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Abstract

Power quality problems have been identified with wind generation sites and their connection
with the distribution network. The main aim of this research is to put forward and develop
models for the conventional components in a power system, but with provision for the
representation of wind farms. To develop the necessary tools and computational methods that
can be embedded in programmes in such a way that economic and security assessments can
be carried out on present and future wind-based networks that are likely to be highly
decentralized in future. The goal has been accomplished using Matap programming and the

‘power library’ tools.

In the early chapters, the main challenges associated with the power quality problems in
micro-grid connected wind power plants have been investigated and possible approaches to
solve the problem have been quantified and assessed. Assessing the frequency response of an
electrical power system, with conventional generation and with wind generators, has been
identified as a likely way forward to gaining a fundamental understanding of the impact of

‘harmonic currents’ and ‘harmonic voltages’ in such power networks.

A starting point was to develop a ‘transformer model’ in the ‘harmonic domain’, and this has
been key to progressing harmonic domain models of other elements found in systems with
wind-power generation, such as synchronous generators and induction generators. The various
non-linear effects found in transformer magnetic cores have been explored, with emphasis
placed on the effect of core saturation as it leads to high harmonic current generation. As
magnetic core saturation can be presented by means of ‘polynomial functions’ the work has
focused on ‘harmonic studies’. This approach is amenable to very speedy harmonic evaluation,
using repeated convolution and several efficient algorithms have been researched and reported

on here.

Harmonic domain models of a synchronous generator have been developed using the ‘Hartley’
and the ‘Fourier transform’ approach. In these models it has been assumed that the ‘damper
winding’ is short circuited and only the DC component of the field excitation has been taken
into account. The admittance matrices of the synchronous generator in the dg0 and the afy axis

are derived and used to obtain the admittance in abc coordinates by means of the
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transformation matrices. These admittance matrices illustrate, rather well, the frequency

conversion effect present in the synchronous generator.

Also, owing to its extensive use in wind farms, modelling of an induction generator has been
performed. Because this generator’s rotor-shaft is coupled to a wind turbine, importance has
also been attached to the modelling of its mechanical input part. When used in a load flow
programme, the model for the induction generator provides a ‘new’ simulation facility
allowing analyses now of electrical power systems in which wind is an important basic source

of energy.

Finally, a harmonic analyses of the penetration of the harmonic currents generated by the
various models has been used to determine the effect of wind generated power on the network
at the point of common coupling (PCC). This has provided an insight as to the requirements of

the network to accept wind generated power, without exceeding G5/4-1 recommendations.

And in conclusion the final part of the research points toward the future with suggestions of

further useful work that could be undertaken.
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1. INTRODUCTION

1.1 An overview of power system harmonics

Harmonics in an electric power system are the components of a distorted periodic waveform
whose frequencies are integral multiples of the fundamental frequency. An electrical power
system should be completely balanced and with a specific frequency during normal operation.
The waveform of the network should be purely sinusoidal with pre-defined amplitude. However,
this is only imagined as an ideal condition. Practically all the components in the power system
network have their unique characteristics and for some reason these components in the power
system cause distortion of the ideal sinusoidal waveshape leading to adverse impacts to the
whole system and also to individual components in the network. To limit these components is an
extremely difficult task as these are mainly the non-linear loads. Probably these non-linear loads

will remain as an active source of harmonics for ever in the power system.

The harmonic currents, generated by any nonlinear load, flow from the load into the main
system. These currents always tend to flow to ground through the paths of minimum impedance
causing a distortion in the applied voltage. The distorted voltage now results in new harmonic
currents for some other loads in the network and the process is repeated. The wave shape starts
deviating from the original by a significant factor. The effects of harmonics vary depending upon
the nature and type of load. A resistive heating load may not be affected by the harmonic
voltage. However, in many cases it causes unwanted heat in the equipments and machines. The
rise in temperature can seriously damage any sensitive instruments, protection circuits and

control circuits.

The level of total harmonic distortion (THD) in the power system network must be limited and
both supplier and consumer should take respective measures to keep the level of total harmonic
distortion within the limits. There are different standards set by different organizations and

regulatory authorities in the form of mature documents to provide a guide on how different
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installations should be constructed. They provide the information on the manner in which the

design should be made to allow the utility to manage the harmonics [1-2].

Since the potential of adopting corrective measures increases directly with an increase in the
problem and because the corrective measures are expensive as well these measures are avoided
whenever possible. Preventive actions generally cost less than the corrective measures therefore
preventive actions are preferred to maintain harmonic distortion level within limits for a smooth
operation of power system. Many of the preventive actions depend upon the prediction of
harmonic distortion made on the basis of the models as well as on the basis of information of
relevant network parameters at harmonic frequencies. There has always been an issue of

correctness and lack of information provided by the manufacturer.

Based on an in depth research work and wide practical experience on the diverse aspects of
harmonic distortion in electric power systems many books have been published under the subject
of power quality or specifically under the subject of harmonics e. g [3-5]. The following is a very

short summary of the key points in these aspects.

1.1.1 Causes of harmonic distortion in power systems

The main causes of harmonic distortion in the power system are:

a) Non-linear loads

Harmonic distortion is usually defined either in terms of ‘current distortion’ or ‘voltage
distortion’. Non-linear loads draw a non-sinusoidal current from a sinusoidal voltage supply. The
distortion to the normal incoming sinusoidal current wave results from the load emitting
harmonic currents that distort the incoming current. These emitted harmonic currents, like any
generated current, will circulate via available paths and return to the other pole of the non-linear
load causing harmonic voltage drops in all the impedances through which they pass hence

distorting the normal supply sinusoidal voltage.

The nonlinear load is present in all industrial, commercial and domestic categories and their type

varies from a desktop computer to an induction motor. Fig. 1.1 shows different types of

2
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harmonic voltage distortion while Fig. 1.2 shows some nonlinear loads causing harmonic

distortion and how harmonic currents flow in the power system network.
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Fig. 1.1: Types of harmonic voltage distortion

b) Transformers

The magnetic circuit in transformers and rotating machines operating under varying conditions
of saturation is a source to produce power system harmonics. Typically a transformer
magnetizing current contains small 3", 5™ and 7™ harmonic components. Normally transformers
are designed to operate up to the knee point of their magnetizing curve, but under conditions of
magnetic saturation the harmonic content of the magnetizing current can increase dramatically.
Equipment containing saturable reactors, which deliberately exploit the magnetic saturation

phenomenon, will therefore probably require harmonic filtering. Residual flux in transformer
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core (caused for example by circuit breaker interruption of a fault when there is still a significant
DC component) can persist for long durations and, by displacing the B-H curve can result in
magnetizing asymmetry and even harmonics in the magnetizing current. (Note it gets removed

once it is loaded up after the fault DC shift.)

¢) Rotating machines

Rotating machines are also considered a source of harmonics in power system network [6-7]
because usually their windings are embedded which are not perfectly sinusoidally distributed and
mmf is distorted. This problem is present in almost all sort of rotating machines. Induction motor
behaves as a nonlinear load and is heavily used in the industry with its application from small to

a large scale.

d) Convertors

Converter is the generic name given to rectifier and inverter systems. These systems range from
simple rectifiers through to AC-DC-AC systems for the interconnection of major power
networks such as the UK/France cross Channel power link and frequency changer systems for
soft start and speed control of AC machine drives. In addition, particularly with the advent of the
gate turn off thyristor (GTO), Flexible AC Transmission Systems (FACTS) of great technical
and operational sophistication are gaining widespread use for the control and conditioning of
power systems. All these systems can produce significant harmonics. The principal harmonic
numbers may be filtered out on site but significant harmonic currents may still emanate from

these systems onto the power network.

e) Thyristor bridge
Thyristor rectifier — inverter bridges are the basis of all the systems described in the previous

section.
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f) Static VAR compensators

The ability to control voltage by compensating for rapid changes in reactive power loading has
resulted in widespread use of VAR compensators as elements in power transmission systems.

They typically include in their assembly thyristor control equipment that inevitably generates its
own harmonic currents which are very sensitive to the thyristor firing angle delay. The static
VAR compensators also contain capacitor banks, which are often split into sub units that double

as the necessary harmonic filters.

1.1.2 Impact of harmonics on power system

a) Heating effect

Harmonic currents flowing into rotating machines cause heating effects both in the conductors as
well as in the iron circuit. In particular, eddy current losses are proportional to the square of the
frequency. Further, some harmonics are negative phase sequence in nature and these give rise to
additional losses by inducing higher frequency currents and negative torques in machine rotors.
Harmonic currents will tend to flow into the system capacitance and this can give rise to
overloading of power factor correction capacitors and to the derating of cables. The only
meaningful way to sum harmonic currents is by their heating effect, that is, by their root mean
square (rms) value. Thus the effectiveness of, say, a group of harmonic currents and the

fundamental current is given in terms of their rms values as follows:

2oz o
o= {;+_2+_3+..._n}

2 2 2 2

(1.1)

Where [ is the peak value of the waveform and subscripts indicate the respective harmonic term.

b) Over voltages

Small over voltages are caused by harmonic currents flowing against impedance to the harmonic.
Such effects are known to cause equipment failures, and capacitors are particularly susceptible.
These overvoltages can be enhanced by system resonances whereby a given harmonic current

may generate a disproportionately large harmonic voltage. Since, from the point of view of
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electric stress, the peak value of applied voltage is important, it is not appropriate in this case to
take the rms value of a given harmonic voltage spectra. It is not possible to be certain of the
changing phase relationship of the harmonics to the fundamental voltage. Therefore it is
recommended that the arithmetic sum of the peaks of the fundamental and harmonic voltages are
calculated when assessing the stresses placed on equipment due to harmonics. Such a pessimistic
approach will ensure that the equipment, particularly capacitors, are generously rated and be less

susceptible to overvoltage and over-current failure.
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Backup power

supply
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Variable-speed drive
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Electronic devices
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Fig. 1.2: Flow of harmonic currents in the network

c) Resonance

The simultaneous use of capacitive and inductive devices in distribution networks results in
parallel or series resonance manifested by very high or very low impedance values respectively.
The variations in impedance modify the current and voltage in the distribution network. At
harmonic frequencies, from the prespective of harmonic sources, shunt capacitors appear to be in
parallel with the equivalent system inductance. That is why, only parallel resonance phenomena,
the most common, will be discussed here. Consider Fig. 1.3 representing an installation made up
of a supply transformer, linear loads, non-linear loads drawing harmonic currents and power

factor correction capacitors.
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. Capacitor
Non-linear baﬁk [T

load load

Fig. 1.3: An installation circuit

For harmonic analysis, the phase equivalent diagram is shown in Fig. 1.4. The impedance Z is

calculated by:
jwLg
= oL, Q (1.2)
w = 2nf
Neglecting R and where:

Ls = Supply inductance (upstream network + transformer + line)
C = Capacitance of the power factor correction capacitors
R = Resistance of the linear loads (neglected)

I, = Harmonic current

Resonance occurs when the denominator 1 — L;Cw? in equation (1.2) tends toward zero. The
corresponding frequency is called the resonance frequency of the circuit. At that frequency,
impedance is at its maximum and high amounts of harmonic voltages appear with the resulting

major distortion in the voltage. The voltage distortion is accompanied, in the Ls+C circuit, by the

7
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flow of harmonic currents greater than those drawn by the loads. The distribution network and
the power factor correction capacitors are subjected to high harmonic currents and the resulting
risk of overloads. To avoid resonance, anti-harmonic coils can be installed in series with the

capacitors.

Fig. 1.4: Equivalent phase circuit for the arrangement shown in Fig. 1.3.

d) Interference

Harmonics in power system can cause interference with communication, signaling, metering,
control and protection systems either by electromagnetic induction or by the flow of ground
currents. However, systems such as signaling circuits whose correct function is essential to
safety should have any sensitivity to harmonic interference designed out of them at the outset.
Also, standby earth fault relays connected in the neutral of transformer circuits may employ 3™

harmonic filters.

Filters are designed to prevent anomalous relay operation from large discharge lighting loads
which may generate triplen harmonics flowing in the neutral conductor. Incorrect earth fault
residual current relay element operation may also be prevented by connecting the supply
transformers to converter equipment in a delta configuration thus blocking the flow of zero
sequence currents from converters to the power system. Other adverse effects of harmonics
include overstressing and heating of insulation, machine vibration, the destruction by
overheating of small auxiliary components, e.g. small capacitors and motors and malfunctioning

of electronic devices.
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1.1.3 Elimination of harmonics
The process of elimination of harmonics mainly comprises of two different techniques
a) Harmonic filters

With the increase of harmonic currents and voltages in present-day power systems, the
installation of passive, active, and hybrid filters gains in importance. In the future, recommended
practices further increased use of filters within the distribution system is expected. There is a
great variety in filter configurations. Classification of filters can be based on different criteria
such as supply type, filter connection, number of filter elements, power rating, compensation
type, speed of response, and control technique. Proper selection of filter configurations depends

primarily on the properties of nonlinear loads, type of supply, and system ratings.

Harmonic filters are series or parallel resonant circuits designed to shunt or block harmonic
currents. They reduce the harmonic currents flowing in the power system from the source and
thereby reduce the harmonic voltage distortion in the system. Such devices are expensive and
should only be used when other methods to limit harmonics have also been assessed. The
application of filters in a given situation is not always straightforward. The filters themselves
may interact with the system or with other filters to produce initially unsuspected resonances.
Hence in all but the simplest cases harmonic studies should be used to assist with the
determination of the type, distribution and rating of the filter group. Classical shunt filter circuits
and their associated characteristics are shown in Fig. 1.5. Note that when the filter forms the
capacitive section of an SVC, it is essential for it to be capacitive at fundamental frequency so it
will produce the reactive power required. The selectivity or tuning response of the simple single
resonant frequency filter circuit is defined by its Q or quality factor:

Q=" (13)
A high Q factor gives good selectivity (narrow frequency response) but the filter tuned circuit
may be prone to drifting in its tuned frequency owing to changes in temperature or component
ageing. Since slight changes in system frequency will cause detuning a less peaky filter response
with a lower Q factor is more desirable to accommodate these changes. The tuned resonance

frequency of a series LCR circuit is given by:
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f== Y] (1.4)

21

Fig. 1.5: Harmonic filter characteristics [36]

And the impedance at resonance is simply the residual reactor resistance, R. The detuning of

filters for changes in harmonic frequency can be expressed as:

§=2"n =2 (1.5)

wWn fa

If changes in capacitance and inductance, due to temperature change and ageing are included, the

detuning factor becomes:
s=L+2{Z+2] (1.6)

fo 2Un Gy

Active filters may be employed to overcome such effects such that the filter is constantly kept in

tune by automatically varying the reactor by means of a control system to keep the inductor and

10
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capacitor voltages equal. It is often the case that more than one harmonic is exceeding the
harmonic limits set by the supply authority. Therefore more than one filter is necessary.
However, as the number of shunt filters increases there is a tendency for these circuits to interact
with the power system impedance to produce unwanted resonances involving other frequencies,
if such harmonic frequencies exist on the system. A solution is to use a high pass shunt or C type
filter arrangement whereby all frequencies above a certain harmonic are shunted to ground. A
typical filter group is shown in Fig. 1.6. The required optimum selectivity of the tuned filters
depends upon the system impedance angle, 0, at the point of filter connection, and the detuning

factor,o.

An approximation for a possible optimum Q value [8] derived from a graphical construction is

given by the expression:

__1+4cos@

= 1.7
Q 26sinf ( )
25kV system
> Filter Arms
3rd 5th Tth Oth
__|: Capacitors
102pF 51pF S1uF 25uF
| 1040 | 1410
Tuning
Thyristor 7.85mH 4amH reactors
Banks % é % é 5 and
Tim st dermping
| R=0.36Q R=0.25Q |

Fig. 1.6: A balancer and filter group schematic diagram.

Consider a converter connected to a 33 kV system with a S0Hz +1% frequency supply where
studies have shown that there is a need for 5 and 7 harmonic filters. Suppose also that these

studies show the need for 2MVAr of reactive compensation for the converter. This could be

11
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conveniently split into two IMVAr units to form the filters; the IMVAr capacitors being more
than adequate for the filter duty. Assume that the temperature variation for the inductors and
capacitors is 0.01% per degree Celsius and 0.04% per degree Celsius respectively with a possible

ambient temperature variation of 20°C above normal. Then from equation (1.6):

5= {AL+AC}—0015
fn Cn

Now if the system impedance angle is 70 degrees, from equation (1.7):

0= 1+ cos70 — 476
2(0.015)sin70
then for each capacitor
MVAr:V—2 and X =1—069,
X, ¢ 2nfC
MV Ar
anVz X 10® = 10°uF

Based on this for the 5™ harmonic 0.0584 uF, 0.0694H and 22.9 () is respectively the value of C,
L and R.

b) Capacitor detuning

It is possible for power factor correction capacitors, particularly on thyristor-controlled drives, to
form a low impedance path or ‘sink’ for harmonics or to inadvertently resonate with one of the
harmonics produced by the non-linear load. Symptoms are typically capacitor overheating,
capacitor fuse protection operation or failure due to overstressing. A solution is to detune the
capacitors from high harmonics by the insertion of a series reactor forming a tuned circuit with
the resonant frequency typically around the fourth harmonic. The capacitor circuit then looks
inductive to all harmonics above the fourth harmonic and resonance is quenched. This is a
sufficiently common problem that power factor correction capacitor banks may be specified for
installation with these detuning components at the outset. Examples of detuned power correction

capacitor networks are shown in Fig. 1.7.

12



Introduction

L1 L2 L3 L1

= <
AL

Fig. 1.7: Detuned capacitors for power factor correction
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1.1.4 Measurement and simulation of harmonics

There are different methods of simulation for the modeling and analysis of power systems with
nonlinear and time-varying components to achieve accurate results. These methodologies have
been developed in the time, frequency and hybrid time and frequency domain frames of
reference. The application to the computation of the periodic steady state solution of different
test systems is different depending upon the advantage, limitation in terms of efficiency,

computer requirement and accuracy.

Bearing in mind that the effect of the many distorting sources feeding into a supply network is to
cause a rapidly fluctuating mix of harmonic spectra, it is necessary to undertake accurate
measurements to determine the true maximum levels of harmonic pollution present. The
technology of harmonic measuring equipment is undergoing rapid development, and it is wise to
check the market and compare with the requirements of the project, before choosing
instrumentation. Fast Fourier transforms have been used [9] to calculate the harmonic currents
and voltages. Analysis of readings over a significant period enabled the worst levels of pollution
to be selected as the basis for system studies. Further testing was undertaken to check

performance after connection of the new loads, both to ensure limits were maintained and to

13
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check the accuracy of the computer predictions of the design studies. Some more developments
in this area are presented by [10-11]. Guidance on measuring techniques is provided in IEC

61000-4 and IEEE 1159.

Since the potential for harmonic distortion problems is dependent on the level of harmonic
generation which can be associated with loads in the plant. Harmonic currents are generated by
loads which have nonlinear voltage-current characteristics. The number and sizes of these
devices at a given bus determines the level of harmonic current generation. Another factor on
which the potential for harmonic distortion depends is the system frequency response
characteristics. The frequency response at a given bus is dominated by the application of
capacitors at that bus. Series reactors for transient control or harmonic control significantly

change the frequency response.

Problems occur when the system response exhibits a parallel resonance near one of the harmonic
components (usually the 5" or 7 harmonic) generated by the loads on the system. Resistive load
provides damping near these resonant frequencies. Measurement of harmonic distortion is
important for a number of reasons. Most importantly, the measurement must be used to
characterize the level of harmonic generation for the existing nonlinear loads. Voltage and
current harmonic distortion level is measured at different locations to accomplish this. It is also
important to accurately document system conditions at the time of the measurement so that the

results can be used to verify analytical results.

The harmonic generation characteristics of the nonlinear loads are determined by performing
current measurement at a variety of locations within the facility. For example the wave form of a
DC drive is shown in Fig. 1.8. Three-phase measurement is also made so that characteristic and
non-characteristic (triplen) harmonic components can be determined. Then the system response
characteristics are determined for particular conditions. Voltage measurement is used in
conjunction with the current measurements to characterize system response for specific system

conditions. These conditions provide the basis of harmonic domain analysis.

14
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Fig. 1.8: Typical current waveform of a DC drive

Research has been carried out to analyze and configure nonlinear loads like welding loads,
traction loads, SCR bridge rectifiers and lighting loads. To determine frequency response
characteristics of the system, simulations are performed either by looking into or looking from
the nominal voltage bus bar. Magnitude and phase angle of driving point impedance are

obtained.

The impact of of different nonlinear components is evaluated and risk for resonance condition is
calculated. If results based on these calculations indicate any serious risk, the filters are designed
and arrange for the circuit. Such an example is shown in Fig. 1.9; the results are based upon a
simulation with 480V nominal bus voltage. The frequency response identifies different
conditions which may cause severe consequences if resonance occurs due to harmonic distortion.
These system conditions must be safely tackled when the level of harmonic distortion caused by

different components is calculated.

The calculations and measurements should include the individual harmonic distortion level of
different components, bus voltage distortion levels, current distortion levels, RMS voltage and

current levels, and important waveforms.
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Fig. 1.9: The frequency response characteristics (with 480V nominal bus voltage).

One of bad effects of the harmonic currents generated by nonlinear loads and system resonances

is that there temperature rise due to increased heating in system equipment hence creating the

efficiency problems.
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Fig. 1.10: An example of serious harmonic voltage distortion
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1.1.5 Standards
Different standards have been prepared from time to time by IEEE, IEC and ENA which provide

guidelines for power quality usages and practices. Harmonic standards mainly address the
following issues:

1. Description and characterization of the phenomenon
Major sources of harmonic problems
Impact on other equipment and on the power system
Indices and statistical analysis to provide a quantitative assessment and its significance
Measurement techniques and guidelines
Emission limits of quality degradation for different types and classes of equipment
Immunity or tolerance level of different types of equipment

Testing methods and procedures for compliance with limits

o ® =2k wDd

Mitigation guidelines

a) IEEE Standards

IEEE 519-1981, “IEEE Guide for Harmonic Control and Reactive Compensation of Static Power
Converters”, originally established levels of voltage distortion acceptable to the distribution
system for individual non-linear loads. With the rising increase usage of industrial non-linear
loads, such as variable frequency drives, it became necessary to revise the standard. The IEEE
working groups of the Power Engineering Society and the Industrial Applications Society
prepared recommended guidelines for power quality that the utility must supply and the

industrial user can inject back onto the power distribution system.

The revised standard was issued on April 12, 1993 and titled “IEEE Recommended Practices and
Requirements for Harmonic Control in Electrical Power Systems”. The revisions to IEEE 519-
1992 establish recommended guidelines for harmonic voltages on the utility distribution system
as well as harmonic currents within the industrial distribution system. According to the standard,
the industrial system is responsible for controlling the harmonic currents created in the industrial

workplace. Since harmonic currents reflected through distribution system impedances generate
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harmonic voltages on the utility distribution systems, the standard proposes guidelines based on
industrial distribution system design. Table 10.3 from IEEE 519-1992 defines level of harmonic

currents that an industrial user can inject onto the utility distribution system.

Table 1.1: IEEE Table 10.3[12]

IEEE Table 10.3 Current Distortion Limits for General Distribution System
(120 V through 69kV)

Maximum harmonic current distortion in % of I,

Individual harmonic order (Odd Harmonics)™?

Isc/Iy, <11 11<h 17<h 23<h 35<h | TDD
<17 <23 <35

<209 4.0 2.0 1.5 0.6 0.3 5.0

20<50 7.0 3.5 25 1.0 0.5 8.0

50<100 10.0 4.5 4.0 1.5 0.7 12.0

100<1000 | 12.0 55 5.0 2.0 1.0 15.0

>1000 15.0 7.0 6.0 2.5 1.4 20.0

(1) Even harmonies are limited to 25% of the odd harmonic limits above.

(2) Current distortion that result in a DC offset e.g. , half-wave converters are not allowed
(3) All power generation equipment is limited to these values of current distortion,
regardless of actual Isc/I.. Where Isc. is maximum short circuit current at PCC and Iy, is

maximum demand load current (fundamental frequency component) at PCC

Table 11.1 of IEEE 519-1992 defines the voltage distortion limits that can be reflected back onto
the utility distribution system. Usually if the industrial user controls the overall combined current
distortion according to Table 10.3, this will help them meet the limitations set forth in the
guidelines. IEEE Table 10.3 Current Distortion Limits for General Distribution Systems.
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Table 1.2: IEEE Table 11.1[13]

IEEE Table 11.1 Voltage Distortion Limits

Bus Voltage at PCC Individual Voltage (%) | Total Harmonic Voltage Distortion

THD (%)
69kV and below 3.0 5.0
69.0001 kV-to- 161 kV 1.5 2.5
161.001 kV and above 1.0 1.5

High Voltage systems can have up to 2.0% total harmonic distortion(THD) where the

cause is an HVDC terminal that will attenuate by the time it is tapped for a user

Some important concepts and terms associated with a harmonic analysis involve PCC, TDD and
THD. The Point of Common Coupling (PCC) is the location of the harmonic voltage and current
distortion to be calculated or measured. PCC can be measured or calculated on the primary or
secondary of a utility transformer or at the service entrance of the facility. In some cases, PCC
can be measured or calculated between the non-linear loads and other loads of an industrial plant.
Total Demand Distortion (TDD) is the percentage of total harmonic current distortion calculated
or measured at PCC. Total Harmonic Distortion (THD) is the total harmonic voltage distortion
calculated or measured at PCC. In the future, a task force will be created to develop an
application guide for IEEE 519 to help users and utilities in cooperate and understand how to

solve potential problems related to power system harmonics.

b) IEC Standards

Geneva based International Electro-technical Commission or Commission Electro-technique
Internationale (IEC) is the widely recognized organization as the curator of electric power
quality standards. IEC has introduced a series of standards, known as Electro-Magnetic
Compatibility (EMC) standards, to deal with power quality issues. Integer and inter harmonics

are included in IEC61000 series as one of the conducted low-frequency electro-magnetic
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phenomena. The series also provides internationally accepted information and guideline for the

control of power system harmonic as well as inter-harmonic distortion [14].

IEC 61000 1-4: It provides the rationale for limiting power frequency conducted harmonic and

inter-harmonic current emissions from equipment in the frequency range up to 9 kHz.

IEC 61000 2-1: Power system equipment, industrial loads and residual loads as considered here
as three major sources of harmonics in this series. The series consider HVDC converters, FACTS
devices as main power system equipment for harmonic distortion originating in the transmission
system. Static power converters and electric arc furnaces are included as harmonics sources in
the industrial category. Appliances powered by rectifiers with smoothing capacitors like PCs, TV

receivers, etc are considered as the main distorting components in the residential category.

IEC 61000 2-2: Compatibility levels of the harmonic and inter-harmonic voltage distortion in

public low-voltage power industry systems are discussed in this section.

IEC 61000 2-4: Compatibility levels of harmonic and inter-harmonic for industrial plant with

the main effects of inter-harmonics are discussed in this section.

IEC 61000 2-12: This section covers compatibility levels for low-frequency conducted
disturbances related to medium voltage power supply systems and injected signals such as those

used in ripple control equipment.

IEC 61000 3-2 and 3-4: this section gives the guideline for limiting harmonic current emissions
by equipment with input currents of 16 A and below per phase along with measurement circuit,
supply source and testing conditions as well as the requirements for the instrumentation for

harmonics monitoring.

IEC 61000 3-6: This section deals with the capability levels for harmonic voltages in low and
medium voltage networks as well as planning levels for MV, HV and EHV power systems

indicating emission limits for distorting loads in MV and HV power systems.
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IEC 61000 3-12: Limits for the harmonic currents produced by equipment connected to low
voltage systems with input currents equal to and below 75A per phase are discussed in this

section.
IEC 61000 4-7: This section deals with testing and measurement techniques.

IEC 61000 4-13: Testing and measurement techniques with reference to harmonics and inter-
harmonics, including mains signaling at AC power ports as well as low-frequency immunity tests

are covered in this section.

¢) ENA Standards

In the UK, levels for harmonic voltage distortion and connection of nonlinear equipment to the
transmission and distribution network are managed by ENA according to ER G5/4-1

recommendations [15].

Table 1.3: G5/4-1 Harmonic limits for voltage distortion

Odd harmonicg (non-multiple of 3) Odd harmonics (multiple of 3) Even Harmonics
%pVoltage %Voltage 9pVoltage
6.6kv | 2KV | orsiey 6.6ky | T2OKV | 275Kk G.oky | 20KV | 275k
h . - and 400 ~r and | Vand 400 - and | Vand
400V | 11KV <145k and h v 11KV “145k | 200k h v 11KV <145k | 400Kk
20KV v 400KV 20KV v v 20KV v v
5 4.0 3.0 2.0 2.0 3 4.0 3.0 2.0 1.5 2 1.6 1.5 1.0 1.0
7 4.0 3.0 2.0 1.5 9 1.2 1.2 1.0 0.5 4 1.0 1.0 0.8 0.8
11 3.0 2.0 1.5 1.0 5103 0.3 0.3 0.3 6 0.5 0.5 0.5 0.5
13 2.5 2.0 1.5 1.0 21 0.2 0.2 0.2 0.2 8 0.4 0.4 0.4 0.4
17 1.6 1.6 1.0 0.5 =21 0.2 0.2 0.2 0.2 10 | 0.4 0.4 0.4 0.4
19 1.2 1.2 1.0 0.5 12 | 0.2 0.2 0.2 0.2
23 1.2 1.2 0.7 0.5 =12 | 0.2 0.2 0.2 0.2
25 0.7 0.7 0.7 0.5
>25 0.2+0.5(25/h)
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The harmonic limits for voltage distortion at 415V and 11kVare extracted in Table 1.3. The limit
for total harmonic current distortion allowed at 415V is five percent while only four percent is

permissible at 11kV.

1.2 Grid-connected wind-power plants and power quality issues

Due to an increase in energy demand and fossil fuel shortage, renewable energy supplies have
become an essential to fulfil the energy demand in the age of technology. Together with hydro
and solar power plants, wind based power plants also make a huge contribution to the production

of renewable energy.

A wind farm may have a number of wind turbines depending upon the total out put power
delivered to subsation and individual size of the wind turbine. Fig. 1.11 shows how power is
collected from individual wind turbines and a schematic of the connection to grid. On average a
wind turbine in an ideal location can deliver an annual electrical power output of about 850 kWh
per square meter of rotor surface area. A simple rule to estimate the annual energy output on a
site with average wind speed is that, the output is equivalent to about two thousand full load
hours and at high wind sites approximately three thousand hours. For instance, a 1.5 MW wind
turbine [16] produces 3 X 10® kWh on the average, for a 1500 kW for 2000 hours. The capacity
factor of this wind turbine is nearly 23%. Overall capacity factor for wind system is 20% to 40%,

whereas in the U. K it it has varied from 24% to 31% reaching an average of 27% in 2005 [37].

Although wind power plants have a major contribution in renewable energy, the power generated
by wind turbines over time is uneven due to the unpredictable nature of their primary source of
power which increases the problems inherent to the integration of a great number of wind
turbines into power networks. Therefore the contribution of wind power plants faces certain

challenges like voltage and frequency regulation and wind-farm operation.

1.2.1 Frequency change, harmonics and inter-harmonics

If a wind turbine operates at a variable speed, the electric frequency of the coupled generator also
varies. Therefore the generator has to be decoupled from the frequency of the grid. This is

usually achieved by an inverter system.
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Fig. 1.11: Grid connection of a wind farm [35]

There are two kinds of inverter systems, the first one is grid-commutated and the second one
self-commutated inverter system. The grid-commutated inverter is a thyristor inverter. This kind
of inverter produces integral harmonics for example the 5™ 7" 11™ and 13™ order harmonics.

These harmonics in general must be filtered by harmonic filters.

Thyristor inverter is not able to control the reactive power at its own. The behavior of this
inverter concerning reactive power is very much similar to the behavior of an induction
generator. Both of them consume inductive reactive power. Self-commutated inverter is mainly
pulse width modulated (PWM) inverter in which IGBTs (Insulated Gate Bipolar Transistor) is
used. This inverter has the advantage that in the reactive power is controllable however an
associated disadvantage is the production of interharmonics. In general these interharmonics are
generated by the inverter in the range of some kHz. Therefore filters are extremely important to
eliminate the interharmonic distortion. Because of the fact that the frequencies are quite high, the
design and construction of the filters is not a big problem. Modern wind turbines generally use

thyristor based inverter systems only.
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1.2.2 Cost of quality supply

Wind farms and utility transmission grids present each other with a host of voltage and power
quality related challenges. To prevent problems for the utility grid, the wind farm must typically
adhere to strict interconnection requirements for output power factor, voltage regulation, low and

high voltage ride through, flicker and harmonics.

There is concern that the latest generation of wind generators and coupled directly to the wind
turbine shaft, may be producing inter-harmonics. In addition, a wind farm must protect itself
from events occurring on the utility grid that would otherwise cause damage, tripping or result in

increased maintenance or lost revenues.

1.3.2 Lack of control over source

The electricity supply network these days is a complex system. In the last fifteen years, a steadily
increasing number of renewable energy resources such as wind and solar power generation
plants have been added to the existing electrical networks. All renewable resources generate
electricity when the source is available. For wind power, this characteristic is of little importance
if the amount of wind power is modest compared to the total installed and spinning capacity of
controllable power plant. If not, there is a big technical issue as the renewable part grows to

cover a large part of the total demand for electric energy in the system.

1.2.4 Quality and reliability

The existence of wind power plant as a cogeneration is recognized as practical solution and
provides a healthy option to cope with the increasing energy demand. However; vertically
integrated utilities are cautious to integrate dispersed generating units into their system. An
electrical utility is characterized as vertically integrated when the generated electric power flows
only in one direction and power generation, transmission, and distribution sectors are owned and

operated by a single authority.

Depending on the grid size and its topology, a low power grid-connected wind farm may not
affect the power quality and disrupt the reliability of the main system; however, as the injected
power of grid-connected wind-based plant increases, the power quality and overall reliability of

the network is reduced. This reduction in power quality and reliability can appear in the network
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in the form of voltage rise, voltage flicker, and voltage harmonics. Voltage rise effect is one of
the issues that would also surface as a result of increasing wind power plant interconnection
given during the low demand season. Voltage rise can be handled through the control of power-

factor and ring-operated distribution network with respect to the wind farm interconnection [18].

1.2.5 Voltage flickers

Wind power plants may cause voltage flicker as a result of the surrounding and environmental
changes which would have resulted in a significant voltage change on the feeder. The output
fluctuates as the intensity of the wind’s currents. These voltage flickers are also caused by
switching operations in the wind power plant installation. Rapid voltage changes occur within
the 10 min average interval used in the definition of slow voltage variations, typically on a time

scale between half a period (10 ms at 50 Hz) and a time of few seconds [19].

1.2.6 Fault protection system

As already mentioned wind farms use voltage- source converter technology. These converters
introduce harmonics in the network to which it is interconnected. Furthermore, wind-based
system, which depends on uncontrollable variable wind speed, is bound to affect the generated

power quality.

Voltage and current distortion are highly expected as a result of grid-connected wind plants.
When wind-based plant is interconnected in parallel with the utility distribution system, some
operating conflicts might arise that could affect the system’s reliability. The utility breakers and
reclosers are set to see certain distance down the radial feeder referred to as the reach of the
device. The device reach is determined by minimum fault current that the device would detect.
The minimum fault current could be degraded with the presence of grid-connected wind power
plant that is injecting power into the grid. All the afore mentioned challenges are anticipated if a

wind based power plant is directly or indirectly connected to the main system.
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1.3 Micro-grids

1.3.2 Definition and overview

In an electric power system micro-grid is the name given to a group of electric loads and power
generation sources (e.g., wind power plant) operating as a controllable system that inject electric

power to its local area and regional grid e.g., [20-22].

A micro-grid plays an important role to enhance local reliability, increase efficiency, support
local voltages, voltage sag correction, or provide uninterruptible power supply functions [23-24].

A micro-grid can be operated either in an interconnected mode or in an islanded mode [24].

Micro-grid schemes are usually intended more for low voltage level grid. This concept can also
be applied to medium and high voltage interconnection levels. Fig. 1.12 shows a basic micro-
grid connection scheme that can pertain to low as well as medium and high voltage level
connections. All the energy sources (ESs) are connected to the grid through inverter units (IUs),
source controllers (SCs) and local supervisory controllers (LSCs). The loads are managed
through a load controller (LCs) which make or break the load from the network according to the

grid’s safety.

Most of the renewable energy sources including wind energy source, are not suitable for direct
connection with the electrical network due to the characteristics of the produced electric power

(i.e., voltage and frequency levels).

Power electronic interfaces (DC/AC or AC/DC/AC converters) or IUs are required to
synchronize the output power of these units with the grid’s power characteristics. The U
conversion method depends on the renewable energy source (RES) technology. A photovoltaic
(PV) system for example, produces direct current (DC) and direct voltage signal profile outputs
like a battery. The IU is configured to convert direct steady output to alternating one with

frequency matching the grid’s frequency.

The inverter unit (IU) also helps synchronizing the voltage level and waveform with the grid’s

voltage. Where as a wind turbine produces alternating electric output features with frequency and
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voltage levels that not be compatible with the grid’s frequency and voltage levels. Here, an IU
converts the turbine’s alternating output power to direct power signal, and then converts the
direct power to alternating power signal that is compatible with the grid’s voltage and frequency
characteristics. This converted power output from renewable energy source is fed into the grid
through SC. SC is essentially a protection system unit and consists of protection instruments like

circuit breakers, relays, filters and communication modules.
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Fig. 1.12: A schematic of controls for a micro-grid (low and medium voltage levels)

SCs are monitored and controlled by LSC. LSC possesses key functions like cost managing
function, optimization, and control functionalities. The design and operation of micro-grids
based on renewable energy resources has received considerable research attraction all over the

world e.g., Europe [25], USA [26], and Asia [27].
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Micro-grids are relatively new concept which refers to a small-scale power system with loads
and distributed generators operate with energy management in a safe and reliable mode. There
are devices like the flexible AC transmission system (FACTS) control devices such as power
flow controllers and voltage regulators as well as protective relays and circuit breakers. In simple
words, a micro-grid is a collection of loads and micro-generators along with some local storage
and behaves just like a model-citizen from grid side thanks to intelligent control [28]. Although a
micro-grid may itself be composed of many generators and loads, it appears as a net load or a net

generator to the broader grid with well-behaved characteristics [29].

Another sample microgrid architecture is shown in Fig. 1.13. The micro-grid is a very versatile
concept as it can accommodate various types of the micro generators (wind turbine, photovoltaic
(PV) array, diesel generator, and wave generator), local storage elements (capacitors, flywheel)
and loads. A distributed generator might be a diesel generator which can be coupled to the grid
directly, or a PV array which needs direct current (DC)/alternating current (AC) inverter
interface or an asynchronous wind-turbine which requires AC-DC—AC inversion for proper grid
connection. The storage devices used in the system may or may not require an inverter interface

as in the case of capacitor banks and flywheel, respectively.

The micro-grids can be a DC [30], AC or even a high frequency AC grid [31]. It can be a single
or a three phase system or it may be connected to low voltage or medium power distribution
networks. The microgrids could be operating in either grid connected or islanded operation
mode. For each operating mode operational requirements are different and distinct control
schemes are required. The ground-breaking feature of micro-grids is their ability to operate
independently when there is a power failure in the main grid. This operation mode is called
islanded operation as the micro-grid disconnects from the grid and becomes an island with local
generators and loads. The consumers may receive continuous service even when there is power
outage in the grid due to a fault or maintenance. If there are voltage sags, frequency drops, or
faults in the main grid then the microgrid can be easily disconnected, i.e. islanded from the rest
of the grid and the users can be isolated from those problems. So, a microgrid not only helps in

providing uninterrupted supply but also contributes to maintain service quality.
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The small electrical networks manage distributed generators, loads, storage and protection
devices within their own grid. If each micro-grid is operating as a model citizen, i.e. either as a
load receiving power with acceptable electrical characteristics or as a power supply supplying

power with acceptable electrical characteristics, then the overall utility grid can be operated

properly.

7 N

Main Grid

PCC
Coupling Transformer

& ’\;H
- | » g —
o

Energy
Y - Storage Energy
== Storage

|
) [Bm

.~ | Storage

Fig. 1.13: An example of a micro-grid with various types of generators

Higher penetration levels of distributed generators, especially those requiring power electronics
interfaces, alter the grid structure and badly affect the safety and reliability of operation. The
micro-grid concept is introduced to manage these generators in small quantities rather than trying
to tackle the whole network. In this way, the side-effects on the main grid operation can be

eliminated and more distributed generators can be employed in the main grid.

2.3.2 Contemporary and future micro-grids.

Owing to their energy efficiency, minimization of the overall energy consumption, improved

environmental impact, improvement of energy system reliability, network benefits and cost
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efficient electricity infrastructure management, microgids offer the solution to almost almost

each major energy problem in future.

This however demands a proper steps towards energy management within and outside of the
distributed power system, control philosophies for example hierarchical or distributed, islanding
and interconnected operation philosophy, type of networks ac or dc, fixed or variable frequency,
management of power flow constraints, voltage and frequency device and interface response and
intelligence requirements, protection options for the networks of variable configurations, next-
generation communications infrastructure and standardization of technical and commercial
protocols and hardware. The concept of integration of distributed energy sources in particular

renewable energy resources heavily depends upon the growth of microgrids.

A properly planned and designed micro-grid produces sufficient energy to meet the power needs
of the users within the micro-grid. A micro-grid may be any specific area where groups of
consumers are present. A microgrid is the most economical way to manage and deliver electric
power to a local group of users. Economic and environmental benefits to well designed micro-
grid users are maximized while minimizing energy loss due to transmission over long distances.
In future one will be able to regulate energy use in a real-time model which enables one to save
energy by managing consumer demand, cost, harmonic distortion control and spinning reserve
which can result in massive revenue increases. In future microgrids will support revenue streams

from distributed power generation.

Future microgrids will be more and more reliable hence helping consumers and businesses save
money lost to due to power outages and other power quality problems. Local generation
minimizes peak load costs and in future microgrids may allow consumers to procure power in
real-time at low expenditures. Local power generation shall be more efficient and transmission
losses will be reduced, giving a hope of reduction in electricity bills. From environmental point
of view, a local power plant can be renewable or natural gas/coal or oil fuelled. Micro-grids will

be able reuse waste heat from the burnt fuel for other uses such as heating buildings, cooling.

Microgrids have enough flexibility to use a range of energy sources such as wind and solar.

These efficiencies will save the natural atmosphere around the planet. Microgrids these days,
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can feed the larger power grid when power demand and cost is highest by supplying electricity
from renewable sources. Local power generation and storage allows the mocrogrids and critical
facilities to operate independent of the larger grid when required. New technologies will be able

to automatically adjust and even anticipate power disturbances.
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Fig. 1.14: A schematic of the UK electricity system [17]
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A supreme benefit of micro-grids is that they can have a better location than the major grid to
deal with known and unknown future problems arising due to local population expansion. Rather
than having to wait for power companies to build centralized power plants, microgrids can
increase the overall electricity supply reasonably fast and efficiently through relatively small

local power stations.

1.4 The modelling

There are many problems on the distribution side of power systems due to waveform unbalance
and harmonic distortion caused by the single phase nature of the domestic loads and large
number of electrical appliances within a household. With growing energy demand, an ample
model of each of individual component in a conventional power distribution system with
provisions for the representation of wind-based micro-grids is indispensable. The development of
tools and methods embedded in software with which to carry out economic and security
assessments of contemporary and future wind-based power distribution networks is the need of

today.

The modelling of all components in the micro-network is carried out in harmonic domain using
different tools available in Matlab and Matlab programming in particular. The harmonic domain

models of transformer, synchronous generator and induction generator are prepared.

The individual micro-grids may contain a mix of conventional and renewable generation and
may or may not be connected to the local utility grid. A comprehensive representation would
enable realistic studies of distribution system to be carried out and following economic and
technical justifications, a mean for assessing the optimal development of multifunction power
electronics compensator with load balancing, power factor correction and harmonic capabilities

in order to improve the overall efficiency of power network.
Fig 1.15 illustrates a future power system with a blend of conventional synchronous generation

using any of the many forms of fossil fuels and synchronous and induction generators driven by

wind turbines.
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Fig. 1.15: Schematic diagram of a power system with various forms of wind turbines
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1.5 Thesis outline

Chapter 1.  This chapter has described different causes and effects of harmonic distortion in
power system. The importance and necessity of accurate simulation models for the prediction of
harmonic distortion in power system network is explained. The importance and role of the
micro-grids in today’s electricity market has been highlighted and technical issues associated
with the development of micro-grids have been discussed. After a concise overview the aims of

this research work are presented.

Chapter2.  The importance of the measurement of harmonic impedance and the methods to
measure harmonic impedance at PCC are brought to light. An attention is drawn to different
aspects of system response characteristics where parallel resonance is emphasized. A
representative study system is devised and cases have been studied for frequency response
characteristics. Imperative factors affecting parallel resonance are underlined. The impact of

connecting a wind turbine generator to an existing substation is also analyzed.

Chapter 3.  An overview of orthogonal series expansion is presented. Both the Fourier and
Hartley analysis are discussed in short. A portion of the chapter has been dedicated to Hartley
transforms and their importance is discussed. A unique computational comparison between the
two discussed analysis methods is made to demonstrate the practical importance of the Hartley

transforms.

Chapter 4.  Historic developments in harmonic domain modelling of transformer are
summerazed in chapter 4. A new model in harmonic domain for the magnetization branch of the
transformer is derived and presented. The various non-linear effects found in transformer magnetic
cores are outlined, with the emphasis on saturation due to its high impact on harmonic generation.
The harmonic balance method is used for frame of reference to asses the harmonic behaviour of
power transformer. Due to the fact that magnetic core saturation is well presented by polynomial
functions and that these are open to to speedy harmonic evaluations with repeated convolution, an

organized algorithm have been given in this chapter.
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Chapter 5.  Aiming at developing a flexible and comprehensive harmonic domain programme
for the study of the periodic steady-state of electrical power systems, two new algorithms for
harmonic domain models of a synchronous generator are developed. First using famous Fourier
transforms and second using to an extent lesser popular Hartley’s Transform. The derivations
make the very practical assumption that damper windings are short circuited. The DC component
of the excitation is taken into account and the harmonic admittance matrices of the synchronous
generator in dg0 and afy axes are derived and used to obtain the admittance in abc coordinates
by means of transformation metrics. Hartley’s transform uses only real function and it shows
efficiency advantage over a comparable module developed using the complex Fourier in some
specific cases, however; the priority has been given to the Fourier transform owing to their

popularity and other advantages.

Chapter 6.  After a short description of the history and fundamentals of the wind based
electrical power systems, different types of wind turbines has been compared and advantages and
disadvantages of specific sets have been tabulated. Anotmy of wind turbine is briefly viewed and
the possible methods to obtain synchronous power from wind based electrical generators are
shown in this chapter. A new three-phase model of an induction generator is derived for wind-
based electrical power system. The model includes wind turbine model as a sub model and has
the compatibility with unbalanced three-phase distribution systems. The model also covers an
analytical representation of its major components, mainly the wind turbine and the wound-rotor

induction generator.

Chapter7.  This chapter draws an overall conclusion of this research. The suggestions have

been made for the future research work.

A detailed list of references is also given at the end of appropriate subdivision which should be

of great help in acquiring the understanding of relevant topic.
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2. HARMONIC IMPEDANCE AT THE POINT
OF COMMON COUPLING (PCC)

2.1 Introduction

The analysis of a power system component such as generators, transmission lines and
transformers, rely on harmonic voltage and current distortion levels. The harmonic distortion
in voltage and current is usually calculated by means of load flow studies with an assumption
that power generation and transmission system is perfectly linear. In practice however, the
transformer magnetising current harmonics will cause the generator to produce harmonic
voltages and currents as harmonic interaction takes place between the rotor and stator circuit
of the generator. The process of harmonic conversion changes the waveform of the
transformer flux which produces distortion in the magnetising spectrum. This new
magnetising spectrum results in repetition of the harmonic conversion process at the
synchronous generator. Apart from this, any harmonic contribution from any other network
component like transmission line, triggers the harmonic interaction between these two

nonlinear power system components.

It is hard to analyse the effect of harmonic cross coupling by using a time domain method.
However this is an important characteristic of harmonic formulation and its relevance is
evident from harmonic studies. The dynamic analysis of the power system components often
needs a detailed model for a certain part of the network, while the rest of the network can be
considered an equivalent circuit. In this way the computation efforts required for simulation

of the whole network is considerably reduced and simplified.

Short circuit impedance is probably the simplest equivalent model approach at the
fundamental frequency. For studies such as fault analysis, this approach is good enough.
However for studies where system response should be reproduced at harmonic frequencies,
this model can not approximate the system’s behaviour. Harmonic generating equipment,
coupled with system resonance condition effects are cumulative and can be severe on system
operations, if not mitigated. Capacitor banks for reactive power compensation, power

converters in variable speed controls of wind turbine generators, FACTS devices and other
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high power electronic devices used for power system control; are all major causes of

harmonic penetration in the system.

The level of harmonic penetration is determined with the help of harmonic measurements and
simulations. An option to achieve this is the programming of typical steady-state power flow
software to compute the system frequency response. Frequency response at some typical
operating conditions, parallel resonance situations and total harmonic distortion under these

conditions are discussed in rest of this chapter.
2.2 Measurement of system’s harmonic impedance

Modelling of systems under harmonic conditions involves the determination of the
impedance of the system at harmonic frequencies, as well as the representation of the
harmonic sources. The former is determined on the basis of the value of the different
elements at power frequency of 50 Hertz. The model depends upon a number of things, for
instance the accuracy of data and the range of frequency. It is hard to represent the complete
system in full in all harmonic studies. The dimensions of the system are therefore reduced to
minimum possible scale using the equivalent impedance representing the behaviour of the
component to harmonic disturbances. The impedance varies over time and from one point to
the other within the system. This variation depends upon the cable length, short circuit power
of the system, the VAR compensation and the load level in the system. The measurement of
the harmonic impedance of the system is quite difficult to implement. It necessitates the
presence of a powerful harmonic current source or a relatively high pre-existing harmonic

voltage at the node where the impedance is to be measured [1-2]
2.2.1 High pre-existing harmonic voltage

The pre-existing harmonic or inter-harmonic voltage V), causes an inter-harmonic current to

flow in load Z, as shown in Fig. 2.1.

The harmonic impedance Zj, is given by:
Zh — 1 B 2

2.1)
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Fig. 2.1: Thevenin harmonic equivalent of a system.

2.2.2 Powerful harmonic current source

If there is not any harmonic voltage in the system before the injection of harmonic currents

by equipment or by use of equipment; the injection will produce a harmonic voltage V.

M=

Fig. 2.2: Determination of harmonic impedance Z.

The harmonic impedance Z;, of stream system viewed from injection point is:

Z, = o
(2.2)
2.3 System response characteristics

In power systems, the system response is equally as important as the source of harmonics.
Identification of a source of harmonics is only half the job in harmonic analysis. The response
of power system at each harmonic frequency determines the true impact of nonlinear loads on

harmonic voltage distortion.
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The impedance of the system can be determined by means of analytical computations as long
the size of the system is not too large. The impedance of a system is formed of succession of
resonances and any resonances which take place mainly due to the cable/transmission line
capacitance. If the capacitance is high, these resonances are there at low frequencies
(sometimes even at power frequencies). They are also present due to high installed load for

VAR compensation.

At the fundamental frequency the power systems are primarily inductive and equivalent
impedance is sometimes called simply the short-circuit reactance. The capacitive effects are
normally neglected on utility distribution systems and industrial power systems. The
inductive reactance of the system changes linearly with the frequency. In power systems,

generally do not change significantly with frequency before 9™ harmonic.

For lines and cables the resistance varies by square root of the frequency once skin effect
becomes significant in the conductor at higher frequencies. At utilization voltages the
equivalent system reactance is normally dominated by the in service transformer impedance.

An approximation for Xgc, based on transformer impedance only is [3]:

Xoc = X, (2.3)
2
where X, =S5 oz (2.4)

The equivalent reactances of some of the ten percent transformers are given in the table. A
plot of impedance vs. frequency for an inductive system without any capacitors installed
would look like that shown in Fig. 2.3. However the real power systems rarely behave like

this. Here the capacitance is neglected which can not be done for the harmonic analysis.
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Fig. 2.3: Frequency response of an assumed purely inductive system.
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Shunt capacitance either due to cable or due to capacitors at the customer locations for power
factor correction on the utility distribution system, dramatically vary the systems impedance
with frequency. A severe harmonic distortion can sometimes be endorsed due to their

presence. The capacitive reactance Xc is given by:

— (2.5)

¢ 7 2nfc

Where C is the capacitance. The equivalent line-to-neutral capacitive reactance can be

determined by:

_ kv?
€7 MVAR

(2.6)

2.3.1 Parallel resonance

One particular worry with harmonics is the resonance condition in the power system. The
existence of both inductive components and capacitive components in the system at certain
frequencies can cause resonance conditions at point of common coupling or any other bus. If
the resonance occurs at a bus where a harmonic current is injected into the system, an

overvoltage condition may be observed.

All the circuits containing both inductances and capacitances have one or more natural
frequencies. When one of these frequencies, is lined-up with a frequency that is being
produced on the power system, resonance can develop in which voltages and currents in the
system persist very high values. This is the root of many problems with harmonic distortion

in power systems.

At harmonic frequencies, from the perspective of harmonic sources, shunt capacitors appear
to be in parallel with equivalent system inductance as shown in Fig. 2.4. At frequencies other
than fundamental frequency, the power system generation appears to be as short circuit.
When Xc and total system reactance are equal (the difference between X; and Xc becomes
zero), the harmonic currents becomes extremely large. The resonant for a parallel

combination of an inductive and capacitive element is:

1
fresonance = 2nVLC (2.7)

Where L is the inductance and C is the capacitance of the network [4]. At high voltages the

resistance of a network is more often than not small compared with capacitance and
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inductance. Therefore, the impedance can change radically. The situation becomes harsh
when the resonance frequency matches with the frequency of any harmonic current or
voltage. The harmonic current or voltage is amplified, which can cause damage of network
components. At this point it is essential to remark that very often resonant frequencies are

present between harmonic frequencies (inter harmonic resonance) [5].
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Fig. 2.4: Cable capacitance in the inductive system and equivalent circuit.

Same system may have several resonance frequencies depending upon the grid configuration.
A relatively small distortion at a resonance frequency can lead to overwhelming
consequences, which emphasizes the importance of the advance analysis of harmonics. There
are two different types of resonances which may occur in the network; parallel resonance and

series resonance [6-7], here the emphasis has been given on parallel resonance.
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In parallel a resonance, the impedance of a circuit is usually high. In an ideal resonance (the
circuit does not have any resistance) impedance becomes infinitely high, which leads to
enormously high overvoltage. At parallel resonance frequency, the voltage obtains its

uppermost possible value at a given current [8].

Table 2.1: Data for different parameters in Fig. 2.4, used for plots

Case T1 T2 X1 X2 L1 L2
/Plot | MVA | MVA Q Q mH mH
X=10% | X=10% ( Vi )X 10% ( Vi )x 10% | X;/2nf | X,/2nf
MVA MVA
1 5 0.5 242 242 7.7 77
2 5 1 2.42 12.1 7.7 38.5
3 5 5 242 242 7.7 7.7
4 10 0.5 1.21 24.2 3.9 77
5 10 1 1.21 12.1 3.9 38.5
6 10 5 1.21 2.42 3.9 7.7
7 15 0.5 0.81 242 2.6 77
8 15 1 0.81 12.1 2.6 38.5
9 15 5 0.81 242 2.6 7.7

Parallel resonance can occur when a source of a harmonic current is connected to the
electrical circuit that can be simplified as a parallel connection of inductive and capacitive
component. In an extreme case, even a relatively small harmonic current can cause
destructively high voltage peaks at resonance frequency. Parallel resonance is common when
there are capacitor banks or long AC lines or cables are connected with large transformers. In

this case, large capacitances and inductances start to resonate with each other [4].

Simulation is performed based on the data presented in Table 2.1 for two different cable

lengths. The cables are assumed of twenty five kilometres and fifty kilometres lengths at a
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capacitance of 0.4 uF/km. Therefore, 10 uF and 20uF capacitance corresponds to Xc = 320
Ohms and Xc = 160 Ohms respectively. The resistance R1 and R2 in the circuit of Fig. 2.4
are assumed small (0.01 Ohms) and correspondingly transferred to 400V. The transformer is
usually a very efficient machine and operates at an efficiency of about 98%; therefore its

winding resistance is usually small and so is the case assumed in this discussion.

Case l
1000 T T T T T T T T FT T T T
[IL20uF
e 800 | s ~C10UE
< [ Thoul I lapaciiance
» 600 =
Q P //" I
3 400 e
E / S e
200 e st
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L 5
00 500 1000 1500
Frequency Hz
Case 2
1000 M F F T FFF T F F 7 F T T
: =[] [houllJapac/ance
0 800 e R “II10uE
£ % |=——I[I[20uF
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G ¥
3 400 It e
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Fig. 2.5: Frequency response of circuit shown in Fig. 2.4, Case 1 and 2, Table 2.1

The parallel resonance in both the cases shown in Fig. 2.5 is occurring in the same region,

400 Hz and 575 Hz respectively for 50 km and 25 km cable lengths. This indicates that
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transformer’s rating as well as it’s physical location are the important factors and have

significant effect in determining the resonance frequency.

Case 3, in the Table 2.1; is not considered as it can be seen from the transformer ratings that

the system with such an arrangement will be un-economical and un-necessary.

Fig. 2.6 shows the frequency response of circuit shown in Fig 2.4. The graphs correspond to
Case 4, Case 5 and Case 6 in the data Table 2.1. Unlike first three cases the transformer used
from 33 kV to 11 kV is a 10 MVA transformer, which indicates a smaller value of inductive

reactance.

Consequently the inductance in the circuit shown in Fig 2.4 has shifted to the new position
determined by the size of the transformer. This is repeated for a ISMVA transformer in three

following cases.

The resonance frequency also varies with cable capacitance. The longer is the length of cable,
lower is the resonance frequency. It is also important to notice that the deviation from blue
line in Fig. 2.6 as well as Fig. 2.7, starts quite earlier than actual peak occurs and continues

after the the peak has occurred.

This explains that the real interval for which harmonic distortion is produced in the system
can not be specified only by the spike due to parallel resonance. For instance in Case 9 of
Fig. 2.7, the resonance curve starts moving away from the reference line at about 500 Hz and
difference is present even beyond 1.5 kHz, which can cause severe impact on the quality of

the supply voltage.

Moreover a comparsion of all the graphs from Cas 1 through to Case 9 shed light on the fact
that the resonant frequency also depends upon the inductance value. For example the resonant
frequency in Casel for a 20uF capacitance is around 400Hz (Fig. 2.5), in Case 9 the
resonance frequency has shifted to 700Hz for the same value of capacitance (Fig. 2.7). This

factor is higly important and must be kept in mind while selecting the size of the transformer.
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Impedance hms
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Fig. 2.6: Frequency response of circuit in Fig. 2.4, Case 4, 5 and 6, Table 2.1
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Fig. 2.7: Frequency response of circuit in Fig. 2.4, Case 7, 8 and 9, Table 2.1
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For a certain known resonant condition, given the value of either inductive reactance or
capacitive reactance, the value of unknown component can be evaluated. For example, if the

resonant frequency is assumed at 500 Hz for Parallel combination of L; and C;

1 1
= X — .
(2mx500)2 * Ly (2.8)
C=13.16uF in Case 1
1000
» 800
E |
E /
L 600 | |
8 ‘ //_/_‘/,/—'—’
— ///
S 400 / HEES
D \ =
g_ | |1
= 200 — \
///
“ 500 1000 1500
Frequency Hz
C=26uF in Case 5
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w 800
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=
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8 |
S 400 }
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Fig. 2.8: Frequency response of circuit shown in Fig. 2.4, case 1, 5 and 9, Table 2.1;

with pre-calculated fixed values of capacitances.
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For three values of L; ; 7.7mH, 3.9mH and 2.6mH corresponding to for 5, 10 and 15 MVA

transformers and an assumed resonance frequency of 500 Hz, the relevant capacitances are:

1
Conrys = x — 13.16uF
SMVA = (0 x 500)2 7.7 x 103 u
C - ! w1 oeur
LOMVA = (5 500)2 - 39%x 103 %
1 1
= 39ufF

= X
Cismva (2w x 500)2 " 2.6 x 1073

All three plots in Fig. 2.8, demonstrate good agreement with afore calculated respective

values of resonant frequencies which substantiate the correctness of simulation process.

2.3.2 Effect of parallel resistive load

Determining that the resonant harmonic aligns with a common harmonic source is not always
cause of alarm. The damping provided by the resistance in the system is often sufficient to

prevent disastrous voltages and currents.

Case 5, C=20uF, Xc=160 Ohm
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300
. |
€ 250 20
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© 200 5 —
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Fig. 2.9: Effect of parallel load resistance on the frequency response characteristics
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Fig. 2.9 depicts the impact of three different parallel resistances in the same case of parallel
resonance in system response characteristics. As little as ten percent resister loading can have
a noteworthy and valuable impact on peak impedance. The most troublesome resonant
conditions evolve when capacitors are installed on substation buses where the transformer
dominates the system impedance and has a high X/R ratio. The relative resistance is low and
corresponding parallel resonant impedance peak is very sharp and high. This is a common
cause of capacitor failure, transformer failure or the failure of other load equipment. It is a
misunderstanding that resistive load damp harmonics as in the absence of resonance, load
will have little impact on the harmonic currents and the resulting voltage distortion. Most of
the current will flow back in the power source. Nevertheless it is appropriate to say the
resistive loads damp the resonance hence considerably reducing the harmonic distortion.
Motor loads are primarily inductive and provide little damping, rather they may cause an
increase in the problem by shifting the resonant frequency closer to a significant harmonic.
However some small fractional horsepower motors may help in damping because their X/R

ratio is lower than large three phase motors

2.3.3 System response referred to LV side (400V)

At the receiving end or from consumer’s point of view, the affect of parallel resonance
discussed in section 2.3.2 can be better understood. When referred to low voltage side (400

V), the inductance representing transformers is given as:

L11kv _ 11kV 2
Laoov (400V) (2.9)
L1
or Linew =

[11kV ]2
400V

Similarly the cable capacitance affcet can be transferred to low voltage side. When referred to

400 V, the equivalent to cable capacitance becomes:

2
For 25 km long cable C = 10uF x (;—Z) = 0.0076F

And for 50 km cable length
2
C = 20uF x (ﬁ) = 0.0151F
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Table 2.2: Data for curves in Fig. 2.10

Case T1 T2 X1 X2 L1 11kV L1 400V L21 1KV L2400V
/Plot | MVA MVA QO Q mH mH mH mH
( Vi ) < Vi B 400V
ase
X=10% | X=10% MVA MVA X,/2m X,/2m

’ ’ 1/ 2nf 400V 2/2mf Base

X 10% X 10%
5 0.5 2.42 242 7.7 0.0102 77 0.102
5 1 2.42 12.1 7.7 0.0102 38.5 0.051
10 5 1.21 2.42 39 0.00516 7.7 0.0102
15 5 0.81 2.42 2.6 0.0034 7.7 0.0102

More practical cases from Table 2.1 have been picked and set again in Table 2.2 with values

of L1 and L2 referred to 400 V base correspondingly. The response of the circuit with these

inductances and above calculated values of capacitances at a base voltage of 400 V is shown

in Fig 2.10. If we compare results from this figure to those shown in Fig 2.5, we observe a

vital difference; since the peak of the resonance is controlled by the resistive elements in the

circuit, the curve is widened out. The percentage of harmonic distortion however remains the

same. The parallel resonance in case 1, Table 2.2 occurs at:

fResonance -

And for a cable length of 50 km

}

1 1
2VIC (5 ) x J((1.02e —5) x (0.0076))
=571 Hz

1 1
fresonance = = { }
2mLC (2 xm)x \/((1.026 —5) X (0.0151))
=405 Hz
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This is matching with both the graphs shown in Fig 2.10 and Fig 2.5. Same is the case with
rest of the contents of Fig. 2.10 and Table 2.2 which signify exactness of the analysis.
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Fig. 2.10: Frequency response of circuit shown in Fig. 2.4 with reference

to low voltage side, Case 1, 6 and 9, Table 2.2

Notice that the graphs in Fig. 2.10 are going out of the scale due to the deliberate selection of
small scale along impedance axis. When referred to LV side the the total pure inductance of

the system becomes very small and response line drops below recognizable point on normal

55



Harmonic Impedance at the Point of Common Coupling (PCC)

scale. The small scale has to be selected to visualise the distortion due to resonance and to
compare it with the response of purely inductive circuit. Therefore peak of the curve is given

lesser importance and more attention is paid to the clarity in reference line.
2.4 Harmonic resonance due to wind power plants

Wind power plants introduce a great number of non-linear power electronic devices like full
scale frequency converters into the grid. The switching operations of the pulse width
modulation (PWM) controlled converters are the main sources of both harmonic and inter
harmonic currents. Generally speaking, converters create harmonics in the range of a few
kilohertz. [16] Measuring and controlling these harmonics is one of the greatest challenges of
the power quality in wind power plants [17]. A large number of non-linear power electronic
devices can have significant effect on the harmonic emissions. These harmonics can form a
serious threat for power quality. That is why harmonic analysis has to be developed and taken
as an integrated part of wind power plant design. Because every power network is unique and
has different characteristics, the effect of the harmonics on every power system varies.
Nevertheless, some common features can be found. Even if the percentage of the harmonics
seems small, the harmonic emission becomes a significant issue when the capacity of a wind

power plant is hundreds of megawatts.

The wind power plants have their own resonance frequencies that are dependent on the grid
topology, associated generators and reactive power apparatus used [9]. Furthermore the
impedance and the resonance points of a wind park change all the time when the number of
turbines and capacitor banks in operations changes or when there are changes in the
connections of collector cables [10]. The more turbines the wind park has, the more the
impedance can vary. The topic is especially important in large off shore wind parks, where
the number of turbines in function can vary from a few to many hundreds. Moreover, off
shore wind farms are connected with long cables that have large capacitance [11].

Summarised below are some of the most important components due to impedance changes.

2.4.1 Collector and transmission cables

An internal collector cable system of a wind power plant is one that connects the turbines of
the wind park with each other and a transmission cable is one that connects the wind park to

substation, many times located on shore. The total length of the collector cable system varies
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in different kinds of off shore wind power plants from a few kilometres to tens of kilometres.
The widespread submarine collector cable network can bring a large capacitance in the
system. Underwater cables have to be resistant, and consequently well armoured [12]. The
armouring affects a lot the impedance and the frequency response of underwater cables. The
connection cable is another large capacitance that can magnify harmonic currents or voltages
that are near the resonance frequency. The connection may be an AC or a DC cable
depending on transferred distance. Naturally, these two options have different effect on
resonance frequencies. The DC connection cable can also have tens of kilometres long
distances. Harmonic resonance is one of the main technical challenges in the design and

operation of off shore distribution system [13].

2.4.2 Reactors and capacitor banks

Capacitor banks are commonly used to compensate reactive power and to help improving the
power factor in the power system network. Many times, there is a capacitor bank at each
turbine as well as at the point of common coupling (PCC) [14]. The capacitor banks in the
individual turbines are used also to support the voltage in sudden dips that may occur in harsh
wind conditions. Starting capacitors are also in use in induction generators driven by wind
turbines. Large wind power plants with even hundreds of turbines have a great number of

different switching options for the capacitor banks.

There can also be shunt reactors connected to transmission cable terminations to compensate
the high capacitance of the cables. These reactors are inductive components that may be
adjustable and equipped with a tap changer. The reactors can be connected to the same switch

together with the cable connection [15].

2.5 System response with an induction generator added

The induction generator is most widely used machine in wind-based power plants. Depending
upon the size and location of wind power station, many times they are connected to 11kV bus
bar in the main network. Therefore the system’s response has been investigated with the

addition of an induction generator and it’s effect on parallel resonance is analysed.

The generator is assumed to be a, 500 kVA, 440V, 50Hz and Xper-phase = 0.8 Ohm. 1t is also
assumed that the machine is not a self start one and uses a capacitor bank to start i.e.

Cstarting= 200uF. The generator is connected to 11kV bus through a cable of relatively
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small length and a transformer with rating similar to transformer T2 in data Table 2.3. The
whole arrangement and its equivalent circuit diagram are shown in Fig. 2.11. As the effect of
starting capacitor when transferred to the secondary side of the transformer is small; the
corresponding capacitance in the circuit is rounded of to a small value of 0.5 uF together with

cable capacitance feeding generator power to the grid.

4—
Current Source
Grid Cable
TF TF
Cable
L 16 Wwr
Ly R la R, 3 R3
whie R
Cl 1o Cz gen
Cursent Source
L gen
Equivalent Circuit
Fig. 2.11: A wind based induction generator connected to the system of Fig 2.4 and it its

per-phase equivalent electrical circuit

Two different situations arise when the generator in connected. First the wind-generator side
of the Fig. 2.10 is referred to 11 kV bus as a whole; and second is that the already-existing
equivalent part is referred to low voltage (400 V) side. The response of the circuit in both the

situations under 4 different circumstances of Table 2.3 is given in Fig. 2.12-15.
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Notice that cable capacitances represented by C1 and C2 are referred to 11kV; when referred
to low voltage side these values increase according to following relation:

(llkV)2
Cao0v = Cr1ky X MOT)Z

Also the 2.5mH inductance for the representation of generator when referred to 114V is given
by:

(11kV)?

LGe”nkV = LGen400V X W =189H

The resistances R, R, and R; in the circuit are assumed to be small and when transferred to
low voltage side are further dropped off, that is why, the skin effect has been ignored here.

The generator resistance however when transferred to 11kV, increases significantly i.e.

(11kV)?
Gengooy X (4ogv)2

RGennkV -

Table 2.3: Data for components in Fig. 2.11.

Case T1 T2 X1 X2 L1 L1 400V L2 L2400V
/Plot | MVA MVA Q QO mH mH mH mH
( Vi ) ( Vi B 400V
ase
X=10% | X=10% MVA MVA X, /27 X, /2m

’ ’ 2 oy 221 | e

X 10% x 10%
2 5 1 2.42 12.1 7.7 0.0102 38.5 0.051
3 10 1 1.21 12.1 3.9 0.00516 38.5 0.051
5 15 5 0.81 2.42 2.6 0.0034 7.7 0.0102
6 10 5 1.21 2.42 3.9 0.00516 7.7 0.0102
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Case 2: L3 =12, R3=R2, Xgen = 0.8 ohm, Lgen=2.5mH, Rgen=0.1 ohm, C1=20uF, C2=0.5uF
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Fig. 2.12: Response of the circuit shown in Fig 2.11, Case 2, data from Table 2.3
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Case 3: L3 =12, R3=R2, Xgen = 0.8 ohm, Lgen=2.5mH, Rgen=0.1 ohm, C1=20uF, C2=0.5uF
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Fig. 2.13: Response of the circuit shown in Fig. 2.11, Case 3, data from Table 2.3
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Case 5: L3 =2, R3=R2, Xgen = 0.8 ohm, Lgen=2.5mH, Rgen=0.1 ohm, C1=20uF, C2=0.5uF

2000 [

1800 ——— | ih 1 and 2
-------- CTh1 funot 112

1600 ——

............ OThO2 tunol ]

1400 — [IThou'l'1 and 112

—_
o N
o O
(= =)

800

Impedance (ohms)

600

400

200

0 500

Case 5 referred 400V Side

1000 1500
Frequency (Hz)

35| = 0rh01and (2
------- O th 01 futno 112
........... h 2 uno 11

— (I Thou 111 and [12

[\S)
33

3]

Impedance (ohms)
N

0 500

1000 1500
Frequency (Hz)

Fig. 2.14: Response of the circuit shown in Fig. 2.11, Case 5, data from Table 2.3
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Case 6: L3 =12, R3=R2, Xgen = 0.8 ohm, Lgen=2.5mH, Rgen=0.1 ohm, C1=20uF, C2=0.5uF
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Fig. 2.15: Response of the circuit shown in Fig. 2.11, Case 6, data from Table 2.3

A comparison of waveshapes of all the cases shown in Fig. 2.12-15 with the corresponding
case given in Fig. 2.5-6 shows that there is a huge distortion in waveform beyond about
600Hz. This is an indication of the impact of connecting a wind generator with main system
due to parallel resonance because of the presence of collector cable and feeding step up

transformer.
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2.5.1 Impact of VAR compensation, power factor correction

apparatus and starting capacitor on frequency response

The power factor correction and VAR compensation instruments usually consist of the
capacitor banks, installed on substations and other locations in electrical power network. Fig.
2.16 shows such a capacitor installed with or near the induction generator unit and the
frequency response of the circuit demonstrating the impact of a power factor correction or
VAR compensation on the system when analysed with reference to 11kV bus. The values of
different components are referred to case 1 of the Table 2.2. Notice that the peaks of
resonance curves are being controlled by the small resistances present in the circuit. These
resistances widen up the waveshape and do not allow the impedance value go beyond a

certain magnitude depending upon their size.

In many cases wind power plants use induction generators which are not self start and use a
large capacitor bank installed with them for the start up. These starting capacitor depend upon
the size of the induction generator and can be up to 300 uF or even larger. Fig. 2.16 also
shows the frequency response of the circuit demonstrating the impact of a 150 uF" capacitor
on the system when analysed with reference to 11kV bus. The values of different components
are referred to case 1 of the Table 2.2. Again please notice that the peaks of resonance curves
are being controlled by the small resistances present in the circuit. An equivalent capacitance

of 151 uF is assumed to present instead of only 1 uF capacitor in circuit of Fig. 2.16.

Fig. 2.16 not only indicates that resonance occurs at very low frequencies but also shows that
the starting capacitors and other such equipment can cause a significant shift in the resonance
frequency. Although the starting capacitor may not continuously remain in the circuit and
should be disconnected from the circuit as soon as the generator starts but even then the shift
in resonance frequency is a matter of concern.The response of the circuit with both the cable
capacitance and pf correction arrangements show that the deviation of red curve from the
reference line unmistakably displays how power factor correction and VAR compensation

equipment can cause harmonics and of what order these harmonics can be.
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Fig. 2.16: Impact of power factor correction and VAR compensation

on system response, data from Table 2.3, Case 1.

2.6 Calculation of total harmonic distortion (THD)

The transformer used (T3 in Table 2.4) is a 60MVA one, depending upon voltage
transformation level. 132kV to 66kV transformation is rarely practiced. The value of X has
been calculated on 11kV base. Since skin effect has a significant effect on AC resistance and

as in practice the skin effect may not be avoidable and should be a part of calculations, here it
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is not ignored and value of the resistance is considered increased ten times the original value.

Considered here is only the left hand side resonance area in the Fig. 2.18 to calculate THD.

ey 11KV/400V

SMVA IG1
11kV/400V 0-5MW

| [ SYSTEM

132kV
. . SMVA 1G2
11kVv/400V "3

SMVA IG3
0.5MW
11kV
L Ry :
00 AN
3.9mH 1.34
0.204 0.204 0.204
o~
= 5.5mH § 5.5mHS 5.5mH
= o —— 1luF_— — = = N, -
2 cm S =
2N = 2
2 28 ¢ Z3 § 22
u u; v w ™
c N (T el

Fig. 2.17: A typical distribution system and its equivalent circuit diagram

For a cable length of an equivalent to 10 uF capacitance on 33 kV, when referred to 11 kV

side the equivalent capacitance will be:

Cazkv
Ciiky = —————=90uF
(1 1/33)2
And the parallel resonance occurs at:
1 1
={ }

fresonance =
2mVLC (2 x 70) X J((0.93 x 1073) x (90 x 1076))
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=550.12 Hz

The above calculated value of resonance frequency is in good approximation with simulation

results as demonstrated by Fig. 2.18.

Table 2.4: Data for different components of the system shown in Fig. 2.17

Tl =8 MVA T2=5MVA T3 =60 MVA Gen=0.5 MW
7=8% ; X/R=9 7=7.15% ; X/R=8.5 Z=14.5% ; X/R =25 X per-phase = 0.8
X1=<VL2>><8% X2=< L2>><7.15% X3=<VL2>><14.5%
MVA MVA MVA Lgen=X /2nf
=1.21Q =1.73Q =0.29 Q
R1=X/9=0.1344 Q R3=X/25=0.0117 Q
Including skin effect R2=X/8.5=0.204 Q) | Including skin effect Rgen =0.01 Q
R1=1.344 Q R3=0.12 Q
L1=X/2nf=39mH | L2=X/2nf=55mH | L3=X/2nf = 0.93 mH Lgen=2.5mH

Fig. 2.18 shows the frequency response of the system shown in Fig 2.17 and a zoomed view

for the calculation of total harmonic distortion. As mentioned earlier the emphasis is given

only on non-tripline odd harmonics and studies has been limited to 5™, 7™ and 11"™ harmonic

terms. For star-delta configuration the tripline harmonics ( 3™ , 9™, 15™ and 21% ) are

circulated inside the delta connected winding and do not propagate to the system. With the

assumption that there will be no even harmonics present, rest of the analysis is performed for

only 5™ , 7™ and 11™ harmonic terms. Assuming that our 500 kVA, 440V, 50Hz induction

generators is operating at a power factor of 0.85; total active power of the individual machine

is given by

P =0.85x%xkVA

= 0.85 x 500

=425 kW

or P

425
per—phase = 3 = 140kW
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Fig. 2.18: Frequency response of the system shown in Fig 2.17

On the assumption that the machine is operating at unity power factor and rounding the

induction generator power to 0.5MW

Pgenn = 0.5MW
0.5
o1 Pgen per—phase = 3 = 166kW

At a phase voltage of 11kV, the fundamental current is

| 166kW
C11kVNE

68



Harmonic Impedance at the Point of Common Coupling (PCC)

For 50Hz fundamental frequency
5th => 50 x 5 = 250 Hz
7t => 50 x 7 = 350 Hz
11" => 50 x 11 = 550 Hz

The impedance values are 8Q, 12Q and 85Q for corresponding 5", 7™ and 11™ harmonic
frequencies, obtained from the frequency response of the circuit and shown in the graphs with

arrows.
With 5™ harmonic @ 60% =>I5 = 26 X 0.6 = 15.64
7™ harmonic @ 45% => 1, = 26 x 0.45 = 11.74

11" harmonic @ 40% => I;; = 26 X 0.4 = 10.44

15.6)2 + (11.7)% + (10.4)2

For harmonic voltage distortion
Vs =13 X X5 =15.6 X8 =1248V
Vo, =1, XX =11.7 X 12 = 1404V

Vyy = I, X Xs = 10.4 X 85 = 884V

V(124.8)2 + (140.4) + (884)2

X 100 = 14.23%
[11kV/ ]
V3

Viup =

Which is way beyond the tolerable limit. In order to reduce THD to a permissible range and
to add more wind based units, the transformer used should be a larger one with low value of
%X. For example, instead using 60MVA if we install an 80MVA transformer in the system
shown in Fig. 2.16, total harmonic distortion in voltage is lowered to about 5%. Another way
to maintain total harmonic distortion within acceptable range is that filters have to be
arranged so that 11™ harmonic in particular does not penetrate more than ten percent in the

system. If we assume a lower rate of 11"™ harmonic in above system, say 10%; then:
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I, =26 x 0.1 = 2.64

And total harmonic distortion in current becomes

15.6)2 + (11.7)% + (2.6)2

Similarly
V11 =111 XXS - 26X85 == 221V

So total harmonic distortion in voltage will be

V(124.8)2 + (140.4)2 + (221)2
[11kV / ]
V3

X 100 = 4.57%

THD =

2.7 Harmonics out of an inverter

If the WT operates at variable rotational speed, the electric frequency of the generator varies
and must therefore be decoupled from the frequency of the grid. This can be achieved by an

inverter system. There are two different types of inverter systems:

1. Grid-commutated inverter systems

2. Self-commutated inverter systems

The grid-commutated inverters are mainly thyristor inverters, e. g. 6 or 12 pulse. This type of
inverter produces integer harmonics like the 5™, 7", 11"™ and 13" order etc (frequencies of
250, 350, 550, 650 Hz), which may be reduced by harmonic filters. On the other hand
thyristor inverters are not able to control the reactive power. Their behaviour concerning
reactive power is similar to the behaviour of an induction generator they consume inductive

reactive power.
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Fig. 2.19: Harmonic currents out of 6-pulse thyristor inverter [18]

Self-commutated inverter systems are mainly pulse width modulated (PWM) inverter, where
IGBTs (Insulated Gate Bipolar Transistors) are used. This type of inverter gives the
advantage that in addition to the control of the active power the reactive power is also
controllable. That means the reactive power demand of the generator can be delivered by the
PWM-inverter. One disadvantage is the production of interharmonics. In general these
interharmonics are generated by the inverter in the range of some kHz. Thus filters are
necessary to reduce the interharmonics. But due to the high frequencies, in general the

construction of the filters is easier.

Highly distorting loads are older un-filtered frequency converters based on thyristor
technology and similar types of equipment. It is characteristic for this type that it switches
one time in each half period and it may generate large amounts of the lower harmonic orders,
i.e. up to N=40. Newer transistor based designs are used in most variable speed WT today.
The method is referred to as Pulse Width Modulation (PWM). It switches many times in each
period and typically starts producing harmonics where the older types stop, that is around 2
kHz. Their magnitude is smaller and they are easier to remove by filtering than the harmonics
of lower order. IEC 1000-3-6 put forward guidelines on compatibility and planning levels for
MV and HV networks and presents methods for assessing the contribution from individual

installations to the overall disturbance level.
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Fig. 2.20: Harmonic currents out of 6-pulse PWM drive [19]

In modern wind power plants a number of different power electronic apparatus is installed,
which is the core reason for harmonics in the wind power plants. The switching operations of
the pulse width modulation (PWM) controlled converters are the main sources of harmonic
and inter harmonic currents, but not the only ones. Generally speaking, converters create
harmonics in the range of a few kilohertz. Measuring and controlling these harmonics is one

of the greatest challenges of the power quality in wind power plants.

Wind turbine and induction generator set using power electronic equipment when connected
to the electrical system has to be checked concerning harmonics. The harmonic current
emission of such wind turbine with power electronics are usually given in the power quality
data sheet. Limits for harmonic emissions are often given only for harmonic voltages, not for
harmonic currents. Thus harmonic voltages must be calculated from the harmonic current
emission of the wind turbine. But the grid impedances vary with frequency, where the
utilities often can not give the frequency dependency of the grid impedances, which makes

calculations difficult [18].
Nowadays new wind turbines are variable speed wind turbines that are connected either

partly or totally to the internal medium voltage network of a wind power plant through a

power electronic converter [20]. In the both types, the power converter actually has two parts,
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the rotor side converter and the grid side converter that are jointed together by parallel

capacitance. This kind of converter is called back-to-back converter [21].

Most common types of wind turbines are:

a) Doubly fed induction generator (DFIG). It offers the flexibility to operate at the
maximum power output over a wide range of wind speed without the necessity of having a
full rated converter [22]. The main idea of a doubly fed induction generator turbine is shown
in Fig. 2.21. The rotor side converter handles the active and reactive power control of the

generator and the grid side converter keeps the voltage of the DC link constant [23].

b) The second type of wind turbines is the full scale converter, where all the power from
the generator and flows through the converter. The generator can be either an induction
generator or a synchronous generator. In the latter case the generator is usually a permanent

magnet synchronous generator that is the most widely used type of synchronous generators.

turbine gear
rotor box

DFIG “

&

rotor-side converter grid-side converter

Fig. 2.21: DFIG with a rotor, a gear box and a converter [24].

Permanent magnet synchronous generator becomes more and more feasible option along the
development of the technology [25-26]. The arrangement of using a synchronous generator
with a full scale converter provides a lot of flexibility in the operation as it can support the

network offering reactive power even if there was not wind at all [27]. An arrangement of a
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synchronous generator with a full scale converter is shown in Fig. 2.22. The harmonic

emissions of wind turbines can be classified as characteristic and noncharacteristic

harmonics.
AC /] | |Dc
pear )
box G W DC AC
rotor-side converter  grid-side converter
Fig. 2.22: A full scale converter configuration with a turbine rotor,

a gear box, a generator (G) and a back-to-back converter [10].

The characteristic harmonics depend on the converter topology and switching strategy used
during an ideal operation (with no disturbances). For a six-pulse converter, the characteristic
harmonics are the harmonics of the harmonic order 6n +1, where n is a positive integer [28].
Similarly for a twelve-pulse converter the characteristic harmonics are of the order 12 n =£1.
The non-characteristic harmonics are not dependant upon the converter topology, but the
operating point of the converter [29]. This type of harmonics can be as large and as

significant as the characteristic harmonics [30].

2.7.1 Calculation of THD based on an inverter out put

For harmonic current out of a 6-pulse thyristor invertor as shown in Fig. 2.18 and based on
previously determined THD in section 2.6, for a fundamental frequency of S0Hz:

With 5™ harmonic @ 30% =>Is = 26 X 0.3 = 7.84
7™ harmonic @ 10 => I, = 26 X 0.1 = 2.6A
11™ harmonic @ 0% => I;; = 26 x 0.0 = 0.04

THD in voltage is given as:
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Ve=IsXXs =7.8x8=624V

V, =1, X Xs = 2.6 x 12 =312V

V11=111 XX5=104‘X0=00V

V(62.4)2 + (31.2)2 + (0.0)2

x 100 = 1.1%
[11kV/ ]
V3

Viwp =

Notice that 11™ and 13™ harmonic are not present in the inverter current and higher harmonic
terms are neglected in these calculations. Nevertheless, including 17 , 19 , 29" and 31%
harmonic term, has an impact on the calculated THD value but the value is still well within

the permisible limit.

2.8 Summary

The importances of the measurement of harmonic impedance and the methods to measure
harmonic impedance at the PCC have been brought to light. Attention has been drawn to
different aspects of the system response characteristic and parallel resonance is emphasised.
A representative study system was devised and cases have been studied for the frequency

response characteristics. Important factors affecting parallel resonance are underlined.

Electrical resonance in a power network can be a complex phenomenon, where several
components participate. However, it is clear that shunt capacitance of an underground cable
system is the dominating element in the resonances of a wind power plant. A change in the
length of the collector cables moves the resonance frequencies. As a general rule, the greater
the capacitance of a capacitive element is, the lower are the resonance frequencies. What
must be considered is that the cables do not resonate alone since they need an interaction with
an inductive element to create a resonance. Typically this element is a (electrically) local
transformer due to its large inductance. The number of resonances is likely equal to the
number of physical and equivalent capacitors (cables, capacitor banks etc). The effect of
capacitive elements on resonance appears to be decoupled. Each capacitive element

contributes to a resonance. There are no “joint” resonances.
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In the end, the effect of adding wind based units at the PCC is surveyed and ways to lessen

THD are ascertained. Presently, most variable speed wind turbines are connected to the PCC

through power electronic converters which act as a source of harmonic injection. Fixed speed

wind units on the other hand, use power factor correction capacitors which can shift

previously calculated resonance frequency values, hence causing severe distortion in current

as well as voltage waveforms.
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3. HARMONIC DOMAIN ALGEBRA

3.1 Introduction

The understanding of orthogonal series expansion is important in understanding the
concept of harmonic domain modelling. Orthogonal series expansion is widely used by
engineers to solve differential equations. The cyclic convolution is revised in this chapter
due to its key role in harmonic domain solutions. The periodic functions can be analysed
into their fundamental and harmonic components. This approximate analysis is
performed using trigonometric functions of different wave shapes by adding more and
more functions together. These special trigonometric functions together make up the
Fourier series. Since the Fourier series is extremely popular and has been also extensively
applied in waveform analysis, its two forms (trigonometric and exponential) are reviewed

here.

Orthogonal series expansion is used to provide a generalised frame of reference for all
linear and non-linear elements and either Fourier or Hartley may be used [1] for this
purpose. That is why a comparison is made between these two transforms at the end of

this chapter.

3.2 Orthogonal functions

Functions f,(t) and f, (t) are considered orthogonal over the time period 0 <t < Tj if

following cnditions are met [2]
T,
a) [°f(©Of,(®)dt =0 Vx#y (3.1)

b) Jy* fe(®f (Ddt %0 vx=y (3.2)

For example

To To
f cosxtsinxtdt = —f sin 2xt dt
0 2Jy
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= —cos 2xt
4x

=0

Therefore cos xt and sin xt are orthogonal functions.

3.3 Periodic functions

A function f(t) is called periodic function if

f@) = ft+To) (3.3)

Where Ty = % is the time period. In general periodic function is a function which repeats

its values after a certain regular interval of time [3]. Fig. 3.1 shows a common example of

periodic function.

o
(S, ]

sin(t+T)

(1)

0.5

Fig. 3.1: An example of a periodic function
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3.4 The Fourier series

The Fourier series is basically the decomposition of a signal into the sums of sines and
cosines of different frequencies [4]. A periodic function f{z) with time period 7)) can be

written in the form of a Fourier series as:

f(t) = %ao + Y- i(a, cosnwt + b, sin nwt) (3.4)
where
w = 2nf
, o
ao = = [, f(D)dt (3.5)
2
, Lo
an = - J-4, cosnwt dt (3.6)
2
, Jo
b, = T—Ofi sinnwt dt (3.7
2

Equation (3.4) can be written as:

f(t) =4y + X1 A, cos(nwt + 6,) (3.8)
In equation (3.8)
Ay = ~a (3.9)
A, =A_, = Ja? + b2 (3.10)
6 = —6_y = arctan—" (3.11)

In electrical analysis 4y referred to as dc component while 4, and 6, are respectively the
magnitude and phase angle of the harmonic term. Also 4, is the even part and 6, is the

odd part of the n™ harmonic term.
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f(t)

Fig. 3.2: Fourier series of a square wave.

The harmonic terms in equation (3.4) can be expressed with the help of its coefficients a,

and b,
frn(t) = a, cos nwt + b, sinnwt (3.12)

Equation (3.12) can be written in exponential form as:

fu(D) = az_n (ejnwt + g Jnwt ) _jbz_n (ejnwt + e—jnwt) (3.13)
1 . 1 ;
= E (an _jbn)e]nwt + E (an +jbn)e_]nwt
fu(®) = C e/t + C_, e Inet (3.14)
where
(3.15)

Co = 5 (an — jby)
C, = Conjugate of C,
Forn=0

Co==2

The nth harmonic index in equation (3.14) can also be expressed as
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Cp = ICnléen
1
= EAnLHn

Equation (3.12) can now be written as:

fa(8) = i Cpe™

n=—oo
(3.16)

This leads to a Fourier series in the complex form, a discrete frequency representation of
a continuous periodic function f'(z). The complex coefficient can be found by solving the
integral

1 To/2 ]

Cp=— f()e @t
To —To/2

(3.17)

3.5 The Fourier transform

In equation (3.16), when under the limit 7, approaches infinity, an infinite number of
infinitesimally close frequency components are generated. At this point nw becomes a

function F(w) of the continuous frequency variable @, and Fourier transform is obtained.

F(w) = fmf(t)e‘f“’tdt

(3.18)

The inverse Fourier transform is:
f) = 1 f F(w)e/*tdw
2m
(3.19)
For example assuming a simple rectangular waveform given by

£(©) =AH(%) _ ) A if <§

0 otherwise
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Using the definition of Fourier transform
T/2

F(w) = Ael?motde

-T/2

: T
[e—jZmut] 7

—j2nw | _T

[sinn wt]
Twt

Harmonic Domain Algebra

Notice that the value of F (0) is equal to the area under the graph of f(?). Similarly, the

value of f{0) is equal to the area under F' (w). These are general results which follow

immediately from the definitions and are useful for checking.

[ee]

f(0) = f F(w)dw and

—00

3.5.1 Discrete Fourier transform (DFT)

F(0) = f F(Odt

Consider the sample waveform shown in Fig. 3.3. The product of f(?) and S7(?) is f(?).

£.(t) = AT Z F(D)8(t — nAT)

n=-—oo

6 here is the impulse function.

The Fourier transform of equation (3.20) is:

(3.20)

To
1 .
Flkw] = T_j fs(t)e‘f’“"tdt
0
0

[ee]

To
= %j Z f(©)8(t — nAT)e ktdt
0

n=-—oo
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[0e]

To
Flkw] = %f J g@®)o(t —1)dt
0 —o

(3.21)
where T = nAT and g(t) = f(t)e kot
The infinite summation is expressed as an integral in equation (3.21). From this equation

since

[oe]

[ swste - =g

— Q0

Therefore

Flko] = — f 9()
0

To
AT .
Flkw] = T—f f[nAT]e Tk@niT gt
0
0

(3.22)
As shown in Fig. 3.3, the product of f;(t) and w(t) is given byf;(t).

fa(@®) = f(6) w(B)

Where w(t) is known as window function, gives the specifications of the wave form of

the signal for the transform while = N is the total number of samples. Equation

[AT /To]

(3.22) in the form of summation is given as:
N-1

F[nAT] =N ) f[nAT]e Jk@naT
k=0

k=0,1,2,3,...,N-1 (3.23)
Equation (3.23) is known as the discrete Fourier transform (DFT) of f(nAT). The inverse

will be

(nAT) = NYNZ 3 Flkw]e /k@nsT 5 =0,1,2,3,...,N-1 (3.24)
k=0
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flt) sit)
r)\ r)\ r)\ S ff?fffLTff‘Hf?ff;t
NIV NV . — =
fi(t)
w(t)
t v > t
. o)
t
T DFT
= nlf i >t == ol T+LTTT . k
123 N/2 N-1

Fig. 3.3: A sample waveform and its discrete Fourier transform

3.5.2 Fast Fourier transform (FFT)

Fast Fourier transform (FFT) is the name given to algorithms used to solve discrete
Fourier transforms (DFTs). Computing discrete Fourier transform (DFT) from the
definition is often very slow and time consuming. Fast Fourier transform (FFT) gives the

same result within short time.

In equation (3.23)if w = 2m/Ty, AT = Ty/N and W = e J2™/N  then
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1 N-1
Flk] == > flnjw "
N
n=0
k=0,1,2,...,N-1
In compact matrix form
F=Wf (3.25)
where
[ F[1] wo wi W2 W(N 1) ] [ f[1] ]
F=| F[2] | W:|WO W2 Wt e WZ(N—l) |a =| f[2]
F[N— 1] lwo W(N—l) W2(N—1) W(N 1)(N 1)J f[N _ 1]

FFT is generally faster than DFT, however there are some applications where a DFT is
faster than FFT. Such an example is finite difference time domain (FDTDs) solutions. If

N multiplications are required to produce a result of Fourier transform of a discrete
function using equation (3.23), only %NlogZN multiplications will produce the same

result using an FFT.

3.6 Polynomial evaluation using the Fourier series

To explain the procedure of polynomial evaluation using Fourier, a simple polynomial is
evaluated below by use of repeated convolution and complex Fourier series.
Let u=fx)=Xs_0bg(xe)?
f(x) = box® + byx! + byx? + byx3 (3.26)
In equation (3.26), x represents the dc component with unit magnitude. In harmonic

domain it is written as:

XO

corooo

(3.27)

[0

Now assuming that x contains only dc terms and fundamental terms
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1
x(t) = Z X e/t

h=—1

(3.28)

1 1
X2 (t) = 2 X, et Z X, et

h=—1 h=-1

(3.29)
In harmonic domain
x2(t) = X?
=X®X
(97 1.9]
1X_0| | X
X, |®| X,
X, X,
0 0
[ k)
| X_1Xo+ XoX_4
X2 == xz(t) = X_1X_1 + XOX0 + X_1X_1
X, Xo + XoX1 |
| X, X, |

(3.30)
Since X is a vector, X* is the convolution of X by itself, i.e. self convolution. Equation

(3.30) can be expressed as:

Xo X4 0
Xl XO X—1 [X—l]
2= X Xo X1 |lx,l
[ X, X X_1HX1J
X, X, 0

x@

x%

X2: XéZ)

x?

X

(3.31)

The cubic term in equation (3.26) is obtained by mutual convolution of X and X*
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X3 =X®X?
i i 0
Xo);—lx_l ] X 1X 1
X, 20 Xo X s I X_1Xo + XoX_y
X3 — 1 )(1 XO )(_1)(_1 | X XIX—l + XOXO + X_]_X_l
X, Xo X, X_lJ X1Xo + XoXq
X1 x, X, X1X,
L 0
— (3)_
X3
(3)
X3
3
X2y
3 -1y
X3 =[x
X3P
X
e

(3.32)

_ (3)_
v r 0 7 X3
Y37 0 - 0 7 ) ®3)
v 3 0 0 X% X%
~2 0 0 @ ¥®
Y_4 0 X_4 -1 -1
YO = bO 1 + bl XO + bz X(()Z) + b3 X(g3)
Y, 0 X @) 3)
Y; 0 01 Xl Xl
Ly, | nl 0 x@ x®
| 3)
0 bed

Similar procedure can be adopted for evaluating rational polynomials. In practice this
harmonic domain evaluation is applicable to only the static parts but not to the dynamic
elements of the nonlinear polynomial relations.
Now assuming

x = Yp-o(Xp sinpwt + Xj cospwt) (3.33)
and

y = Xg=0(Yg sinquwt + Y; cos qwt) (3.34)
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two periodic real variables. In real Fourier harmonic domain, the product of equation

(3.33) and equation (3.34) produces another periodic variable.

Z(Zﬁ sinrwt + Zf cosrwt) = Z(X; sinpwt + X3 cos pwt)
r=0 p=0

X Z(qu sin qwt + Yy cos qwt)

q=0
(3.35)
In compact form
7 =[x [ (:36)
where
X Y] 2]
X3 Y; Z3

X3 16 Z3

el =g <lvel =g | (2 =2

X7 Ye Z5
X3 163 Z;

X3 Yy Z3

To solve equation (3.36), convolution operation is replaced by matrix operation as:

7S 1 XSS XSe11ys
[Zc] - E [Xcs ch] Yc]
Where the matrices X°°, X°¢, X and X consist of the product of the elements

corresponding to the respective term of Y in equation (3.35). For instance Y;

Z(X{;' sin pwt + Xg cos pa)t)YqS sin qwt
p=0

1 oo
= EZ{cos(p — q)wt — cos(p + q)wt}XpX;
p=0

1 (o]
+ EZ{— sin(p — q)wt + sin(p + q)wt}X; X3
p=0
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and for Y7;

z(Xg sinpwt + X5 cos pwt)Y; cos quwt
p=0

1 oo
= EZ{sin(p — Q)wt —sin(p + Qwt}X;X§
p=0

1 (o]
+§Z{— cos(p — q)wt + cos(p + q)wt}XpXg
p=0

After considering each term Y* and Y* the matricesX5,X°¢, X and X“¢ are identified as:
[zxg -X5 Xi—X5 X5-—-Xi X§—XE -]
XE— XS 2XE—XS XE—XE XS —XE
X% = X5 —X; X;—X& 2X§—XE¢ X{—XS§
XS —XE  XS—XE  XS—XS 2XE— XE

[ZXf X5 X5+ X5 -X5+X; —-X5+X:

2X5 X7+ X3 X X7+ XS =X +X¢ ]|
X3¢ = 2X5 X5+ X5 X$+X§ X X5+ X5 -
20 XX xax X XS J|
X7 X3 X3 X3
X5 X;+X5 X5 +X; X5 +XE
yes — | X7 + X3 X3 XT+Xs X3 +X§

XS+ X5 —XS+X§ XS XS+ XS
XS+X5 —XSHXS —XT+XS XS

[2X§ X§ X5 X5 X5

2XE 2X§5+ XS X{+ XS X5+ X[ XS+ XE
yeo —|2X5  XT+X5 2Xg+X{ X{+X{ X;+X¢
2X§ X5+ X; X{+XE O X§+XE OX{+ XS
2X§ X5+ XE O X§+XE O XT+ XS OX§H+XS§

The evaluation of dynamic terms in real Fourier harmonic domain is carried out by means
of simple algebraic operations. Consider z = x, the fundamental dynamic relation, wher z

and x are two periodic variables given by:

92



Harmonic Domain Algebra

x = Yp-o(Xp sinpwt + Xj cospwt) (3.37)
and

z = Y7 0(Z sinrwt + Z§ cosrwt) (3.38)

The dynamic relation between x and z may be represented as:

00} d (00}
2D =7
r=0 p=0

Using equation (3.37) and equation (3.38) in above equation

[o0] d o]
Z(er sinrwt + Zf cosrwt) = EZ(X; sin pwt + Xy cos pwt)
r=0 p=0

= z(prg cos pwt — pwXy sin pwt)

p=0
In terms of harmonic coefficients

751 0 - - 0 | 0 —w 0 07 X5

z3 P N —2w El xS

73 | —3w  0]|xs

: 0 o 0 | O . 0 R

Z§1 = 1o 0 I 0 0]X§ (3.39)

Zi|l | | X

Z;1 o 20 i Sl xS

zZE0 | o 3w 0 | L xe

L o . 0 -~ | O ofL:

Equation (3.39) can be expressed in compact form as:

éz]=[p(3w) D(_Opw)] ﬁi]
and
s 0 D(1 s
[ﬁc] - [D(—l/pw) ( épw)] [gcl
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3.7 The Hartley transforms

R. V. L. Hartley introduced an alternative to Fourier transform in 1942. The Hartley
transform have the advantage of transforming the real functions to real functions and of
being its own inverse over the well known Fourier transform. Hartley transform of a

function f{?) is defined as:

H[v] = Jf(t) casvtdt

(3.40)
where
casvt = cosvt + sinvt (3.41)
and
V= 21w
The cas (cosine-and-sine) is known as the Hartley’s kernal. The Hartley transform also

has the convenient property of being its own inverse. Equation (3.40) can be written as:

H[v] = ff(t) cosvtdt + ff(t) sinvtdt
H[v] = [ f foven(t) cosvtdt + ffodd(t) cos vtdt

+

ffeven(t) sinvtdt + ffodd(t) sin vtdt
= [Jﬁ?ven(t) cosvtdt + jfe,,en(t) sin vtdt

+

ffodd(t) cosvtdt + ffodd(t) sin vtdt

Hlv] = Hepen [v] + Hoqa [v] (3.42)
This even and odd nature of the Hartley transform provides a great deal of ease in

calculation.
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3.7.1 Discrete Hartley transform (DHT)

Discrete Hartley transform (DHT) is defined as:

H[k]—lN_l e k=012 1
—NZf[n]cas(n W) =012,..,n—
n=0
(3.43)
The inverse is given by:
N-1
2n
f[n]=ZH[k]cas(nkW) k=0,1,2,..,n—1
k=0
(3.44)

Notice that the inverse transformation to achieve original function f[n] from H[k],
differes the transform by only factor 1/N. That is, the discrete Hartley transform (DHT)

is its own inverse and exhibits the property of involution.

3.7.2 Fast Hartley transform (FHT)

Fast Hartley transform (FHT) is the name given to the algorithms used to solve above
mentioned discrete Hartley transform (DHT). FHT algorithms resemble FFT algorithms,

however FHT algorithms have the advantage of using fewer memory space compared to
FFT algorithms. The total number of operations for both FHT and FFT is %N log,N. The

only difference is that in case of FFT the operations are complex, where as for FHT all

the operations are reall.

3.7.3 Polynomial evaluation using Hartley

Both self convolution and mutual convolution operations can be performed in the same
way in Hartley harmonic domain as these two operations are carried out in complex

Fourier and real Fourier harmonic domain.
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Consider three vectors X, Y and Z, of Hartley harmonic coefficients corresponding
respectively to periodic variables x, x* and x°. Then

X®X=Y (3.45)
known as the self convolution in Hartley and

YRX =27 (3.46)
is given the name of mutual convolution in Hartley harmonic domain. Supposing the
periodic variables in Hartley harmonic domain

x(t) = Xj2_ X;casivt (3.47)
and

y(t) = Yp=_o Yy cas hvt (3.48)
Similar to real Fourier harmonic domain the product of equation (3.47) and equation

(3.48) gives rise to another periodic variable 1. €

Z Z cas kvt = Z X;casivt y(t) z Y, cas hvt

k=—o0 [=—00 h=—0o
(3.49)

Equation (3.49) can be expressed in vector form using harmonic coefficients as:

) Lol
Zo =1 x, |®lv, (3.50)

HREIN

casacasf = %{cas(a + B) + cas(a — B) + cas(—a + B) — cas(—a — B)}

Using Hartley identity

Manipulating equation (3.49) yields

= %Z?Z_ooXiYh{cas(i + h)vt + cas(i — h)vt + cas(—i + h)vt — cas(—i — h)vt}
(3.51)
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The convolution operation of equation (3.50) is better expressed and understood in matrix

form. This matrix form is obtained by considering one term of equation (3.51) at a time,

for instance A

or

After considering all the terms of input Y, two matrices can be clearly identified.

Z_,
74| 4
ZO = =
A 2
Z;

(1

[ T [ . ] T [ H N
X 24n| |X-2-n Xo+n Xo-n
X q4n| |X-1-n Xi+n Xi-n
Xown | T | Xo—n | | Xo+n | = | Xo-n | Yn
Xi+n Xi-n X q4n] 1X-1-n
Xo+n Xo-n X on| |[X-2-n )
B 1 or B

X oen Xoa-n Xown  Xo-n

X 1+n Xo1-n Xi+n  Xi-n
Xo+n + Xo-n |t Xown — Xo—n I Yh
Xivn  Xion X 14n Xo1on
Xoen  Xoon X 24en Xogop )

\

2Xy X1+ Xy X_,+Xo X_a+Xs
Xo+X_1 2Xy  X_i+X: X_o+X, X_s+Xs
X, + X, Xo+Xo1  2Xo  X_i+X, X_,+X,
Xs+X_s Xo+X_, Xi4X_1  2X,  X_i+X,

Xs+X_s  Xo+X, X,+X_,  2X,

X_s—Xs X_o—X, X_,—X, 0
X_a—Xs X_,—X, X_,—X, 0 X, —X_,
X_o—X, X_1—X, 0 X,—X_, X,—X_,
X_,—X, 0 X,—X_1 Xo—X_, Xi—X_s

0 X,—X_, Xo—X_, Xs—X_s

Equation (3.54) can be written in compact form as:

Z =~ {X; + X}y

(3.52)

(3.53)
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In Hartley harmonic domain self and mutual convolution are performed using these

equations. Similar to real Fourier Harmonic domain, the evaluation of dynamic elements

in Hartley harmonic domain is carried out by simple algebraic operations.

Consider z = x , where z and x are two periodic variables given by following equations:

X(t) = Xn=—co Xn CASTVE
Z(t) = Xh=—oo Zp Cas hvt

The dynamic relation between x) and z; may be represented as:

[00] d (00}
Z Zy cas hvt =7 z X, casnvt

h=—o0 n=—oo

o]

= Z nv X, cas(—nvt)

n=—oo

In harmonic coefficients

Equation (3.58) can be written in compact form as:

Z=D(nvy X

(3.56)
(3.57)
X 1
Xo
X1
X2
(3.58)
(3.59)

3.8 A critical comparison of the Fourier and Hartley series

amid at harmonic domain applications

The convolution theorem says that Fourier Transform (FT) of a convolution of two

functions is proportional to the product of individual Fourier transforms, and vice versa.

For instance if

f(x) = FT[f(®)]
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and g(x) = FT[g(t)]
then f(x) g(x) = FT[ f(x) ® g(x)]
and f(x) ® gx) =FT[f(x)g(x)]

Now consider the function

3
x(t) = z Xpelhet

h=-3

The convolution of x(2) is given by

3 3
xZ(t) — Z Xhejhwt® Z Xhejhwt

h=-3 h=-3
In vector form
) =XRX

X_3 [X_3

X X 5

X 1 X 1

=[Xo | ® | Xo

X1 X1

X, X

X5 | X3
Xo X4 X5 X_3 0 0 0 11X_3
X1 Xo X4 X5 X3 0 0 X_o
X, Xi Xo X4 X5 X_3 0 X_4
= X3 XZ Xl XO X—l X—Z X_3 XO
0 X3 X5 X1 Xo X1 X1 Xy
0 0 X3 X5 X3 Xo X1l X,
| 0 0 0 X3 X5 X3 Xo 1L X3 ]

(Xo)(X-3) + (X_1)(X_2) + (X_2)(X_1) + (X_3)(Xo) + (0)(X1) + (0)(X2) + (0)(X3)
= | KD &) + (Ko) (X-2) + (X)) (K1) + (X-5)(Xo) + (X-3) (X1) + (0)(X2) + (0)(X5)

(0)(X-3) + (0)(X-2) + (0)(X-1) + (X3)(Xo) + (X)(X1) + (X)) (X)) + (Xp)(X3)
All the elements of this matrix given according to corresponding subscript of X are as

shown in Table 3.1
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Table 3.1: Elements of multiplicarion matrix

Xo=a A real number only

Xi= (a;+jb;) Complex number with both real and imaginary parts
X>= (axtjby) -do-

X3= (astjbs) -do-

X = (a;+jby) -do-

Xo= (astjby) -do-

X5= (a3tjb3) -do-

Replacing the respective values of Xj in the 1% row of the product matrix above and

simplifying:

{ax (a3 +jb_3)} +{(a_q +jb_1) X (a_p + jb_)} + {(a_, + jb_3) X (a_1 + jb_1)}
+{(a_3 +jb_3) X (@)}+0+0+0

It appears like there are four multiplications and three additions involved. But further
simplification as shown below gives a clear view of the number of operations performed

in practical.

+{(a*ay) + (a*jby) + (jb.i*as) + (jbi*jby)} e 4 multiplications, 4 additions

+{ (a_]*(l_g) + (a_j*jb_g) + (jb-]*a_g) + (jb_]*]b_g)} 4 multiplications, 4 additions

& ; %
F(as3%a) + (JD3FA)} oe e e e e, 2 multiplications, 2 additions

Total Operations in First Row of Matrix 23, with 12 multiplications, 11 additions

Based on this we have the results shown in Table 3.2.
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Table 3.2: Number of operations using complex Fourier

Number of total operations in first and last row 2(23) 46
Number of total operations in 2" and 2"-last row 2(31) 62
Number of total operations in 3rd and 3™ -last row 2(39) 78
Number of total operations in middle row 1(47) 47
Number of total operations (46 + 62 + 78 +47) 233

Depending on the fact that a simple multiplication of any complex number of type

(a +ib) with another complex number of the same type involves as many as four

multiplication operations ((a + ib) X (a +ib) =(axXa+aXxib+ibXxXa+ib X ib))

and three addition operations; if we assume all the numbers in above equation are

complex of type (a+ib), the total number of operations involved in the product matrix are

worked out in Table 3.2 below.

Notice that, the operations which involve multiplication to zero are not counted hence not

included in Table 3.2.

On the other hand if two functions, f(x) and g(x) have Hartley transforms F (¢) and G (2),

respectively, then their convolution z (z) = f(x) ® g(x) has the Hartley transform

Z(t) = [H(x ® y)]

= j@ KOO + V(0] + XDV (O - V(-D]}

Now consider once again

3
x(t) = 2 Xpelhot

h=-3

101




Harmonic Domain Algebra

The convolution of x(#) is given by:

3 3
xz(t) — Z Xhejhcut® Z Xhejhwt

h=-3 h=-3
In vector form
) =X®X
X _3 X_5
X_, X_,
X1 X 1
= Xo ® Xo
X1 X1
X, X,
X3 X3
_XO X_1 X_2 X_3 0 0 0 ) _X_3 CaS(—)
X, Xo X4 X, X5 O 0 ||X_,
X, X1 X9 X4 X X3 0 ]|X_4
=|x; X, X, X, X_1 X, X_s||Xo dc
0 0 X3 Xz Xl XO X_1 Xz Cas(_l_)
| 0 0 0 Xs X, Xy X, X5 |

(Xo)(X-3) + (X_1)(X_2) + (X_2)(X_1) + (X_3)(Xo) + (0)(X1) + (0)(X2) + (0)(X3)
= | KD &) + (K0) (X-2) + (X)) (K1) + (X-5) (Ko) + (X-3) (K1) + (0)(X2) + (0)(X5)

(0X-3) + (0)(X-2) + (0)(X_1) + (ng(Xo) + (X)) (X)) + (X)) + (Xp)(X3)

Assuming all the numbers as real, the product matrix involves number of operations

detailed in Table 3.3.

A total number of sixty-seven operations are involved; proving it much faster compared
to complex Fourier. The number of operations can be further reduced in Hartley if even

and odd functions in the series are treated separately.
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Table 3.3: Number of operations using Hartley

Number of total operations in first and last row 2(7) 14
Number of total operations in 2" and 2"-last row 2(9) 18
Number of total operations in 3rd and 3™ -last row 2(11) 22
Number of total operations in middle row 1(13) 13
Number of total operations (14 + 18 + 22 + 13) 67

The above example verifies that Hartley transforms have computational priority over
Fourier transforms. However this depends upon which flavour of Fourier transform is in
comparison. If we compare real Fourier transform with Hartley transform, Hartley
transform may not be forward but if we compare complex Fourier transform with Hartley
transform, then yes; Hartley transform is definitely faster as explained by the above
example. Both types of the transforms will be used in Chapter 5, where modelling of a

synchronous machine is presented.

3.9 Summary

An overview of orthogonal series expansion is presented. A characteristic definition of
orthogonal functions and periodic functions has been given with appropriate examples.
The Fourier and Hartley series are characterized and both Fourier and Hartley analysis
are discussed in brief. Emphasis has been given to the process of polynomial evaluation

using these transforms.

A portion of this chapter has been dedicated to Hartley transforms and their importance.
In the end, a computational comparison between the two discussed analysis methods is

made to demonstrate the computational importance of the Hartley transforms.
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4. MODELLING OF POWER TRANSFORMER
IN HARMONIC DOMAIN

4.1 Introduction

A power transformer is an essential part of any power network. During the last forty
years intensive research efforts have been made to derive a suitable model of a
transformer under steady state and transient conditions. A thorough knowledge of
harmonics in power system networks requires an in-depth understanding and precise
models for all the components of the power system. In many practical applications, the
effect of non-linearity in the magnetization branch of transformer can be considered as
negligible, research has been carried out to demonstrate its significance [1]. During the
study of nonlinear systems [2], a number of transformer models in the harmonic domain

have been put forward.

The transformer models were initialy derived for load flow analysis [3], [4]. A full
transformer model must include both electric and magnetic circuits. Several models have
been developed, covering both the electrical and magnetic circuits of the transformer for

the analysis of electromagnetic transients [5], [6].

Time domain procedures are usually used to determine steady state behaviour of the
components in a power system, including the power transformer. The application of these
procedures is however dependant upon information, which is not readily available, and
results in an increased time required for computations. Harmonic phasors provide a fast

and practical solution to this problem.

As already mentioned the harmonic domain frame, as a new frame for the analysis of the
different components and the whole system, gives rise to more efficient models of these
nonlinear components, like transformers and generators.Concerning the modelling of the
transformer in the harmonic domain, several numerical procedures were proposed to

simulate the nonlinearity of the transformer core.



Modelling of Power Transformer in Harmonic Domain

The model that replaces nonlinearity of the transformer core with an equivalent circuit
was presented in reference [7]. Norton harmonic equivalent for the magnetization branch
of the single phase transformer was developed in the harmonic frame of reference [8].
The model was later extended and generalized to three phase networks, with multiple

transformers [9], [10].

Harmonic domain modelling of transformer generally covers two aspects. First is the
construction of the harmonic domain model, while the second aspect is the relation of the
constructed model with harmonic frequencies. The harmonic model of a power
transformer has been derived all is based on these two aspects [11]-[16]. Recently, a
model for transformer nonlinearities including hysteresis is presented, which makes the
use of describing functions and the harmonic balance method [17]. More recently,
harmonic domain modelling of the single phase transformer core nonlinearities is derived
and new computer algorithms are proposed [18]. Presented here is a full transformer
model in the harmonic domain based on fundamental steps to derive a Norton equivalent

for the magnetization branch of the transformer.

4.2 Nonlinear effects in the transformer core

Following nonlinear effects are present in a transformer core to a greater or lesser extent

4.2.1 Saturation

Saturation is a predominant effect in power transformers. Harmonics can be generated in

all types of electrical machinery due to magnetic saturation in the core.

In order to avoid harmonics, the flux produced from the excitation current should always
be proportional to it. However, as we know that magnetization curve is not linear, the
magnetizing current is badly distorted after it enters the saturation region on the curve.
Under normal conditions, the core operates in the linear region of the magnetization
curve and does not usually saturate. In certain cases the transformer core enters the

saturation region. For example, if a transformer is feeding to a converter load or an over-
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excitation occurs due to a large rectifier plant connected to the transformer [19],

harmonics in excitation current are caused.

4.2.2 Eddy Currents

Magnetic materials usually are good conductors of electricity. Potential difference
provided by the winding turns across the core of transformer, allows Eddy currents to
flow normal to the flux. These currents are a function of the supply frequency and

generally their effect on power (low) frequency is not significant.

The core itself is usually made from laminated strips of the metal to minimize the effects
of eddy currents. However, there is always a nonlinear effect present to some extent due
to eddy currents and papers have been presented for modelling based on eddy currents e.
g. [20]-[23] and more recently by [24] and [25]. Here eddy current currents are not a

point of focus and it is assumed they are negligible.

4.2.3 Hysteresis

Hystereses depend upon the residual flux in the core. Residual flux varies with the type of
magnetic material used in the core. Different materials have a different level of residual
flux hence a different hysteresis loop. Fig. 4.1 shows the variation in the area of

hysteresis loop for different materials.

Owing to efficiency requirements; transformer core should have a narrow hysteresis loop.
Therefore they desire a material in which magnetization history is of minimum effect as
they are usually subject to time varying magnetic fields. The materials with large residual
flux are used in permanent magnets and memory devices. Based on the method of
describing function, a model of for core nonlinearity caused by transformer has been
presented by [26]. Similar procedure has been adapted by [27] for the representation of
hysteresis loop and linearization of excitation current. The nonlinearity is a function of

peak flux and applied frequency and can be given by:

bit+jay

N(E, ») = (4.1)
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Fig. 4.1: Hysteresis loop for three different magnetic materials

Where b; and a4 are the coefficients of the Fourier series. Consider the non linear

system shown in Fig. 4.2 below

NONLINEARITY

Fig. 4.2: An assumed nonlinear system

Where A(t) is the total flux linkage; given as:
A(t) = E sin(wt)

In equation (4.2) E is the amplitude and w is the frequency of the input wave. The Fourier

4.2)

series of the function may be given as:

A(t) = % + Yooq a, cos(nwt) + Y p-q by, sin(kwt) (4.3)

108



Modelling of Power Transformer in Harmonic Domain

The experimental magnetizing characteristics of a small transformer may be recorded in a

laboratory. The schematic for plot i,(t), the excitation current versus flux linkage 4, is

shown in Fig. 4.3.

’ — ) —

o

Fig. 4.3: Hysteresis loop; flux linkage and excitation current plot, schematic.

In equation (4.3), a,, and b,, are given by following relations:

w

a, = ;ftto A(t) cos(nwt)dt

b, =2 ffo A(t) sin(nwt)dt

s
Where ¢t is a random point on time axis and
2
t=to+ (D)

(2m/m) being the time period of the input magnetization current.

(4.4)

(4.5)

(4.6)

Assuming that the nonlinear component is symmetric about axis; equation (4.3) becomes:

A(t) = Yooq a, cos(nwt) + Y- q by, sin(kwt)

~ a, cos(nwt) + b, sin(nwt)

4.7)

109



Modelling of Power Transformer in Harmonic Domain

~ a, sin(wt + 90°) + b, sin(wt)
~ ¢; sin(wt + ¢)
~ c e/ (@) (4.8)

Here

Clé(p == b1 +]a1 (4.9)

Replacing the value of (b; + ja,) in equation (4.1) gives the gain of nonlinearity as

N(E, w) = % (4.10)

4.3 Polynomial fitting of the hysteresis curve

The dynamic hysteresis loop in iron core is composed of two symmetrical parts. The the
normal magnetizing curve, as the first part marked by "aoc" in Fig. 4.4, is the locus of the
mid points of the hysteresis loop. This can be obtained by the measured hysteresis data.
The loss part, as the second part marked by distances such as "ef" in Fig. 4.4, represents
loss in the hysteresis loop. It is also termed as the "consuming function" because the main

part contributes proper shape and area of the hysteresis loop.

&

N

Fig. 4.4: A sample hysteresis loop approximated by four line sections
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The distance “ef” changes periodically by a half wave symmetry. The periphery of the

hysteresis loop is obtained by adding or subtracting the consuming function to the normal

magnetizing curve. Usually, for modern transformers, normal magnetizing curve can be

approximated by four line sections. The equations of these lines are:

i = (i, —mypy) + my¢p
i = (i —myp,) + myop
i = (i3 —mzp3) + mgop

[ = (iy —mypy) + My

Where

¢ = ¢, cos(wt)

$o <[Pl < ¢4
¢ <ol < ¢,
$2 <9l < ¢3
$3 <[Pl < ¢4

(4.11)
(4.12)
(4.13)

(4.14)

(4.15)

Subscripts 1, 2, 3 and 4 denote for the sampled points of Fig. 4.5 and m is slope of the

corresponding line sections.

19

(ig.Pa)

oy

Fig. 4.5: Sampled points on the magnetization curve
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The nature of the consuming function is a reverse function of the normal magnetizing
curve. It reaches maximum when the normal magnetizing goes to zero, and vice versa.

Hence the consuming function can be represented by:

f(¢) =D (4.16)
f($) = DG-{pm cos(wt)}) (4.17)
f(¢) = —Dwe,, sin(wt) (4.18)
f(¢) = —obsin(wt) (4.19)

Where D is a coefficient, and ob is the maximum distance between the mid point locus

and the periphery of the hysteresis loop.

The hysteresis loop is represented by combining Equations (4.11-14) and (4.19). By
fitting the four line sections into the normal magnetizing curve, the periphery of the
hysteresis loop turns out a composition of sixteen line sections. The mathematical
expression for the hysteresis loop becomes:

i = (i — miopy) + mpd — ob sin(wt) (4.20)
Where

Dr-1 < |P| < Py k=1,2,...,16 (4.21)
In a simple magnetic core, the current-flux relationship existing in an unloaded power

transformer, may be approximated [30] by a polynomial equation of the form:
i=ap+by" (4.22)

Where i and ¢ are magnetizing current and core linkage flux respectively.

Constant coefficients a and b respectively impact the linear and saturated regions of the
core magnetization characteristic. The curvature of the characteristic in saturation region

is mainly deduced based on constant exponent 7.

Fig. 4.6 shows how magnetization curve changes with a change in a, b and n of Equation
(4.22). The coefficients a, b and n can be derived from the basic information about the

machine and experimental magnetization curve.
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Let us assume that Fig. 4.7 shows the positive half of such an experimental magnetization
curve for a certain transformer. Following information about the recorded curve is
tabulated:

= Slope of the linear part = 1700

= Atknee point, (i,¢) = (0.002, 1)

*  Maximum flux and maximum current = (i, ¢) = (1.3, 0.004)

By putting all this information in Equation (4.22) gives:

1
0.004 = ——(1.3) + b(1.3)"

1700
- 0.0032
oY= 13y
which gives b =0.0015forn =3,

b =0.000862 forn =5,
b = 0.00051 forn = 7,
b = 0.0003 for n = 9 and so on.

Coordinates at the knee point tell us that i = 0.002 when ¢ = 1. While the polynomial
equation is solved for different values of n and corresponding b at ¢ = 1; the current
obtained is:

i=0.0021 for n =3,

i=0.0015forn=>5,

i=0.0011forn="7 and

i=0.0009 forn=9

Hence most suitable fitting of this crve is:

i = 0.00059¢ + 0.0015¢3
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Fig. 4.6: Variation in magnetization curve with a chage in a, b and n

114



Modelling of Power Transformer in Harmonic Domain

For the case of n=3, the self and mutual-convolutions in frequency domain may be

carried out as:

P =p®gp (4.23)

P =p®¢’ (4.24)

The reason for the use of polynomial evaluation via repeated convolutions is that it is
equivalent to the algebraic approach; at the same time has the advantage of being

amenable to efficient computer implementations [28].

Assuming the following voltage excitation,

e=FE_  cosat (4.25)
and upon integration,
E_ .. .
@ =" .sin ot (4.26)
@

Alternatively, expressing the flux in the form of complex exponential coefficients,

jot ot
=L € € (4.27)
w 2]

It should be remembered that,

jor ot
Jjot eJ

sin@gf = ——— (4.28)
2]
and
jor -j ot
cos ot = % (4.29)

Putting only the complex exponential coefficients from equation (4.27) in equation
(4.22), an expression for the current, in terms of complex exponential coefficients, is

carried out as follows:

. . . . 3
jot _ -jor jot _ -jor
i= a(e h j+ b(e ¢ j (4.30)
2] 2j
. b Bar [ a bj oot .[a bj “jar b -j3at
— 1. + 19 — == .3J 1l — == 3 LE R AN 431
t=lge J(286 127g)7¢ ¢ (4.31)
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Fig. 4.7: Recorded magnetizing characteristics of the transformer
It should be noticed that although the flux is a pure sinusoid, the current contains higher
frequency terms, namely third harmonic. The harmonic contents in the current waveform

are as in Table 4.1.

Table 4.1: Harmonic contents in the current given by Equation (4.31)

3l‘d 2nd lst DC _lst _2nd _31”(1

ib/8 0 i(a2-b/) 0 -i(a/2-b/8) 0 -ib/8

The above algebraic procedure is fully equivalent to the graphical procedure shown in
Fig. 4.8, which would go accompanied by FFT procedures in order to extract the

harmonic content of the current waveform.

Notice that the graphical procedure involves mapping a full-period (only half-period
shown) of the flux onto the magnetizing non-linear flux-current characteristic, in order to
derive the magnetizing current waveform — which happens to be non-sinusoidal even for

an impressed sinusoidal flux, due to non-linear nature of the flux-current characteristic.
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Fig. 4.8: Relation between main flux, supply voltage

and no-load magnetizing current [29]

4.4 Norton equivalent for the magnetization branch in

harmonic domain

Transformers are usually designed to operate very close to the limit of the linear
characteristics and even under small over-excitation, their contribution to harmonic
content is often important. The experimental magnetizing curves can be analytically
approximated. Fig. 4.9 shows an idealized flux-current characteristic, when hysteresis is

neglected and obtained with the transformer operating under no-load.

L

Fig.4.9: An idealized flux-current characteristic curve
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For the average upper half of the magnetizing curve, if ¢ and ¢ represent the
approximate values of flux in the core against the respective values of current iy and i;

as shown in Fig. 4.10. Then for a certain operating length on the curve

& A
a— P P
APy
do [~

i 4

io I i

—

Al

Fig 4.10: Change in flux with change in magnetizing current near operating point

Ai

i G (4.32)
Where G is the incremental magnetic conductance
Ai = GAg (4.33)
Equation (4.33) can also be written as
(iy = io) = G(¢p1 — ¢o) (4.34)
or i1 =G(p1 — o) + i

i =GP —Gpg+ iy

i1 =Gpy + (ip — Go) (4.35)
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As we know that time derivative of flux results in the voltage i.e.

d
b=
= jhop =V
1
= [0) :jh_a)V
= ¢ = D (jhw)V (4.36)

From equation (35) and equation (36), we can write that

I, =GD (jhw)V + {iy — GD(jhw)V}

Il = GD_l(]hw)V + IN
Where Y = GD (jhw)
and IN = io YV

Equation (4.37) may be interpreted as harmonic Norton equivalent for the magnetization

branch of the transformer as shown in Fig. 4.11.

\ 4

I

Fig. 4.11: Harmonic Norton equivalent for the magnetization branch
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Notice that in the harmonic Norton equivalent, the admittance matrix Y is a band-
diagonal matrix of dimensions 2A4+1x2h+1, where /4 is the harmonic order; In, I and V

are harmonic vectors of dimensions 2/4+1.

4.5 Full transformer model in harmonic domain

The circuit of harmonic Norton equivalent for the magnetizing branch of the transformer
(Fig. 4.11) is now combined with the rest of the equivalent circuit of single-phase
transformer to give a full harmonic representation for the single-phase transformer and is

shown in Fig. 4.12.

Fig. 4.12: Full harmonic representation of a single-phase transformer

The transformer core is a kind of flux controlled inductance. For high currents the
transformer core is driven into saturation where the flux current characteristics are
modelled as a polynomial equation (4.22) by using self and mutual convolutions. The
magnetic flux is derived according to equation (4.36). The operational derivative matrix
(D) is built for this purpose and its inverse is taken to obtain the operational matrix of
integration. Notice that the dimensions of this matrix (D) are ((2h + 1) X 1), where 4 is
the harmonic order. Equation (4.37) is put up with the help of G and i, where G is a
Toeplitz matrix assembled with the harmonic inductance of the magnetizing

characteristics, whereas, i, is a assembled with the coefficients of harmonic current.

120



Modelling of Power Transformer in Harmonic Domain

4.6 Case study

Using iterations, for harmonic response of the circuit shown in Fig. 4.13 is worked out.
The circuit comprises of a voltage source feeding a transmission line via a step up

transformer.

The magnetizing branch of the transformer is responsible for producing harmonic current
distortion and is assumed to be connected at the high level bus of the transformer (bus 2).

The transmission line is modelled by pi-equivalent circuit.

Transmission line

Non-linear
transformer

Ideal @ %
generator

Fig. 4.13: Test circuit

Harmonic values up to 15" term are considered in the simulation. However; the terms

above 5™ harmonic showed to have negligible small values.

Please notice that in the results shown in Fig. 14-16, harmonic voltage vectors contain
positive and negative harmonics as well as the DC term. Further the numerical values are

rounded off.

121



Modelling of Power Transformer in Harmonic Domain

-3 0

-2 0
-1 0.6

DC| O
0.6

0

0

Magnitude
o o o o o o
P £ & o o

o
T

[ [ [ [ [

e
o

-10 -5 0. 5 10 15
Harmonic order

20

Fig. 4.14: Harmonic Voltage at Node 1, Fig. 4.13
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Fig. 4.15: Harmonic Voltage at Node 2, Fig. 4.13
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Fig. 4.16: Harmonic Voltage at Node 3, Fig. 4.13
The circuit is solved on the basis of a constant core resistance R and a magnetizing
current dependant flux linkage. The characteristic of the nonlinear inductance is based on
flux and magnetizing current. The operational matrix for integration is achieved by taking
the inverse of operational derivative matrix D which is then multiplied by the voltage to

calculate flux linkage (¢).

The programme is initialized by setting the initial conditions (tol, error, iter) and a small
(estimated) value of flux linkage to start the iterative process. All the system parameters
have been gathered and Norton harmonic equivalent for the magnetization branch is built.
A check for the convergence is performed at the end of two successive iterations of
harmonic current values. The network nodal harmonic voltages are obtained when the
solution is converged. Appendix I, shows all the functions used in MATLAB™ for the

calculation of harmonic voltage magnitudes.
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4.7 Generalization to 3-phase transformer

Magnetic circuits have their analogy to the electric circuits. In the electric circuit shown

in the electric circuit of Fig. 4.17, the potential difference between point 4 and B is:

Vap = V4 —Vp (4.38)

and V =iR (4.39)

Where R is the resistance of the conductor i. e. the path for the flow of current, depending
upon cross-sectional area and length of the conductor. Similarly, in the symbolic

magnetic circuit of Fig. 4.17, the difference in mmf between points 4 and B is:

Fip =F,—Fp (4.40)

Also F = ®R (4.41)

Where R is know as the reluctance of the magnetic path. R is the counter part of
resistance in the electric circuit. The only difference between two circuits in this regard is
that in an electric circuit current travels through the path while in a magnetic circuit flux

travels through the path provided.

g '

4 F

Electric Circuit Magnetic Circuit

Fig. 4.17: Analogy of electric and magnetic circuit
In equation (4.41), F represents mmf of elctro-magnetic source. In transformers and most

of other electrical machines

F = Ni (4.42)
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Where N is the numbers of turns of winding conductor and i is the excitation current.

Replacing value of F from equation (4.42) into equation (4.41) yields

Ni = ®R (4.43)
Now, if the distance between A and B is very small (incremental), equation (4.43) may be
written as
AF = RAD (4.44)
or
Fy — Fg = R(P, — Pp)
Fg =RO5 +F, —RD,
Fp = RPp + E, (4.45)
where FE,=F,—Rd,

here R is the incremental reluctance of the magnetic path between points 4 and B.
Assuming that mmf source is attached to point 4 i.e.
F, = Ni

Then equation (4.42) becomes:

FAB == Nl - RCI)B - Fn (4.46)
Multiplying both sides of equation (4.46) with G, gives:
GF,5 = GNi — GRPg — GF, (4.47)

In equation (47) G is the inverse of R, know as magnetic conductance. Solving for flux,
produces:

CDB == GNl_GFAB _GFTL (4.48)
In a per unit system, Ni = i, so equation (4.48) can be moderated as:

CDB = Gl - GFAB - GFn (4.49)
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Where al the quantities are phasor quantities. Generalizing equation (4.49) in matrix form

so that different branches can be included:

®p = [G]i — [G]F = [G]F,
or

& = [G]i — [G]F — F,
where

Fp = [G]F,
Multiplying both sides of equation (4.50) by [R] gives:
[R]® =i—F —[R]F,
Multiplying both sides of equation (4.51) by connection matrix /C/'
[CI*[R]® = [C]i — [C]'F — [C]*[R]Fy,
If [C]'i =iy and F = [C]Fy , equation (4.52) can be written as:

[CI*[R]® = iy — [C]'[C]Fy — [C]*[R]F,

Solving for Fy
Py = = ez (CVTRI® + [CV IR — i)
Fy = ~[X,JCIRI® + [CFIRIE, — iy)
where
[X,] = —
[CTFTC]

Simultaneously solving equations (4.50) and (4.53) for i gives the out put:

i = [X;]® + X,F, + [Cl[X,]iy

where

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)
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[X.] = [RI{1 - [C][X4][C]*}
Now going back to equation (4.36), putting the value of flux in equation (4.54) generates:

i = [X;]D7*(jhw)V + [X,]Fy + [C][X1]in

i=[Y]V+iy
(4.55)
where
[Y] = [X,]D~* (jhw)
and

Iy = [X2]F, + [C][X )iy

Based on the fact that three single-phase transformers can be connected to achieve a
three-phase transformer, method stated in section 4. 4 can be used for the modeling of a
three-phase transformer. The three-phase transformer model involves the type of

connections as well as the number of limbs in the core.

4.8 Case study

The harmonic response of the circuit of Fig. 4.13 is simulated using iterations, assuming
that the circuit is a three-phase one now. The circuit comprises a three phase voltage

source feeding a transmission line via a three phase step up transformer.

Again it is assumed that the source is an ideal one and the magnetizing branch of the
transformer is responsible for producing harmonic current distortion. It is also assumed to
be connected at the high level bus of the transformer (bus 2). The transmission line again

is modelled by pi-equivalent circuits as it was in previous case.

As the voltage source is an ideal one, no harmonics are observed at Node 1. Notice that
the voltage vector used in simulation is up to 15™ harmonic term and harmonic voltages

at Node 2 and Node 3 are given in Tabe 4.2 ad Table 4.3 respectively.
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07 T T T T T
0 -3 06
0 -2 05 1]
—2.750 + 0.4763i |—1 s
0 0 27
—2.750 + 0.4763i [+1 £
0 +2 i
0 143 04F
-%0 -1[5 -10 6 é 16 1&5 20
Harmonic order
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Fig. 4.20: Harmonic Voltage at Node 1. Phase ¢, Fig. 4.13
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Table 4.2: Harmonic voltages at Node 2, Fig. 4.13

Harmonic order V, Phase a V, Phase b V, Phase ¢
-15 -0.0000 + 0.0000i -0.0000 + 0.0000i -0.0000 + 0.0000i
-14 0 0 0
-13 0.0000 + 0.0000i -0.0000 + 0.0000i -0.0000 - 0.0000i
-12 0 0 0
-11 -0.0000 + 0.0000i 0.0000 + 0.0000i 0.0000 - 0.0000i
-10 0 0 0
-9 0.0001 - 0.0000i 0.0001 - 0.0000i 0.0001 - 0.0000i
-8 0 0 0
-7 -0.0010 - 0.0001i 0.0006 - 0.0008i 0.0004 + 0.0009i
-6 0 0 0
-5 0.0092 + 0.0008i -0.0039 - 0.0084i -0.0053 + 0.0076i
-4 0 0 0
-3 0.0361 + 0.0157i 0.0361 + 0.0157i 0.0361 + 0.0157i
-2 0 0 0
-1 0.7869 + 0.0314i -0.4206 + 0.6657i -0.3662 - 0.6971i
DC 0 0 0
1 0.7869 - 0.0314i -0.4206 - 0.6657i -0.3662 + 0.6971i
2 0 0 0
3 0.0361 - 0.0157i 0.0361 - 0.0157i 0.0361 - 0.0157i
4 0 0 0
5 0.0092 - 0.0008i -0.0039 + 0.0084i -0.0053 - 0.0076i
6 0 0 0
7 -0.0010 + 0.0001i 0.0006 + 0.0008i 0.0004 - 0.0009i
8 0 0 0
9 0.0001 + 0.0000i 0.0001 + 0.0000i 0.0001 + 0.0000i
10 0 0 0
11 -0.0000 - 0.0000i 0.0000 - 0.0000i 0.0000 + 0.0000i
12 0 0 0
13 0.0000 - 0.0000i -0.0000 - 0.0000i -0.0000 + 0.0000i
14 0 0 0
15 -0.0000 - 0.0000i -0.0000 - 0.0000i -0.0000 - 0.0000i
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Table 4.3: Harmonic voltages at Node 3, Fig. 4.13

Harmonic order V, Phase a V, Phase b V, Phase ¢
-15 0.0000 - 0.0000i 0.0000 - 0.0000i 0.0000 - 0.0000i
-14 0 0 0
-13 -0.0000 - 0.0000i 0.0000 - 0.0000i 0.0000 + 0.0000i
-12 0 0 0
-11 0.0000 - 0.0000i -0.0000 - 0.0000i -0.0000 + 0.0000i
-10 0 0 0
-9 -0.0000 + 0.0000i -0.0000 + 0.0000i -0.0000 + 0.0000i
-8 0 0 0
-7 0.0001 + 0.0000i -0.0000 + 0.0001i -0.0000 - 0.0001i
-6 0 0 0
-5 -0.0017 + 0.0000i 0.0008 + 0.0014i 0.0008 - 0.0014i
-4 0 0 0
-3 -0.0274 - 0.0047i -0.0274 - 0.0047i -0.0274 - 0.0047i
-2 0 0 0
-1 1.0385 + 0.2002i -0.6926 + 0.7992i -0.3459 - 0.9994i
DC 0 0 0
1 1.0385 - 0.2002i -0.6926 - 0.7992i -0.3459 + 0.9994i
2 0 0 0
3 -0.0274 + 0.0047i -0.0274 + 0.0047i -0.0274 + 0.0047i
4 0 0 0
5 -0.0017 - 0.0000i 0.0008 - 0.0014i 0.0008 + 0.0014i
6 0 0 0
7 0.0001 - 0.0000i -0.0000 - 0.0001i -0.0000 + 0.0001i
8 0 0 0
9 -0.0000 - 0.0000i -0.0000 - 0.0000i -0.0000 - 0.0000i
10 0 0 0
11 0.0000 + 0.0000i -0.0000 + 0.0000i -0.0000 - 0.0000i
12 0 0 0
13 -0.0000 + 0.0000i 0.0000 + 0.0000i 0.0000 - 0.0000i
14 0 0 0
15 0.0000 + 0.0000i 0.0000 + 0.0000i 0.0000 + 0.0000i
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4.9 Harmonic domain iterative solution

A devised network comprising of a nonlinear transformer, an ideal voltage source and

transmission line has been analyzed using a unified iterative procedure. The main steps of

iterative procedure are:

a)
b)

c)

d)

g)
h)

First of all the required parameters have been gathered for iterative solution

The data for different components has been collected and arrays are initialized. A
separate programme is run for this purpose

The admittance matrices for different linear network components have been
constructed

The functions for operational derivative have been defined. D is the operational
matrix for derivation, its inverse is the operational matrix for integration

Harmonic Norton equivalent has been built up for the iterative harmonic solution.
Separate programmes are run for this purpose, also separate programmes are run to
define self and mutual convolutions functions used

A check for the convergence based on two successive iterations of harmonic current
values is made

Network nodal admittance and current matrices have been built up

For nodal harmonic pivots greater than zero, the matrix has been partially inverted

Finally, the nodal voltages at inverted harmonic nodes are determined

Shown in Appendix II, are the codes of functions used in MATLAB™ for the calculation

of harmonic voltage magnitudes.
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4.10 Summary

Starting from the historic development in modelling of a transformer, the harmonic domain
model for the magnetization branch of the transformer has been derived and presented in
this chapter. The various non-linear effects found in the transformer magnetic core are
outlined, with the emphasis being placed on core saturation because of its high impact on
harmonic generation. The harmonic balance method is used as a frame of reference to asses
the harmonic behaviour of the power transformer. Due to the fact that magnetic core
saturation can be well presented by polynomial functions and that these are amenable to
speedy harmonic evaluations using repeated convolution, then efficient algorithms have

been developed.

The transformer’s electric and magnetic circuits have been combined together to give a
full harmonic electromagnetic representation. The transformer model is interfaced with
the rest of the power network and is demonstrated through several examples which are
solved using a Newton-type iterative technique. The model can be very helpful in
harmonic domain analysis. Because of it’s simplicity in mathematical expressions, the

model there fore has a special advantage over existing models.
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5. Harmonic Domain Modelling of Synchronous

Generator

5.1 Introduction

The modelling of a synchronous generator starts with the development of the synchronous
machine’s dynamic model, which has been known for more than seventy years. A three-phase,
wound field synchronous generator has three identical armature windings symmetrically
distributed around the air-gap. There may also be one or more damper windings present in
addition to a field winding. Normally the armature windings are placed on the stator and the field
and the damper windings on the rotor, however there are cases when armature windings are
placed on the rotor and field winding on the stator. This does not affect the machine modeling

approach, since only relative motion between the stator and rotor windings is important.

A synchronous machine can be described by a system of ‘n+1’ equations, n of which are
electrical and one of which is mechanical. The number n of electrical equations is equal to the
number of independent electrical variables necessary to describe the machine. These variables
can be either currents or flux linkages. Electrical equations are obtained by writing Kirchhoff’s
voltage law for every winding, i.e. by equating the voltage at the winding’s terminal to the sum
of the resistive and inductive voltage drops across the winding [1]. Notice that the damper

windings, if present, are always short circuited. Therefore, their terminal voltage is equal to zero.

In order to correctly calculate the inductive voltage drop across a winding, the total magnetic
flux linked with the winding needs to be evaluated. This is achieved by means of an inductance
matrix which relates all the windings’ flux linkages to all the windings’ currents. When this is
done for a salient-pole synchronous machine, an inductance matrix dependent on the rotor
position is obtained. This dependence is due to the magnetic asymmetry of the rotor: because of
the way the rotor of a salient pole machine is shaped, there exists a preferable magnetic direction.
This direction coincides with the direction of the flux produced by the field winding and is

defined as the machine’s d axis. The machine’s ¢ axis is placed at 90 electrical degrees (in a
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counterclockwise direction) with respect to the machine’s d axis. Then, the rotor position can be
expressed by means of an angle, between the magnetic axis of the armature’s phase a and the

rotor’s g axis.

aa

Magnetic axis of coil

Fig. 5.1: Cross-section of a simple synchronous generator

Dependence of the inductance matrix on the rotor position represents the main difficulty in
modeling the synchronous machine. A solution to this problem is to change the reference system,
or frame, in which the machine’s electrical and magnetic variables are expressed. In an abc
reference frame, variables are expressed as they can actually be measured in the machine, but the
machine parameters are time variant. In a dq, reference frame, all variables are expressed in a
form in which a hypothetical observer placed on the rotor would measure them. Transformation

from the abc to the dqg reference frame is given by the following transformation matrix:
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sin®  sin(6— 2_7r) sin(0 + 2—Tt)
T=42/3 3 S

5.1
cos® cos(6— E) cos(0 + Z_n)
3 3
Inverse transformation (from the dq to the abc reference frame) is then given by:
sin O cos 0
o . 27 271

T =+/2/3|sin(0 — ?) cos(0 — T) (5.2)

sin(0 + 23—75) cos(0 + %)

Any set of three-phase variables fa, f» and fc expressed in the abc reference frame can be

transformed in dq reference frame variables fz and f; by multiplying them by T:

f

fy a
£ 70 f;b (53)
Vice versa:
f, £,
£y, | =Tiny £ 5.4)
f q

c
Notice that the transformation of variables preserve total system power. In every time instant,
power in abc reference frame is equal to power in dg reference frame. Regarding zero variables
which generally must be taken into account when variables are transformed into rotor reference
frame; for a Y-connected generator without neutral connection, zero variables are always equal
to zero. When the machine’s electrical equations are transformed from the abc to the dg

reference frame, they assume the following form [1, 2]:

For damper

) d. d. d.
0 = Rialka — Lma Zlat Lina Pr (Lika + Lmd);lkd (5.5

. a . da .
0= qulkq - Lmq Elq + (leq + Lmq)alkq (56)
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For field
. d . d . d .
Vta = Realta — Lma 7 ta + (Lita + Lima) 7 ita + Lina 7 lka (5.7)
For armature
. d . d . d .
Va = =Rsiq — wAq = (Lis + Lina) - la + Lima 7 ifa + Lma 7 ika (5.8)
_ . 1 d . d .
Vg = —Rsig = whg = (Lis + Limg) 77l + Lmg 7 kg (5.9
Where Aq = —(Lis + Lpg)ig + Lipa(isq + ixq) = flux linkage (5.10)
and Aqg = —(Lis + Ling)ig + Lingirg (5.11)

The equivalent circuits are similar to a transformer equivalent circuit. In each of them, several
windings characterized by some resistance and leakage inductance, are coupled through a mutual

coupling inductance.

AN~

Va Lina ég Ligg

Vea

Ria

Lika

Fig. 5.2: Synchronous generator’s equivalent circuit in rotor frame of reference

The difference, compared to the transformer is that, while a transformer’s equivalent circuit is an
ac circuit, here, when the generator is operating in sinusoidal steady state, all voltages, currents
and flux linkages are dc. If the machine has no damper windings, the damper windings branches
can be removed from the equivalent circuit. The turns ratio between the rotor and armature is

taken into account when the actual values of rotor are of interest.
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The mechanical variable in electrical equivalent circuit is represented by rotor speed, and the

mechanical equation of the system must be taken into account for a complete model.

The equation corresponding to the equivalent circuit representation also depend upon flux
linkages like above shown equations however the determination of parameter values for the
model elements, e .g. resistances and inductances becomes difficult. Traditionally open and
short-circuit tests of the machine are performed to obtain these parameters. The machine data can

be got from machine manufacturers.
L, :

R s W A d L Ls
v -

Lika

Fig. 5.3: Synchronous generator’s equivalent circuit in rotor frame of reference without

damper winding

Before the steady state is reached, rotor electrical speed is different from the terminal voltage’s
angular frequency during which the synchronous generator represents harmonic currents. The
supply to an unbalanced, three phase load may also cause harmonic currents in the stator
winding. This phenomenon is known as the frequency conversion effect [3]. Some harmonic
currents are also caused by the non-linear characteristic effect [3, 4] due to magnetic saturation

effect.
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5.2 Synchronous generator under harmonic conditions in the

Fourier harmonic domain

During transient or steady state operation of synchronous generator, the asymmetry of the
winding distribution and structure of rotor (in addition to the influence of a set of unbalanced or
distorted stator currents) creates mmfs in rotor which rotate relative to each other. This process
induces unbalanced voltages which result in further stator current distortion. This process is quite

frequent at harmonic frequencies.

With only linear loads connected to machine, the currents and voltages of higher order being
sequentially generated will be progressively smaller since in this case the rotor reaction field
effectively opposes the presence of high frequency flux components. Nonlinear effects or
harmonic magnification on the eternal system requires a harmonic balance between load and
rotor with no necessarily negligible higher order currents and voltages. In a cylindrical rotor
machine, a negative sequence current of order / injected to the stator creates a flux of order A+1
in the rotor. This rotor flux induces a negative sequence voltage of order 4. In case of a positive
sequence /4 order harmonic current in the stator the rotor flux is of the order /-1 which results in

positive sequence voltage of the order 4.

In a salient pole machine, a negative sequence current of the order 4 produces two counter
rotating fluxes of order /#+1 in the rotor. One of these fluxes induces a negative sequence voltage
of the order & while the other one induces negative sequence voltage of the order 4+2 in the
stator. A positive sequence current of the order / in this type of machine produces two counter
rotating fluxes of order /-1 in the rotor. One of these fluxes induces a positive sequence voltage
of the order /# while the other one induces positive sequence voltage of the order #+2 in the
stator. This process in the stator is similar for the 4-2 or higher harmonic orders. In general it can
be concluded that in phase coordinates any 4 order harmonic current in the stator produces
harmonic voltages of the order 4-2, & and h+2. Presented here is generator’s periodic behaviour

derived basically from the quantities in dg axes using well known variables and notations [5, 9].
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5.2.1 Machine’s Fourier harmonic admittance matrix model in

dq0 axis

The synchronous machine’s periodic behaviour is presented here for a cross coupled and multi

harmonic three phase model. The set of differential equations describing the nonlinear machine’s

behaviour is given below

—vg = Rig + p(Laiq + Mygis + Mysis) — w(Lgiq + Myiy)
—vy = Rig + p(Lgiqg + Myir) + w(Lgiq + Magiy + Mgsis)
Vr = Relp + p(Lpiy + Mgpig + Mpsis) =0
Vs = Rgig + p(Lsis + Mggiyg + Mggip) =0

vt = Rtit + p(Lflt + Mqth) =0

(5.13)
(5.14)
(5.15)
(5.16)

(5.17)

The variables s and ¢ represent a closed damper winding in d and ¢ axes respectively. It is

assumed that if the applied field voltage is constant no harmonics are produced in fieled voltage

[10] therefore v, is set to zero. At a particular frequency 4, the required variables of equation set

(5.13-17) is described in phasor form [11] as:
wp, = Re{W,e/het}

where phasor W}, is given by the equation:

Wy = Wy + jWy'

In harmonic domain as:

p = jwh

Writing equation set (5.13-17) in phasor form and solving for dg quantities yields:

Vag = {[qu] - [qu—fst][zfst]_l[Zfst—dq]}qu

For harmonic / equation (5.21) can be written written as:

(5.18)

(5.19)

(5.20)

(5.21)
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lagoy, = [Yaqo,Vaqo, (5.22)

where

_ -1
Vaqon = (6 + i8] = |[Zaq] = [Zag-rsel Zrse] " [Zpse-aal (523

known as Fourier harmonic admittance matrix in dg0 axis for harmonic analyses of the machine.
G and B respectively represent real and imaginary parts of the matrix. The Matlab functions used

to obtain Y0 in Fourier harmonic domain are given in Appendix II1.
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Fig. 5.4 (a): The shape of admittance matrix Y40 (simulation result)

Fig. 5.4 (a); shows a zoomed view of the admittance matrix Yy, produced by the code in
Appendix III. The cross here represent different complex values of the form a+ib, where as the
spikes in the surface plot of Fig. 5.4 (b), indicate their magnitude. The relationship between
variables is represented represented by the equation (5.22). When solved for unknown variables,
sparsity based algorithms are used to optimize the execution time and to minimize the memory
requirement, as most of the operations take place only between non-zero elements of the

matrices and vectors in equation 5.22. Figures such as Fig. 5.4, not only provide useful
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information about the sparsity of the matrices but also indicate if there is any cross coupling. In

the case of cross coupling, a zero is replaced by a non-zero.

%)
s B
-
8
H
-
Toeh
-]
e

Fig. 5.4 (b): Y40, Surface plot

5.2.2 Machine’s Fourier harmonic admittance matrix model in

afy axis
The relationship between space-stationary, orthogonal dg axis and a three phase winding is
determined depending upon whether this winding is stationary or rotating. To account for both
conditions a winding transformation has been defined [9] between three phase and two phase
windings such that the phase separation between the winding axes remains constant irrespective
of winding rotation where « axis is fixed with phase a, while [ axis is ninty degrees leading in
the direction of rotation. If the three phase winding is stationary af8 and dg axes are presumed
coincident. If the winding is rotating, a second transformation between rotating two-phase aff
and stationary dg winding is required. The transformation between aff and dq components of

voltage may be determined with the help of relationships given by:
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Vay, coswt —sinwt][Va,
= (5.24)
Vg, sinwt  coswt 11V,
Phasors Vy, and V,, can be expressed in trigonometric form of equation (5.18) as:
Vg, = Vg, cos hwt — Vg sin hot (5.25)
Vo, = Vg, cos hot =V sin hwt (5.26)
where
coshwt = %(ejh“’t + e Jhwty (5.27)
sinhwt = Zij(ejh‘“t + e~ Jhwty (5.28)
e/hwt = cos hwt + j sin hwt (5.29)
e Jhot = cos hwt — j sin hwt (5.30)

Similar expressions apply for cos wt and sin wt. Respective substitution of equation set (5.25-

30) into equation (5.24) and after some tedious algebra gives:

V= WVa, = V) (5.31)
V=5 Va, =iV, (5.32)
Vi =2 (Vay + V) (5.33)
Vi =2 (Vay + V) (5.34)

The transformation between aff and dq quantities can be obtained by assembling together the
equation set (5.31-34). In compact form this set of equations can be written as:

Vap] = [CT[Vaq] (5.35)
Similarly

[lap] = [Cl[laq] (5.36)
For a practical harmonic spectrum from -n to + n, where n being the number of harmonics to

be analyzed, [V,z], [C] and [ V4], have the form:

T
Wapl = [Va_,o Vo oo Vi, Vo1 Virgs Vo Vs Vo s Vs Vs, | (5.37)

T
[qu ] = [Vd_n! I/q_nl ey Vd_1 ) I/q_ll Vdoi ]/qol lej ‘/qll ey Vdn; ‘/qn] (5.38)
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M*
N* M*
. N* 2M*
[C] = > N* N (5.39)
2M
M N
M
where
_neo [T
M=N"= [—j 1] (5.40)
To derive [Yaﬁ] the genearal matrix equation is first written for all harmonics as:
[1aq) = [Yaq][Vaq] (5.41)

Variables Vg, and [44 are determined by respective inverse transformation of both the equations

in equation set (5.35-36) as:

Vag = [CT" [Vagpl (5.42)
and laq = [C] [Igp] (5.43)
Substituting equation set (5.42-43) in equation (5.41) gives:
[lap] = [Yap][Vap] (5.44)
where
[Yag] = 1] [YaglICT (5.45)

Since conversion matrix has the non square form, a direct admittance transformation from two
phase af8 frame of reference to a three phase reference is not possible, thus precluding inversion.
This problem is solved by augmenting [Ya[g] with a zero sequence diagonal matrix of the order
equal to the harmonic spectrum analyzed and adding to the transformation matrix defined as T}
for a particular harmonic /4, a third row of equal numerical constants. Hence the admittance

matrix becomes:

Vs O
Yapr] = |G Yy] (5.46)

The Matlab function used to compute Y, g, in Fourier harmonic domain is given in Appendix 111

and the structure of the matrix is shown in Fig. 5.5.
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Fig. 5.5 (a): The shape of admittance matrix Y afy (simulation result)

Fig. 5.5 (b): Y apfy, surface plot

A cross in Fig. 5.5 (a), represents a complex number of the form a + ib, where as the horizontol
and vertical nubers indicate the index of two dimensional array. All the remaining entries of the

admittance matrix are zero.
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5.2.3 Machine’s Fourier harmonic admittance matrix model in

abc axis

As mentioned in the previous section with an incorporation of zero sequence diagonal matrix of
the order equal to the harmonic spectrum under analysis, the following relation can be
established to perform afy to abc transformation for any harmonic 4:

Vapy, = [TelVabe, (5.47)

Lagy, = [Tellabc, (5.48)
where

1 -1/2 -1/2

[T:]=] 0 +3/2 —/3/2 (5.49)
1/3 1/3  1/3

Equation (5.44) can be written in @Sy components as
lupy = [Yapy|Vapy (5.50)

Substuting equation (5.50) into equation set (5.47-48) gives:

lope = [Yabc]Vabc (5.51)

where
[Yabc] = [T] -1 [Yaﬁ’y] [T] (5.52)

1s machines admittance matrix in Fourier harmonic domain.

The Matlab code used to compute Y, in Fourier harmonic domain is also given in Appendix 111

and the structure of the matrix is shown in Fig. 5.6.

The structure of matrix Y, will change with cross coupling between even and odd harmonics.
However, the even harmonics are usually caused by hysteresis effect which is not taken into
account here. For single valued symmetrical magnetising curve only odd harmonics will be

produced, also the cross coupling between these harmonics will take place.
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Fig. 5.6 (a): Structure of admittance matrix Y, (simulation result)

Fig. 5.6 (b): Y., surface plot

Similar to the previously mentioned case, cross in Fig. 5.6 (a), represents a complex number of
the form a + ib, showing that Y, , is also a diagonal matrix and the order of the matrix depends

upon the harmonic order.

150



Harmonic Domain Modelling of Synchronous Generator

5.3 Synchronous generator’s harmonic equivalents

Several models have been developed for the representation of magnetic saturation in
synchronous machine based on saturation along either d axis or g axis. A model based on the
iterative modification of self and mutual inductances on dg axis has been presented [12].
Because of lack of information about saturation in ¢ axis, the common practice is to correct for

the saturation in the self-inductance on d axis and neglect this effect on ¢ axis [12, 13].

For large synchronous machines the saturation of direct and quardrature axis is quite different
[14, 15]. In a comparison study on different approaches towards the simulation of saturation in
synchronous machine, the importance of modelling saturation along g axis is emphasised [16].
More is that the saturation in any one of the d or ¢ axis affects the other [17]. This phenomenon
is referred to as cross-magnetising effect [18, 19]. Later it was concluded that saturation depends

upon total mmf rather than depending upon separate contribution of d and ¢ axes [20].

5.3.1 Machine’s Norton’s harmonic equivalent

A method to model saturation is to obtain Norton harmonic equivalent through a linearization
process in harmonic domain. The harmonic equivalent at the end of each iteration in the iterative
process with the rest of dependent variables. The stator magnetic and electrical parts are
presented by the state equations describing the non-linear characteristics of an ideal inductor, that

is:

vV =Dpy (5.53)

L= f(9) (5.54)
In the harmonic domain the above two equations are respectively linearized as:

AV = {jhw}Ap (5.55)
and

Al = ;A (5.56)
where

Al=1-1,; and AV =V —V,, (5.57-58)

151



Harmonic Domain Modelling of Synchronous Generator

In equation set (5.57-58), 1,4 is the base current obtained from the magnetising characteristics of
the generator where as V,, is the base voltage at generators terminals. Solving the equation set

(5.56-58) gives a solution for current which may be generalized in matrix form as:
I=[HyV+ 1y (5.59)

Equation (5.59) represents the Norton’s harmonic equivalent of the generator stator combing

together its electrical parts where Iy and Hy are respectively Norton harmonic current vector and
Norton harmonic admittance matrix given by:

Iy =Ipy — [Hy|Vig (5.60)

[H,] = [E]1(wh)™? (5.61)

Fig. 5.7 shows the Norton’s equivalent representation of synchronous generator in open circuit.

Fig. 5.7: The Norton’s harmonic equivalent of synchronous generator.

5.3.2 Machine’s Thevnin’s harmonic equivalent

The synchronous generator can also be represented as Thevnin’s equivalent. Fig. 5.8 shows the
Thevnin’s equivalent of synchronous generator under an open circuit condition, where
Yoo Vi = Vo) = 1 (5.62)
Yopc (Vi = Vo) + HyV, =1 (5.63)

or, arranging these two equations in matrix form
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Vi

[ Yabc “Tabc

I
] (5.64)
I

_Yabc (Yabc + Hg) Vz

If a load having admittance Y; is connected at the terminals of the generator, the equation (5.64)

becomes
Yabc “labc V1 11
= (5.65)
_Yabc (Yabc + Hg + Yl) VZ 12
2 1
+ o I € Yabc I
1, Iy 1‘

o

OO

Fig. 5.8: The Thevnin’s harmonic equivalent of synchronous generator.

5.4 Synchronous generator under harmonic conditions in the

Hartley harmonic domain

With the generator based on Park’s equations, waveforms have been analyzed using
electromagnetic transient programs (EMTP) and EMTDC [21-25]. Different methods to estimate
machine’s parameter have been studied by the researchers [26-34]. As stated above there are two
main reasons for which the synchronous generators have the harmonics: the frequency
conversion effect and the magnetic saturation. The voltages for rotor and stator of a synchronous

machine can be given by the following equation
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. da
v=Ri+ = ? (5.66)
g-axis
A
4 b
w

......... > d-axis

c v Ta
a
Fig. 5.9: Machine’s abc and dg0 axes
5.4.1 Machine’s Hartley harmonic admittance matrix model in

dq0 axis

The instantaneous voltage of synchronous generator in terms of flux and current is given by
equation (5.66), where R and L are machine’s resistance and inductance matrices respectively

where as ¢ = Li. Equation (5.66) can be expanded into stator and rotor subset equations as:

vs RS O is Gss Gsr is L SS L sr P is
= + a)r . + .
Vr O RV ir Grs 0 lr L rs L rr P lr
(5.67)

where p = d/dt, G = dL/d0 and (r = dO/dt, (r being the angular velocity while 6 is the

anglular distance. In dg axis equation (5.67) may be expressed as [35-37]:
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MRy O 0 0 0 O Lg 0 0 My My 07
0O R,k 0 0 0 0 0 L, 0 0 0 My,
0 0 R 0 0 0| +0 0 L 0 0 0
Va1 o 0 0 R 0 O|"P|Myy 0 0 Ly 0 0O V]
qu| 0 0 0 0 R, O Mgg O O 0 Ly O |vq|
v v
|v0|=<'0 o 0 0 0 RI O M, 0O 0 0 L/ x| ™|
f 0 —L, 0 0 0 —Mg, f
i By e S i
' wlO 0 0 0o 0o o0 ‘
T
0O 0 0 0 0 0
0o 0 0 0 0 0
\ Lo 0 0 0 O 0 y

(5.68)
As mentioned afore, damper windings are short circuited therefore their voltages will be zero. If

the field voltage has no ripple then vy = 0. Also assuming that field voltage has only dc

component; equation (5.68) can be given as:

Vaqo Ry O Ly Ly Ji1 J1z Laqo
l l x +p + w; X (5.69)
0 0 Ry Lyi Ly 0 0 Lrs
In equation (5.69)
Ryy + oLy + w11 = Z14
pLiz + wiJ12 = Z1 (5.70-73)
pLlyy = Zq;
and Ry +plyy = Zy;

therefore equation (5.69) may be written as:

[quol Z11 Z1z
0

For a harmonic term n,p = jnw,, where w, is the electrical speed for non-sinusoidal steady

quO
X [ ] (5.74)
G&t

ZZl Z22

state analysis. For Hartley harmonic impedence matrices of the machine [38], equations (5.70-

73) can be identified as:

Ry1 + wrf1q nwolqq
Z11n =

—nwoli;  Ryp + w1
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wrJ12 nwyLq;]
Z12n =
|—nwyLi;  wpfiz |
0 nwoloq]
Zz1n =
__n(l)oL21 O
Ry, nwol;;]
Zzzn =
[—NnwoLy; Ry,

Equation (5.74) can be solved for a any given harmonic # for /4.

quon = quOanqu (5.75)
where
Yaqo, = (Z11, — Z12, Zzzn_1 Zy1,) 7" (5.76)
and
G, -B
Y, = [ " n 5.77
dqO04, Bn Gn ( )

known as the Hartley admittance matrix of the machine. Both G, and B,, are 3 X 3 real matrices.
For all the harmonic terms simultaneously equation (5.75) is expressed as:

quoh = quOthqOh (5.78)
where Yg40, 1s Hartley admittance matrix for harmonic analysis of the machine. See Matlab

functions used to obtain Yy, given in Appendix IV.
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Fig. 5.10 (a): The structure of admittance matrix Y40 in Hartley harmonic domain.
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_ Maguitude

Fig. 5.10 (b): Y40 in Hartley harmonic domain, Harmonic order Vs Magnitude

The structure of Y4, the admittance matrix (Fig. 5.10), in Hartley harmonic domain is well
explaining itself. The total number of crosses here has doubled compared to the structure of the
Y40 admittance matrix structure when obtained by using the Fourier transform. Hoever, all the

crosses in here (Fig. 5.10), indicate the real numbers only.

5.4.2 Machine’s Hartley harmonic admittance matrix model in

afy axis
The transformation from dq0 axes to affy axes is given by the matrix equation

l[va]l [coswrt —sin w,t 0] [vd]

V| =Isinw,t cosw,t 0]x|vg] (5.79)
Lﬁ,J [ 0 0 1J LJOJ
The votages vy, v, and v, are non-sinusoidal periodic functions which in Hartley harmonic

domain are given as:
Vg = Xn=—oo Vg, Cas NGt (5.80)

Vg = Dim=—oo Vy_Cas muyt (5.81)
q dm

157



Harmonic Domain Modelling of Synchronous Generator

©o
vy = E Vo,cas ivyt

[=—o00

Therefore

= Z Vo, cas kvgt

k=—o0

vg = Z Vﬁjcasjvot

j=—00

v, = z V,.cas ryyt

Replacing w,- by v, and solving equation (5.79) based on equations (5.80-82) gives:

Z Vg, cas (n + Dvpt + Z Vg, cas (n — Dvot +

v,o== n——oo n——oo
_
2
z Vam€as (—m — Dyt + Z Vam€as (—m + 1v,t
m=—0oo m=—o0o

[ i Vg, cas (-n— vyt + i Vg, cas (-n+ vyt +]
T R
\ )

NIH

Z Vgncas (m+ 1yt + Z Vgncas (m — 1vyt

m=—oo m=—oo

and

o]
v, = Z Vo,cas ivgt

i:—OO

(5.82)

(5.83)

(5.84)

(5.85)

(5.86)

(5.87)

(5.88)

158



Harmonic Domain Modelling of Synchronous Generator

Comparing equations (5.83-85) term by term with the equation set (5.80-82) leads to the

following Hartley harmonic domain vectors:

B 7T r 1 r:i1or oo
Va—3 ( Vd—4 Vd—z VQZ V;h
Va—z Vd—3 Vd—1 VCI1 V;13
Va—1 1 Vd—z Vdo VZIO V;Jz
Vao :§< Vd—1 + Vd1 + VQ—1 - Vlh (
Va1 Vdo de V‘I—z V;Io
Vaz Vd1 Vds Vq—3 Vq—1
Vas \ Va, Va, Vi Va_, )
(5.89)
B T 7r:1 07087
Vﬁ—s de Vd4 th VQ—Z
VB—Z le Vd3 V¢13 Vq—1
Vﬁ—l 1 Vdo de qu I/210
Vg, :_E< Va_, [t Va, [t Ve [T Ve |¢
Vﬁ1 Vd—z Vdo VQO V;Iz
Vﬁz Va_, Va_, Vi Vis
V.Bs Vd—4 Vd—z I/21—2 I/214 )
(5.90)
V;’—s I/0—3
V)’—z Vo—z
VY—1 V0—1
V)’o = VOO (5.91)
VYl V01
VYz VOz
V)’s V03

A general relation based on equations (5.89-91) and a transformation matrix can be derived for

dq0 to afy axes transformation as:

Vagyn = ChVaqo, (5.92)
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In equation (5.92), Cj is the transformation matrix which is singular. In order to remove the
singularity either the first row and column or the last row and last column is removed form the

original matrix. It can also be proved that:

X 0 0 0 0 0 Y™
O U 0 0 0 0 O
0O 0 0 0 0 0O O
Cich=|l0 0 0o U 0 0 O
0O 0 0 0 0 0O O
0O 0 0 0 0 U O
ly 0 0 0 0 0 XA
where
1/t 0 © 1 0 0 1[0 1 0
X=§010,U=010andY=§—100
0 0 2 0 0 1 0 0 O
Multiplying equation (5.92) by C” using the harmonic term A+1,
T _ T
C(h+1)V“ﬁV(h+1) - C(h+1)C(h+1)qu0(h+1) (5.93)
In equation (5.93), reducing the affect of harmonic term A+1,
Vago, = C,fVam,h (5.94)
Similarly
laqo, = CZIaByh (5.95)

Replacing the values of V40, and I;40, from equation equations (5.94-95) into equation (5.78),
gives:
Iaﬁyh = YaﬁVhVaﬁVh (5.96)

where Yup,, is Hartley harmonic matrix in afy axes given by:

Yagyn = Ch¥aq0,Cn (5.97)

The Matlab functions used to obtain Yyg,, is given in Appendix IV.
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Fig. 5.11 (a): Structure of admittance matrix in afy reference frame
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Fig. 5.11 (b): Y,,, in Hartley harmonic domain, Harmonic order Vs Magnitude
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5.4.3 Machine’s Hartley harmonic admittance matrix model in

abc axis

The transformation from afy to abc axes is performed with the help of transformation matrix

T;, given by:

J2/3 —=1/6 —1/6
T.=| 0o Ji/2 —/1/2
J1/3  J1/3 /173

Using transformation matrix T, the voltage and current from afy to abc axes are transformed

respectively as:

Vapy = TtVabe (5.98)
Loy = Telgpe (5.99)
Since T;! =T/[ for h harmonics the transformation matrix becomes:
[ ]
| T¢ |
T;, = | T, I (5.100)

I

Substituting equation (5.96) in equations (5.98-99) for 4 harmonics leads to:
Lape, = Yabe,Vaney, (5.101)
where Yy, is Hartley harmonic admittance matrix in abc frame of reference given by:

Yobe, = TtT;I Yopyn Tt (5.102)

The Matlab functions used to obtain Yy, is also given Appendix IV.

If we compare the admittance matrices in Fourier’s harmonic domain shown in Fig. 5. 4-6 with
those in Hartley’s harmonic domain shown in Fig. 5.10-12, it may be noticed that a series of
differences is present. Most dominant difference is that in Hartley’s domain, in all three
reference frames the matrices contain only real values. However the structure of the matrices
becomes more complex; in particular when saturation and frequency conversion effects are

present and inter-harmonics appear in the structure.
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Fig. 5.12(a): Structure of Hartley admittance matrix in abc frame of reference.

Fig. 5.12(b): Y., in Hartley harmonic domain, Harmonic order Vs Magnitude

163



Harmonic Domain Modelling of Synchronous Generator

5.5 Case study

Fig. 5.13 shows a synchronous generator, directly feeding an assumed ground linear unbalanced
load. The load comprises of a purely resistive component in phase a, an inductive reactance in
phase b and a capacitive reactance in phase c. It is also assumed that each of the loads has a
value of 1.0 p.u. The study is limited up to 7™ harmonic. The load represents an extreme
unbalance, even though the assumptions make the scenario highly unlikely. However the aim of

this test system is to show the ability of sysnchronous generator to produce harmonic distortion.

YL 1

g Ye YLs
I V.
> 1YY -

Fig. 5.13: Circuit arrangement for case study

In Fig. 5.13, voltages Va, Vb and Vc are given by the equation:
liavc] = [Yoen + Yioaal[Vanc]

(5.103)
Fig. 5.14 and Fig. 5.15 show voltage and current waveforms respectively, across the unbalanced
load shown in Fig. 5.13. There is not any nonlinear effect present in the system so that no cross
coupling between harmonics exists. Hence the harmonic interaction between stator and rotor can
not be described. Sinusoidal unbalanced waveforms with zero harmonic contents result with this
arrangement. Fig. 5.16 and Fig. 5.17 show the harmonic contents in voltage and current
respectively when the process of frequency conversion in the generator is represented in the
harmonic domain. The voltage harmonic contents are very high due to load characteristics as

shown in Fig. 5.16.
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The unbalanced load has a different effect in distortion produced in the current waveform and

harmonics seem to be more evenly distributed along the load phases.
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Fig. 5.14: Voltage waveform across unbalanced load (Fig. 5.13)
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Fig. 5.15: Current waveform across unbalanced load (Fig. 5.13)
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Fig. 5.16: The harmonic voltage content across the load (frequency conversion effect included).
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Fig. 5.17: The harmonic currents across the load (frequency conversion effect included).
The bar representing the phase c, in the frequency response shown both in Fig. 5.16 and 5.17,

shows high distortion and points towards a probable resonance occuring between the inductive

machine and the capacitive load around 3™ harmonic.
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5.6 A comparison of the Fourier and the Hartley based admittance

matrix models of synchronous generator

A general comparison of the Fourier and Hartley series amid at harmonic domain applications is
presented in chapter 3. This section covers the main differences in the structure of two models of
synchronous generator based on the Fourier and the Hartley. Modelling for the magnetic core
saturation is performed based on solving the polynomial equations via repeated convolutions.
The synchronous generator’s magnetic core saturation model is an extended application of the
transformer core saturation model described in chapter 4. Both from execution time and memory
requirement point of view, it has already been made clear in section 3.8 that the Hartley based
model has better performance in such cases. Therefore, the magnetic core saturation part of the

model has better performance in the Hartley harmonic domain.

The algorithm for the construction of Y, admittance matrix in both domains is similar. It makes
use of equation (5.23) and equation (5.76) for the Fourier and the Hartley domains respectively.
The difference occurs when the elements of the matrix are arranged. When using the Fourier, the

elements appear along the diagonal in the form of original complex numbers i.e.

quo = [G + lB]

In the Hartley harmonic domain, the complex numbers are split into two separate groups of real
numbers and arranged along the diagonals of the matrix in such a way that all the elements of

new matrix are real numbers i.e.
G —-B
quO = [ B G ]
From sparsity point of view, Y40 in the Fourier harmonic domain has an edge. However, since
Y440 consists of real numbers only in the Hartley harmonic domain, it has a computational

advantage over it’s counterpart in the Fourier domain.

The transformation from dg0 to afy in the Fourier harmonic domain is achieved indirectly. In
the first stage a two-phase transformation from dg to af reference frame is performed with the

help of a connection matrix C given by:
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where

e[
w=n=|

The connection matrix has the non square form; a direct admittance transformation from two

phase aff frame of reference to a three phase reference is not possible. Therefore, Y,z is

augmented and Y, is added to the new matrix. Thus Yz, is obtained as:

Vesr) =[5 ]
The transformation from dg0 to afy in the Hartley harmonic domain is also performed with the
help of a connection matrix C. Although the order of the connection matrix remains the same (as
in the Fourier harmonic domain, 2(h+ 1) + 1 by 2(h+ 1) + 1) but the structure of the

connection matrix is quite different here. The connection matrix for #=3, is given by:

D U M
U D U M M’
1 U D N M’
[C]== N D N
2 M N D U
M M’ U D U
M’ U D
Where
1 0 O 0 1 0 1 1 0
U=1|0 1 0];M=[—1 0 OI;N=|-1 1 0|;D=
0 0 O 0O 0 O 0 0 O

The order of the connection matrix is then changed to remove singularity.
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Exploiting the sparsity of a matrix is a useful tool when building up an algorithm for matrix

operation. That is why, Yz, in the Fourier harmonic domain is better than in the Hartley domain

for same number of harmonics. However; a less number of operations hence less execution time

is required on Yy, in the Hartley’s domain, giving it a computational priority.

The transformation from Y.z, to Y. in both the cases is carried out by using well known

Clarke’s transformation matrix, given as:

1 -1/2 -1/2

T,=|0 +3/2 —V3/2
1/3 1/3  1/3

A power-invariant form of this matrix is used in the transformation. Notice that matrix Y. has to

be re-arranged in the Fourier as well as in the Hartley harmonic domain before it can be merged

to the external circuit. Similar to Y, g, , Yaalso has computational priority in Hartley’s domain.
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Fig. 5.18: The harmonic voltages in phase a, b and c, (Fig. 5.13)
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Fig. 5.19: The harmonic currents in phase a, b and ¢, (Fig. 5.13)

A comparative study between the Fourier based admittance matrix model and a Hartley based
admittance matrix model of the synchronous generator was performed based on case study
presented in the previous section. The results show that both the models are well capable of
representing the ability of synchronous generator to produce harmonics under unbalanced
conditions. The results (shown in Fig. 5.18-19) also indicate that there is hardly any difference in
the distortion of either voltage or current for the respective harmonic term. This also confirms the
accuracy of the model in both the Fourier and the Hartley’s harmonic domains. However, since
the Hartley’s based algorithms require lesser time and lesser storage; they provide a better
choice, in particular when higher number of harmonics is involved and time and memory are

important.
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5.7 Summary

The synchronous machine’s admittance matrix harmonic domain model has been presented in
two different ways, the first using the conventional Fourier approach and then using the Hartley
harmonic domain. The existing models of synchronous machine for harmonic analysis only
account for the harmonics due to unbalanced loading but do not include magnetic core saturation
saturation effect, which is an additional source of harmonics. The models presented here, take
into account both the frequency conversion phenomenon between stator-rotor and the magnetic
saturation effect. The model has a form that allows its representation by either a Norton’s or

Thevnin’s harmonic equivalent.

Since the Hartley’s transform uses only ‘real functions’, it shows efficiency advantages over a
comparable model developed using a complex Fourier representation. The harmonic domain
model of a synchronous generator has been developed using the Hartley transform, assuming a
short-circuited damper winding and taking only the DC component of the field excitation into
account. The Hartley admittance matrices of the synchronous generator in the dg0 and the afy
axes are derived and used to obtain the admittance in abc coordinates by means of transformation
matrices. These admittance matrices illustrate, rather well, the frequency conversion effect present

in the synchronous generator.

The main points of the results are:
e The important structures of the admittance matrices in the dq0, abc and afly frames of

reference in both the Fourier and the Hartley harmonic domains.

e The pattern of the admittance matrix in the affy frame is of special interest, as it gives us an
insight into the frequency conversion effect present in a synchronous generator, operating

under unbalanced conditions. A harmonic voltage of order n (V,p,,) can generate
harmonic currents of the order n (I4g,, ), as well as the harmonic currents of the order
nt 1 (Iagy,,,), which makes the effect of ‘frequency conversion’ observable. Similar

characteristics are exhibited by the admittance matrix Yabc.
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Further, the nonlinear effect in the machine, caused by saturation, is represented by the
Norton’s harmonic equivalent in the model. For the evaluation of this effect an equal
number of operations are required in both the Fourier and the Hartley domain. The
evaluation involves convolution operations and multiplications of large vectors and
matrices. In addition, the method uses an iterative process, which means a re-evaluation at
the end of each iteration in the iterative process. The real operation in the Hartley domain,
compared to a corresponding complex operation in the Fourier domain is four times faster
because there is a very high number of operations involved in the evaluation of the
saturation effect. The time saving aspect of working in the Hartley domain becomes crucial

and gives it a priority in such applications.

Finally, the harmonic studies were carried out by connecting an unbalanced linear load at
the generators terminals to asses the effect of the detailed representation of the machine.

The frequency conversion effect in a synchronous machine is further excited by saturation.

A simple model, linearly dependant with the frequency, can not represent either the frequency

conversion effect or the impact of magnetic saturation on the process of frequency conversion

based on the cross-coupling existing between harmonics of different order. The model described

here works rather well and represents the complex process of harmonic conversion and catalyst

role played by saturation in this process.
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6. INDUCTION GENERATOR MODEL FOR
WIND-FARM APPLICATIONS

6.1 Introduction to wind-based power

Renewable energy sources provide a great deal of electrical energy in many countries,
thus providing a large percentage of the world’s energy demand. There are many types of
renewable energy devices. For example wind energy systems, biomass energy systems
and photovoltaic energy systems. But more experience is required to precisely forecast
the future energy requirements. The earliest known use of wind energy was in a sail boat,
but windmills for grinding purpose have a history going back more than three thousand
years [1]. By the mid-ages, windmills were in common use around the Mediterranean. At
end of 19th century about twenty thousand wind-based generators were in use only in the

Netherlands and Britain [2].

In terms of the total installed capacity, the wind power in the world has shown a growth
rate of more than thirty percent in the last few years [3]. In spite of the present worldwide
economic crises, the total world capacity for elecrical power has reached about 200
thousand MW [3]. The share of wind energy was only 0.54% of the world’s electric
power in 2005 [4], which has increased to about 2% in 2010. Depending upon the wind
speed, wind projects simply cannot control the wind in the same way that a conventional
facility can control its fuel delivery. Electric power generated by wind is better used
locally rather than being transmitted. It is argued that a micro-grid is a good choice for
the efficient use of wind based electric power. A micro-gird can provide an improved
electric service giving quality and reliability to the consumer and it may also provide

dispatchable loads [5] for use during peak power conditions.
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Wind energy is also an indirect form of solar energy produced by heating of the earth’s
surface. As a power source, it is lesser predictable compared to solar power but it is
available for more hours in a given day. Wind sources are influenced by the land surface,

altitude and the physical distance from the sea, etc. The power from a wind source is

given by:

1
B, = EpAV3 (6.1)
Where p is the air density, A4 is the area of wind parcel and V' represents the speed of the
wind.
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Fig. 6.1: A schematic of a wind energy conversion system and

wind turbine generator output Vs wind speed plot [6]
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The wind speed, sufficient to generate electric power in a certain system, is known as the
cut-in wind speed. There is actually enough mechanical power in the wind turbine at
slightly lower speed than cut-in speed, but that counts for different losses in the system.
At rated wind speed the power input to the wind turbine will reach the limit for
continuous operation. When the wind speed exceeds this level the extra power in the
wind turbine is discarded by suitable design of the blades. When the speed of of wind

exceeds a certain (cut-off) value, the turbine is shut down.

6.1.1 Types of wind turbines

There are two main types of wind turbines classified on the basis of their axis of rotation.

6.1.1.1 Horizontal axis wind turbines

The horizontal axis wind turbines are most famous type of the wind turbines in use. There
are many arrangements in which this type of wind turbine can be used depending upon
the application and location. The generators used with this type of wind turbine are
usually self starting and have a low cost. However the main disadvantage is that this type
of turbine must be reoriented with the change in the direction of the wind. The generator,
gear box and all the control are all above the ground, making the maintenance of these

equipments inconvenient.

SN
N,
TPWIND TPWTKD T PR IND DOWRWIND
PASSIVE YAW BASSIVE YAW  ACTIVE VAW  PASSIVE VAW
WITH TAIL VANE  WITH FAN TAIL WITH CODOLING

Fig. 6.2: The horizontal axis wind turbine arrangements
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6.1.1.2 Vertical axis wind turbines

Vertical axis wind turbines are not as commonly used as the horizontal ones are used
because of certain design issues. The benefit of such arrangement is that there is no
additional cost on changing the direction of turbine when the direction of the wind
changes. Another advantage is that the coupled generator, gear box and associated control
are all on the ground, so the maintenance cost is low compared to horizontal axis wind

turbines.

The fixed speed operation means that maximum coefficient of performance would be
available simply at one particular wind speed, and if wind speed is different from this
particular one the turbine will not be operating at highest coefficient hence the output
power lesser. Another technique to improve the average coefficient of performance at
fixed speed is the operation of turbine at a variable pitch. However this technique

increases the mechanical design complexity as well as the cost of turbine.

HA A

H

|

Fig. 6.3: The vertical axis wind turbine arrangements

A comparison has been made [7] between the horizontal axis wind turbine generators and
the vertical axis wind turbine generators in Table 6.1. Most wind turbines operate at a
fixed speed apart from starting and stopping which helps to avoid the mechanical

resonance that might destroy the turbine.
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Table 6.1: Comparison between horizontal axis and vertical axis wind turbine generators

. Horizontal axis turbine Vertical axis turbine
tem
generators generators
Output power range Wide Narrow
Starting Self start Need starting means
Efficiency High Low
Cost Low High
With a change in wind ) Do not need to be
o Need to be reoriented _
direction reoriented
Installation of generator and
Mounted on tower At the ground level
gear box
Maintenance Inconvenient Relatively convenient
6.1.2 Anatomy of wind turbine

Main parts and important controls of a horizontal axis wind turbine are shown in Fig. 6.4.

Following is a brief description of these parts

1. Blade

The ratio between the speed of the blade tips and the speed of the wind is called tip speed
ratio (4). High efficiency 3-blade-turbines have tip speed/wind speed ratios of 6 to 7.
Modern wind turbines are designed to spin at varying speeds. Use of aluminum and
composite materials in their blades has contributed to low rotational inertia, which means
that newer wind turbines can accelerate quickly if the winds pick up, keeping the tip

speed ratio near to constant.

It is generally understood that noise increases with higher blade tip speeds. To increase
tip speed without increasing noise would allow reduction the torque into the gearbox and
generator and reduce overall structural loads, thereby reducing cost. The reduction of
noise is linked to the detailed aerodynamics of the blades, especially factors those reduce

abrupt stalling.
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1. Blade, 2. Rotor hub, 3. Pitch, 4. Braking system, 5. Low-speed shaft, 6. Gear box, 7. Generator,
8. Controll, 9. Anemometer, 10. Wind vane, 11. Nacelle, 12. High-speed shaft, 13Yaw drive,
14. Yaw motor, 15. Tower

Fig. 6.4: Main parts and different controls of a wind-turbine[35]
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The inability to predict stall, restricts the development of aggressive aerodynamic
concepts [8]. A blade can have a lift-to-drag ratio of 120 compared to 70 for a sailplane

and 15 for an airliner [9-10]

2. Rotor hub

In simple designs, the blades are directly bolted to the hub and hence are stalled. In other
more sophisticated designs, they are bolted to the pitch mechanism, which adjusts their
angle of attack according to the wind speed to control their rotational speed. The pitch
mechanism is itself bolted to the hub. The hub is fixed to the rotor shaft which drives the
generator through a gearbox. Direct drive wind turbines (also called gearless) are

constructed without a gearbox.

3. Gearbox

Usually the rotational speed of the wind turbine is slower than the equivalent rotation
speed of the electrical network - typical rotation speeds for a wind generators are 5-20
rpm while a directly connected machine will have an electrical speed between 750-3600
rpm. Therefore, a gearbox is inserted between the rotor hub and the generator. This also

reduces the generator cost and weight.

Enercon has produced gearless wind turbines with separately excited generators for many
years [11], and Siemens produces a gearless "inverted generator" 3MW model [12-13]. In
conventional wind turbines, the blades spin a shaft that is connected through a gearbox to
the generator. The gearbox converts the turning speed of the blades 15 to 20 rotations per
minute for a large, one-megawatt turbine into the faster 1,800 rotations per minute that

the generator needs to generate electricity [14].

The studies show that the reliability of gearboxes is not the main problem in a wind
turbine. Reliability of direct drive turbines offshore is still not known, since the sample
size is so small. A geared generator with permanent magnets uses 25 kg/MW of the rare
earth element Neodymium, while a gearless may use 250 kg/MW. Direct-drive turbines

require 600 kg of PM material per megawatt, which translates to several hundred
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kilograms of rare earth content per megawatt, as Neodymium content is estimated to be
31% of magnet weight. Hybrid drive trains (intermediate between direct drive and
traditional geared) use significantly less rare earth materials. While PM wind turbines
only account for about 5% of the market outside of China, their market share inside of
China is estimated at 25% or higher. Demand for neodymium in wind turbines is

estimated to be 1/5 of that in electric vehicles [15].

4. Braking system

Braking of a small wind turbine can be done by dumping energy from the generator into a
resistor bank, converting the kinetic energy of the turbine rotation into heat. This method
is useful if the kinetic load on the generator is suddenly reduced or is too small to keep
the turbine speed within its allowed limit.

Cyclical braking causes the blades to slow down, which increases the stalling effect,
reducing the efficiency of the blades. This way, the turbine's rotation can be kept at a safe
speed in faster winds while maintaining (nominal) power output. This method is usually

not applied on large grid-connected wind turbines.

A mechanical drum brake or disk brake is used to hold the turbine at rest for
maintenance. Such brakes are wusually applied only after blade furling and
electromagnetic braking have reduced the turbine speed, as the mechanical brakes would

wear quickly if used to stop the turbine from full speed. There can also be a stick brake.

5. Generator

The interfacing of wind energy with utility network requires high frequency and voltage
stability. There are number of ways in which the synchronous power from wind turbine
generators can be achieved [16]. Each method of generating synchronous power from a
wind turbine has specific advantages and disadvantages which should be considered at

the design stage for a specific application. These methods are summarized in Table 6.2.
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A variable pitch turbine is able to operate at a good coefficient of performance over a

range of wind speed when turbine’s angular velocity is fixed. However a variable pitch

turbine is much more expensive than a fixed pitch turbine.

Case 4, is a variable speed constant frequency system. Here turbine drives a DC generator

which runs a DC motor at synchronous speed. The disadvantage of this system over some

other systems is that it requires additional machines hence increasing the cost. Since all

this is to be mounted on tower therefore it creates maintenance difficulties.

System 5, shows a combination of an AC generator and a rectifier which may be lesser

expensive and more reliable compared to system 4. The reliability is very important

because maintenance at the top of the tower can be quite hard.

Table 6.2: Techniques for the generation of synchronous power from wind

No Rotor Generator The conversion system
Constant speed
variable pitch Grid
1 ‘ AC = Fixed ratio
fixed ratio W mlj gear box :
gear box .
Constant speed
variable pitch Grid
2 AC | s _ Two-stage
two-stage Win; gear box :
gear box .
Constant speed
variable pitch Grid
3 . . AC = Variable ratio
variable ratio Win; Pitch control ] * e ar box :
gear box .
Continued .....
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Table: 6.2, continued from previous page

Variable speed
fixed pitch

DC
generator/
DC motor/

AC generator

Gear
Box

o
—

AC
) generator/ siaa
Variable speed )
_ Rectifier/ ——'\ Gear |{AC
fixed pitch Wind Box NG 'ﬂ‘ :
DC motor/ ey
AC generator
AC
Variable speed generator/ ‘ Grid
- G ACY uRecs —
fixed pitch Rectifier/ Wind o et ey,
Inverter
) Direct AC ;
Variable speed Grid
. converter == Gear |[fAC 2 ”
fixed pitch Wind Box NG Etacamacaier }”'I
(matrix converter) I/
Variable speed )
. Induction
fixed pitch
gen.
(Wound rotor)
Induction
Variable speed gen. _—
fixed pitch Cycloconverter — C———
. Wind -
(Wound rotor) In rotor L
circuit 777
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At No. 6, the conversion of wind turbine output power into DC power by an AC
generator and solid state rectifier is shown. The direct current is then converted into AC

by an inverter.

Modern solid state inverters became available in 1970s and allowed this system to supply
synchronous power from a wind energy system to the electric utility grid. In system 7, the
output of AC generator is synchronized in one step to constant frequency constant voltage

using a cycloconverter.

Last two cases in the Table 6.2; represent variable speed constant frequency systems
where slip ring induction generator has been used. The stator frequency can be
maintained constant over a wide speed range if the rotor circuit is supplied with slip
frequency voltage. The system can work in sub-synchronous or super-synchronous
speeds. In the farmer case the slip power will subtract from the rotor circuit while in the
later case the power is supplied to the rotor [17]. Depending on how converter feeds
generator and generator’s connection to grid; wind generators can mainly be categorized

in three different ways:

i.  Direct drive synchronous generators
ii.  Fixed speed squirrel cage induction generators

iii.  Variable speed double fed (wound-rotor) induction generators

i. Direct drive synchronous generators

The power loss in the gear box accounts for a fairly high proportion of the total system
loss, and thus reduces competence [18-19]. For this reason, interest by wind turbine
manufacturers is returning to directly driven generators. The weight of the direct drive
generators are much higher as expected, than for generators driven through a gear box. In
spite of the larger weight and higher cost of the direct drive system, the trend of the wind

turbine market shows that the direct drive generators are becoming a favored choice.
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Divect Drive
Synchronons Generavor

Fig. 6.5: Direct drive synchronous generators

ii. Fixed-speed squirrel cage induction generators

Fixed-speed squirrel cage induction generators do not need the complex and expensive
power electronics convertors and are highly efficient. Although these generators undergo
high mechanical stresses during variations in wind, they are the simplest therefore have
lowest maintenance cost. The rotor speed can not be varied and have very low power

factor.

Turbine Squirral cage induction generator

Gear 3
Box

Grid

i FE g =

TIT

Compensating capacitor

Fig. 6.6: Fixed-speed squirrel cage induction generators
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iii. Variable speed double-fed (wound rotor) induction

generators

Variable speed induction generators also need a gear box and are less efficient compared
fixed-speed counter parts. As discussed in the previous section, because of pole mounted
arrangements, such a machine is difficult and inconvenient for maintenance hence
expensive. As indicated by the name, since the speed of these generators can be adjusted
there fore maximum power output can be achieved at different wind speeds by adjusting

the rotor speed.

Turbine Doubly fed
induction generator

Gear
Box

ey |
UTld

~
,y)ﬁ:y
N
<40
e

Fig. 6.7: Variable speed double-fed (wound rotor) induction generators

6. Anemometer

Wind turbines need to be steered into the wind direction with the blades controlled
according to wind speed to ensure maximum efficiency. To ensure this, an anemometer is
placed at the top of wind turbine forming a key control function for the wind turbine. As
wind farms are often located on remote areas, it is very important to select an
anemometer for the wind turbine that is accurate and reliable with little to no

maintenance required.
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Wind turbines must be protected from ice accumulation. It can make anemometer
readings inaccurate and which can cause high structure loads and damage. Latest
designed anemometers for wind turbines remain ice free in most freezing weather
conditions, with a robust stainless steel construction and the ability to measure a wind

speed up to 75 meters per second (nearly 170 miles per hour).

7. Nacelle

A nacelle is a cover housing that houses all of the generating components in a wind
turbine, including the generator, gearbox, drive train, and brake assembly. It is usually
made of fiberglass that protects the internal components from the environment. The
nacelle cover is fastened to the main frame, which also supports all the other components
inside the nacelle. The main frames are large metal structures that must be able to
withstand large fatigue loads. It also contains the blade pitch control, a hydraulic system
that controls the angle of the blades, and the yaw drive, which controls the position of the

turbine relative to the wind.

8. Yaw (wind orientation) control

Modern large wind turbines are typically actively controlled to face the wind direction
measured by a wind vane situated on the back of the nacelle. By minimizing the yaw
angle (the misalignment between wind and turbine pointing direction), the power output
1s maximized and non-symmetrical loads minimized. However, since the wind direction
varies quickly the turbine will not strictly follow the direction and will have a small yaw

angle on average.

9. Tower
The floating and land-based towers are used for wind turbines. Wind velocities increase

at higher altitudes due to surface aerodynamic drag and the viscosity of the air. The
variation in velocity with altitude, called wind shear, is most dramatic near the surface.
To avoid buckling, doubling the tower height generally requires doubling the diameter of

the tower as well, increasing the amount of material by a factor of at least four. At night
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time, or when the atmosphere becomes stable, wind speed close to the ground usually
subsides whereas at turbine hub altitude it does not decrease that much or may even
increase. As a result the wind speed is higher and a turbine will produce more power than

expected. Doubling the altitude may increase wind speed by twenty to sixty per cent.

10. Access system

The internal access to the generator and nacelle is through the tower. It is usually a ladder
with capability of withstanding small weights. Many times the generation system on the
top of the tower has to be accessed externally by a crane or sometimes using a helicopter.
Therefore while designing the wind turbine and planning its location, access must be kept

in mind

11. Connection to the grid

The main components for the grid connection of the wind turbine are the transformer and
the substation with the circuit breaker and the electricity meter inside it. Because of the
high losses in low voltage lines, each of the turbines has its own transformer from the
voltage level of the wind turbine (400 or 690 V) to the medium voltage line. The
transformers are located directly beside the wind turbine to avoid long low-voltage
cables. Only for small wind turbine generators, it is possible to connect them directly to
the low voltage line of the grid without a transformer or, in a wind farm of small wind

turbine, to connect some of the small wind turbine to one transformer.

12. Foundation
The foundations for a conventional engineering structure are designed mainly to transfer

the vertical load (dead weight) to the ground, this generally allows for a comparatively
unsophisticated arrangement to be used. However in the case of wind turbines, due to the
high wind and environmental loads experienced there is a significant horizontal dynamic

load that needs to be appropriately restrained.

191



INDUCTION GENERATOR MODEL FOR WIND-FARM APPLICATIONS

6.1.3 Modelling of wind turbine

As shown in Fig. 6.6 and Fig. 6.7, for the modeling of the three-phase induction
generator coupled to a wind turbine and feeding power to a substation, requires a separate
model for the wind turbine. Following is the main procedure which may be adopted for
this model. The power available in wind is given by equation 6.1; however, all available
wind power (Pwind) can not be converted to mechanical power (Pm) by the turbine
blades. The power coefficient determines the maximum power that can be extracted from

the wind-flow as shown in Fig. 6.1. The power coefficient is given by:

C, = Zmechanical 59 304, (6.2)

p Pwind

Hence, the actual mechanical power utilized by the wind turbine can be given as:
1
Prechanical = E,DAV3CP (6.3)

From manufacturer’s curve, one may read the value of tip speed ratio (1), given against

the corresponding wind speed which provides the highest value of power coefficient.

The blade pitch angle () can aslo be determined from manufacturer’s provided data for a
chosen value of (A1), such that power outputof the turbine is maximum. The power

coefficient is a function of 4 and £ [31] and defined as:

e
C, = C, % {% —BCs— Cy}e R + Coa (6.4)

1 0.035
T A+0.088  B3+1

where A (6.5)
The coefficients C; through Cg are constant coefficients, given by C; =0.5176, C, =116,
C; =04, C4 =5, C5 =21 and C4 =0.0068. The relation between the speed of wind turbine
(V;) and the wind-speed is given by:
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v, = MVwind (6.6)

Tt

where 7 is the radius to the tip of the rotor.

For a known value of the wind speed (V,;nq), turbine speed can be determined using the
manufacturer supplied curves for maximum extraction of wind power. Then exact value
of C,, can be calculated with the help of equations 6.4 and equation 6.5. In turn when this
value is used (6.6), one can obtain the maximum mechanical power developed by the
wind turbine for any particular value of wind speed. See Appendix V for the Matlab

functions used.

6.2 Induction generator modelling

Induction generator is better suited for isolated location that’s why it is widely used in
wind-based electricity systems. The induction generator is supplied magnetising current
either from a bank of capacitors connected across its terminal or it draws magnetising
current from the grid it is connected. If the slip of the generator is zero, the stator draws
magnetising from the grid where rotor does not draw any current. When the speed
increases slightly above the synchronous speed emf and current of slip frequency are
induced in the rotor conductors. The current in the rotor gives rise to a magnetic field
rotating at slip speed relative to the rotor. Thus the rotor mmf moves around in the air gap
with the same speed as the stator magnetic field, which means that rotor current has line
frequency relative to stator and regardless of the magnitude of the slip the primary current
has the frequency that correspond to the rotating magnetic field determined by the

frequency of the system to which the induction generator is connected.

Fig. 6.8 shows a general per phase equivalent circuit of an induction generator.
Hysteresis, Eddy currents, winding and friction losses all are included in R,. X, is the
magnetising reactance whereas R; and R, are the statotor and rotor resistances
respectively. X; and X, are the leakage reactances of the stator and rotor respectively. s
denotes the slip and R represents the equivalent source of power.

If the generator is to be excited by a bank of capacitors, the bank is connected at

terminals otherwise the machine draws magnetising current from the system.
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Fig. 6.8: A general per phase equivalent circuit of an induction generator.

Traditional wind turbines are equipped with induction generators. Unfortunately,
induction generators require reactive power from the grid to operate and some capacitor
compensation is often used. Because reactive power varies with the output power, the
capacitor compensation is adjusted as the output power varies. The interactions among
the wind turbine, the power network, and the capacitor compensation are important

aspects of wind generation.

Self-excitation may occur in a fixed-speed wind turbine equipped with an induction
generator. Fixed capacitors are the most commonly used method of reactive power
compensation in a fixed-speed wind turbine. Induction generators alone cannot self
excite. They require reactive power from the grid to operate normally. The grid dictates
the voltage and frequency of the induction generator. Although self-excitation does not

occur during normal grid-connected operation, it can occur during off-grid operation.

For instance, if a wind turbine operating in normal mode becomes disconnected from the

power line due to a sudden fault or disturbance in the line feeder, the capacitors
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connected to the induction generator will provide reactive power compensation.

However, the voltage and the frequency are determined by the balancing of the systems.

One disadvantage to self-excitation is the safety aspect. Because the generator is still
generating voltage, it may compromise the safety of the personnel inspecting or repairing
the line or generator. Another disadvantage is that the generator’s operating voltage and
frequency are determined by the balance between the system’s real power and the
reactive power. Thus, if sensitive equipment is connected to the generator during self-
excitation, the equipment may be subjected to an over or an under voltage and frequency

operation.

In spite of the disadvantages of operating the induction generator in self-excitation, some
people use self-excitation for dynamic braking to help control the rotor speed during an
emergency such as a grid loss condition. Thus, with the proper choice of capacitance and
resistor load (to dump the energy from the wind turbine), the wind turbine can be brought

to a safe operating speed during grid loss and mechanical brake malfunctions.

In an isolated operation, the conservation of real and reactive power must be preserved.
The equation governing the system can be simplified by looking at the impedance or
admittance of the induction machine. To operate in an isolated fashion, the total
admittance of the induction machine and the rest of the connected load must be zero. The
voltage of the system is determined y the flux and frequency of the system. Thus the level

of saturation is important in sustaining or collapsing the self-excitation process [20].

Consider the power network, shown in Fig. 6.9. It shows a simple system consisting of a
wind turbine, an induction generator, the compensation capacitor, a transformer, locally

connected load and a line feeding to a grid.
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Fig. 6.9: An induction generator feeding to local load and grid.

Fig. 6.10, represents a per phase equivalent circuit of the circuit for harmonic
representation of the circuit components. In this circuit representation, the harmonics is
denoted with 4 to indicate the higher harmonics multiples of say 50 Hz. Thus A=5
indicates the 5™ harmonic (250 Hz). In wind turbine applications, the induction generator,
transformer, and capacitors are three phases and either Wye or Delta is connected. Thus,
the flow of even harmonics, the third, and its multiples do not exist (h=15,7, 11, 13,17 ..
. etc only).

The grid and the line feeder connecting the wind turbine to the substation are represented
by a simple Thevenin’s equivalent of a larger power system network. Therefore these are
represented by a simple RL line. A three-phase transformer with standard impedance is
considered. The magnetizing inductance of a large transformer is usually very high
compared to the leakage inductance, therefore only the leakage inductance is considered.
Assuming the efficiency of the transformer is ninety eight to ninety nine percent at full
load, and that the copper losses are equal to the core losses (general assumption for an
efficient, large transformer), the winding resistance can be approximated, which is

generally very small for an efficient transformer.

196




INDUCTION GENERATOR MODEL FOR WIND-FARM APPLICATIONS

m s, Rpp ), N
LEA AN IR
Line P
N 1
@) Vs Jhu © T R Hen
J ﬁ“YL:'ne
JiX an

Fig. 6.10: Equivalent circuit for the model system shown in Fig.6.8

The capacitors representing the compensation of the wind turbine are switched
capacitors. Although the manufacturer usually set the wind turbine with only a few
hundred kVAR for reactive power compensation, the wind turbines are provided with
additional reactive power compensation. The wind turbine is compensated at different
levels of compensation depending on the level of generation. The capacitor is represented
by the capacitance C. In case there are some losses in the capacitor, a resistor may be
included in series with the capacitance. As the losses in capacitor are usually very small

for a good quality capacitor, the series resistance is not shown in the circuit.

The operating slip of the induction generator at fundamental frequency is around 1%. The

slip of induction generator at harmonic frequency can be computed by the relation:

_ hws—hw,

Sy = (6.7)

hwg

th
where S, = slip for 2 harmonics , # = harmonics order , @ = synchronous speed of the

generator and @ = rotor speed of the generator.
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th
Thus for higher harmonics (5 and higher) the slip is close to one (S, = 1) and for

practical purposes may assumed to be one. From the circuit diagram we can compute the

impedance seen by the harmonic source as:

(ZLine + 1ZTF) X (1ZTF + M)

2 2 Ze+ Zgen
Zh - ZCZGen
(ZLine +Zrp t+ m)
(6.8)
The admittance can be calculated from the impedance:
Y, = L (6.9)

The admittance corresponds to the harmonic current for a given harmonic voltage
excitation. Because the data in the field only consists of the total harmonic distortion, and
does not provide information about individual harmonics, one can only compare the
trends shown by the admittance. When the size of the capacitor compensation is
increased, the circuit admittance or the total harmonic distortion shows resonance at
different higher harmonics. The circuit will resonate at different higher harmonics when

that particular harmonics presents or excites the circuit.

The source of harmonics can be traced back from the saturation level of the magnetizing
branch of the transformer, creating a nonlinear magnetizing inductance and a distorted
line current. The deviation of the line current from sinusoidal wave shape may excite the
harmonics circuit created by the combination of line inductances and capacitance of the
capacitor compensation in the collector system network. There are many others sources
of harmonics and issues related to power quality that need to be address such as flicker,

faults, start-up transients etc., but, this chapter is confined only to harmonics.

The voltage at each turbine within the wind power plant varies independently because of
the difference in wind speeds, the line impedances, and compensations among the wind
turbines. However, the most important point is the point of common coupling (PCC) that

provides a gateway for the wind power plant to the real world. The reactive power
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compensation affects the voltage behavior of a very large area consisting of many wind
power plants. When studying a relatively large wind power plant the plant as a single
turbine can not be represented. A very large wind power plant should be represented by
groups of wind turbines representing its unique characteristics with respect to the

location, the type of turbines, the control setting, and the line impedance.

Rortor winding

Fig. 6.11: Relative position of rotor and stator in an induction machine.

Fig. 6.11 shows the relative position of rotor and stator in an induction generator. This

model [21] is based on following assumptions:

e The air-gap between rotor and stator is uniform
e The windings of rotor and stator are balanced and with sinusoidal mmf

e Inductance and rotor position is sinusoidal
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e Saturation and parameter changes are neglected

In terms of flux linkages, the 3-phase stator terminal voltages (V s, Vs, Vo) are given

as:
) daA
Vas = —lasRs + d—;ls
(6.10)
. dAp
Vps = —ipsRs + d_ts
(6.11)
] ai
Ves = —icsRs + d_;s
(6.12)
Similarly, the rotor voltages (V4 , Vpy, V) in terms of flux linkages are given by:
) dAa
Var = lgrRs + dtcjlr
(6.13)
. day
Vor = iprRs + d_tr
(6.14)
) i
Ver = ierRg + d_;r
(6.15)

The flux linkages are given by following matrix equation in terms of stator and rotor

winding [22]:

2g0e] _[rebe 1gpe[ighe
e R | A L (610
where
/1615 Aar
[A9P€] = | Aps |5 [A20€] = |y (6.17)
){CS ACT
and
iClS iar
[i82€] = [ips|;  [i*€] = |ibr (6.18)
iCS iCT
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The sub matrices of self and mutual inductances of stator to stator and rotor to rotor given

by the following matrix equation:

Ls + Lgs Lsm Lsm
[L2]=| Lgn LetLls  Lem (6.19)
Lsm Lsm Ls + Lgs
_LT' + LTT er er
[L32] = | Lrm Ly + Ly Lym (6.20)
er er LT + er

In equation set (6.19-20), L is per phase stator winding leakege inductance, L is stator
winding self inductance, Lg,, is muutual inductance between two stator windings, L, is
per phase rotor winding leakege inductance, L, is rotor winding self inductance and L.,
is muutual inductance between two stator windings. The mutual inductances from stator

to rotor are dependant on rotor angle i.e.
2 2n
|[ cos 6, cos (Hr + ?) cos (Br — ?)]l
[L32€] = [L%b¢] = | cos (Br — 2?”) cos 0, cos (Br + 2?”) (6.21)

coS (Hr + z?n) cos (HT - 2?71) cos 0,

6.2.1 Reference frame transformation of induction generator

The two most frequently used reference frames for induction machines are the stationery
reference frame and the synchronous rotating reference frames. Both reference frames
have associated advantages. In a stationery reference frame dg variables used are the
same as those used for the supply network where as in the synchronous rotating frame of
reference the dg variables are steady in steady-state. This is an important factor when

deriving the small signal model about a selected operating point.

The synchronous reference frame can be determined by substituting w with ws , the
synchronous angular speed after developing a model in an arbitrary rotating reference
frame, w is arbitrary speed of rotation [23]. By applying a transformation, 7, for
transformation of three phase variables abc to two axis gd0 reference frame rotating at

the relation for the variables becomes:
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fq fa
fa| = [Taao] | fo (6.22)
0

c

q-axis ﬁw

S

i d-axis

Fig. 6.12: Transformation of reference frame in an induction machine

In equation (6.22), f can be any of phase voltages, flux linkages or currents. The
transformation angle(6;), is given by:
8, = [, wdt +6(0) (6.23)

Similarly, the rotor angle 6,, between the axes of the stator and the rotor’s a-phases, for a
rotor rotating with speed w,, can be given as:

0, = [ wry, dt + 6,(0) (6.24)
In equations (6.23) and (6.24), 6(0) and 6,.(0) respectively are the initial values of the
angles at the beginning of time 7. Resolving the sum of components of phase variables
(f(a, b, c)) on g and d axes, the transformation matrix ( [quo(g)] ) is given by following
equation:
cosf cos(6 — 2”/3) cos(6 + 2”/3)

[Taao@)] = |sin6  sin(o — 2”/3) sin(@ + 27T/3) (6.25)
1/2 1/2 1/2
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The inverse is given by:

cos @ sin @ 1
_ 2 . 2
[T dO(Q)] 1 — COS(Q — T[/3) Sll’l(@ — T[/B) 1 (626)
cos(6 + 27T/3) sin(6 + 277/3) 1

Equation set (6.10-6.12) can be summarised in matrix from for the stator voltages as:
Vsabc — plgbc _ RgbcRgbc (6.27)
Where p = d/dt. Applying transformation[quO(g)], to the voltage, flux linkage and

current; the equation (6.27) becomes:

V1% = [Toaoo)|P[Taaoe)] 12821 = [Taaoe) i [Taaoce] ~ [14%]

(6.28)

The time derivative term ( p[ qdo(g)] - [A2b€] ) in equation (6.28) is given by:

—sin@ cos @ 0 10
_ 21 2T
P[quO(e)] [Aabc] = sin(f — /) cos(6 — /) 0 — Aqdo [ dO(e)] [p/ld 0]
sin(6 + 277/3) cos(6 — 2'”/3) 0

(6.29)

Replacing the term p[ qdo(g)] [19P€] in eqution (6.28) with right hand side of equation

(6.29) and rearranging, gives the expression for stator voltage in gd0 frame of reference as:

0 1 0
a0 = [ 1 0 0]A%%0 4 pp790 _ Red04do (6.30)
0 0 0
where
d do 1 0 0
p=—, w=— , and R’ = [0 1 0
dt dt 0 0 1

The rotor phase quantities f{' @, b, ¢), can be transformed using transformation angle
(6 —6,). With Ty406-0,) transformation, the rotor’s voltage equations may be

transformed into ¢gd0 reference frame voltage equations as follows:

0 1 0
0 0 O
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6.2.2 Flux linkages

The flux linkages of stator are obtained by multiplying transformation matrix [quo(g)] to
the phase quantities of flux linkages as follows:

2% = [Toao|[LEP9i87 + L] (6.32)
Using the inverse transformation to replace the abc stator currents by respective gd0

currents, the above equation becomes:

2% = [Toao@) L2 [Taaoy] i8% + [Taaoo) L2 [Taaoo-6p) 0%

(6.33)
3 3
|[Lls + ELSS -I {Lls + ELSS -I
3 do 3 .qd0
= | Lls + ELss lg + | Lls + ELSS lg
3 3
Lls + §Lss Lls + ELss
(6.34)

Where L;; and Lg , reapectively are leakage and self inductances of the stator. Similarly

the flux linkages for rotor are given as:

do -1.gdo -1.gdo
7 = [Taaoo-6|LFC [Taao)] 8" + [Tqaoo-6,)LHC [Tqaoo-6,)]  ir
(6.35)
3 )
I[ELST 0 O-I lr o T ]
3 .qdo
= 3 i394 Lir+=L i
| 0 Sly Of° | tr T b ; r
Lo "0 ol | Lir +5 L |
(6.36)

In equation (6.36), L;;- and L,,. ,leakage and self inductances of the rotor. The relationship

for the flux linkage between stator and rotor can be expressed as:

[Ags] Lgy + Loy 1 [gsT
Ads Lsr + Lm ids
ﬂ'Os _ Lsr + Lm iOs
Agr| L + Ly igr
/1217' L;"' + Lm itlir
Aol 1 L + Lipd Lig, |
(6.37)
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For a balanced machine, equation (6.37) may be reduced to
Lg + Ly, 1

|| Loy + L i |
Aas 0 | Ldsl
! = -/
/1(17" Llsr + Lm l tar l
ld‘l" L{S‘T‘ + Lm lldTJ
04
(6.38)
In above equations, different rotor variables referred to stator according to following
relations:
N N . Ny . . Ny . A
For = 52 0qr » Mr =32 har » Uy = Nolgr » iy = 3o lgy and Ly = (32) Ly
The magnetizing inductance on the stator side is given as:
3 3N 3 N,
Ly = ELS =3 N_i Ly = 3 N_i Lyr (6.39)

6.2.3 Equations of an induction machine in arbitrary reference

frame
. dAgs
Vgs = —Rsigs + wAgs + — 5 (6.40)
. dgs
Vas = —Rsias + whgs + =5 (6.41)
. dys
VOS == _RSI'OS + d: (6.42)

With rotor values referred to stator (primed variables in above equations), following

equations may be written:

! d ! ! ./

Vogr = EA‘V + (w — ) Ay, + Ryigy (6.43)
! d ! ! -/

Vdr = El’{dr + (0) - wr)){qr + RTldT‘ (644)
! d li .y

VOr = E or T RTI‘OT (6-45)
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6.2.4 Induction machine in synchronous rotating reference

frame

Substituting w by w; , in above stated arbitrary rotor and stator equations (6.40-45), the

following synchronous rotating frame stator and rotor equations are derived [24-25].

. a

Vgs = —Rsigs + wsAgs + - Ags (6.46)
. da

Vas = —Rgigs — ws/lzs + at Ags (6.47)
. da

Vos = —Rsigs + P Ags (6.48)

Similarly for rotor
l4 d ! ! =/
Vor = =z Agr + (w5 — 0, )Ag, + Ryig

qr_dt q

a . ’ .y
= L2 + S(AG. + Ryilf (6.49)

d .
Vér = —/Ufr - (ws - wr)/ﬁ;er + eréier

dt
d ! ! !
= Elder - S(ws)ﬂ'qb;f + Rpigy (6.50)
! d I ./
Vor = Eloer + Rrlor (6.51)

Equation (6.48) and equation (6.51) can be neglected for a balanced machine. The
relationship amongst different variables can be symbolized by the circuit diagrams shown
in Fig. 6.13, where Y = A = fluxlinkage and w = w, represents the synchronous
angular speed, V is the voltage, Y is the flux, the subscipts ¢ and d for quardrature and

direct axis and subscripts » and s represent rotor and stator currents respectively.
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Fig. 6.13: Induction generator in synchronous rotating frame

6.2.5 The dynamic equations of induction generator

As mentioned earlier, for a balanced squirrel cage induction machine in synchronous
rotating frame the zero sequence voltages can be neglected [27-30]. Dropping the primes
from the equation set (6.46-51), neglecting the zero sequence voltages and rearranging

these equations:

d .
Vs = o Ags + WsAgs — Rslgs (6.52)
d .
Vas = ; Aas — WsAqs — Rslas (6.53)
And for rotor
d .
Vor = EA‘V + S(ws)Agr + Ryigy (6.54)
d .
Var = E/ldr - S(ws)/lqr + Ry ig, (6.55)
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In equation set (6.52-55), the flux linkages can be given in terms of currents and

inductances as below:

Ags = —Lgigs + Lnigr (6.56)
Ags = —Lsigs + Luiqr (6.57)
Adar = Lyiay — Linlgs

or igy = A‘”Lﬂ (6..58)

/1qs = Lriqs — Linigs

. Adr+Lmi
or igr = % (6.59)

6.2.6 The model

An induction generator is either delta or ungrounded star connected, which means under
balanced conditions there is not any zero sequence current flow. The positive and
negative sequence equivalent circuit of the generator is shown in Fig. 6.14. All the rotor
side parameters are referred to the the stator side. The parameters R, and R, are stator and
rotor resistances, Ly and L,; are the stator and rotor leakage inductances, L,, is the
magnetizing inductance, and w, and , are the synchronous and rotor angular speeds. The
sequence machine slip s, is the slip of the machine during normal operating conditions

and s; = s 1, corresponds to the respective sequence component.

Fig. 6.14: A steady state equivalent circuit of a wound rotor induction machine
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The zero, positive and negative sequence slip values of the machine are given as [32]:

0
So 0 1
So12 = [sll = [ s ] = | (@s —@n) (6.60)
Sel 2 =sh | = (o + 0p)
For each sequence network, at the stator frequency, the impedances are given as:
Stator Zsy,, = Rs +jwsLg (6.61)
Ry | .
Rotor Zyy,, = 5012 + jwsLg, (6.62)
Magnetization Zmg,, = JWsLsm (6.63)

The induced voltage for respective sequence can be calculated using the nodal equation

as:
Vs0,1,2 Vro,1,2/50,1,2
z + Z
50,1,2 70,1,2

Eor2= (1/Zso 1, +1/Z7012 +1/Zmg 1 2) (6.64)
The stator and rotor currents are calculated by:
Isos = @ And Ly, = (Vr"'l'z/;”'l'Z)_E”'l'z (6.65)
50,1,2 01,2
The real power flow at the rotor frequency, through the rotor slip-rings is B, , which
may be calculated as:
P, =real{Vy . I, } (6.66)

The stator’s power can also be calculated by the similar relation using corresponding
values of voltage and current. With the help of wind turbine model presented in section
6.1 and using the procedure demonstrated by equation set 6.60-66, the state of an
induction generator can be determined whether it is operating under the steady state
condition or not. The sequence quantities can then be transformed into actual phase

quantities using reference frame transformation.

A Matlab programme is given in Appendix V for the induction generator model, the

compiled results are summarized in the Table 6.3. The model uses the machine
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parameters and wind turbine data given in reference [34] with minor changes for

simplicity.
Table 6.3: Results of induction generator model

Turbine Stator Rotor
Speed of wind = 15 m/s V, = 1385 + j25.05 V, = 37.03 —j40.33
w, = 157.08 rad/s V, =—671.0 —j1212.3 V, = =53.27 —j11.91
g = 0.200 V. =-714.4 4+ 1187.3 V. =16.24 + j52.23
A;=11.301 I, = 6697 —j3739.1 I, = —55.52 + j3677.8
C1=0.5176 I, = —3271.7 +j19274 |1, =3212.8 —1791.0
C,=116 I. = 3204.7 + j1927.4 I. = —3157.3 —j1886.8
;=04 P, = —900.8403 P, = —1.5038e5
Cs=5 P, = —=1070.7 P, = —1.4982e5
Cs=21 P. = —1086.5 P. = —1.4982e5
Cs=10.0068 Q. = 5.2e6 Q. = —1.3396e5
Cp=0.4736 Q, = 5.2e6 Qp, = —1.3365e5
Power =-2.1323e+006 Q. = 5.2e6 Q. = —1.3429e5

The VSC model has been ignored here but this does not effect the over all generator
model. The wind turbine model receives the wind speed, pitch angle and generator speed
as inputs and in turn computes and applies mechanical power to the rotor shaft of the

induction generator.

6.3 Summary

This chapter starts with an introduction to the history and fundamentals of wind based
electrical power, and also gives a comparison between the different types of wind
turbines. The main parts of wind-generator and the essential controls are outlined.
Possible methods to obtain synchronous power from the wind are discussed. Based on the

manufacturers provided data, the wind speed (V,,;n4), the power coefficient (Cp), the tip
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speed ratio (A1) and the blade pitch angle (), an efficient algorithm is developed to

determine the input mechanical power provided by a wind turbine.

A new three-phase model of an induction generator has been derived for a wind-based
electrical power system. The model includes the wind turbine model as a sub model and
has the compatibility with an unbalanced three-phase distribution system. The model also
covers the analytical representation of its major components, mainly the wind turbine and
the wound-rotor induction generator. The set of nonlinear equations has been used in the
model for the active and the reactive power introduced at the point of common coupling
(PCC). This induction generator model may be used in an iteration based load flow
algorithm and provides a new path to determining the harmonic analysis of wind based

distribution systems.
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7.

CONCLUSIONS AND FUTURE WORK

7.1

Conclusions

An obvious advantage of fast-microprocessor is the availability to use advanced
numerical techniques on a laptop computer and this has accelerated the
developments in the field of digital simulation models. The need for accurate
predictions of harmonic distortion in the power system has required the
development of simulation models for the complete electric network. On the other
hand the increased demand of electricity has called for new renewable energy
sources. The compatibility of these new sources with the existing power network
is a major issue today. A general overview of network harmonics and distributed

energy networks is presented in the introductory chapter of this thesis.

The effect of connecting a new wind based power plant to a local substation can
cause adverse effects. At the point of common coupling (PCC), severe harmonic
voltage distortion can be caused. Wind generators connected to the PCC by means
of electronic power converters inject harmonics, whereas the direct drives create
trouble by trying to shift the system frequency. Therefore, it is extremely
important to have all the aspects of harmonic impedance defined for such an inter-
connections. A concise overview about harmonic impedance, at the point of
common coupling, has been given in a preliminary chapter (chapter 2) of this
thesis. The analysis however is limited to low and medium voltage levels, thus

aiming at the modelling of small wind based microgrids.

The combination of different periodic functions has to be approximated to for
harmonic domain analysis by using trigonometric functions. The Fourier series is

probably the best technique to build up this combination. However, in certain
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circumstances, there are some other methods which can provide faster and better

solution. A brief discussion on the topic is given in chapter 3.

In order to incorporate the transformer’s periodic nonlinear behaviour in the
analysis of power systems, the effect of magnetic saturation must be precisely
calculated. At the same time, the transformer model should also provide a
convenient interface to the external network. In case of a three-phase transformer,
the model should have the choice of representation for the ‘star’ (Wye) and ‘delta’
(A) winding connections. More importantly, the derived model should fit easily
into a computer programme which can be compiled, executed and run in a
reasonable period of time. A synchronous generator model in the harmonic
domain should bear all the afore mentioned characteristics. Additionally, this
model should also stand for the frequency conversion effect, which is the other
key phenomenon of harmonic interaction between the stator and the rotor, besides
saturation. Covering all these aspects a generalised harmonic domain model for
each of these power system network components has been presented in chapter 4

and chapter 5 respectively.

The integration of wind-based units with the distribution systems has become one
the most important aspect in recent years. If properly modelled, an induction
generator is probably the most feasible choice in a wind-based application. Other
than previously stated requirements, an induction generator model should have a
separate wind turbine model slotted inside the induction generator model, which
can counter the change in physical parameters like variable wind speed and blade
pitch angle. Chapter 6 describes a model of the induction generator for wind-farm

applications, which takes account of these requirements.

Future work

This present research work is anticipated as a significant step forward towards a detailed

harmonic domain model of the fundamental components in ‘wind-based power’. It is

expected that the basis has already been set in the harmonic domain, that will allow it to
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be expanded in several directions. The author hopes that these suggestions offered for

further research will result in interesting material for future contributions. The following

may be a way forward and important directions are suggested:

It has been shown that the position of the knee point in the magnetising
characteristic of a power transformer has considerable effect on the over all
harmonic distortion produced. In fact, it can significantly reduce the harmonic
content. This point should be taken into account at the early design stage. With
the power systems already in operation, the replacement of a transformer would
be costly, therefore alternative options should be investigated first. The author
recommends real-time monitoring of the harmonic domain results, to check
whether a transformer or any other machine with a magnetic nonlinearity is
operating in ‘deep’ saturation. If so, a re-distribution of the harmonic flows can be

investigated to minimise the effect at critical nodes.

The computation time for harmonic domain solutions depends upon the number of
iterations for convergence and the arithmetic calculations during the iterative
process. Any numerical technique which can better handle matrix manipulation,
will speed-up the iterative process and reduce the convergence difficulties present

in the harmonic domain.

A synchronous generator is inductive in nature. In a real network, the different
admittance matrix models need to be carefully checked for any capacitive loads
attached to the generator, such that the level of harmonic distortion due to a
possible resonant condition between the generator and the capacive load attached
can be properly analysed. The reader has the choice to use either the ‘Fourier

domain’ or the ‘Hartley domain’ admittance matrices for this purpose.

The base induction generator model can be extended to enable a variable-speed
induction generator model. Although the induction generator model takes the input

from a wind turbine model, it does not however include the power electronic
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converter model. A harmonic domain model for power electronic equipment used
in wind units is the next step towards a complete set of solutions. These rotating
machines and transformers, together with power electronic converter models, when
added to harmonic domain model of the high voltage transmission lines will
confirm a new software-based simulation facility to assess wind generation-based

electrical power systems and their micro — grids.
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APPENDIX I

MATLAB™ programme for the calculation of harmonic voltage magnitudes used to
analyse study case described in Chapter 4, Section 4.6
Main
%
tol=le-12;
error =1 ;
iter = 0;
harmonic data sp ';
[YT] =build_up_Y %0,+0.0326,h);
[YL] =build up Y(0.0265,0.0626,h);
[YC] =build up Y(0,-0.2373,h);
[U] = build up Z"(1,0,h);
[O] =build_up Z(0,0,h);
[0] = zeros(2*h+1,1);
[D] =build up D*(w.h);
while error ==
if iter >0
[Ynl,In,F] = harmonic_norton_equivalent*s(h,a,b,n,V2,D) ;
if norm(F-F0) <tol ;
error=0 ; break ;
end
FO=F;
end
Ynetwork =[YT-YT O ;-YT (YT+Ynl+YL+YC) -YL ; O -YL (YL+YC) ];
Inetwork =[V1 ;-In; 0 ];
pivot=[011];
[Ynetwork] = Invert_matrix ®(Ynetwork,3,h,pivot);
Vnetwork = Ynetwork*Inetwork;

V2 = Vnetwork((2*h+1)+1:2*(2*h+1));
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iter = iter + 1;
end
iter
V1
V2
V3 = Vnetwork(2*(2*h+1)+1:3*(2*h+1))

"' Harmonic Data (Single-phase Transformer)
%

h=15;

a=0.03:;b=0.03;n=9;

K =zeros(2*h+1,1) ; K(h+1) = a;

w=1;f=1;Emax=1.1;

V1 = zeros(2*h+1,1) ; V1(h) = Emax'/2 ; V1(h+2) = Emax/2;
V2=V1;V3=V2;

Ynetwork = zeros(3*(2*h+1),3*(2*h+1));

Vnetwork = zeros(3*(2*h+1),1);

Inetwork = zeros(3*(2*h+1),1);

FO = zeros(2*h+1,1);

In = zeros(2*h+1,1);

Ynl = zeros(2*h+1,2*h+1);

2 Admittance Matrix Y (Single-phase Transformer)
%
function [Y] = build up Y(R,X,h)
Y = zeros(2*h+1,2*h+1);
n=1;
fork=-h:h

Z = R+1*k"(sign(X))*X;

if (k==0) && (R ==0);

Y(n,n) =1*1e9;
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else

Y(n,n) =1/Z;
end
n=n-+1;

end

. Impedance Matrix Z (Sigle-phase Transformer)
%
function [Z] = build up Z(R,X,h)
Z = zeros(2*h+1,2*h+1);
n=1;
fork=-h:h
Z(n,n) =R + i*k"(sign(X))*X;
n=n-+1;
end
Z(h+1,h+1) =R + le-9;

4 Operational Derivative Matrix D (Single-phase Transformer)
%
function [D] = build_up_D(w.,h)
D = zeros(2*h+1,1);
n=1;
fork=-h:h
D(n,n) = 1*k"(sign(w))*w;
n=n-+1;
end
D(h+1,h+1) =i*1e-9;
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> Harmonic Norton Equivalent (Single-phase Transformer)

%

function [ Ynl,In,F] = harmonic_norton_equivalent(h,a,b,n,V2,D)
K = zeros(2*h+1,1) ; K(h+1) =a;

%

psil =inv(D)*V2;

[psi2] = self convolution””(psil,h);

[psi4] = self convolution(psi2,h);

[psi8] = self convolution(psi4,h);

[psi9] = mutual convolution®(psil,psi8,h);
F = a*psil + b*psi9;

DF =K + b*n*psi8;

DF = Toeplitz_matrix *(DF,h);

Ynl =DF*inv(D);

In = (F-Ynl*V2);

“® Invert Matrix (Single-phase Transformer)
%
function [A] = Invert_matrix(A,N,h,pivot)
forii=1:N
if pivot(ii) > 0
A1 = A((ii-1)* (¥ )+ L2 1), (1i-1)#(2*h+ 1)+ 1 *(2#h+1));
Al =inv(Al);
A((Gi-1)*(2*h+1)+1:ii*(2%h+1),(ii-1)*(2*h+ 1)+ 1:1i*(2*h+1)) = A1;
forjj=1:N
if il ~=jj
A2 = A((j-1)*(2¥h+1 )+ 12+ 1), (ii-1)*(2*h+ 1)+ 1:ii*(2%h+1));
A2 = A2*Al;
A(G-D)*@*h+ 1+ (2*h+1),(ii-1)*(2*h+ 1)+ 1:1i*(2*h+1)) = A2;
forkk=1:N
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if kk ~=ii
A3 = A((Gj-1)**h+1)+1:3j*(2*h+1),(kk-1)*(2*h+1)+1:kk*(2*h+1));
Aa = A((ii-1)*(2*h+1)+1:1i*(2*h+1),(kk-1)*(2*h+1)+1:kk*(2*h+1));
A3 =A3-A2*Aa;
A(Gj-D*(2*h+1)+1:5;*(2*¥h+1),(kk-1)*(2*¥h+1)+1:kk*(2*h+1)) = A3;
end
end
end
end
forjj=1:N
if ii ~=jj
A4 = A((ii-1)*(2*h+1)+1:1i*(2*h+1),(jj-1)*(2*h+1)+1:jj*(2*h+1));
Ad=-Al*A4;
A((ii-1)*(2*h+1)+1:11*(2*h+1),(jj- 1) *(2*h+1)+1:j5*(2*h+1)) = A4;
end
end
end

end

7 Self Convolution (Single-phase Transformer)
%

function [Vec2] = self convolution(Vec,h)

Vecl = Vec;

[Tpz] = Toeplitz_matrix(Vecl,h);

Vec2 = Tpz*Vec;

® Mutual Convolution (Single-phase Transformer)
%
function [Vec3] = mutual convolution(Vecl,Vec2,h)
[Tpz] = Toeplitz_matrix(Vecl,h);
Vec3 = Tpz*Vec2;
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2T oeplity Matrix (Single-phase Transformer)
%
function [Tpz] = Toeplitz_matrix(Vec,h)
Tpz(2*h+1,2*h+1) = zeros;
jj=htl;
forii=1:h+1
11=jj;
forkk=1:jj
Tpz(ii,kk) = Vec(ll);
n=1-1;
end
=i+l
end
=2
forii = h+2 : 2*h+1
11 =2*h+1;
for kk =jj : 2*h+1
Tpz(ii,kk) = Vec(ll);
n=1-1;
end
=it

end
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The functions in MATLAB™ for the calculation of harmonic voltage magnitudes used in
the analyses of study case described in Section 4.8, Chapter 4.
Main
%
tol=1le-12 ;
error =1 ;
iter = 0;
harmonic data tp '’;
[z] = zeros(3*(2*h+1),1);
[O] =build up Z"™(0,0,h);
[YT] =build up_Y "*(0,+0.0326,h);
[Yt]=[YTOO;O0YTO;O00YT];
[YL] =build up Y(0.0265,0.0626,h);
[YI]=[YLOO;OYLO;O0O0YL];
[YC] =build up Y(0,-0.2373,h);
[Yc]=[YCOO;0YCO;00YC]
[0]=[000;000;000];
[D] =build up D™P(w,h);
while error == 1
ifiter > 0
[Ynl,InF] = harmonic_norton_equivalent_tp*14(h,a,b,n,V2,D);
if norm(F-FO0) < tol ; error=0 ; break ; end
FO =F;
end
Ynetwork = [Yt-Yto; -Yt (Ynl+Yt+YI+Yc) -Y1; o -Y1 (YI+Yc¢) ];
Inetwork =[V1 ;-In;z;
pivot=[011];
[Ynetwork] = Invert matrix_tp " (Ynetwork,3,h,pivot);



Vnetwork = Ynetwork*Inetwork;
V2 = Vnetwork(3*(2*h+1)+1:6*(2*h+1));
iter = iter + 1;
end
iter
V1
V2
V3 = Vnetwork(6*(2*h+1)+1:9%(2*h+1))
V1 Phase a=VI1(1:31);
V1 Phase b=V1(32:62);
V1 Phase ¢=VI1(63:93);
V2 Phase a= V2(1:31);
V2 Phase b= V2(32:62);
V2_Phase ¢ =V2(63:93);
V3 Phase a=V3(1:31);
V3 Phase b=V1(32:62);
V3 Phase ¢=V1(63:93);

! Harmonic Data (T. hree-phase Transformer)

%

h=15;

w=1;f=1;

a(1)=0.03;b(1)=0.03 ;n(1)=9;

K1 =zeros(2*h+1,1) ; KI(h+1) = a(l);
a(2)=0.03;b(2)=0.03;n(2)=09;

K2 = zeros(2*h+1,1) ; K2(h+1) = a(2);
a(3)=0.03;b(3)=0.03;n(3)=9;

K3 = zeros(2*h+1,1) ; K3(h+1) = a(3);
Emax1=1.1;

Emax2 = 1.1*(cos(240*pi/180)+1*sin(240*pi/180));
Emax3 = 1.1*(cos(120*pi/180)+i*sin(120*pi/180));

Appendix I1
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V1 = zeros(3*(2*h+1),1);

V1(h) =Emax1'/2 ; V1(h+2) = Emax1/2;

V1((2*¥h+1)+h) = Emax2'/2 ; V1((2*h+1)+(h+2)) = Emax2/2;
V1(2*(2*h+1)+h) = Emax3'/2 ; V1(2*(2*h+1)+(h+2)) = Emax3/2;
V2=VI1;V3=V2;

Ynetwork = zeros(3*3*(2*h+1),3*3*(2*h+1));

Vnetwork = zeros(3*3*(2*h+1),1);

Inetwork = zeros(3*3*(2*h+1),1);

F = zeros(3*(2*h+1),1);

FO = zeros(3*(2*h+1),1);

In = zeros(3*(2*h+1),1);

Ynl = zeros(3*(2*h+1),3*(2*h+1));

i Impedance Matrix Z (Three-phase Transformer)
%
function [Z] = build up Z(R,X,h)
Z = zeros(2*h+1,2*h+1);
n=1;
fork=-h:h
Z(n,n) =R + 1*k"(sign(X))*X;
n=n-+1;
end

Z(h+1,h+1)=R + le-9;

"2 Admittance Matrix Y ((T. hree-phase Transformer)
%
function [Y] = build up_ Y(R,X,h)
Y = zeros(2*h+1,2*h+1);
n=1;
fork=-h:h

Z = R+i*k"(sign(X))*X;
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if (k==0) && (R ==0);
Y(n,n) =1*1e9;

else
Y(n,n)=1/Z;

end

n=n-+1;

end

3 Operational Derivative Matrix D (Three-phase Transformer)
%
function [D] = build_up_D(w,h)
D = zeros(2*h+1,1);
n=1;
fork=-h:h
D(n,n) = i*k"(sign(w))*w;
n=n-+1;
end
D(h+1,h+1) = i*1e-9;

" Harmonic Norton Equivalent for Three-phase Transformer

%
function [ Ynl,In,F] = harmonic_norton_equivalent tp(h,a,b,n,V2,D)
F = zeros(3*(2*h+1),1) ; In = zeros(3*(2*h+1),1) ;
Ynl = zeros(3*(2*¥h+1),3*(2*h+1));
forii=1:3

K = zeros(2*h+1,1) ; V=K;

psil =K ; psi2 =K ; psid =K ; psi8 =K ; psi9 = K;

F1b =K ; DF1b =K ; DFm = zeros(2*h+1,2*h+1);

K(h+1) = a(ii);

V = V2((ii-1)*(2*¥h+1)+1:1i*(2*h+1));

psil =inv(D)*V;
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[psi2] = self convolution "®(psil,h);

[psi4] = self convolution(psi2,h);

[psi8] = self convolution(psi4,h);

[psi9] = mutual convolution ™ (psil,psi8,h);

Fl1b = a(ii)*psil + b(ii)*psi9;

F((ii-1)*(2*h+1)+1:1i*(2*¥h+1)) = F1b;

DF1b = K + b(ii)*n(ii) *psi8;

[DFm] = Toeplitz_ matrix "3(DF1b,h);
Ynl((ii-1)*(2*h+1)+1:11*(2*h+1),(ii-1)*(2*h+1)+1:11%(2*h+1)) =DFm*inv(D);
In((ii-1)*(2*h+1)+1:1i*(2*h+1)) = (F1b-DFm*inv(D)*V);

end

5 Invert Matrix (Three-phase Transformer)
%
function [A] = Invert_matrix_tp(A,N,h,pivot)
forii=1:N
if pivot(ii) > 0
Al = AG*(ii-1)*(2*h+1)+1:3%ii*(2*h+1),3*(ii-1)*(2*h+1)+1:3%ii*(2*h+1));
Al =inv(Al);
AB*(ii-1)*(2*h+1)+1:3*i*(2*h+1),3*(ii-1)*(2*h+1)+1:3*ii*(2*h+1)) = Al;
forjj=1:N
if i ~= jj
A2 = AGB*(jj-1)*(2*¥h+1)+1:3%jj*(2*h+1),3*(ii-1)*(2*h+1)+1:3*ii*(2*h+1));
A2 = A2*Al;
AG*(jj-1)*(2*h+1)+1:3*]j*(2*%h+1),3*(ii-1)*(2*h+1)+1:3*ii*(2*h+1)) = A2;
forkk=1:N
if kk ~=1ii
A3 = AG*(jj-1)*(2*h+1)+1:3%jj*(2*h+1),3*(kk-1)*(2*h+1)+1:3*kk*(2*h+1));
Aa = A(3*(ii-1)*(2*h+1)+1:3%ii*(2*h+1),3%(kk-1)*(2*h+1)+1:3%kk*(2*h+1));
A3 =A3- A2¥Aa;
AG*(jj-1)*(2*h+1)+1:3%]j*(2*h+1),3%(kk-1)*(2*h+1)+1:3*kk*(2*h+1)) = A3;
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end
end
end
end
forjj=1:N
if ii ~=jj
A4 = AB*@i-1)*(2*h+1)+1:3*ii*(2*h+1),3*(j-1)*(2*h+1)+1:3*j;*(2*h+1));
A4 =-A1*A4;
AB*(ii-1)*(2*¥h+1)+1:3*ii*(2*h+1),3*(j5-1)*(2*h+1)+1:3*5*(2*h+1)) = A4;
end
end
end

end

e Self Convolution (Three-phase Transformer)
%

function [Vec2] = self convolution(Vec,h)

Vecl = Vec;

[Tpz] = Toeplitz_matrix(Vecl,h);

Vec2 = Tpz*Vec;

7 Mutual Convolution (T hree-phase Transformer)

%

function [Vec3] = mutual convolution(Vecl,Vec2,h)
[Tpz] = Toeplitz_matrix(Vecl,h);

Vec3 = Tpz*Vec2;

Rt oeplit; Matrix (Three-phase Transformer)
%
function [Tpz] = Toeplitz_matrix(Vec,h)
Tpz(2*h+1,2*h+1) = zeros;
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jj=htl;
forii=1:h+l
11=jj;
forkk=1:jj
Tpz(ii,kk) = Vec(ll);
n=1-1;
end
=it
end
=2
forii = h+2 : 2*h+1
11 =2*h+1;
for kk = jj : 2*h+1
Tpz(ii,kk) = Vec(ll);
n=1-1;
end
=it

end

Appendix I1
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APPENDIX III

MATLAB™ functions used to compute synchronous generator admittance matrices; Yay0,

Ya By and Y, . in Fourier harmonic domain, with referenc to Section 5.2, Chapter 5.

Main
%
function [Ydq0] = calc_YdqO(data™"® h)
h=3;
hh=h+1;
YdqO0 = zeros(hh*2+1,hh*2+1);
[G,B]= calc_ GB™°(0,data);
Ydq0 = form A"*'(Ydq0,G+1i*B,hh+1,hh+1);
for j=1:hh,
[G,B]= calc_GB(j,data);
Ydq0 = form_A(Ydq0,G+1i*B,hh+1-j,hh+1-j);
Ydq0 = form_A(Ydq0,G+1i*B,hh+1+j,hh+1+j);
end

YdqO;

" Data (Sunchronous Machine Ydq0)

%

function data=dat maql

Rd=0.05; Rq=0.06; Ro=0.07;

Rf=0.02; Rs=0.01; Rt=0.01;

Ld=1.0; Lg=0.8; Lo=0.07;

Lf=1.2; Ls=1.0; Lt=0.831;

Mdf=0.9; Mds=1.0; Mqt=0.6; Mfs=1.0;
data=[Rd,Rq,Ro,Rf,Rs,Rt,Ld,Lq,Lo,Lf,Ls,Lt, Mdf,Mds,Mqt,Mfs];
data;
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2 Formation of Synchronous Machines Matrics Y (Admittance),

G (Conductance) and B (Suceptance)

%
function [G,B]=calc_GB(h,data)

Rd=data(1); Rg=data(2); Ro=data(3); Rf=data(4);
Ld=data(7); Lqg=data(8); Lo=data(9); Lf=data(10);
Mdf=data(13); Mds=data(14); Mqt=data(15);

Mfs=data(16);

wr=1; w=1;
R11=[Rd00;0Rq0;00Ro];
R22=[Rf00;0Rs0;00Rt];
O=[000;000;000T1;
L11=[Ld00;0Lq0; 00 Lo];
L12=[Mdf Mds 0 ; 0 0 Mqt; 0 0 0;
L21=[Mdf 00 ; Mds 0 0 ; 0 Mqt 0];
L22=[Ls Mfs 0 ; Mfs Ls 0 ; 0 0 Lt];
J11=[0-Lq0;Ld00; 00 0];
J12=[0 0 -Mqt ; Mdf Mds 0 ; 0 0 0];
Z11=[R11+wr*J11+1i*(h*w*L11)];
Z12=[wr*J12+1i*(h*w*L12)];
Z21=[0+11*(h*w*L21)]
722=[R22+1i*(h*w*L22)]
Y=inv(Z11-Z12*inv(Z22)*Z21)
G=real(Y)

B=imag(Y)

21 Allocation of Matrix Elements
%

function A=form_A(A,a,1,)

I=(i-1)*3;

Rs=data(5);
Ls=data(11);

Rt=data(6);
Lt=data(12);
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J=(G-1)*3;
A(I+1,J+1)=a(1,1);
A(+1,J+2)=a(1,2);
A(I+1,J+3)=a(1,3);
A(I+2,J+1)=a(2,1);
A(+2,J+2)=a(2,2);
A(I+2,J+3)=a(2,3);
A(I+3,J+1)=a(3,1);
A(I+3,J+2)=a(3,2);
A(I+3,J+3)=a(3,3);

2 Synchronous Generator Admittance Matrix in afy Reference

Frame (Fourier)

%

function Yabg=calc_Yabg(Ydq0,h)

hh=h+1;

C=zeros(hh*2+1,hh*2+1);

M=[1 1i 0;-1i 1 0;0 0 0];

N=[1 -1i 0;1i 1 0;0 0 0];

D=[0 0 0;0 0 0;0 0 2];

C=form A(C,D.,1,1);

C=form_A(C,D,hh*2+1,hh*2+1);

C=form_A(C,D,hh+1,hh+1);

for j= 1:hh-1
C=form_A(C,D,hh+1+j,hh+1+j);
C=form_A(C,D,hh+1-j,hh+1-j);
C=form_A(C,M,hh+1+j+1,hh+1+j+1);
C=form_A(C,N,hh+1-j+1,hh+1-j+1);

end

C=C/2;
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Yabg =C*Ydq0*(C");
Yabg = Yabg(4:hh*2*3,4:hh*2*3)

2 Synchronous Generator Admittance Matrix in abc Reference

Frame (Fourier)
%
function Yabc=calc_Yabc(Yabg,h,connection)
%connection: 0 for star, 1 for delta
% Form matrix T
a=1/2 ; b=sqrt(3)/2 ; c=1/3 ;
% d=sqrt(2/3) ;
Ti=[l-a-a;0b-b;ccc];
T=zeros(2*h+1,2*h+1);
for j=1:2*h+1
T=form_A(T,Ti,,j);
end
% Form matrix Yabc
Yabc=(T")*Yabg*T;
% Change order of matrix Yabc
for j=1:3
c=0;
for k=j:2*h+j
Y (k+(2*h)*(j-1),1:(2*¥h+1)*3)=Yabc(j+c,1:(2*h+1)*3);
c=c+3;
end
end
for j=1:3
c=0;
for k=j:2*h+j
Yy(1:(2*h+1)*3,k+(2*h)*(-1))=Y (1:(2*h+1)*3,j+c);
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c=ct3;
end

end

For Delta Connection

% if connection==

%  U=zeros(2*h+1,2*h+1);

%  for j=1:2*h+1

%  UG-L:

% end

% Q=[U-U0*U;0*UU-U;-UO0*U UJ;
%  Yabc=Q*Yy*Q;

% end

Yabc
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MATLAB™ functions used to compute synchronous generator admittance matrices; Yay0,
Yafy and Y. . in the Hartley harmonic domain, with referenc to Section 5.4, Chapter 5.
Main
%
function [Ydq0] = calc_quO(data*w,h)
hh=h+1;
Ydq0 = zeros(hh*2+1,hh*2+1);
[G,B]= calc_ GB™**(0,data);
Ydq0 = form A"**(Ydq0,G+B,hh+1,hh+1);
for j=1:hh,
[G,B]= calc_ GB(j,data);
Ydq0 = form_A(Ydq0,G,hh+1-j,hh+1-j);
YdqO = form_A(Ydq0,G,hh+1+j,hh+1+j);
Ydq0 = form_A(Ydq0,-B,hh+1-j,hh+1+j);
Ydq0 = form_A(Ydq0,B,hh+1+j,hh+1-j);

end

"2 Formation of Synchronous Machines Matrics Y (Admittance),

G (Conductance) and B (Suceptance)
%

function [G,B]=calc_GB(h,data)

Rd=data(l); Rg=data(2); Ro=data(3);
Rf=data(4); Rs=data(5); Rt=data(6);
Ld=data(7); Lqg=data(8); Lo=data(9);
Lf=data(10); Ls=data(11); Lt=data(12);
Mdf=data(13); Mds=data(14); Mqt=data(15);
Mfs=data(16);

wr=1; w=1;
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R11=[Rd00;0Rq0;00Ro];
R22=[Rf00;0Rs0;00Rt];
O=[000;000;000T1;
L11=[Ld00;0Lq0;00 Lo];
L12=[MdfMds 0; 00 Mqt; 00 0];
L21=[Mdf 0 0; Mds 0 0 ; 0 Mqt 0];

L22=[Ls Mfs 0 ; Mfs Ls 0; 0 0 Lt];
J11=[0-Lq0;Ld00; 00 0];

J12=[0 0 -Mqt ; Mdf Mds 0; 0 0 0];
Z11=[R11+wr*J11 h*w*L11 ; -h*w*L11 R11+wr*J11];
Z12=[wr*J12 h*w*L12 ; -h*w*L12 wr*J12];
Z21=[0O h*w*L21 ; -h*w*L21 O];
722=[R22 h*w*L22 ; -h*w*L22 R22];
Y=inv(Z11-Z12*inv(Z22)*Z21);
G=Y(1:3,1:3);

B=Y(4:6,1:3);

2 Allocation of Matrix Elements
%
function A=form_A(A,a,i,j)
I=(i-1)*3;
J=(j-1)*3;
A(I+1,J+1)=a(1,1);
A(I+1,J+2)=a(1,2);
A(I+1,J+3)=a(1,3);
A(I+2,J+1)=a(2,1);
A(+2,J+2)=a(2,2);
A(I+2,J+3)=a(2,3);
A(I+3,J+1)=a(3,1);
A(I+3,J+2)=a(3,2);
A(I+3,J+3)=a(3,3);
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Frame (Hartley)

%

function Yopy=calc_Yafy(YdqO0,h)

h=3;

hh=h+1;

C=zeros(hh*2+1,hh*2+1);

U=[100;010;0017;

M=[010;-100;000];

N=U+M;

D=[0 0 0;0 0 0;0 0 2];

C=form_A(C,D,1,1);

C=form_A(C,D,hh*2+1,hh*2+1);

C=form_A(C,D,hh+1,hh+1);

for j= 1:hh-1
C=form_A(C,D,hh+1+j,hh+1+j);
C=form_A(C,D,hh+1-j,hh+1-j);
C=form_A(C,U,hh+1+j+1,hh+1+j);
C=form_A(C,U,hh+1-j,hh+1-j-1);
C=form_A(C,U,hh+1+j,hh+1+j+1);
C=form_A(C,U,hh+1-j-1,hh+1-j);
C=form_A(C,M',hh+1-j hh+1+j+1);
C=form_A(C,M',hh+1+j+1,hh+1-j);
C=form A(C,M,hh+1+j,hh+1-j-1);
C=form_A(C,M,hh+1-j-1,hh+1+j);

end

C=form_ A(C,N,hh+1,hh+1-1);

C=form_A(C,N,hh+1-1,hh+1);

C=form_A(C,N"hh+1,hh+1+1);

C=form_A(C,N"hh+1+1,hh+1);

Appendix IV

Synchronous Generator Admittance Matrix in affy Reference
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C=C/2;
Yafy =C*Ydq0*(C');
YoPy = Yapy(4:hh*2*3,4:hh*2%3);

27 Synchronous Generator Admittance Matrix in abc Reference

Frame (Hartley)
%
h=3;
a=1/2 ; b=sqrt(3)/2 ; c=1/sqrt(2) ; d=sqrt(2/3) ;
Ti=d*[1 -a-a;0b-b;ccc];
T=zeros(2*h+1,2*h+1);
for j=1:2*h+1
T=form_ A(T,T1,,));
end
Yabe=(T")*Yabg*T;
for j=1:3
c=0;
for k=j:2*h+j
Y (k+(2*h)*(j-1),1:(2*¥h+1)*3)=Yabc(j+c,1:(2*h+1)*3);
c=ct3;
end
end
for j=1:3
c=0;
for k=j:2*h+j
Yy(1:(2*%h+1)*3,k+(2*h)*(-1))=Y (1:(2*h+1)*3,j+c);
c=ct3;
end

end
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APPENDIX V

MATLAB™ functions used to calculate the total active and reactive power of a wind

turbine using an induction generator; Section 6.2, Chapter 6.

Main

%

function Model 1G

global Vsa Vsb Vsc Vs0 Vsl Vs2 Zero Pos Neg ZeroO PosO Neg0 VrO Vrl V2 p P Fs

Rs Rr Lm Xm Zs Zs0 Zs1 Zs2 Ws Xr Xs s s0 sl s2 Zr0 Zrl Zr2 Zm Zn Zm0 Zm1 Zm?2

Lg Xg Is0 Is1 Is2 Ir0 Ir1 Ir2 EO E1 E2 PmO Pm1 Pm2 aseq Pm012 Wind_speed Wr bitta

Pm_3ph Vstator]l Vstator2 Vstator3

Wind_speed = 15; Wr = 1500*(2*pi/60); bitta =0.2;

Windturbine Model 2

PmO012=Pm_3ph/3

Sbase = 1.5¢6 ; Vbase = 2400 ; p =4 ;P =2%p ;Fs= 50 ;Rs =0.03; Rr=0.02;

Lls =0.23/377 ; LIr = 0.23/377 ; Lm = 13.04/377 ; Lg = 0.345/377 ;

Xs=2*pi*50*Lls ; Xr = 2*pi*50*LIr ; Xm = 2*pi*50*Lm ;Xg = 2*pi*50*Lg ;

Z/n=0;Zm=0;

Ws = 2*pi*Fs/p ;

s =(Ws-Wr)/Ws ;s0=s;sl =s;s2=2-s;

aseq = 1*(cos(2*pi/3)+ 1j*sin(2*pi/3)) ;

Vstator]l =1 *(cos(1.036*(2*pi/360)) + 17*sin(1.036*(2*pi/360))) ;

Vstator2 = 1 *(cos((1.036-120)*(2*pi/360))+ 1j*sin((1.036-120)*(2*pi/360))) ;

Vstator3 =1 *(cos((1.036+120)*(2*p1/360))+1j*sin((1.036+120)*(2*p1/360))) ;

Vstator Vbus_ pu=[abs(Vstatorl) , angle(Vstator1)*360/(2*pi); abs(Vstator2) ,
angle(Vstator2)*360/(2*pi) ; abs(Vstator3) ,angle(Vstator3)*360/(2*pi) ]

Vsa = ((abs(Vstatorl))*(Vbase/sqrt(3)))*complex(cos(angle(Vstatorl)),sin(angle(Vstatorl))) ;

Vsb =((abs(Vstator2))*(Vbase/sqrt(3)))*complex(cos(angle(Vstator2)),sin(angle(Vstator2))) ;

Vsc =((abs(Vstator3))*(Vbase/sqrt(3)))*complex(cos(angle(Vstator3)),sin(angle(Vstator3)));

Vsabce SI= [abs(Vsa) ,angle(Vsa)*360/(2*pi); abs(Vsb),angle(Vsb)*360/(2*pi);abs(Vsc) ,
angle(Vsc)*360/(2*pi) |
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Vs0=(1/3)* (Vsa+ Vsb+ Vsc);

Vsl = (1/3)* ( Vsa + (aseq*Vsb) + ((aseq”2)*Vsc)) ;

Vs2 = (1/3)* ( Vsa +((aseq”"2)*Vsb) + aseq*Vsc) ;

Vs012 SI= [abs(Vs0),angle(Vs0)*(360/(2*pi));abs(Vsl),
angle(Vs1)*(360/(2*pi));abs(Vs2),angle(Vs2)*(360/(2*pi))] ;

Zs=Rs+ 1i* Xs;

780=17s+3*Zn+3*Zm ; Zsl =7Zs -Zm ;Zs2=7s - Zm ;

Zr0 = complex(Rr/s0,Xr) + 3*Zn + 3*Zm ;

Zr1 = complex(Rr/s1,Xr)- Zm ;

Zr2 = complex(Rr/s2,Xr) - Zm ;

Zm0 =j*Xm + 3*Zn + 3*Zm ; Zml =j*Xm - Zm ; Zm2 = j*Xm - Zm ;

options = optimset ('Display','iter");

Zero0 = [-1e-5, -1e-6 ];Pos0 =[37.032 -40.229]; Neg0 = [-1e-4 , -0.1] ;

X0=[-1e-5,-le-6,37.032 -40.229, -1e-4 , -0.1] ;

[X,fval] = fsolve( @myfunfr012"?°, X0 , options);

Zero(1) = X(1);Zero(2) = X(2);

Pos(1) = X(3);Pos(2) = X(4);

Neg(1) = X(5);Neg(2) = X(6);

V10 = Zero(1)+ 1 * Zero(2); Vrl =Pos(1) +1 * Pos(2); V2 =Neg(1) +1 * Neg(2);

Vs0 ;Is0 ; Ir0 ; EO ; Vr0 ;

Vsl ;Isl ; Irl ; E1; Vrl ;

Vs2;Is2 ; Ir2 ; E2 ; Vr2

Vr 012 = [abs(V10), angle(Vr0)*(360/(2*pi));abs(Vrl),
angle(Vr1)*(360/(2*pi));abs(Vr2), angle(Vr2)*(360/(2*p1))]

Vs 012 = [abs(Vs0),angle(Vs0)*(360/(2*pi));abs(Vsl),
angle(Vs1)*(360/(2*pi));abs(Vs2),angle(Vs2)*(360/(2*pi))]

E 012 = [abs(E0),angle(E0)*(360/(2*pi));abs(E1),
angle(E1)*(360/(2*pi1));abs(E2),angle(E2)*(360/(2*pi))]

Ir 012 = [abs(Ir0),angle(Ir0)*(360/(2*pi));abs(Ir1),angle(Ir1)*(360/(2*p1));

abs(Ir2),angle(Ir2)*(360/(2*pi))]
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Is 012 = [abs(Is0),angle(Is0)*(360/(2*pi));abs(Is1),angle(Is1)*(360/(2*pi)) ;
abs(Is2) , angle(Is2)*(360/(2*pi))]

Vsa=Vs0+ Vsl +Vs2;

Vsb = Vs0 + Vsl *(aseq”2) + Vs2 * aseq ;

Vsc = Vs0 + Vsl * aseq + Vs2 *(aseq”2) ;

Vsabc = [abs(Vsa) , angle(Vsa)*(360/(2*pi)); abs(Vsb) ,angle(Vsb)*(360/(2*pi)) ;
abs(Vsc) , angle(Vsc)*(360/(2*pi))] ;

Vra=Vr0+ Vrl + Vr2;

Vrb = V10 + Vrl * (aseq”2) + V12 * aseq ;

Vrc = V10 + Vrl * aseq + Vr2 *(aseq”2) ;

Vr_abc = [abs(Vra) , angle(Vra)*(360/(2*pi));
abs(Vrb) ,angle(Vrb)*(360/(2*pi)) ; abs(Vrc) , angle(Vre)*(360/(2*pi))]

Ira=Ir0 +Irl +Ir2 ;

Irb = Ir0 + (aseq"2*Ir1) + (aseq*Ir2) ;

Irc = Ir0 + (aseq*Irl) + ((aseq"2)*Ir2) ;

Ir abc = [abs(Ira) , angle(Ira)*(360/(2*pi)); abs(Irb) ,angle(Irb)*(360/(2*p1)) ;
abs(Irc) , angle(Irc)*(360/(2*pi))]

Isa=1s0 + Isl +Is2 ;

Isb = Is0 + (aseq"2*Is1) + (aseq*Is2) ;

Isc = Is0 + (aseq*Isl) + ((aseq"2)*Is2) ;

Is abc= [abs(Isa) , angle(Isa)*(360/(2*pi)); abs(Isb) ,angle(Isb)*(360/(2*pi)) ;
abs(Isc) , angle(Isc)*(360/(2*pi))]

PmO = ((abs(Ir0)"2)*Rr)*((1-s0)/(s0))-(real(Vr0*conj(Ir0))*((1-s0)/(s0)));

Pm1 = ((abs(Ir1)"2)*Rr)*((1-s1)/(s1))-(real(Vr1*conj(Ir1))*((1-s1)/(s1)));

Pm2 = ((abs(Ir2)"2)*Rr)*((1-s2)/(s2))-(real(Vr2*conj(Ir2))*((1-s2)/(s2)));

Pm0 Pml Pm2=[PmO0,Pml, Pm2 ]

Psa = real (Vsa *conj(Isa)) ; Psb = real (Vsb *conj(Isb)) ; Psc = real(Vsc *conj(Isc));

Qsa = imag (Vsa *conj(Isa)) ; Qsb = imag (Vsb *conj(Isb)) ; Qsc = imag(Vsc *conj(Isc));

Pra = real (Vra *conj(Ira)) ; Prb = real (Vrb *conj(Irb)) ; Prc = real(Vrc *conj(Irc));

Qra = imag (Vra *conj(Ira)) ; Qrb = imag (Vrb *conj(Irb)) ; Qrc = imag(Vrc *conj(Irc));

P a=Psa+Pra;P b=Psb+Prb;P c=Psc+Prc;
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Qa=Qsa+Qra;Q b=Qsb+Qrb; Q c=0Qsc+ Qrc;
P3ph abc=P a+P b+P c;

Q3ph abc=Q a+Q b+Q c;

S3ph_abc =P3ph_abc + j*Q3ph_abc ;

P Q abc si=[P a,Qa,Pb,Qb,Pc,Qc]

end

2 Turbine Model

%

function [Pm_3ph] = Windturbine Model (Wind_speed, Vr,bitta )
v_actual = Wwind_speed ;

Vr_actual = Vr;

bitta = bitta ;

Pmec = 1500e3;

Pelec = 1500e3/0.9;

v_base = 12;

Vr_base = (1800) * (2*pi/60);

Vt base =1.2 * Vr_base;

Pmec_max_base wind=0.73*Pmec ;

Pem =1.01054 ;

lambda base = 8.10 ;

Cp base=0.48 ;
cl1=0.5176;c2=116;c3=04;c4=5;c5=21;c6=0.0068;
Vr _pu=Vr actual / Vr _base ;

Vt pu=Vr pu *Vr base/ Vt base;

v_pu=v_actual / v_base ;

lambda pu=Vt pu/v pu;

lambda actual = lambda pu * lambda base ;

lambda i = 1/(1/(lambda_actual+0.08*bitta)-0.035/(bitta"3+1));

Appendix V

Cp_actual = cl1*(c2/lambda_i-c3*bitta-c4)*exp(-c5/lambda_i)+c6*lambda_actual ;

Cp_pu=Cp_actual / Cp_base ; Pwind pu=(v_pu)"3 ; Pmec pu=Cp pu * Pwind pu;
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Pelec_pu=Pmec pu * ( Pmec_max base wind/ Pelec);
Pelec_actual = (-1) * Pelec_pu * Pelec ;

Pm_3ph = Pem*Pelec_actual; Pm_1ph =Pm_3ph/3;
Vr=Vr_actual ;

“*Function for Power Balance
%
function F = myfunfr012(X)
global Vs0 Rs Rr Zs0 s0 Zr0 ZmO IsO Ir0 EO Vr0 Vsl Rs Rr Zsl sl Zrl Zml1 Isl Irl E1
Vs2 Rs Rr Zs2 s2 Zr2 Zm2 1s2 Ir2 E2 PmO012
Zero(1)=X(1); Zero(2)= X(2); Pos(1) = X(3); Pos(2) = X(4);
Neg(1) = X(5); Neg(2) = X(6);
V10 = Zero(1) + 1i * Zero(2);
EO0 = ((Vs0/Zs0)+((Vr0/s0)/Zr0)) / ((1/Zs0) + (1/Zx0) + (1/(Zm0))) ;
Ir0 = ((Vr0/s0)-E0) / Zr0 ;
IsO = (Vs0-EOQ) / Zs0 ;
Vrl =Pos(1) + 1i * Pos(2);
El =((Vs1/Zs1)+((Vrl/s1)/Zr1)) / (1/Zs1) + (1/Zr1) + (1/(Zm1))) ;
Irl =((Vrl/s1)-El)/ Zr1 ;
Isl =(Vsl-El)/ Zs1 ;
Neg(1)
Neg(2)
V12 =Neg(1l) + 1i * Neg(2);
E2 = ((Vs2/Zs2)+((V12/s2)/Zx2)) / (1/Zs2) + (1/Zx2) + (1/(Zm2)));
Ir2 = ((Vr2/s2)-E2) / Z12 ;
Is2 = (Vs2-E2) / Zs2 ;
F = (real(Vs0*conj(Is0))+ real(Vs1*conj(Is1)) + real(Vs2*conj(Is2)));
F=F - (abs (Is0)"2 * Rs + abs (Is1)"2 * Rs + abs (Is2)"2 * Rs) ;
F=F - (abs (Ir0)"2 * Rr + abs (Ir1)"*2 * Rr + abs (Ir2)"2 * Rr ) ;
F =F + (real((Vr0)*conj(Ir0)) + real((Vr1)*conj(Ir1))+ real((Vr2)*conj(Ir2)));
F=F - ((Pm012)) ;
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