, ger closely.
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Figure 7.27(a) shows the stator power plot with stator power oscillations when
unbalance is introduced at 0.5s, and Figure 7.27(b) shows the results when negative-
sequence compensation is introduced. Due to the step nature of the introduction of the
single-phase load there is a period of about 0.2s before the DFIG system reaches a
steady state with constant power oscillations. When the compensation scheme is
introduce at 0.6s the oscillations start to reduce and are significantly lower at 0.8 s,

Figure 7.27(b), when compared to the standard control technique illustrated in Figure

7.27(a) [116].
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Figure 7.27 Stator Power ((a)-Standard Control- (b) PIR Compensation)

Figure 7.28 is a plot of the DFIG torque. The DFIG input torque set-point is 0.8 pu, and
grid voltage unbalance introduced at 0.5s and torque pulsations occur as indicated in

Figure 7.28(a).
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Figure 7.28 DFIG Torque (a) no compensation (b) compensation
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Torque pulsations occur at the onset of grid voltage unbalance, however when negative-
sequence voltage compensation is introduced at 0.6s, torque pulsations are reduced as

illustrated in Figure 7.28(b).

Plots of the grid-side converter power are shown in Figure 7.29. The grid side converter is
controlled to reduce the total power oscillations at the DFIG terminals. There is good reduction of

the grid side converter power oscillations.
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Figure 7.29 Grid Side Power (a) no compensation (b) compensation
The total power delivered by the DFIG to the grid from both the stator and rotor is
plotted in Figure 7.30. The rotor-side converter is configured to control the DFIG torque
pulsations as observed in Figure 7.28 and the grid-side converter configured to control
total power oscillations at the DFIG terminals. The total power supplied by the DFIG
can be observed in Figure 7.30(a) and the resulting oscillations when grid voltage

unbalance is introduced at 0.5s.
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Figure 7.30 DFIG Total Power (a) no compensation (b) compensation
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Figure 7.30(b) shows a good reduction in the power oscillations as a result of the grid-

side converter configured to assist in reducing the overall power oscillations.

7.8 Resonant Control of Synchronous Generator System

Typically in synchronous generator converter systems the grid-side converter controls
the real power delivered to the grid by maintaining adequate DC link voltage. The grid-
side converter can also control reactive power. A resonant (R) controller can be used in
parallel with the PI current controller in the grid side converter of a synchronous
generator converter system, similar to operation in a DFIG. A proportional, integral plus
resonant (PI+R) grid-side converter current controller can be implemented for directly
controlling both the positive and negative sequence components of real power [134].

A model of a synchronous generator converter system was configured in
Matlab/Simulink to investigate issues associated with the performance of the system to
grid network problems. A generic synchronous generator converter system as described
by Figure 7.32 was implemented in a similar model as previously configured for a DFIG

(Figure 6.19) as shown in Figure 7.31.
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Figure 7.31 Synchronous Generator Network Model
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Figure 7.32 Synchronous Generator System

The synchronous generator system illustrated in Figure 7.32 comprises of a

synchronous generator connected to a three-phase rectifier, DC-link boost converter and

grid-side inverter. A control scheme for the converter connected synchronous generator

is illustrated in Figure 7.33 [134]. The model included an improved control scheme of

the grid side converter (similar to improved control structure of DFIG grid side

converter), to reduce grid power oscillations due to grid voltage unbalance.
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Figure 7.33 Synchronous Generator Control Scheme
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Figure 7.34 shows the grid-side power oscillations measured at the of terminals of the
inverter (a, b, ¢ in Figure 7.32), occurring at 1.5s in the simulation when the grid voltage
unbalance is introduced at the grid-side converter of the synchronous generator. When
voltage unbalance compensation using a PIR resonant controller is introduced in the

grid-side converter at 1.9s the power oscillations are eliminated.

Synch. Gen. Grid Power
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L8t ]
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Figure 7.34 Synchronous Generator System Grid Power

7.9 Conclusion

Investigative studies were undertaken to establish the most appropriate methods of
controlling DFIG’s when subjected to grid voltage unbalance conditions. Control
structures in the rotor-side and grid-side converters in a DFIG model were modified to
improve the performance during network voltage unbalance conditions. In particular
modifications to the control structures to decrease power and torque oscillations and 31
harmonic currents were investigated. A model of a DFIG was implemented in
Matlab/Simulink with proportional resonant (PIR) controller incorporated in the rotor-
side and grid-side converters. Simulation results demonstrate the reduction in torque and
power oscillations and 3™ harmonic currents.

Also investigated was a model of a synchronous generator system. Improvements in

the performance of the synchronous generator was shown.
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Chapter 8 Laboratory Test Rig

8.1 Laboratory Test Rig

This chapter describes in detail the realised test rig. A laboratory based test facility was
designed and constructed to implement the control schemes described in Chapters 6 and
7. A DSP based digital microcontroller and interfacing hardware has been developed for
a SkVA DFIG laboratory based system. The system comprises of a machine set; a dc
machine with common shaft coupling to a three-phase wound-rotor induction machine.
The dc machine is rated SkW and the induction machine is rated at SkVA. The dc
machine emulates a wind turbine, and drives the induction machine in response to
required speed.

A back-to-back PWM dual converter has been constructed by the author to control the
rotor power of the induction machine. Interfacing schemes for the required feedback
signals including voltage and current transducers and speed measurement were designed
to enable control of both the rotor-side and grid-side converters of the DFIG. A Texas
Instruments TMS320F2812 microprocessor is configured to implement the control
techniques developed for control of the rotor and grid converters (details of switchgear
are included in Appendix A). The equipment is located in the Electrical Energy
Laboratory, DIT Kevin Street. An incremental shaft encoder is fixed to the shaft of the
induction machine. The electrical control panel incorporates the IGBT power
electronics, associated protection devices, voltage and current transformers, interface
analogue conditioning boards, and the DSP microcontroller. A schematic of the DFIG

system in Figure 8.1 illustrates the main components and connection requirements.
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Figure 8.1 Double-Fed Induction Machine

Supply

Control of the DFIG was designed and complied using Code Composer Studio (CCS), a

C™ platform for the development and debugging of software program code for the

TMS320F2812 microprocessor. The back-to-back bridge circuits use voltage-source

converters incorporating Semikron IGBT’s. The Texas Instruments microcontroller

generates six pulse-width-modulation (PWM) signals by means of space vector PWM

technique for each of six power IGBT switching devices in both the rotor and grid side

converters.

The test system consists of the following components:

e Induction machine

e DC Shunt machine
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e Back-to-back converter in the rotor of the induction machine incorporating a
rotor-side converter (Croor) @ DC link and a grid-side converter (Cgrig).

e Texas Instruments (TI) D.S.P microcontroller (TMS320F2812).

¢ PC to program the TMS320F2812.

e LEM current and voltage transformers.

® Analogue conditioning boards

e Power supplies: 5V, 12V, 15V.

e Optical incremental shaft encoder.

¢ Panel meters — voltage and current meters.

8.2 The eZdsp TMS320F2812 Board

The control complexity of a DFIG requires a powerful microcontroller or a digital signal
processor be applied for the purpose. A DSP based digital controller is preferable
because of its high-speed and on-board peripherals. A Texas Instrument (TT) DSP based
eZdspTMF2812 development kit evaluation module (Appendix F) was chosen for the
control of the DFIG. An eZdspTMS320F2812 development kit is based on TI’s
TMS320F2812 DSP.

The development board has an operating speed of 150 MIPS. The DSP controller is
suitable for machine control applications, as it contains 16, 12-bit ADC channels, 56
General Purpose Digital Input/Output (GPIO) ports of which 12 can also act as inbuilt
PWM channels. There is also on-chip memory as well as external on-board memory. A
more detailed description of the DSP functionalities is provided in Appendix F. The
ADC channels offer a fast conversion rate of 80ns at 25 MHz clock speed. The 16 ADC
channels can be either operated as an auto-sequenced single sequencer or two

independent dual sequencers (8 in a group). The ADC conversion can be triggered by a

J Kearney PhD Thesis 222



variety of sources including hardware, software and a number of timer events in the
DSP. Therefore, synchronization of the ADC with different events can be achieved very
easily. The inbuilt PWM channels are another advantage of the DSP board. A total of 16
PWM pulses are available, (8 in Event Manager A (EVA) and 8 in Event Manager B
(EVB) either independently or synchronized to each other. The PWM pulses generated
by the compare units (3 pairs) on each module are suitable for control of two full bridge
converters simultaneously. Also a suitable dead-time can be introduced for the PWM
pulses on the rising edge.

Setting of suitable interrupts and clock speeds on both peripherals can easily synchronize
the Event Managers and ADC. More details on these peripherals can be found in
Appendix F. The control software is developed in C++, using Code Composer Studio

(CCS) environment for TT DSP’s.
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Figure 8.2 eZdsp™ TMS320F2812 PCB connector positions

The eZdsp DSP is a standalone circuit board, incorporating a TI TMS320F2812
microcontroller, associated hardware necessary to interface it with a PC, plus additional

electrical hardware interfaces. Software programs are directly downloaded to the eZdsp
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circuit board through a direct connection to a PC. The eZdsp circuit board is supplied by
a dedicated external 5 V power supply.
The main features of the EZdsp DSP are:
e TMS320F2812 Digital Signal Processor
e 150 MIPS operating speed
e 18K words on-chip RAM
e 128K words on-chip Flash memory
e 64K words off-chip, on board SRAM memory
e 30 MHz clock
¢ 2 Expansion Connectors (analogue, I/O)
e 5 volt only operation with supplied ac adapter

e TITMS320F2812 Code Composer Studio tools driver

Figure 8.3 eZdsp™ TMS320F2812 and interface connector board
8.2.1 Fixed-point arithmetic and representation of numbers

All numbers are represented in fixed-point representation numbers for accuracy. To
represent real numbers on this fixed-point architecture, a Qk format was chosen. Qk

numbers can be represented by the following general formula:

Z=by  *2F wby  F2F 4w by+b *27 b, %27 4 b, *27
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An implied dot separates the integer part from the fractional part of the Qk number

where k represents the quantity of fractional bit. For instance, the real number n

(3.14159) can be represented in Q13 (16 bit) with finite precision as follows:
011.0010010000111 = 0%2% +1% 2" +1% 2° 4+ 0% 27 40% 27241 27 0% 2%40% 274 1% 2

S40% 2740% 28 4 0% 2740% 27104 1% 27 4 1 27y 27

The Qk format offers a compromise between dynamic range and precision. In this

project the Q24 numeric format is used in the major parameters: 8 bits are dedicated to

the integer part and 24 bits are dedicated to the fractional part. The precision of this

24
format is 2 (0.0000000596046). The represented numbers are in the range of [-128 to
128] to ensure that values can handle the DFIG control quantity, not only during steady

state operation but also during transient operation.
8.3 Rotor Side Converter

The rotor-side and grid-side converters are both controlled by a space vector PWM
technique. Space vector PWM refers to the technique of determining the switching
sequence of the upper three power transistors of a three-phase voltage source inverter

(VSI). The structure of the rotor-side converter is illustrated in Figure 8.4.

J Kearney PhD Thesis 225



—t— (g
Vdc __\J# ( (
Q4 Qs . \
. . N~
a —| b - ¢ -
Encoder
Vdc
>
Analogue
PWMa ¢«—— | Conditioning &
Boards + R

PWMa’ ¢—— DSP Control ! o |CT’s

PWMb ¢— | System I

PWMDb — | | ’

PWMc¢ ¢— 1 [VT’s

PWMc¢ ¢— QEP Pulses

Grid

Figure 8.4 Rotor side converter

In Figure 8.4 the voltages V,, V) and V,, are the supply voltages obtained through LEM
voltage transformers (LEM 25V-600). These voltages are then passed through an
analogue conditioning board and connected to the ADC of the DSP through the input
connector P5 (Pins 1, 2 and 3), listed in Table 10. The rotor currents are measured using
LEM current transformers (LA 55P). The output signals of the LEM current transducers
are connected to an analogue conditioning board and are then applied to the DSP P9
connector (pins 2, 4 and 6). Q; to Qg in Figure 8.4 represent the six Semikron IGBT
power transistors, controlled by the PWM gating signals a, a, b, b, ¢ and ¢, and these
signals determine the shape of the output voltages supplied to the rotor windings [69].
The PWM gating signals (a, a’, b, b’, ¢, ¢’) are the outputs from the 3V to 15V level-
shift conditioning PCB. The inputs signals to the level shifting PCB are the 3V outputs
from the DSP P8 output connector (pins 9-14), listed in Table 11. The 3V PWM output

pattern from the DSP chip depends on the control algorithms developed in Chapter 7.
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The 3V PWM output signals are level shifted to 15V as required to drive the Semikron
IGBT’s. When the upper transistors (IGBT’s) are switched on, i.e. if a, b, or c is equal to

1, the corresponding lower transistors are switched off, i.e. a, b or ¢ isset to 0.

8.4 Grid Side Converter

Grid
Transformer
Q: 2 Qs + Qi ? 3
C
L HE P ICE o F KF T
ar
3 Vdc
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VT’s| T Q4 Q Qs . N N 6 c
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Figure 8.5 Grid side converter

The grid-side interface scheme to collect voltage and current measurements is shown in
Figure 8.5. Voltages V,,, V4, and V., are the measured grid supply voltages obtained
through VT’s (LEM ), modulated through an analogue conditioning board and then
connected to the ADC of the DSP through the input connector P5 (Pins 1, 2, 3 — listed in
Table 8.1 (Table 10)). Grid-side currents, I, Ip, and I, are measured with current
transformers (LEM LA 55P), and the outputs from these C.T.’s are connected to an

analogue conditioning PCB and subsequently applied to the DSP P5 connector, (pins 4,
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5, 6 — listed in Table 10). The grid-side converter power devices in Figure 8.5, Q; to Qg,
represent the six IGBT power transistors, controlled by the PWM gating signals a, a, b,
b, c and ¢. The PWM gating signals (a, a’, b, b’, ¢, ¢’) are the output signals from the
3V to 15V level shift conditioning PCB and these signals determine the power supplied
to the DC link [69]. The PWM output signals emanate from pins 30-36 on the P8

connector of the DSP listed in Table 11.

The DSP will create the desired symmetrical synchronized PWM signals, and these
signals are applied to the rotor side and grid side Semikron IGBT converters. The
frequency of the PWM triangular carrier wave is 2.5 kHz. and this is compatible for use
with the IGBT’s. In spite of this, because of the finite turn-on and turn-off times
associated with any type of switch, the design requires the inclusion of slight time delays

(dead band), when the IGBT’s are switching.

8.5 Semikron IGBT Modules.

The converter modules employed are SkiiPPack manufactured by Semikron (Appendix
G). Each Semikron module (rotor-side and grid-side) incorporates three half-bridge
circuits, combined to form a back-to-back full-bridge converter. The semi-conductor
switches are high quality IGBT’s, that feature sufficient switching efficiency and
blocking voltage for applications of this nature. The Semikron IGBT’s also have
integrated gate drivers. Within the DSP controller, the software generates the required
control signals at 3V, and these are then level shifted to 15V as required by the
Semikron modules.

The Semikron IGBT’s are designed with large attached heat sinks and are rated at 150A.

Due to the high current rating of the IGBT’s forced cooling of the heat sinks is not
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required. The gate drivers are built on to the IGBT’s, and have short circuit and over

current protection (OCP), illustrated in Figure 8.6.
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Figure 8.6 IGBT over current protection

If the voltage supply drops below 13.5V using regulated 15V supply (regulated 15V is
used and high control signals must have a value of 15V), the IGBT’s are immediately
switched off and switching pulses from the controller are ignored and the error latch is
set. The output (ERROR OUT) is in high state.

To reduce the possibility of shoot-through current, the gate drivers generate a dead-band
time of 2.3us. There is also a software dead-band time programmed in the DSP and
therefore the total dead-band is the sum of both the software dead-band and hardware

dead-band. The current total dead-band time is 2.3us + 3.2 us = 5.5 ps.

8.6 Base Values of Voltage and Current

It is normally more beneficial to express machine parameters and associated variables in
the per-unit (pu) format. The pu implementation reduces the range of variables. The
software modules in the software program require that the line current and voltage

variables be normalized with respect to their individual instantaneous maximum values,
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and expressed as fractional numbers (i.e., Q24 format). The TMS320F2812 is a fixed-

31
point DSP, and the greatest precision is obtained in Q format, but the dynamic range of

this format is small: the dynamic range is between —1 and +1 only. With fixed-point
DSP’s, the amplitude of the variables must be reduced to get a fractional part with
maximum precision [69]. The per-unit (pu) format used complements the fixed-point
feature and is associated with the base values of the machine. Voltage and current are
thus controlled between 0-1pu.

Some of the variable parameters may reach in excess of their rated values; e.g. the pu
value for the speed at 1500 rev/min (314 rad/sec) is Ipu, however during
supersynchronous operation the speed may reach 1800 rev/min., and the pu value is
greater than one. Transient currents may also reach in excess of 1 pu. For these reasons
the numerical format in the DSP is set at Q**. The extended dynamic range is then £127.

The global fixed point format in the software program is Q**.

The choice of maximum line current and voltage depends on maximum machine and
system ratings. The base value of the voltage is based on the maximum rated rotor
voltage of 190V and the value of rated stator current (Table 15, Appendix A) is 11.7A.
To obtain a suitable base current to use in the DSP for both the rotor-side and grid-side
converters, it is necessary to determine the speed range over which the DFIG will
operate. The reason for this is that the rotor converter current is dependent on the speed
at any instant. For example if the speed range required is = 0.2 above and below
synchronous speed, not untypical for DFIG’s, then the real power transferred across the
rotor-side and grid-side converters is 0.2 multiplied by the rated power of the induction
generator. The induction machine has four poles (2 pairs) and therefore the synchronous

speed is:
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60. /2

1500 rev/min. (8.1)

where f'is the supply frequency of 50 Hz.
The speed range at 0.2 of rated speed is thus 1500 rev/min. + 300 rev/min., resulting in
a speed range of 1200 rev/min to 1800 rev/min. Thus when the speed is 1200 rev/min.

the induction machine is operating in the sub-synchronous region and the slip s is:

_ 1500 -1200 — 4102 8.2)
1500

If the speed of the DFIG is 1800 rev/min. the induction machine is operating in the

super-synchronous region and the slip s is:

_ 1500-1800 _ _02 8.3)
1500

The rotor power P, is equal to s.P; so the maximum power in the rotor for a speed range

of +20% of rated speed is (Py =5kVA):

P, =s.P;=02.5kVA =1kVA (8.4)

The test induction machine is rated at SkVA, and the rotor and grid-side converters are
thus required to transfer one fifth of this power, 1 kVA for maximum power transfer.

The maximum rated voltage of the rotor is normally induced when the machine is at
standstill, i.e. starting when the slip s = 1. As the DFIG is designed to operate with a
limited speed range (1200 rev/min. — 1800rev/min.) the slip s will range between

-0.2 < 5 <0.2. The maximum required rotor voltage is thus:

Visa.s = 380/2.0.2 = 38V (8.5)

where a is the turns ratio.
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The peak value is 382 = 53.74 V. Figure 5.9 illustrates the effect of developed power
versus slip for five different values of injected rotor voltage.

Inductors rated at 27mH and 7.5A were obtained, and with operation of the DFIG based
on the control of the rotor currents, an appropriate base current for the control of the
rotor-side and grid-side converters is selected at 10A.

The maximum power of the induction machine available at the stator is SkVA and the
maximum designed power in the rotor is calculated at 1 kVA. The total designed
available minimum power of the DFIG (in sub-synchronous mode) is thus 5 kVA — 1
kVA =4 kVA and the total designed maximum available power (in super-synchronous
mode) is SkVA + 1 kVA = 6kVA. Thus for a speed range of 1200 rev/min to 1800

rev/min the operating power range is 4 kVA — 6 kVA.

Table 6 Base values

Base Values — Peak
Voltage (AC) 190 V
Voltage (DC) 100 V

Current 10 A
Power SkVA

8.7 Current and Voltage Transducers and Signal Conditioning

8.7.1 Current Transducers

The currents and voltages associated with the stator and rotor-side and grid-side
converters of the DFIG are measured for use in the control algorithms in the DSP
controller. LEM current transformers (C.T.’s) are connected to the stator and rotor
circuits of the induction machine to measure the stator and rotor currents. It is

recommended that the rated value of LEM C.T.’s be a multiple of the rated peak value of
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current. The base value of converter currents is 10A, and so LEM 55P C.T.’s are used
(50A capacity, Appendix C) in the rotor-side and grid-side converters. The secondary
circuit of the C.T.’s are connected to an analogue conditioning PCB and then to the
ADC (analogue to digital) inputs of t

he DSP chip.

LEM voltage transformers are used to measure the grid voltage and DC link voltage of

the converter.

T+15V +15V

-1
Y
_/
=
=
— I
—
-

LA 55-P

-15v
(a) (b)

Figure 8.7 Connection of current transducer LA 55-P

In Figure 8.7, I, is the primary current to be measured, I, is the secondary or output
current, R, is the output resistor and V,, is the output voltage of the transducer. The
output signal is the voltage drop across the resistor R, resulting from the secondary
current /;. Figure 8.7 (b) illustrates how the output voltage is obtained from the emitter
of the transistor, on the LEM device.

The current transformer LEM LA 55-P has a maximum value of 50A for one primary
turn, corresponding to a secondary current value of 100mA (conversion ratio is 2/1000);
further details can be found in Appendix C. The value of the measuring resistor R,, can
be determined using the peak or rms value of current required. The maximum voltage

level allowed at the input to the ADC on the DSP is 3V, therefore the input voltage for
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all transducers is scaled in the range 0-3V (1.5V =0 i.e. = 1.5V (section 8.8)). To get a
reasonable scaleable input into the DSP, two primary turns are used on the LEM C.T.

Therefore to obtain the required value of the measuring resistor R,,;:

R, = 4 L.V = 50Q (8.6)

"k :10.(%000)%_

where 1, is the rms measured current and &, is the C.T. turns ratio.

The value chosen for the measuring resistor R,, is 47Q (closest component resistance
value to 50 Q). The recommended maximum value of measuring resistor R,, is 164.51Q
as determined in Appendix C. The voltage across the measuring resistance R,, can be

obtained as:

V. =R, I —— 8.7
" " 71000 (8.7)

The following table lists the expected output voltage versus the input current. The
measuring resistor R,, is calculated to obtain 0-3 V), for a current of 0-10 A rms (peak-

peak current of 28.28 A).

Table 7 LEM LA 55P measurements

Measured Current | Calculated Voltage |Actual Measured Voltage| DC Offset
I (A rms) Vi (V rms) from PCB V,, (V rms)
1 0.09 0.1 1.5V
2 0.18 0.15 1.5V
3 0.28 0.27 1.5V
4 0.37 0.36 1.5V
5 0.46 0.46 1.5V
6 0.57 0.56 1.5V
7 0.67 0.67 1.5V
8 0.76 0.76 1.5V
9 0.86 0.83 1.5V
10 0.96 0.95 1.5V
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11 1.07 1.06 1.5V
12 1.17 1.17 1.5V

Current LEM transducers are necessary to measure currents in the stator (Iys, Ips, Ies),

rotor (1uy, Ipy, 1.r) and grid-side converter (1u,, Ipg, 1)

8.7.2 Voltage Transducer

Voltage transducers (Figure 8.8) are required to measure the DC link voltage, V,. and
the stator/grid voltages v, v, and v.. An accurate measurement of both of these voltages
is important for optimum control. To achieve this LEM V.T.’s, LV 25-P were installed.

(Appendix C Table C2 includes the principal characteristics of the LV 25-P).

T+15V
R, Ipn I
N I > Q
Vi
VIT LV 25 Rm* T
®
C
l-lSV

Figure 8.8 Connection of the voltage transducer LV 25-P.

8.7.2.1 Grid Voltage

The grid supply phase voltage to the DFIG is 220V rms, indicated as V; in Figure 8.8. It
is required to determine the primary series resistance R; based on this value of voltage
and the value of measuring resistor R, (Figure 8.8) to convert the current signal /; to an
appropriate voltage signal. According to the data sheet (Table C2 -Appendix C), the
transducer’s accuracy is obtained at the nominal primary current. It is recommended that

primary resistor R; (Figure 8.8) should be calculated so that the nominal voltage to be
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measured corresponds to a primary current of 14mA (peak). The resistance R; can be

determined as:

v,
R = ~R (8.8)

pn

where V,, is the nominal voltage to be measured corresponding to a nominal primary
current /,,. The primary resistance R, is 250Q [Appendix C], therefore the resistor R;

for a grid voltage of 220V is:

_ 2220

R, = ——250 = 21.97kQ (8.9
14.10

The resistor R; in (8.9) carries primary current and needs to be of sufficient wattage to
dissipate the heat generated. The available resistors (7W, Appendix C) are 17.866kQ +
4.61kQ =22.476kQ, and these are chosen for R;. The calculated peak primary current
is:

4 = 31V =13.84mA (8.10)

I[’ = 3
R +R, 22.476.10° +250

The required value of the measuring resistor R,, to ensure the output voltage range is

within 0-3V (£1.5V) is calculated as:

R =——V - 1'5‘/2500:43.359 8.11)
Lk 13.84mA. =22
1000

According to the LEM datasheet (Appendix C), the minimum value of R, with a = 12V
power supply (obtained from Convel £ 15V power supply) is 30Q2. The value obtained

in (8.11) is acceptable. Test results are tabulated in Table 8.
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Table 8 LEM LV 25P/PCB measurements

Calculated Actual Measured Actual Measured
Voltage (V) Voltage V, (V) Voltage V,(LEM) (V) | Voltage PCB O/P (V)
40 0.19 0.2 0.21
120 0.57 0.59 0.61
200 0.95 0.96 0.98
280 1.34 1.36 1.38
311 1.5 1.49 1.51
8.7.2.2 DC Link Voltage

The level of the DC link voltage must be greater than the peak value of the rotor voltage.

The normal DC-link voltage for the converter is set at 5% higher than the peak line-to-
line voltage across the grid converter ac side. Consideration is also required for the grid

side voltage; however a three-phase variac is available to alter this voltage. The grid

voltage can therefore be matched to the desired DC link voltage chosen.

Initially a DC link voltage of 280V was chosen, and this voltage corresponds to an
output voltage of 3V of the LEM (output varies from 0 to 3V). It was decided to work
with respect to the maximum value of measuring resistance (Figure 8.8) allowed R, =

100€2, and thus determine the measuring resistor R, before determining primary resistor

R;. The actual value of R,, used is 97.88Q.

1=—Y = Y _1226ma
Ry 97882200
1000

(8.12)
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R; (Figure 8.9) can be obtained as:

R o= —280 550 - 2258810 (8.13)

12.26.107°

The available resistors (at 7W, Appendix C) are 17.866kQ) + 4.61kQ = 22.476kQ.

Thus calculated primary current is:

. 280V =12.32mA (8.14)

’ R +R, 22.476.10° +250

The voltage output signal from the LV25 versus the DC input voltage is tabulated in

Table 9 (was 8.4).

Table 9 LEM LV 25P output (DC Link)

Calculated Actual Measured Actual Measured
DC Voltage (V) | Voltage V,, (V) Voltage V,(LEM) (V) | Voltage PCB O/P (V)
40 0.43 0.43 0.44
80 0.86 0.86 0.84
120 1.29 1.3 1.32
160 1.72 1.72 1.75
200 2.15 2.15 Y
240 2.58 2.58 2.61
276 2.97 2.96 2.98
280 3.01 3.0 3.1

8.7.3 Signal Conditioning

The LEM current sensors (LEM 55-P) are supplied with = 15 V and thus can measure ac

currents. The measuring current ratio can be altered by changing the number of turns on
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the primary winding and the output is a bipolar voltage. The A/D power signal inputs to
the TI TMS320F2812 microprocessor have to be scaled and conditioned appropriately to
generate unipolar signals of magnitude variation 0 to 3 V, otherwise problems and
malfunction of the microprocessor may arise. The output voltage signals of the LEM
C.T.’s are proportional to primary current and vary between -1.5V and +1.5V, thus it is
necessary to level shift the voltage signals to ensure that they are in the range 0-3V. To
achieve this voltage level and to filter-out any high frequency disturbances, an analogue
PCB was designed in Number One Systems Easy PC’ and fabricated and constructed
using opamps TLO84 (Figure 8.9). For accuracy 1% resistors were used. The signals
from the LEM voltage transformers are connected to the analogue interface PCB’s. The
signal outputs from these PCB’s are designed to be in the range 0-3V with high

frequencies eliminated.

100k 100k
-
) +15V
. 100k
Vin — I + R10 Input to F2812

TL084 >
f— I ' 0-3V
100k i 27 pF
.15
v -‘_ /I/ 33V

1.5k +15V
+1.5V m_— N

62k Level Shift

0.1uF =T L.M4041

0-20k

Figure 8.9 Analogue circuit board for LEM voltage signals

? PC Board Design Software
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The conditioning PCB illustrated in Figure 8.9 was acceptable for measuring voltage;
however it was not acceptable for measuring currents due to the high levels of noise
generated during IGBT switching operations at high frequencies. To reduce noise
transferred to the DSP a four stage PCB was designed in Number One Systems Easy PC,
fabricated and constructed according to the schematic diagram in Figure 8.10.

The ac currents in the stator, rotor and grid side of the DFIG are passed through current
transformers, (LEM 55-P, Appendix C1.4) as described in Section 8.7.1. A voltage
signal proportional to current is obtained at the output of the C.T.’s and this signal is the
input to the first stage of Figure 8.10. The difference of the voltage signals at the inputs
is amplified at this stage. The Common Mode Rejection (CMR) property of this stage,
helps to reduce the incoming noise and offers better signal to noise ratio at the output.

The circuit is constructed with TLO84 op-amp and 1% resistors for improved accuracy.

J Kearney PhD Thesis 240



v

Diff Amp Low Pass Filter Level Shift
< Protection
100kQ —
Vin 6_81‘9 Low Pass Input B to
. Circuit BAT 85 £28.12
: R100 pin
100kQ TLOS> 0-3%
/l/ 1.0ta .l. AT 85 115V
I 2k
“Bdi7s
+15V] R300
62k
o4uF LM4041
0-20k -
Figure 8.10 Analogue circuit board for LEM current signals
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The low pass filter stage, comprising of a four pole Sallen & Key configuration, is
applied to remove the high frequency noise coupled to the input current signals. The
required dc offset voltage of 1.5 V is added to the differential non-inverting input of the
TLO84. A precision voltage reference (LM4041-ADJ) is applied in the circuit to obtain a
stable 1.5 V from +15 V supply. Therefore the output voltage of the analogue PCB will

vary between 0 and +3 V.

8.7.3.1 Testing of Conditioning Circuit

To test the performance of the analogue interface PCB, voltage was impressed onto the
DC link and the DSP was programmed to generate PWM pulses for the IGBT driver
circuits of the rotor side converter. The rotor side converter was connected to a resistive
load bank and was thus configured as an inverter. Current was driven from the DC link
through the converter to the load resistor bank. This current was measured using LEM
55 C.T.’s and the output signals delivered to the PCB of Figure 8.10. The results

obtained are illustrated in Figure 8.11.
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Figure 8.11 Code Composer Studio — measurement of TI F2812 current at 1.5A
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It is clear from

Figure 8.11 that this noise level is unacceptable. The noise was traced to

the OV power rail. All grounding was adequate and the noise problem persisted and thus

a further circuit was devised to overcome this problem.

Current
100k Interface
. Card
100k
0-3V - | GN -1.5V
- +1.5V
C ING TL081 100k <
+ - Out
DSP
100k D
AC R
+15V 0V -15V
(Convel PSU)

Figure 8.12 Compensating circuit

The compensating circuit (Figure 8.12), cross-couples the power supply ground (GND)

and the DSP analogue ground (AGD). The compensating PCB assists in reducing the

noise transferred to the DSP chip. The reduction in the noise level is observed in Figures

8.13 and 8.14.
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Figure 8.13 Measurement of F2812 current signal at 1.5A with insertion of

compensating circuit
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Figure 8.14 Code Composer Studio — Measurement of DSP current signal at 4.5A

with insertion of compensating circuit

The measured voltage signal in the DSP representing a current of 4.5A is illustrated in
Figure 8.14. It is a good representation of the current. The noise level on the OV rail is
constant at about 70mV. When progressively larger currents are measured, the noise

imposed on the voltage signal is reduced proportionally, as illustrated in the reduction of

noise in Figure 8.14 when compared to the noise level plot in Figure 8.13.

8.8 Acquisition of Analogue Variables

8.8.1 Analogue Input Signals to DSP

The analogue signals described in Section 8.7 and modulated through the analogue

PCB'’s are acquired by the DSP.

_____________ L F2812
| ! !
ey Oh 7FFO
+7/\ : /&W | ADCIN XOR
| | X pin
* md o 8000 0000
i N
LEM “1.5M .
Voltage ! Circuit ! _O_V 0000 8000
Signal e ! I Q15 Representation

Figure 8.15 DSP analogue input and number conversion scheme for bipolar input

signals.
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The DSP source code converts the input analogue signal into a Q15 number
representation. Figure 8.15 illustrates the number conversion required to facilitate
measurement. The analogue PCB designed for the LEM current and voltage
transducers, modulates the -1.5V to +1.5V output signal from the transducers to a
positive 0-3V signal, suitable for the DSP ADC. The DSP ADC has 12 bit resolution
with left justified in the 16 bit ADC result register, i.e. the final 4 bits in the register are
zeros. So for a 0-3V input this translates to a range of 0000h to FFFOh, or 0 — 65,536.
Because it is required to use a bipolar signal in the software code, this signal range is
then exclusive-or’d (XOR) with 8000h, resulting in a signal range of 8000h
(representing -32,768) to 7FFOh (representing +32,752).

In Q15 format (with 16 bit word) this is:

8000h — 7FFFh = 1.000 0000 0000 0000 - O0.111 1111 1111 0000

The digital value of the input analogue signal is:

Input analogue voltage — ADCIO
3

4095

where ADCIO is the DSP analogue ground and is 0 V.
For example for an input voltage of 3 V, the digital value is: 4095 .1 = 4095.
Each analogue PCB was designed to process six channels and thus two PCB’s are
required to accommodate the analogue inputs required. The analogue-to-digital inputs
required are (Figure 8.1):

e Rotor currents, I, I, and I,.

e Grid voltages, V,, Vi, and V.

® Grid-side currents, 1,4 I, and I.,.

¢ DC link voltage V.

® Speed control input
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The number of analogue signal inputs required is thus 11. An equipment schedule is

listed in Appendix A.

8.8.1 Input and Output Connections to DSP

Table 10 Input ADC connections to DSP

P5 P5 Signal | Measurement P9 P9 P9 P9 Measurement
Pin No. Pin No. Hig Pin No. Signal

1 ADCINBO Grid Va 1 GND 2 ADCINAO Rotor Side Ia

2 ADCINB1 Grid Vb 3 GND 4 ADCINA1 Rotor Side Ib

3 ADCINB2 Grid Ve 5 GND 6 ADCINA2 Rotor Side Ic

4 ADCINB3 Vdc 7 GND 8 ADCINA3 | Stator Current I,
5 ADCINB4 | Grid Current I, 9 GND 10 ADCINA4 | Stator Current I,
6 ADCINB5 |Grid Current I, 11 GND 12 ADCINAS | Stator Current I,
7 ADCINB6 |Grid Current I, 13 GND 14 ADCINAG6 Control Input
8 ADCINB7 15 GND 16 ADCINA7

9 |ADCREFM 17 GND 18 VREFLO

10 |ADCREFP 19 GND 20

Table 10 lists the ADC input channels for the connectors P5 and P9 and the relative

process signals connected.

The PWM output pins on the P8 connector for both the rotor-side and grid-side

converters are shown in Table 11 and Figure 8.16. Also shown are the input pins for the

incremental shaft encoder; QEP1 for the channel A pulse, QEP2 for the channel B pulse,

and QEP11 for the index pulse.
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Table 11 Encoder and PWM connections to DSP

P8 Pin No. P8 Signal Device

6 CAP1/QEP1 Encoder Pulse A

7 CAP2/QEP2 Encoder Pulse B

8 CAP3/QEP11 Encoder Zero Pulse
9 PWM1 Rotor Side Converter
10 PWM2 Rotor Side Converter
11 PWM3 Rotor Side Converter
12 PWM4 Rotor Side Converter
13 PWM5 Rotor Side Converter
14 PWM6 Rotor Side Converter
30 PWM7 Grid Side Converter
31 PWMS Grid Side Converter
32 PWM9 Grid Side Converter
33 PWM10 Grid Side Converter
34 PWM11 Grid Side Converter
35 PWM12 Grid Side Converter
PWM Grid Side P8 PWM Rotor Side

QEP1 QEPl:)WM PPN 4 PWM S PWM2 PWM 4 PWM 3
2 6600000000 0000 00|
1 (0] , O © 0 © 06 6 0 O (0] ? Q ’ © 0 |¥
QEJ 21>WM 1PWM 2 'PWM 3 PWM 1 PWM 2 PWM 3

P5 ADC Inputs

Control
V. ng ch Vdc In|put
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Figure 8.16 DSP interface input connectors
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8.9 Speed and Position Acquisition

8.9.1 Shaft Encoder

An incremental shaft encoder was mounted onto the rotor shaft of the induction
machine, enabling measurement of rotor position and speed. The incremental shaft
encoder produces a pair of quadrature square-wave output pulses (A and B), each of
which produces 1000 pulses per revolution of the machine shaft. There is also a third
index pulse (Z), which produces a single pulse per revolution. The incremental shaft
encoder chosen for this work is a 1000 line Hengstler RI59 incremental encoder
(Appendix D). Using a dedicated quadrature counter it is possible to count both the
rising and falling edges of both the A and B signals so that one revolution of the rotor
shaft may be divided into 4000 different values. In other words a 1000 line encoder
allows the measurement of rotor position to 12-bit resolution. The direction of rotation
may also be inferred from the relative phasing of quadrature signals A and B. The two
pulses A and B, allow the DSP controller to detect the direction of the rotor; the B pulse
lags the A pulse by 90° in the positive direction and conversely the B pulse leads the A
pulse by 90° in the negative direction. Based on this, the software section of the design

must interrupt the speed of the rotor based on the number of pulses it receives.

Index pulse
Nt 1000 pulses

0,

Figure 8.17 Incremental shaft encoder
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Figure 8.17 shows a typical configuration for a shaft encoder speed sensor disk mounted
on a machine shaft, for rotational speed, position and direction sensing applications. On
rotation of the machine shaft, the incremental shaft encoder generates two quadrature
pulses and one index pulse. These signals are shown in Figure 8.18 as QEP_A, QEP_B

and QEP_index [109].

| |
Bl =1

Cine revolution
- . (360 mechanical degrees)
“EP—'""m Y | S\

WX

QEP CLK
(HW)

DIR
{HAN) |

Figure 8.18 Quadrature encoder pulses (QEP), decoded timer clock and direction

signal.

QEP_A and QEP_B signals are applied to the QEP1 and QEP2 pins of DSP device
(Table 12 and Figure 8.16, pin numbers 6, 7 on the P8 connector block). The QEP_index
signal is applied to the CAP3 pin (pin 8 on the P8 block). The QEP interface circuit in
the DSP, when enabled (CAPCONXx (13, 14)), counts these QEP pulses and generates
two signals internal to the device. These two signals are shown in Figure 8.18 as
QEP_CLK and DIR. The QEP_CLK signal is used as the clock input to GP Timer2. DIR

signal controls the GP Timer 2 counting direction.

The number of pulses generated by the optical encoder is proportional to the angular
displacement of the machine shaft. A complete 360° rotation of motor shaft generates

1000 pulses of each of the signals QEP_A and QEP_B observed in Figure 8.18. The
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QEP circuit in DSP counts both edges of the two QEP pulses. Therefore, the frequency
of the counter clock, QEP_CLK, is four times that of each input sequence. This means,
that for 1000 pulses for each of QEP_A and QEP_B, the number of counter clock cycles
will be 4000. Since the counter value is proportional to the number of QEP pulses,
therefore it is also proportional to the angular displacement of the machine shaft.

The dedicated QEP module within the DSP manages the conversion of the dual
quadrature encoder output signals to represent the actual rotor position at all times. In
this way, the DSP control software can simply read the actual rotor position whenever it
is needed by the algorithm.

The rated speed of the induction machine used in this project is 1500 rev/min.
corresponding to 25 rev/sec. Therefore the DSP controller will receive from each

channel (A and B) a signal with a frequency of 25 kHz:
(1000 pulses per revolution) x 25 (revolutions per second) =25 kHz at rated speed.

The detection of a pulse means that the rotor has progressed by:

(360° per revolution) + (4000 pulses per revolution) = 0.09° per pulse.

The shaft encoder is supplied with a voltage supply of +15V resulting in square-wave
voltage output pulses with an amplitude of +15V. The ADC of the DSP is very sensitive
to voltage input other than the specified level (0-3V). A PCB was designed with a
voltage level shifter and voltage clamping stage, illustrated in Figure 8.19. The +15V
pulses are supplied to the QEP interface PCB Figure 8.19, which conditions the signals
and clamps the output pulses to +3V. A transistor (BC178) and zener diode (BAT85)
based protection circuit is configured at the output of the QEP PCB which prevents the

voltage at the voltage output of the PCB from exceeding 3 V.
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Figure 8.19 Incremental shaft encoder interface circuit QEP

The +15V pulses are supplied to the QEP interface PCB Figure 8.19, which conditions
the signals and clamps the output pulses to +3V. A transistor (BC178) and zener diode
(BATS8S5) based protection circuit is configured at the output of the QEP PCB which
prevents the voltage at the voltage output of the PCB from exceeding 3 V.

The shaft encoder and PCB voltage were tested. A plot of the output voltage channel A
of the shaft encoder (15V) and the output voltage of the interface PCB (3V) is shown in
Figure 8.20. Under test conditions the frequency measured was 25kHz (the speed of the
machine was 1500 rev/min). It is observed in Figure 8.20 that the PCB output voltage
signal is clamped at 3V and it is also evident that output voltage of the interface PCB

improves the signal quality.
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Figure 8.20 Incremental shaft encoder pulses: bottom plot is the output of the shaft

encoder channel A; the top plot is the output of the interface PCB

y qunelI B
]| L
Ch1, DC coupling, 2.0E0 V/div, 2.5E-5|s/div, 2500 points, Sample mode
Ch2, bC coupling, 2.0£1 V/div, 2.5E-5|s/div, 2500 points, Sample mode

TPS 2012 - 14:07:01  26/05/2009

Figure 8.21 Incremental shaft encoder pulses: channel A is top and channel B is

bottom.

Figure 8.21 illustrates the 90° displacement between channel A and channel B.
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Figure 8.22 Incremental shaft encoder zero pulse

The zero reference pulse occurs just once per revolution and is shown in Figure 8.22

with channel B.

8.9.1.1 TI Implementation of QEP

QEP_A
> 0.
QEP_B >
H/W [QEP_S/W
QEP_Index
—_—>
wo >
Speed

Figure 8.23 QEP encoder software module

Induction machine rotor position and speed are determined in the software program as
illustrated in Figure 8.23. Voltage signal pulses emanating from the incremental shaft
encoder as described in Section 8.9.1 are supplied to the DSP. The inputs required by the
software (Figure 8.23) are channels A, B (QEP_A and QEP_B) and the zero pulse

(QEP_Index) obtained directly from the encoder PCB. The output of the QEP software
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module is the electrical angle 6, (ElecTheta), which is supplied as an input parameter to

the speed software module.

8.9.1.2 Determination of Reference Frame Angles with PLL

The inputs to the software PLL module are the grid phase voltages and the output is the
tracked phase angle €, (described in Chapter 6, Section 6.4). The PLL tracks the
stator/grid voltage and maintains the quadrature voltage V,, at a value of zero. This is
illustrated in Figure 8.24 where grid voltage V, is maintained close to zero and Vi is

one per unit..

eix
lsix

HEEEERG

oEsEHE | e | ® 5|

sssss

sssss

|@e@m UERa%o o

Figure 8.24 Grid Voltage Vy (top trace) and V, (bottom trace)
Park transformations require the correct reference angles for transformation into the
positive and negative reference frames. The positive grid voltage angle is obtained using
plll_VI1.0ut in the software program and this is illustrated in the top plot in Figure 8.24.
The negative sequence grid voltage angle is obtained using -plll_VI.Out and is
illustrated in the bottom plot in Figure 8.25. The angle plll_V1.Out is the output of the

phase locked loop PLL routine.
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Figure 8.25 Positive sequence grid voltage angle 6," (top trace) and negative

sequence grid voltage angle 6, (bottom trace)

Figure 8.26 illustrates the positive sequence grid voltage angle and the double frequency

angle necessary for negative sequence compensation implementation.
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Figure 8.26 Grid voltage angle 6, (Top) and double frequency grid voltage angle
2x6, (Bottom)
8.9.1.3 Determination of Slip Frequency With PLL
Slip frequency is obtained by calculating the difference between grid voltage frequency
and rotor voltage frequency. The slip frequency (@y;,) and slip angle (6y) are required to

control the rotor side converter in the synchronous reference frame. Plots of slip angle
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(6y) and the PLL angle 6, versus time for various induction machine shaft speeds are
illustrated in Figure 8.27 and Figure-8.28.

AUTORANGE

hutoranging

vertical
and
B - orizanta

Vertical

= : : : : hutoranging
M S0.0ms CH1 ./ 240V
18-Mar=11 20:07 <10Hz

TPS 2012 - 12:37:19 18/03/2011

Figure 8.27 PLL output (Blue Trace) and 6;, (Yellow Trace) at a speed of 1462
rev/min.
In Figure 8.27 the resolution of the x-axis is S0ms/div., therefore the time required for a
period of the slip angle 6; (yellow trace) is obtained as 6.25 divisions x 50ms =
312.50ms. The value of the slip frequency is:
1/0.3125 =3.2. Hz (3.2Hz = 96 rev/min.)
The speed of the machine is determined as:
S50Hz — 3.2Hz = 46.8 Hz = 1404 rev/min.
A speed of 1402 rev./min. was measured on the induction machine shaft with a

tachometer.

M Pos; =3.800ms _ AUTORANGE

Horizontal
Only
Undo
: : = ; : : : Autoranging
CHE 100Y M i00ms CHl 7 240v
18-Mar=1121:33  13.2744Hz
TPS 2012 - 14:02:59 18/03/2011

Figure 8.28 PLL output and 6, at a speed of 710 rev/min.
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In Figure 8.28 the measured time for the slip angle 6; is 78ms. The value of the slip
speed is:
1/0.076 = 13.33 Hz =394.74 rev/min.
The calculated machine speed based on this measurement is:
S50Hz — 13.33Hz = 36.84 Hz = 1105.26 rev/min.
A tachometer measurement of the induction machine shaft speed indicated 1103

rev./min.

8.10 DC-link capacitance

The DC-link capacitor current is discontinuous; this is due to switching on and off of the
charging current at the switching frequency of the converter. This creates a voltage
ripple in the DC-link. This voltage ripple must be made small enough for the voltage to
be virtually constant during a switch period and this sets a lower limit on the capacitor
size. Sizing of the DC link capacitor can represent a trade-off. For a given load, a larger
capacitor will reduce ripple but will cost more and will create higher peak currents in the
supply feeding it. The minimum capacitance value can be designed to limit the DC-link
voltage ripple to a specified value, typically 1 to 3%. Thus the peak to peak ripple
voltage of the DC capacitor is adopted as a design criterion for the DC-link capacitor
size.

The capacitor size can be determined based on V,. and the maximum power transferred
through the DC link. The bus voltage V. selected is 280 V (Section 8.3.2) and the
maximum rotor power is 1 kW (Section 8.3). Allowing for a maximum voltage ripple of
1.5% the maximum DC-link voltage V. uqx 1s 284.2V and the minimum value Vg iy 1S

275.8V. The minimum value of the DC link capacitor, C,,;, can be obtained as:
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3
Con = T2 2'1:) = 2;(2'3'102 = l4mF (8.15)
vz —v2)r. (28427 -275.82)300

where P is the load power through the converter in watts, f..,, is the ripple frequency,
Vinax 18 the maximum DC-link voltage and V/,,;;, is the minimum DC-link voltage.
The most suitable commercially available capacitor is 3.1 mF and this value was chosen.

The charging time is:

min

(v
cos ™| —min
Vi ) c0s™ (0.969)

t, = = 0.776mS (8.16)
27f 2750
And the discharging time:
1 1
ty=——-t.= —=0776 = 2.56ms
Feons 300 (8.17)
the average charging current is given by
I :CAV :CVmaX —Voin _ 3.1284.2—275.8 _ 33564
tC tC 0-776 (8'18)

The capacitor should also be capable of withstanding a 33.6A charging current.

8.11 Grid-Side line filter

The DFIG grid-side converter converts ac power into DC power (subsynchronous) or
converts the DC link power into regulated ac power (super-synchronous). The ac input
inductor acts as a first-order filter, and its function is to minimize the amplitude of the ac
mains current harmonics, resulting from the high frequency switching of the converter.

The use of PWM techniques, yields a significant reduction in the value of the line
inductors and the dc capacitor, as compared with other techniques [112]. However, the
smaller the values of L, and C, the more sensitive the system becomes to input voltage

unbalance. If the value of the input inductor L, is smaller, the negative sequence
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component of the input current will be larger thus increasing the value of the second

harmonic of the dc voltage.

Grid-side
t: .
vy I, R, ,:ng“ V., converter e fer
as a I N
7 7
L |
Ib Rg 8 V
Grid V+b, Vi o mm o 4@ C Ve
L
I R g
ViV " o Vel

Figure 8.29 Grid-side converter schematic when network supply is unbalanced

In this work the values of the grid-side line inductor L, (Figure 8.29) and the DC link
capacitor C, are calculated as normal based on rated values of the induction machine and
converters. The improvement in the performance of the DFIG during supply voltage
unbalance conditions will be dependent on the modifications in the control structures in
both the rotor-side and grid-side converters.

The value of the line inductor for a current ripple of 1A can be calculated as [112]:

10
L Vs K/— 471mH (8.19)
= = = Jim .
¢ 2\/_fY1 ~ 2J625.10°.1

ripple

8.12 Code Structure

The control code is written in C*™" and compiled in an operating platform called Code
Composer Studio' (CCS), version 3.1. The CCS compiler links and assembles the
program which is then transferred to the DSP micro-controller. The Code Composer
Studio platform includes a fully integrated code editing environment tuned for writing C,

C++ and DSP assembly code.

10 Texas Instruments Platfrom
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One of the benefits of using the DSP is that there are two event managers, Event
Manager A and Event Manager B and each can be configured to operate independently
using interrupts. Event Manager A has been configured for the Rotor-side converter and
Event Manager B configured for the Grid-side converter.

The space vector switching scheme discussed in Chapter 6, Section 6.5, was
implemented using CCS and downloaded to the Texas Instruments DSP microcontroller.
The DSP algorithm is interrupt driven with timers used for this purpose. Timer 1
underflow (Event Manager A), is used for the rotor-side converter control and Timer 3
underflow Event Manager B), is used for the grid-side converter control. While the DSP
algorithm waits for an interrupt to occur, it will continue to execute the code in the main-
loop routine until a Timer 1 or Timer 3 underflow interrupt is generated by Event
Managers A or B. Event Managers A and B can work independently of each other.

The DSP controller will create the desired symmetrical synchronized PWM signals
through the 6 PWM signal generators in each Event Manager, EVA and EVB. In EVA
the 6 PWM signals are applied to the 6 IGBT drivers on the rotor-side converter and in
EVB the 6 PWM signals are applied to the 6 IGBT drivers on the grid-side converter.
The frequency of the triangular wave is set at 2.5 kHz and this is compatible for use with
the IGBT’s. In spite of this, because of the finite turn-on and turn-off times associated
with any type of switch, the design requires the inclusion of slight time delays when the

IGBT’s are switching.
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The code is comprised of a main program and associated include (*.h) and library files.

The main program is called DFIG_1 and among the files used in this program are the

following files/modules (Appendix G):

DFIG_1

ADC -

Adc_duala
Pwm_duala -
Ramp_cntl -
Rampgen -
QEP -
PII_1 -

CLARKE

Pid_pir -
PARK/IPARK-

SPEED

SVGEN_DQ

Theta_slip

IR -
Filter -
Negseq_comp -
Vrl_Comp -

Vgrid_Comp -

8.12.1 ADC

Main program

Analogue to digital register control
Analogue to digital control —Rotor & Grid
Pwm control — Rotor & Grid

Ramp control

Ramp angle generation

Encoder control

Phase locked loop

Clarke transformation

Proportional, Integral and Resonant control
Park and Inverse Park transformations
Speed calculation

Space vector generation

Slip angle calculation

Infinite impulse response filter

Filter control

Negative sequence compensation
Decoupling control

Decoupling control

The DSP features a very fast integrated 12 bit ADC as described in section 8.2. The 16

ADC channels are operated as two independent dual sequencers (8 in a group), with 1-8
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being assigned to the rotor side converter and 9-16 assigned to the grid side converter.

Figure 8.30 shows the block diagram of the DSP ADC module.

System High-speed | 4 SYSCLKOUT 2
control block prescaler =
ADCENCLK HSPCLK
Analog .
MU v v Result Registers
<ADCINAD > Result Reg 0 7048h
. » SIH-A > Result Reg 1
* -
ADCINAT .
12-8it Result Reg 7 70AFh
ADC N
- module Result Reg & TOBOh
<__ADCINBD
.
.
. »— SH-B = .
ADCINBT Result Reg 15 TOETh

I i§ I

ADC Cenfrol Registers

SW

soc Sequencer 1 Seguencer 2 Elele — EVE

Figure 8.30 DSP ADC Configuration

The software program allows 16-channel analogue-to-digital conversion of unipolar
signals with programmable gains and offsets. The conversions are triggered on GP

Timer 1 underflow for rotor side converter and GP Timer 2 for the grid side converter.

ADCIN1 Ch10ut
-+

ADCINS ADC | Dual Ch8Out
- >

H/W

ADCIN9 F2812xDuala | Ch90ut
—'—> |

ADCIN16 Ch8Out
—

Figure 8.31 Analogue to Digital Converter Software Block

Channels ADCIN1 — ADCINS on the DSP are reserved for the rotor side converter and
channels ADCIN9 — ADCIN16 are reserved for the grid side converter. The channel

inputs are allocated in Section 8.8.1.
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The general program algorithm is illustrated in Figure 8.32.
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Figure 8.32 Program structure
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Chapter 9 Test Results

9.1 DFIG Testing — Stand Alone Operation

To determine the behavioural operational characteristics of the DFIG, it can be
connected in a stand-alone configuration. This operational mode facilitates the testing of
all aspects of the DFIG without the influence of the grid supply. The DFIG laboratory
test facility was configured and connected as a stand-alone DFIG, i.e. the stator was

connected to a resistive load as illustrated in Figure 9.1.

Load Resistors

Series
Resistor

DFIG C _L——r:I: Switch A

Stator 3
CTs VT T Switch B\ \ \
N
n —
0
Ias Ibs Ics Vavb VI L N J
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Analogue Conditioning
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DSP Control System
A 3-ph Vari ol
PWM lPWM ph Variac
) v Vdc N1
L 3-ph Variac
v - d_ii u »
N TS | ;
PC Switch E
Series
Crotor Caria Resistor
Power Seri,es
Resistor
Switch F >
Switch D
DC link —1 o o
Resistor load I—%—I Supply
bank 380V

Figure 9.1 DFIG Interfacing

A three-phase variac connected to the grid-side converter facilitates the reduction of grid

voltage to an acceptable level required for the rotor circuit and DC link bus (Chapter 8,
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Section 8.7.2.2). The operation of the DFIG in stand-alone mode was facilitated by
closing switch B and opening switch C (Figure 9.1). The DC link capacitor was charged
to a value of 100V dc and the dc machine field excitation adjusted to increase the speed
of the generator to 1400 rev/min. The speed of 1400 rev/min. is below synchronous
speed (1500 rev/min., when operating at S0Hz) and thus the operational mode was
subsynchronous, with power flowing through the grid-side converter, through the DC
link bus and through the rotor converter into the rotor windings. The excitation of the
rotor windings at subsynchronous speed allowed the stator windings to generate voltage
and deliver power to the load bank. Capacitors are connected to the stator of the

induction machine to supply reactive power.

9.1.2 Operation With Unbalanced Resistance Load.

A variable resistor was connected in series with one phase of the resistor load bank
through switch A (Figure 9.1). The insertion of this resistor ensured a reduction of
voltage magnitude on phase B (yellow phase Figure 9.3). The series resistor was
adjusted to obtain three-phase voltage unbalance of 5% at the stator terminals of the
induction machine. The wind turbine emulator (DC motor) speed was maintained at
1430 rev/min. (subsynchronous mode) and the reference voltage signal V" (Figure 9.2)
set to 0.3 pu. Stator voltages were measured using LEM voltage transducers and the
output voltage signals acquired by the analogue to digital channels ADCINBO,
ADCINB1 and ADCINB2 on connector P5 on the DSP. The DFIG was operated to
deliver power through the stator of 1.5 kW.

The P1l was designed as outlined in Chapter 6. The negative sequence reference signals
shown in Figure 9.3, are i * and i, *, developed in Chaper 7 as equations (7.63) and

(7.64). Band stop filters are implemented in the software to filter double frequency
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components, as shown in Figure 9.2. In stand alone configuration, (no grid connection)

the grid angle 6, is set atlpu (equivalent to 50 Hz). The speed reference signal, w, was

obtained with the shaft encoder as described in Chapter 8.
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Figure 9.2 Rotor side converter
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Figure 9.3 is a plot of the three-phase stator voltages measured at the stator terminals;

note, the yellow phase is lower in magnitude than the red and blue phase voltages.
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Figure 9.3 Stator phase voltages - 5% VUF

The three-phase stator voltages are transformed into a two-phase representation using
Clark transformation. The Clarke output signals, Alpha and Beta waveforms are
processed by a Park transformation obtaining sequence voltages vy* and v,*, (Park2 in
the software) illustrated in Figure 9.4(b). There are Park transformations for the positive
sequence voltage vy, (Park2) and the negative sequence voltage vy, (Park3).

With 5% voltage unbalance at the stator terminals of the DFIG, not only is there positive
sequence voltage in the synchronous reference frame, v4,,", but also negative sequence
voltage v4,. The PLL forces the positive sequence voltage signal v, to zero thereby
ensuring stator voltage oriented control. In Figure 9.4(b) the positive sequence voltage
vgs. oscillates close to the reference signal of 1 pu and the quadrature voltage vy
oscillates around zero. For comparison, Figure 9.4(a) is a plot of the positive sequence
voltages, vy~ and v, with a balanced stator voltage supply. The double frequency
voltage oscillations in Figure 9.4(b) result from the effects of the 5% VUF at the stator

terminals.
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Figure 9.4 Stator positive sequence voltages V" (top trace) and V,," (bottom trace).
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Figure 9.5 Stator negative sequence voltages V;, (top trace) and V,, (bottom trace)

in negative sequence reference frame
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In the negative sequence reference frame the negative sequence direct axis voltage v,
and negative sequence quadrature voltage v,, have large double frequency (100Hz)

oscillations as a result of applied grid voltage unbalance; this is illustrated in Figure 9.5.
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Figure 9.6 Stator positive sequence voltage v,,* (orange trace) and negative

sequence voltage v ;" (blue trace)

A comparison of the stator positive and negative quadrature voltages v " and v, is
illustrated in Figure 9.6. The positive sequence voltage v, is close to zero, Figure 9.6
(orange trace), and the negative sequence voltage v,, Figure 9.6 (blue trace) has double
frequency oscillations centred at zero.

Measured rotor currents are observed in Figure 9.7. The fundamental frequency of the
rotor currents is 2.3 Hz corresponding to a rotor speed of 1430 rev/min. Superimposed
onto the fundamental current waveforms are double gird frequency currents. The
frequency of the oscillating rotor currents are obtained as:

Stator frequency + rotor frequency = 50 + 47.67 = 97.67 Hz.
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Figure 9.7 Rotor currents i,,, i,; and i,

The direct and quadrature rotor currents iy and i, are plotted in Figure 9.8. The rotor

current iy has double frequency oscillations (centered at 0.5), illustrated in the top plot

in Figure 9.8 and the quadrature rotor current i, is close to zero (the Y axis scale is O-

0.045 max.).
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9.1.2.1 Operation with Unbalanced Load and Rotor Side PIR

Compensation.

To improve DFIG performance during asymmetrical voltage conditions, the voltage
unbalance compensation control scheme to control the torque pulsations as described in
equations (7.45) and (7.47) and illustrated in Figure 9.2 was implemented. The DFIG
speed was set to 1430 rev/min. and VUF of 5% was applied to the DFIG stator
terminals.

The PIR current controller regulates the steady state reference input signal in parallel
with the negative sequence input command signal. The current control signal reference
input to the PIR regulator is plotted in Figure 9.9 (top plot). The PIR resonant controller
has a high gain and regulates the double frequency oscillations shown in the lower plot

of Figure 9.9.
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Figure 9.9 PIR reference, (Top Plot, just visible at a constant 0.5) and PIR output
signal (Bottom Plot)
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The output signal of the PIR controller as illustrated in Figure 9.9 is provided as the
input to the space vector generator (svgen in software). The output of the svgen module
is plotted in Figure 9.10(b) and this signal is passed to the PWM module to generate

PWM signals for the IGBT’s.
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Figure 9.10 Output of space vector generator in software: (a) before PIR

compensation and (b) with PIR compensation

Figure 9.7 shows plots of the rotor currents /,,, I, and I, with VUF of 5% applied to the
stator terminals prior to torque pulsation compensation technique introduced. Figure
9.11 is a plot of the rotor currents with negative sequence compensation implemented.
There is good improvement with respect to the amplitude of current oscillations when
compared to the current oscillations in Figure 9.7. The stator current supplied to the
resistive load was 3.5A.

A direct measurement of torque was not available, however electromechanical torque is
directly proportional to rotor currents (Chapter six) and therefore it is appropriate to
assume that the torque pulsations as a result of applied stator voltage unbalance are also

reduced in direct proportion to the reduction in rotor current oscillations.
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Figure 9.11 Rotor currents I,,, I,;, and I,. with negative sequence compensation

9.1.4 Grid Side Converter Test.

The grid-side converter was connected as illustrated in Figure 9.1. Control signals to the
rotor-side converter were disconnected. A three-phase variac connected to the ac side of
the grid converter enabled adjustment of voltage supplied to the IGBT’s. A variable
resistor was connected in series with one phase of the three-phase voltage supply to the
grid-side converter through switch E (Figure 9.1). This variable resistor when connected
enabled a magnitude reduction of phase C at the terminals of the grid-side converter.
The variable resistor was adjusted to obtain a VUF of 5% at the terminals of the grid-
side converter. The grid-side converter operated as a three-phase controlled rectifier
(subsynchronous mode), maintaining the DC link voltage at 50V. Initially the DC link

was isolated from the rotor-side converter and did not provide a load current.
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9.1.4.1 DC Link Voltage.

The DC link was charged, with no load load supplied by the converter. A plot of the DC
link voltage is shown in Figure 9.12 and DC link voltage oscillations at 100Hz are

evident on the steady state value of S0V.
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Figure 9.12 DC Link Voltage, S0V, VUF 5%

Modifications to the control structures to improve the performance of the grid-side
converter during network asymmetrical voltage conditions as outlined in Chapter 7,
Section 7.6 were implemented in the control software. This included the implementation
of equations (7.63) to (7.66) on the DSP controller and the inclusion of a PIR controller
with a resonant controller gain of 110 at a frequency of 100Hz (Figure 9.1). Uniquely
the grid control scheme was implemented on the DSP in Event Manager B, (Event
Manager A was configured for the rotor side converter). The control scheme was
implemented in the grid voltage reference frame. A plot of the DC link voltage is shown

in Figure 9.13 and DC link voltage oscillations are practically eliminated.
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Figure 9.13 DC Link Voltage- S0V -VUF 5%. Compensation Implemented.

To test the grid-side converter during load conditions a resistor load bank was connected
to the DC link bus through closing switch F (Figure 9.1). The standard control structure
without negative sequence compensation was implemented. A current of 2A was
supplied by the DC link to the load bank and tests were repeated on the grid-side
converter. A plot of the DC link voltage is shown in Figure 9.14 and double grid
frequency voltage oscillations with a peak-to-peak amplitude of 2V are observed.

Tek 0 i £ ® Acq Complete M Pos: 00005 MEASURE
+ Ho

h
T MI00ms  CHZ 7 400mV
CH3 500¥  CHY 500v  7-Mar-1219:21 T0kH:
TPS 2024 - 12:27:32  08/03/2013

Figure 9.14 DC link voltage- S0V -VUF 5%.

As ws implemented for the no-load case, the control structure of the grid-side converter

was altered to include a PIR controller, (Section 7.6, Figure 7.23). This included the
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implementation of equations (7.63) to (7.66) on the DSP controller and the inclusion of a
PIR controller. The DC link supplied a load current of 2A to the resistor load bank. A
plot of the DC link voltage is shown in Figure 9.15 and there is a reduction in the

amplitude of dc voltage oscillations.
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Figure 9.15 DC link voltage- S0V -VUF 5%. PIR compensation implemented

9.1.4.1 Grid Currents.

Negative sequence grid voltage can distort grid-side converter input currents as
illustrated in Figure 9.16. Figure 9.16 (a) shows the converter input currents prior to
negative sequence compensation introduced to the grid-side converter. Figure 9.16(b)
illustrates improvement to the blue phase current waveform when negative sequence

compensation using a PIR controller is introduced.
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Figure 9.16 Grid converter input currents VUF 6%. (a) No negative sequence

compensation (b) PIR compensation implemented

9.2 DFIG Testing — Grid Connection

9.2.2 Induction Generator Connected to the Grid.

The stator of the DFIG was connected to the three-phase grid voltage through closing
switch C and opening switch B (Figure 9.1). Similar to the testing of the DFIG in stand-
alone mode a variable resistor was connected in series with one phase of the grid
voltage. A reduced voltage on one phase of the three-phase voltage supply was thus
applied to the stator terminals of the DFIG resulting in a stator applied voltage unbalance
of 5%. The DFIG was synchronised to the grid and operated at a speed of 1400 rev/min.
The DFIG was thus operating in subsynchronous mode. Power supplied by the stator to
the grid during this test was 1.5kW. The rotor currents are plotted in Figure 9.17 (a) and

significant double frequency oscillations are present.
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Figure 9.17 Rotor Currents — Stator VUF 5%: (a) Rotor currents before

compensation. (b) Torque pulsation PIR compensation scheme implemented.

The compensation scheme to reduce torque pulsations (implementation of equations
(7.45 and (7.47) Section 7.2.2) as illustrated in Figure 9.2 was implemented on the DSP
and the DFIG operated with power delivered to the grid as previously. The rotor currents
are plotted in Figure 9.17(b) and a reduction in the amplitude of rotor current oscillations

is observed.

9.3 DFIG Testing —Conclusion

Issues with the operation of the induction machine (manufactured in 1966) and
the performance of the DSP microcontroller proved challenging to overcome.
The adc on the DSP controller is very suseptable to over voltage, which can
result in blown chips. Also the issue of electrical noise on the DSP board was
also a challenge to eliminate. All PCB’s were constructed with strip-board and
hand-soldered, thus their performance albeit satisfactory perhaps not quite
machine built standard. Hardware and software solutions were implemented to
reasonable success with the DFIG connected in both stand-alone mode, and

synchronised to the grid.
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Chapter 10 Conclusion

10.1 Contributions of Thesis

The initial work in this thesis concentrated specifically on the issues associated with the
connection of WECS to the distribution network. As part of this research contact was
initiated with Airtricity, an Irish indigenous company involved in the harness of wind
energy. The assistance of DIT was requested and investigative studies were initially
undertaken on a small wind farm connected to the Irish distribution network at 10kV.
Monitoring of the wind farm was undertaken and the results demonstrated daily, weekly
and seasonal variation of voltage unbalance. Chapter 4 includes results of these
investigations. A second wind farm connected to the distribution network at 38kV was
subsequently analysed and similar results were obtained. In both wind farms, it was
observed that DFIG’s had difficulty remaining connected to the distribution network
when voltage unbalance exceeded certain threshold levels. Further research indicated
that the issue of asymmetric grid voltage and wind turbines was not unique to Ireland.

Control techniques to improve performance of a DFIG during conditions of grid voltage
unbalance including measures to control the rotor-side and grid-side converters in a
DFIG have been investigated and documented in Chapter 7. In this thesis the control
schemes uniquely include PIR control structures implemented in the grid/stator voltage
reference frame, for both the rotor side and also the grid side converters respectively.
Software models of a DFIG system were designed in Matlab/Simulink, and include the
modified control structures developed in Chapter 7, to assist in reducing current, power
and torque oscillations that develop during grid voltage unbalance conditions.
Simulation results demonstrated improvement in performance of a DFIG when subjected

to asymmetric grid voltage. The reductions in torque and power oscillations are clearly
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identified in Chapter 7. Similar control techniques were developed and implemented for
a synchronous generator converter system.

As part of the work in this thesis and stemming from collaboration with Airtricity a
number of reports were completed and presented. Airtricity implemented the
recommendations arising from these reports, resulting in increased productivity at their
wind farms. Also as part of the work in this thesis a number of papers were presented at
international conferences, contributing to the research profile of DIT.

This thesis also describes in detail the construction and implementation of a laboratory
based DFIG test rig. A suitable DSP controller has been designed and implemented for
the DFIG. A unique feature is the independent control of both the rotor side and grid
side converters with a single DSP controller. The DSP control scheme and measurement
and interface circuits have been designed and integrated into the test rig. The
measurement and interface circuits have been developed for the measurement of voltage,
current and speed signals and interfacing these signals to the DSP controller. Protection
is also a feature of these circuits to ensure the sensitive Analogue to Digital Converters
are not subjected to over-voltage conditions. Interface circuits have also been developed
and tested for the PWM controller and incremental shaft encoder. The capability and
performance of each of the circuits has been tested and experimentally verified.

The DFIG test rig was configured and tested with the control system as developed in the
thesis. Difficulties arose due to the limitations of hardware and software, however
reasonable success was achieved allowing testing of the asymmetrical control systems
investigated in Chapter 7. Initially the DFIG test rig was tested as a standalone system
with unbalanced stator voltage. A resistor load-bank was connected to the stator
terminals of the induction machine and power was then supplied by the stator to this

load. The results of these tests documented in Chapter 9, demonstrated the improvement
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in performance of the DFIG with the incorporation of rotor current compensation
techniques to control power and torque pulsations. The laboratory rig was also
synchronised to the grid and operated with asymmetrical grid voltage. Improvements in
DFIG performance during voltage unbalance conditions was observed. Notwithstanding

the issues and challenges faced, reasonable success was achieved.

10.2 Future Developments

Problems with the performance of the DSP controller and the behaviour of the induction
machine prevented a more comprehensive study of the DFIG test rig. To enable further
development and enhance the performance of the test unit, a modern induction machine
could be utilized. Consideration could also be given to an alternative state-of-the art DSP
to enhance development opportunities.

Future development of the the test rig for the study and understanding of FRT and
improved connectivity to the grid is a possibility. The development of a full converter
controller for a synchronous generator is easily achievable given the nature of the test-
rig design. Also the development of the test rig to demonstrate UPQC and battery
storage techniques for DFIG’s and synchronous generator systems for grid integration
issues is possible. The equipment is also designed to be adaptable for motor control

applications.
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Appendices

Appendix A

Plant and Equipment

Schedule of equipment and plant used in the construction of the DFIG test rig.

Table 12 Appendix DC shunt machine

DC Shunt Machine
Power Rating 5 kW
Armature Voltage 110V
Armature Current 45A
Field Current 2A

Table 13 Appendix A induction machine

Induction Machine
Power Rating SkVA
Stator Voltage 380 V
Rotor Voltage 190 V
Stator Current 11.7 A
Rotor Current 19 A
Poles 4

Table 14 Impedance Parameters of Equivalent Circuit

R, X, R, X, R, Xm

1.03Q2 | 2.48Q | 2.69Q | 2.48Q | 249Q | 87Q

Hardware requirements — List of main components:

Panel to incorporate control elements — measurement and control, DSP and associated boards
Panel to incorporate hardware — Power electronics, IGBT boards, dc-link
capacitor, crowbar protection, IGBT driver boards

Encoder — Incremental shaft encoder Hengstler R159

Inverters x 2 (with built-in driver boards) — Semikron Skiip = 132GD120-318CTV
DC link capacitor

Level shift circuit boards for IGBT drivers.

Level shift circuit boards for ADC DSP inputs.

Shaft encoder interface circuit board.

(Crowbar protection — Diode + Thyristor board — Semikron)

Inductors

Voltage transformers

Hall Effect sensors- current measurement

DSP Chip and Board,

Communications and i/p, o/p interface devices

Contactors/relays

Transformer — 2.5 kVA
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A2

Base values of impedance and resistances. Base current is 12A and base voltage is 190V.

Figure A.2 Laboratory test rig electrical panel

Base Values

Therefore base impedance values are:

Sg=V3 Vglz =v3 190 .12 = 3949 kVA

Table 15 Base Impedance Values

Sp=V3Vp Iz = V3.190 .12 = 3949 kVA
Zp = Vg~ /Sg = 190773949 = 9.14 ohm
R = 19073949 = 9.14 ohm
Zs = Xz = 9.14 ohm
R,=RJ/Rpz = 1.1/9.14 = 0.12 pu
R, =R/Rg = 1.345/9.14 = 0.147 pu
R, =R, /Ry = 2.69/9.14 = 0.2943 pu
Xout = Xz = Xi/Xp = 2.48/9.14 = 0.2713 pu
| Lipu = Lipu = Xp/@ = 0.2713/314 = 0.000864 pu
Xonow = X/ Xp = 87/9.14 = 9.519 pu
Lipu = Xop/® = 9.519/314 = 0.0303 pu
Rrf = 0.8/9.14 =0.0875 pu
Lf, = 100mH = 109 pu
Xfr= (5Hz) 314 x 100 . 10° = 31.40hms =3.43pu
Lfr,, = 0.343/314 =0.00109pu
| Lo = (L,.314)/314/Xg = 0.00586/9.14 = 0.00064 pu
Roou = RJ/Rg = 0.05/9.14 = 0.00547pu
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Appendix B

DFIG
Stator
\_//
190V j
MCB 1 L Fuses “ ” ”
> 1 \;— J_ L M\ b
= "\ _| Vde _| R N
= c-|_ oY
K, I& Transformer
NeN-- 4
\ \ \ Ks Crotor ! Cgrid K; —_\_\__\
Starting/
Protection DC Link
Resistors l"— Chopper 380V
Circuit Line
Ky -
Isolator
s Fuse

L

—l:l—l—l_'

E/Stop

P Stop
Start
Start

Transformer
Sto Stop Stop
Stan_l
: Stan—l ][ I ][ I
N

Grid
Supply

Stator Rotor Side Rotor Grid Side
Supply Supply g/e;flstors or  Supply

Figure B1 Schematic diagram of DFIG wiring.
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Appendix C

C1 Current & Voltage Transducers
C1.1 Current Transducers
Table 16 Appendix C - LEM LA 55 P characteristics

Primary Current Measuring Range 0-50A
Measuring Resistance Ry, 0-90Q
Secondary nominal current 50mA
Conversion Ratio 1/1000
Offset current T=25°C 0.1 mA
Thermal drift T=0°C++70°C +0.2 mA
Linearity 0.1 %
Response time <1us
Maximum dA/dt > 50A/us
Bandwidth -1db 0+150 kHz
Supply voltage + 15V

Form LEM sheet:
%

ce(max)

IPNAKN [IPNAKN]2

Ptr

tr(max)

@T,
~R, @T,

Measuring resistance R, =

LAS55-P the constant (turns ratio) Ky = 1000
The peak current required for the stator and rotor - 12 . 1.7 V2 = 39A

From LEM Sheet (secondary resistance) R, = 80 Q at 70°
11.75
Rm(max) = 2
36.2/,
1000

From datasheet R, at £15V is 50Q.

—80=83Q

C1.2 Voltage Transducer - calculation of thermal size of measuring resistor R;.
Grid Voltage: The total res of the primary circuit R;:

Grid phase voltage to be measured is 220V rms (can use 220Vrms and 10mA or 22043 and 14mA ) -
from datasheet required primary current is 10 mA rms therefore R; = 220/10mA = 22kQ

The total resistance of the primary circuitis 22.476kQ + 250Q = 22.726 kQ
The nominal power dissipated in the resistor R; is:
P, = LRy
2 2
I VN ( 220 j 22.476.10°
R +R, 22.476.10° +250
= 21W

In order to avoid excessive thermal drift of the resistor and to improve reliability, it is preferable to select a
resistor with a power rating of about 300% of the calculated nominal power. So 7W resistors were
chosen.
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C1.3 LEM Data Sheets
C1.4 LEM LA 55P Current Transducer Data Sheet

Current Transducer LA 55-P i = 50A

For the electronic measurement of currents : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).

Electrical data

Iy Primary nominal r.m.s. current 50
]

A  Features
- Primary current, measuring range 0..x£70 A
R, Measuring resistance @ T,=70°C T,=85C e Closed loop (compensated) current
Ry, in Rutmox | Ry min Rutmax transducer using the Hall effect
with+ 12 V @+50A 10 100 | 60 95 o = Printed circuit ?oard mounting_
@x70A 10 50 60" 60" Q . Insulatt»ed plastic case recognized
with + 15 V/ @=50A 50 160 |135 155 ©Q 2ecemlingiio BES VD
@x70A 50 90 |13521352 Q
X mex Advantages
b Secondary nominal r.m.s. current 50 mA
K, Conversion ratio 1 : 1000 « Excellent accuracy
V. Supply voltage (+ 5 %) +12..:15 Vv » Very good linearity
I Current consumption 10@=15V)+1lg mA o Low temperature drift
d R.m.s. voltage for AC isolation test, 50 Hz, 1 mn 25 kv « Optimized response time
# Wide frequency bandwidth
Accuracy - Dynamic performance data o No insertion losses
X Accuracy @ 1,,,,, T, = 25°C @+15V(*5%) +0.65 % © High immunity to external
@+12.. 15V (x5%) +0.90 % interference
€L Linearity <0.15 % e Current overload capability.
Typ | Max . -
I Offset current @ I,= 0, T, = 25°C | +0.2 mA Applications
I Residual current® @ I,= 0, after an overload of 3 x 1, 03 mA . .
L. Thermal drift of I, 0°C..+70°C “lto1|x05 ma ° ?n:t:?rc',ar::z;peed Gt
=E e e R RS o Static converters for DC motor drives
t. Reaction time @ 10 % of I, < 500 ns e Battery supplied applications
t, Response time @ 90 % of I, __, <1 US e Uninterruptible Power Supplies
di/dt  di/dt accurately followed > 200 Alus (UPS)
T Frequency bandwidth (- 1 dB) DC .. 200 kHz o Switched Mode Power Supplies
(SMPS)
General data e Power supplies for welding
T, Ambient operating temperature -25..+85 °C applications.
Tg Ambient storage temperature -40 .. +90 °C
R Secondary coil resistance @ T,=70°C 80 Q
T,=85C 85 Q
m Mass 18 a
Standards ¥ EN 50178
Notes : " Measuring range limited to + 60 A
2 Measuring range limited to + 55 A
* Result of the coercive field of the magnetic circuit
4 A list of corresponding tests is available 980706/8
LEM Components www . lem.com

Figure C.1 Laboratory LEM LA 55P Current Transducer Data Sheet
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C1.5

LEM 25 P Voltage Transducer Data Sheet

G e

S

G

Voltage Transducer LV 25-P

For the electronic measurement of voltages : DC, AC, pulsed...,
with a galvanic isolation between the primary circuit (high voltage)

and the secondary circuit (electronic circuit).

i Electrical data

b Primary nominal rm.s. current 10 mA
I Primary current, measuring range 0..x14 mA
- Measuring resistance R R i

with £ 12V @=10mA 30 190 =

@=14mA 30 100 >

with £ 15V @=10mA 100 350 =]

@=14mA 100 190 =

L Secondary nominal r.m.s. current 25 mA
K, Conversion ratio 2500 : 1000

V. Supply voltage (+ 5 %) *12::.186 v

i Current consumption 10 @=15V)+ig mA

V, R.m.s. voltage for AC isolation test”, 50 Hz, 1 mn 25 kv

r Accuracy - Dynamic performance data

X, Overall Accuracy @ 1, . T, =25°C @+12..15V +0.9 Y%

@=15V(x5%) *08 %

€, Linearity <0.2 %
Typ Max

1 Offset current @1, =0, T, =25°C +0.15 mA

Ior Thermal drift of 1, 0°C .. + 25°C + 0.06 |+ 0.25 mA
+25°C .. +70°C *0.10{x 035 mA

£, Response time? @ 90 % of V. 40 us

General data

T Ambient operating termperature 0..+70 G o

Ts Ambient storage temperature -25_.+85 °C

R, Primary coil resistance @ T, = 70°C 250 =

Ry Secondary coil resistance @ T, = 70°C 110 =,

m Mass 22 g

Standards » EN 50178
Notes : " Between primary and secondary

» R, = 25 ko (/R constant, produced by the resistance and inductance

of the primary circuit)
¥ A list of corresponding tests is available

I = 10 mA
10 .. 500 V

<
I

PN
S
L A amn
r B e
R i
/
Features

1 Closed loop (compensated) voltage
transducer using the Hall effect

1 Insulated plastic case recognized
according to UL 94-VO.

Principle of use

-

For voltage measurements, a current
proportional to the measured voltage
must be passed through an external
resistor R, which is selected by the
user and installed in series with the
primary circuit of the transducer.

Advantages

Excellent accuracy

Very good linearity

Low thermal drift

Low response time

High bandwidth

High immunity to external
interference

Low disturbance in common mode.

R RN

-

Applications

~

AC variable speed drives and servo
motor drives

Static converters for DC motor drives
Battery supplied applications
Uninterruptible Power Suppiies
(UPS)

Power supplies for welding
applications.

)

-

981125/1«

LEM Cnnl:)nnents

www . fem.con

Figure C.2 Laboratory LV 25P Voltage Transducer Data Sheet
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Appendix D

Encoder Data Sheet -

Input s
to F2812
QEP
0-3v

Figure D.1 Level shifting circuit

3V-04V -0.7V = 1.9V
15.R,
2.10° + R,
Ry« = 290Q
Nearest resistor value is 300€2 giving a clamped voltage of 3.05V. A variable 5k pot was
used to tune the circuit and ensure a level shift of 1.5V.

b
1l

= 19V

Stainless steel encoders

[ - - Séal -

(&I} - : 1 i i o
e T T
dma R i ===
teg | | | i

i | L :

AT i b abarmtion b anding > 100
fLE FE B o vt By > v

1 i i v

o vt g i (=TT

[ L &9 RE4E -l
rm? TR Kard |
raad it} B S0- 50 B 10-30%
readlyalli e St e SV
whits e Chama & Chirrd &
it rm e Chamal 3 Chial 17
g e Chama B Chrrd
s bt e Chamd T [
el e Charma N Charesd N
ell nedtriaan e Chama 7T Chrrd T2
Hack i} GMD GMD
byl e e Saa (M2 A
e ? araan? wermn?

* ol - | o pla e B ¢
7 chiapra e con ordkr g exeda
3 g et with s o howing

Al i [y
T | Msdal ol e el b Flanga, Frotection, Shaf Dt om mection
s | @ Sandard (1 ... 10 000 A DCSY L T S quiar w B35 % EXS, T RS &3 + e A P 2 bl aoial
E CC i0-30% PEL 10mmxiS K il B AE b radial
L T8 Squar w35 % BXS, ot et ool
FEL @5FmmxiS (1 pushpull
by
R RS &35 + Al am

Figure D.1 Hengstler incremental shaft encoder data sheet
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Appendix E

T, (1) : :

Drive train/
e | s> | Generator Electrical  |mmrmmmsgy-
Model

|

—
Aerodynamic Aerodynamic Electric Power
Model Torque
Wind Speed Wind Turbine Network

Figure E.1 Structure of grid-connected wind-turbine model

The grid-connected wind turbine considered here applies a DFIG, using back-to-back PWM voltage
source converters in the rotor circuit. Figure 6.18 [ref Richard Gagnon (Hydro-Quebec)] illustrates the
main components of the grid-connected connected wind turbine, where P, Q are the wind turbine output
active and reactive power.

Owrr
v Ty T T ‘
Wind Vel |Aerodynamic »Mechanical |« Electrical |——|Grid
Model »|Model <«——|Model » Model < Model
OwTR 'y Vwr
Wgen
9 (Xf Pmesa Qmes
A\ 4

Control System

Figure E.2 Overall structure of the grid-connected wind turbine model.
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Wind speed (m/s)
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Ale-8[A-(bb A [s—afe—s |A a A A A a
N@‘M—'"a-—-B—'ﬂD—B-—--—-E—ii_b e —a|B=—18B -—-E—Eg—b
P>
Cles|C VN Clo—afe—sfCw & c s |C c =—<|Cx ac 1,
hreoPhase Source 2500 MVA  B120 120 kv/25 KV B25 30 km line B585 25 kv 575 (:75 :5/) [
X0/X1=3  (120KV) 47 MVA (25 kV) 6"2 MVA Filt Wind Turbine
iiter Doubly-Fed Induction Generator
£ 0.9 Mvar .
= ola Ale— (Detailed Model)
Q=50
oo 3ESf— 9 MW Wind Fa
ind Farm
N
oo NpE— (6 x 1.5 MW)
Grounding é 3.30hms
Transformer
X0=4.7 Ohms E
+ P
MW
Vde (
Mag
Vab07857§ >-—Pp|abc
hase
Dipcrete 3-phase
Mag —
[ 1abc_B575>-p>
hase
The model parameters, initial conditionsand sample times Dikcrete 3-phase Scopet
(Ts_Power=5e-6 sand Ts_Control=100e-6 s) Seqyience Analyzer1
are automatically initialized (see Model Properties) »i
Vabc_B25T [
Warning 1, F
fefined sample ti rom
Scope2

pow ergui More info
Simulation of a 9 MW Wind Farm Using Doubly-Fed Induction Generators (Detailed Model)

Figure E.3 An outline of the Matlab/Simulink DFIG wind-farm model
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b e g et > <20 01]
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] Wind (mis) ‘Wind Turbine
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Figure E.4 An outline of the wind turbine model (shaded blue in Figure A.D.3)
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Compensation Block

ay—
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Figure E.5 Compensation Block

Rotor-side converter control system

Toque control.

Qef

QB QReguaor

Figure E.7 Parallel Control Scheme
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Figure E.6 Inside Compensation Block
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F.1

TI TMS320F2812

Key Features of the eZdspTM F2812
The eZdspTM DSP has the following features:
* 150 MIPS operating speed
* 18K words on-chip RAM
* 128K words on-chip Flash memory
* 64K words off-chip SRAM memory

* 30 MHz. clock

* 2 Expansion Connectors (analog, 1/0)

133

[——
TESTSEL —T—}

SCITXDA T
XA[T] =]

SCIRXDA T}
X,

ADCINAS 1]
ADCINAY T
ADCINA3 CT—]
ADCINAZ T
ADCINA1 CT—]
ADCINAY T
ADCLO T
Vssaio —/—
176

Appendix F
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£ e a
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& &8 8¢
- oy HE (] an
i_imncwagez Eoesr, B E:EM:E;::;;E%
RERYSPERBRE FIS3SYRarESERREERERSS
™ O AHEAREAY A A AR A E AR A ™
SSRENERIRY Sg3EE2ITNESSRERRIRNER i
TEErEREESS FEEF FERFF :I:I
a7
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Figure F.1 TMS320F2812 Pin-out

ADCINGS I 7
ADCINBS ] &
ADCINET T o
Vobal T 14
Vssa1 T 15

ADCREFM ] 10

ADCREFP T 11

AVSSREFBG T 12
AVDDREFBG C—T—{ 13

X0[) =T 24
MCLKRA T 25
MFsXA T 26
X0[2) = 27
MCLKXA T 28
[

Vooio T 31

MFSRA —T—] 29

XD[3)

vss T 32

XpE) CI 32
SPICLKA T34
SPISTEA T} 35

Vop T 37
Vss T ]38
XDl T 30
SPISIMOA T —§ 40
SPISOMA T #1

XD[s) T 36

(== PP
XA[] T 43

XZCSOANDT 1

RO

TMS320F2812 Memory Map

o

Data | Program Data | Program
0x00 0000 Mo SARAM (1K)
0x00 0400 14 sARAM (1K) e
0x00 0800 PF D (2K) | reserved resel
0x00 0D00 p1E vector

I‘SZ&IE:) reserved
ox00 1000 e XINT Zone 0 (8K
0x00 6000 PF 2 AK Teserves XINT Zone 1 (8K)
0x00 7000 reserves
0x00 80001 | o SARAM (4K) reserved
0x00 90001 | 4 gARAM (4K) AT o
0x00 A0DDD reserves . XINT Zone 2 (0.5M) |
0x3D 7800 OTP (1K) XINT Zone 6 (0.5M)
0x3D 7C00 reserves
0x30 8000)  FLASH (128K) —
0x3F 8000 o SARAM (8K)
0x3F A00O Teserved
0x3F FO00| Boot ROM (4K) XINTMZP[;II:iEC 7:1(16K)
0x3F FFCO XINT Vector RAM (32)

OM vector E}%?

MP:’MC 0 ENPI

MP/MC=1 ENPIE=0

0x00 2000
0x00 4000

0x08 0000
0x10 0000
0x18 0000

0x3F C000

&

Figure F.2 TMS320F2812 Memory Map
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TACTRIE/EVES0C
XHOLDA

Vooip

TICTRIP_PDPINTE

88
XUXCLKIN
x2

CAPE_QEPI2
CAP3_QEP4

Vss

CAP4_QEP3
DD

T4PYM_TACMP

T3PWM_T3CMP

Vi

XRAW

PWM12

PWM11
PWM10
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Appendix G

G1.1 TMS320F2812 Software and Programming Details
The software modules were configured, compiled and download onto the eZdsp board,
using an operating program called Code Composer Studio v 3.1.

é Code Composer Studio® IDE @

o Menus or Icons 1 CPU
p b
Project Manager: ] - ﬁ Window
»Source & object files T T . il e -:v’ L .&
»File dependencies - e — T p o

=Compiler, Assembler
& Linker build options

Full C/C++ & Assembly
Debugging:

»C & ASM Source
=Mixed mode
»Disassembly (patch)
»Set Break Points
»Set probe Points

Productive Editor: B 2
»Structure Expansion  Status ‘Watch window Graph — :
window window | Memery window

2-2

Figure G.1 Code Composer Studio CCS

Operation of ADC
Functions of the ADC module include:
e 12-bit ADC core with built-in dual sample-and-hold (S/H)
Simultaneous sampling or sequential sampling modes
Analogue input: 0 Vto 3V
Fast conversion time runs at 25 MHz, ADC clock, or 12.5 MSPS
16-channel, multiplexed inputs
Auto-sequencing capability provides up to 16 “auto conversions” in a single session.
Each conversion can be programmed to select any 1 of 16 input channels
Sequencer can be operated as two independent 8-state sequencers or as one large 16-state
sequencer (i.e., two cascaded 8-state sequencers)
Sixteen result registers (individually addressable) to store conversion values
e The digital value of the input analog voltage is derived by:

Input AnalogueVoltage — ADCLO

Digital Value = 4095.
3
C:\CCStudio_v3.1\MyProjects\DFIG\C28\V32X\ sys —3DFIG_Vx__281x—p-cIQmath build
include
obj
sre
—»[ib—# dmclib — cIQmath build
include
—drvlib281x build lib
include obj
lib src
obj

Src

Figure G.2 File Locations
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Table 17 Main*.C files

C Files
DFIG.c - Main Program DSP281x_Adc.c DSP281x_Mcbsp.c
clarke.c DSP281x_DefaultISR.c DSP281x_PieCtrl.c
DSP281x_CodeStartBranch.asm DSP281x_PieVect.c
DSP281x_GlobalVariables.c DSP281xadc_duala.c DSP281xpwmdac.c
clarke.c DSP281x_bmsk.h DSP281xgep.c
DSP281x_SysCtrl.c DSP281xpwm_duala.c power_ref.c
filter.c Negseq_comp.c pll_l.c
iir.asm parameter.h rampgen.c
ipark.c park.c rmp_cntl.c
power_ref.c stator_voltage.c vrl_comp.h
rotor_angle.c svgen_dq.c speed_fr.c
pid_pir.c

Table 18 Include *.h files

Include .h Files

Build.h
Clarke.h
DFIG.h
Dlog4ch.h

DSP281x_Adc.h
DSP281x_CPUTimers.h
DSP281x_DefaultISR.h
DSP281x_DevEmu.h

DSP281x_Gpio.h
DSP281x_Mcbsp.h
DSP281x_PieCtrl.h
DSP281x_PieVect.h

DSP281x_GlobalPrototypes.h
DSP281x_Examples.h

DSP281x_SysCtrl.h
DSP281x_Xintf.h

DSP281x_bmsk.h
DSP281xpwm_duala.h

Dmctype.h DSP281x_Xinterupt.h DSP281xpwmdac.h
DSP281x_SWPrioritizedIsrLevels.h DSP281xadc_duala.h DSP281xqep.h
filter.h Igmathlib.h pid_pir.h
fir.h Negseq_comp.h pll_L.h
iir.h parameter.h rampgen.h
ipark.h park.h rmp_cntl.h
power_ref.h stator_voltage.h vrl_comp.h
rotor_angle.h svgen_dq.h speed_fr.h
clarke3ph.h
Table 19 QEP_Theta_ DRV
Item Name Description Format |Range
Inputs QEP_A QEP_A signal applied to CAP1 N/A 0-3.3v
QEP_A QEP_B signal applied to CAP2 N/A 0-3.3v
QEP_Index QEP_Index signal applied to CAP3 N/A 0-3.3v
Outputs ElectTheta Machine Electrical angle Ql15 0000-7FFF
(0-360°)
MechTheta Machine Mechanical Angle QI15 0000-7FFF
(0-360°)
DirectionQep Machine rotation direction Q0 Oorl
IndexSyncFlag |Index sync status Q0 Oorl
QEP MechScaler MechScaler = 1/total count, Q30 00000000-7FFFFFFF
parameter Total count = 4* no lines of encoder
PolePairs Number of pole pairs Q0 1,2,3..
CalibratedAngle |Raw offset between encoder and phase | QO 8000-7FFF
a
Internal QepCountlndex |Encoder counter index Q0 8000-7FFF
RawTheta Raw angle from Timer 2 Q0 8000-7FFF
*MechScaler in Q30 is defined by a 32-bit word length
Table 20 Library files
Library Include Files
F281xDRV_ml.L28 ligDMC_m1.1.28 [Igmath.lib
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Table 21 I/o variable names and corresponding formats for main software modules

Software Module Input Output
Name Format Name Format
CLARKE As 1Q Alpha 1Q
Bs Beta
PARK Alpha 1Q Ds 1Q
Beta Qs
Angle
SVGEN_DQ Ualpha 1Q Ta 1Q
Ubeta Tb
Tc
PWM_DRV MfunCl1 Q15 CMPR1 EV registers
MfunCl1 CMPRI1
MfunCl1 CMPRI1
MfuncPeriod T1PER
F2812xadc_duala ADCINx/y/z ADC H/'W IrmeasA Q15
pins IrmeasB
IrmeasC
IgmeasA
IgmeasB
IgmeasC
VdcMeas
VaMeas
VbMeas
VcMeas
QEP_DRV QEP AB,I EV H/W pin ElecTheta Ql5
DirectionQep QO
SPEED_FR ElecTheta 1Q Speed 1Q
DirectionQep SpeedRpm Q0
I_Park Ds 1Q Alpha 1Q
Qs Beta
Angle
Pid_pir Ref 1Q Out 1Q
Fdb
ErrReson
PLL1 plll_V1 1Q Angle 1Q
Filter Q15 Q30
Iir Q15 Q14/Q30
Negseq_comp Idrpos 1Q Idrneg 1Q
Igrpos Igrneg
Idspos
Igspos
Vdspos
Vrl_comp Ids 1Q Vdrcomp 1Q
Igs Vqrcomp
Idr
Igr
slip
CLARKE3ph As 1Q Alpha 1Q
Bs Beta
Cs

J Kearney PhD Thesis

316




G1.5 Rotor Side Converter Software Modules.
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Figure G.2 Rotor side converter software modules
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G1.6 Grid Side Converter Software Modules.
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Figure G.3 Grid side converter software modules
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Table 22 DFIG Selection of Control Software Modules

Module Name C Code

Clarke.h typedef struct { _iq As; //Input: phase-a stator variable
_iq Bs; // Input: phase-b stator variable
_iq Alpha; /I Output: stationary d-axis stator variable
_iq Beta; /I Output: stationary g-axis stator variable
void (*calc)(); // Pointer to calculation function
} CLARKE;
typedef CLARKE *CLARKE_handle;

Clarke.c #include "IQmathLib.h" /I Include header for IQmath library
#include "dmctype.h"
#include "clarke.h"
void clarke_calc(CLARKE *v)
{
v->Alpha = v->As;
v->Beta=_IQmpy((v->As+_IQmpy(_IQ(2),
v->Bs)),_1Q(0.57735026918963));
/l 1/sqrt(3) = 0.57735026918963

}
Park.h typedef struct { _iq Alpha; // Input: stationary d-axis stator variable
_iq Beta; //Input: stationary g-axis stator variable
_iq Angle; // Input: rotating angle (pu)
_iq Ds; // Output: rotating d-axis stator variable
_iq Qs; // Output: rotating g-axis stator variable
void (*calc)(); // Pointer to calculation function
} PARK;
typedef PARK *PARK_handle;
Park.c #include "IQmathLib.h" /I Include header for IQmath library

#include "dmctype.h"
#include "park.h"
void park_calc(PARK *v)
{
_iq Cosine,Sine;
/I Using look-up IQ sine table
Sine = _IQsinPU(v->Angle);
Cosine = _IQcosPU(v->Angle);
v->Ds = _1Qmpy(v->Alpha,Cosine) + _IQmpy(v->Beta,Sine);
v->Qs = _[Qmpy(v->Beta,Cosine) - _IQmpy(v->Alpha,Sine);
}

[Park.h typedef struct { _iq Alpha; // Output: stationary d-axis stator variable
_iq Beta; /I Output: stationary g-axis stator variable
_iq Angle; // Input: rotating angle (pu)
_iq Ds; // Input: rotating d-axis stator variable
_iq Qs; // Input: rotating g-axis stator variable
void (*calc)(); // Pointer to calculation function
} IPARK;

typedef IPARK *IPARK _handle;

IPark.c #include "IQmathLib.h" /I Include header for IQmath library
#include "dmctype.h"
#include "ipark.h"
void ipark_calc(IPARK *v)
{ _iq Cosine,Sine;
/I Using look-up 1Q sine table
Sine = _IQsinPU(v->Angle);
Cosine = _IQcosPU(v->Angle);
v->Alpha = _IQmpy(v->Ds,Cosine) - _IQmpy(v->Qs,Sine);
v->Beta = _IQmpy(v->Qs,Cosine) + _[Qmpy(v->Ds,Sine); }
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Module Name C Code
Negseq_comp.h typedef struct { _iq Idrpos; // Input: Rotor positive seq d-axis current (pu)
_iq Iqrpos; /I Input: Rotor positive seq q-axis current (pu)
_iq Idspos; // Input: stator positive seq d-axis current (pu)
_iq Igspos; // Input: Stator positive seq g-axis current (pu)
_iq Idsneg; // Input: stator negative seq d-axis current (pu)
_iq Igsneg; // Input: Stator negative seq g-axis current (pu)
_iq Vdspos; // Input: stator positive seq d-axis voltage (pu)
_iq Vgspos; // Input: Stator positive seq g-axis voltage (pu)
_iq Vdsneg; // Input: stator negative seq d-axis voltage (pu)
_iq Vqgsneg; // Input: Stator negative seq g-axis voltage (pu)
_iq We; // Input: Speed (pu)
_iq Idrneg; /I Output: Rotor negative seq d-axis current comp(pu)
_iq Iqrneg; /I Output: Rotor negative seq g-axis current comp (pu)
_iq KI1;
_iq K2;
void (*calc)(); // Pointer to calculation function
} NEGCOMP;

typedef NEGCOMP *NEGCOMP_handle;

Negseq_comp.c

#include "IQmathLib.h" /Il Include header for IQmath library
#include "dmctype.h"

#include "negseq_comp.h"

void negseq_comp_calc(NEGCOMP *v)

{
_iq Tmp1, Tmp2;
/[Torque Comp
Tmpl = _IQdiv((_IQmpy(v->Vgsneg,v->Idrpos)-_IQmpy(v->Vdsneg,v-
>Iqrpos)),v->Vdspos);
Tmp2 = _IQdiv((_IQmpy(v->Vdsneg,v->Idrpos)+_IQmpy(v->Vgsneg,v-
>Iqrpos)),v->Vdspos);
//Power Comp
/Iv->Idrmeg = _IQdiv(_IQmpy(2,v->Vdsneg),_IQmpy(v->We,v->Lm))-

_IQdiv((_IQmpy((v->Vgsneg),v->Iqrpos)-_IQmpy(v->Vdsneg,v-
>Idrpos)),Vdspos);

/I Low-pass filter
/1 Q21 = GLOBAL_Q*Q21 + GLOBAL_Q*Q21
Tmpl = _1Qmpy(v->K1,(v->Iqrneg))+_IQmpy(v->K2,Tmp1);
Tmp2 = _1Qmpy(v->K1,(v->Idrneg))+_IQmpy(v->K2,Tmp2);

// Saturate

if (Tmp1 > _1Q(0.1)) v->Igrneg = _1Q(0.1);
else if (Tmpl < _1Q(0.0)) v->Igrneg= _IQ(0);
else

v->Iqrneg = Tmpl;

if (Tmp2 > _1Q(0.1)) v->Idrneg = _1Q(0.1);
else if (Tmp2 < _1Q(0)) v->Idrneg= _I1Q(0);
else

v->Idrneg = Tmp2;
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H1 Semikron

Info..

Appendix H

The inverter module used is a SkiiPPack SkiiP 132 GDL 150-412 CTVU by Semikron. Where:
e 1=IC/100: indicates nominal current;

3 =size of

G =IGBT;

12= driver

IGBT chip;

2 = version of the inverter;

version,;

CTVU= drivers characteristics :

* C= current sense;

* T= temperature sense;

DL = 3-phase bridge with brake chopper.
12=Vce/100,

0 =chip generation

4 = Drive unit SKiiPACK4;

* V=15V or 24V power supply;
» U= DC-link voltage sense (option).
The inverter is fixed on a rack (see Fig. ) with heatsink.

Table 23 Semikron IGBT

Pin cable flat side | Signal Function
EKU board
1 BOT_HB_1_IN Transistor control BOTTOM phaseA
(positive logic CMOS 15V, HIGH=transistor ON)
2 ERROR Error output inverter (open-collector, needs a pull-ip verso
+5V to10 kQ resistance)
3 TOP_HB_1_IN Transistor control TOP_phase A
(positive logic CMOS 15V, HIGH=transistor ON)
4 BOT_HB_2_IN Transistor control BOTTOM phase B
(positive logic CMOS 15V, HIGH=transistor ON)
5 - -
6 TOP_HB_2_IN Transistor control TOP phase B
(positive logic CMOS 15V, HIGH=transistor ON)
7 BOT_HB_3_IN Transistor control BOTTOM phase C
(positive logic CMOS 15V, HIGH=transistor ON)
8 - -
9 TOP_HB_3_IN Transistor control TOP phase C
(positive logic CMOS 15V, HIGH=transistor ON)
10 Overtemp_Out Overtemperature error inverter 115° C (open-collector, needs
a pull-ip verso +5V to 10 kQ resistance)
11 AGND Analog ground
12 Vdc_out Analogical voltage feedback DC link inverter
(0 +10V) & (0 +132.9V DC link)
13 +24Vdc Inverter services loading (max 0.5A)
14 +24Vdc
15 +15Vdc out Output +15V
16 +15Vdc out
17 GND Digital ground
18 GND
19 Temp_analog_out Analog temperature feedback inverter
20 Ref 1 Analog current reference feedback phase A inverter
21 I_analog HB_1 Current feedback phase A inverter
(-1.5V + +1.5V) & (-150A + 150A phase current)
22 - -
23 - -
24 Ref 3 Analog current reference feedback phase C inverter
25 I_analog HB_3 Current feedback phase C inverter
(-1.5V + +1.5V) & (-150A + 150A phase current)
J Kearney PhD Thesis 321




SKiiP 132GD120-318CTV

seMIKRON

l. Power

section

Absolute maximum ratings

T, = 26°C unless otherwise specified

SKiiP® 2
SK integrated intelligent

Symbaol | Conditions Values Units Power
IGBT 6-pack
Vers 1200 WV "
Vo' |Operating DC link voltage 900 v SKiiP 132GD120-318CTV
VGES + 20 W
e T.=25(F0)°C 150 (112) A
Inverse diods
le=-le  |Ts=25(70)°C 150 (112) A | CEeS3
lrzm T=150 °C, t{p= 10ms; sin 1440 A
I’t {Diode) | Diode, Ty = 150 °C, 10ms 10 ka's f—
Ty, (Tag) -40{-25) . +150 (125) " + i
Wisal AC, min. 3000 v ﬁ; T ¢
| | | I: 1
Characteristics T:=25°C unless otherwize specified IJ 11 | Ii l:"v
symbol |Conditions min. | typ. | max. | Units LCIELE JLT
ICET - [ s R
Vet |le= 1284, Tj= 25 (125)°C ~ 26(31) 3.1 v
Vo T,=25(125)°C - 12013 15018 Vv
fes T,=25(125)°C - i]ﬁ;g] ilng] ma
lees VoD Vee=Vees TE25(125)°C| - (10) 04 | mA Features
Ep+ By |5 1294, Vee=800V - - - 38 mJ » SKiiP technology inside
T=125°C Yee=200v| - - G6 m.J e low loss IGETS
Recee terminal chip, T,=125°C - 0,50 - MLk « CAL diode technology
Les top, bottom - 150 - nH « integrated current sensor
Cisic per phase, AC-side - 14 - nF « integrated femperaiure sensor
Inverse diods » integrated heat sink
Ve=Vee |le= 1504 T)=25(125) °C - 21019 25 W « |EC 60721-3-3 (humidity) class
V1o T=25(125)°C - 1,301,000 1411} W AKAIEIZ (SKIiP™ 2 Systam)
It T,=25(128)°C - 50060 8278 mn « |EC GET.1 (climate) 40/125/56
£ l-=125A Veoo=600Y - - g mdJ (SKiP® 2 power section)
R T=125°C Vec=800V - - 8 mJ ) with biv of suitable MKP
- with assembly of suitahle
M e S minals, S1 Unils . _ g | wm | capacitor perterminal (SEMIKRON
M., AC terminals, SI Units 13 - 15 | Nm type is recommended)
W SKIiP*® 2 System wio heat sink 2,7 kg
W heat sink - 6.6 - kg
Thermal charactensiics (P16 heat sink; 295 m*3/ h);, *" reference o
temperature sensor
RIT'J'EE-T per IGBT - - 0,180 KW
Rinjroos per diode - - 0,375 KW
Rlirra per module - - 0,036 KW
Zin Ry (mEAV) (max.) tau(s)
1 2 3 4 1 2 3 4
IGBTy 20 134 22 - 1 013 0.0 -
diodey 41 2849 45 - 1 013 0.0 -
heatsinka | 11,1 183 35 ER| 204 &0 G 0,02
Figure H1 Semikron IGBT data sheet
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Appendix I

Below are the responses of the rotor side PI current control loop and PI power control
loop to a step response 0-1 at 0.1 seconds.

Pl Current Control Loop

1.4

. L . . L
0.1 0.2 03 0.4 0.5 0.6 07
Tirme (s)

Figure I 1 PI Step Response Rotor Side Current Loop, Lab machine parameters

Pl Power Control Loop Lab Machine

0 01 0z 03 0.4 05 06 0.7
Time (s)

Figure I 2 PI Step Response Rotor Side Power Control Loop, Lab machine
parameters

Below are the responses of the grid side PI current control loop and PI power control
loop to a step response 0-1 at 0.1 seconds.

Grid Side Pl Current Control Step Respons
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01 02 0z 04 05 o0& o7
Time (g)

Figure I 1 PI step response grid side current control loop, lab machine parameters
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Figure I 1 PI step response grid side V4. control loop, lab machine parameters
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Appendix J

PCB’s Designed in Easy PC

ncoder Level shift 20_10_08.pcb]

Figure J4 PCB Analogue Cards
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