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Abstract

Nowadays, many power electronic equipments are used in industry in
seeking higher system reliability and efficiency, and more electronic or
microprocessor controllers are used in power system to control AC/DC
transmission lines or loads. Moreover, the importance of green energy
such as wind and solar is continually growing in our societies not only
due to environmental concerns but also to resolve the problem of access to
electricity in rural areas. As a result, it creates power quality issues espe-
cially harmonics. In electrical power system, harmonics have a number of
undesirable effects on power system equipment as well as on its operation.
In order to understand the effects of these harmonics it is first necessary to
analyse the penetration of these harmonics from their various sources into
the network. This process of analysis is commonly known as harmonic

power flow or harmonic penetration evaluation.

In the thesis a review is conducted on existing harmonic power flow meth-
ods. The previous approaches require long computing time and encounter
convergence problem because of poor initial value. They are only applied
to small or medium power systems with a single harmonic source. A new
fast hybrid method (FHM) is developed in the thesis. It is a frequency
domain method which can be used to evaluate the steady state harmonic
penetration with discrete harmonic frequency. It is able to solve the con-
vergence problem, simplify the calculation procedure and achieve accurate
results. In addition, the proposed method has been applied to single phase
balanced large power systems (e.g. Polish 2383-bus power system) to eval-
uate the harmonic penetration with integrating renewable generations. The
investigation also includes the effects of harmonic penetration by chang-

ing the power capacities of renewable generations. Harmonic penetration



variation during a 24 hour period is also investigated by tracking the daily
generation and load demand curves. The harmonic sources considered in
the thesis consist of wind turbine generator (WT), photovoltaic generator

(PG), electric vehicle charger (EVC) and traditional six-pulse converters.
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Chapter 1

Introduction

1.1 Brief Introduction to Power Quality

1.1.1 Definition of Power Quality

Electric power quality covers all aspects of transmission and distribution level analysis
and customer satisfaction. Hence, it plays an important role in power systems with
direct impacts on efficiency, security and reliability, and attracts the attention of many

researchers and industries [1, 2].

The electric power quality is generally used to express the quality of voltage and/or
the quality of current. Therefore, the author in reference [1] defined it as the measure,
analysis and improvement of the bus voltage to maintain a sinusoidal waveform at
rated voltage and frequency. This definition includes all momentary and steady-state

phenomena.

1.1.2 Classification of Power Quality Problems [3-13]

According to specific properties of power quality problems, they are categorized into
several different classifications. Some regulations categorizes the power quality prob-
lems using the frequency range of the event, e.g. IEC 61000-2-5, shown in Table 1.1
below [1, 3].
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Table 1.1: Main phenomena causing electromagnetic and power quality disturbances

[1, 3]

Conducted low-frequency phenomena

Harmonics, inter-harmonics
Signaling voltage
Voltage fluctuations
Voltage dips
Voltage imbalance
Power frequency variations
Induced low-frequency voltages
DC components in AC networks

Radiated low-frequency phenomena

Magnetic fields
Electric fields

Conducted high-frequency phenomena

Induced continuous wave (CW) voltages or currents
Unidirectional transients
Oscillatory transients

Radiated high-frequency phenomena

Magnetic fields
Electric fields
Electromagnetic field
Steady-state waves
Transients

Electrostatic discharge phenomena (ESD)

Nuclear electromagnetic pulse (NEMP)

It divides the power quality problems into low frequency (< 9kH?z), high frequency

(> 9kH?z), electrostatic discharge phenomena and nuclear electromagnetic pulse. In

addition, low frequency and high frequency consist of radiated disturbance and con-

ducted disturbance respectively.

In other regulations the most important factor is the magnitude and duration of

events. The author in reference [6] gives an example as shown in Figure 1.1.
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Figure 1.1: Magnitude-duration plot for classification of power quality events [6]

In total, there are nine different sections in the above figure. The horizontal axis
represents the duration of event, and is split into four regions: very short, short, long
and very long. The vertical axis represents the magnitude of event, that is divided into

three regions:
e interruption: voltage magnitude equals zero,
e undervoltage: voltage magnitude is under its nominal value, and
e overvoltage: voltage magnitude is over its nominal value.

Other guidelines such as IEEE standards use the wave shape of each event to clas-
sify power quality problems. Table 1.2 indicates the informations about categories and
characteristics of electromagnetic phenomena defined by IEEE 1159-2009, that use

several additional terms compared with IEC terminology [13].
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Table 1.2: Categories and typical characteristics of power

system electromagnetic phenomena [13]

Categories Typical spectral | Typical duration | Typical voltage
content magnitude

1. Transients

1.1 Impulsive

1.1.1 Nanosecond Sns rise < 50ns

1.1.2 Microsecond 1us rise S50ns — 1ms

1.1.3 Millisecond 0.1ms rise > lms

1.2 Oscillatory

1.2.1 Low frequency < 5kHz 0.3 —50ms 0—4p.u!

1.2.2 Medium frequency 5—500kHz 20us 0—8p.u.

1.2.3 High frequency 0.5—-5MHz Sus 0—4p.u.

2. Short-duration rms 2 variations

2.1 Instantaneous

2.1.1 Sag 0.5 —30 cycles 0.1-09p.u.

2.1.2 Swell 0.5 —30cycles 1.1-1.8p.u.

2.2 Momentary

2.2.1 Interruption 0.5 cycles - 3s <0.1p.u.

2.2.2 Sag 30 cycles - 3s 0.1 -0.9p.u.

2.2.3 Swell 30 cycles - 3s 1.1-1.4p.u.

2.3 Temporary

2.3.1 Interruption > 3s — lmin <0.1p.u.

2.3.2 Sag > 35— lmin 0.1 -0.9p.u.

2.3.3 Swell > 35— lmin 1.1 -12p.u.

3. Long-duration rms variations

3.1 Interruption, sustained > lmin 0.0p.u.

Continued on next page

Up.u. refers to per unit, which is dimensionless. The quantity 1.0p.u. corresponds to 100%. The
nominal condition is often considered to be 1.0p.u.. In this table, the nominal peak value is used as the
base for transients and the nominal rms value is used as the base for rms variations.

Zroot-mean-square
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Table 1.2- Continued from previous page

Categories Typical spectral | Typical duration | Typical voltage
content magnitude

3.2 Undervoltages > 1min 0.8—0.9p.u.

3.3 Overvoltages > lmin 1.1-12p.u.

3.4 Current overload > lmin

4. Imbalance

4.1 Voltage steady state 0.5-2%

4.2 Current steady state 1.0—-30%

5. Waveform distortion

5.1 DC offset steady state 0—-0.1%

5.2 Harmonics 0—9kHz steady state 0—20%

5.3 Interharmonics 0—9kHz steady state 0—-2%

5.4 Notching steady state

5.5 Noise broadband steady state 0—1%

6. Voltage fluctuations < 25Hz intermittent 0.1-7%

7. Power frequency variations < 10s +0.1Hz

1.2 Motivation

Nowadays, many power electronic equipments are used in modern industry for seeking
higher system reliability and efficiency, and more electronics or microprocessor con-
trollers are used for the power system control in AC/DC transmission lines or loads.
In addition, more and more renewable energy generators such as wind turbines (WTs)
and photovoltaic generators (PGs) and modern equipment, e.g. electric vehicle charg-
ers (EVCs), are integrated into the power systems. Some of these new equipments
generate harmonic injection into the system. As a result, the actual voltage and current
waveforms in the power system are distorted and are a combination of many sine waves
of different frequencies, that are integer or non-integer multiples of the fundamental
frequency (50 Hz or 60 Hz). These periodical waveforms are regarded as harmonics

or inter-harmonics. Hence, the harmonics (include inter-harmonics in this thesis) de-
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scribed in Table 1.2 are an important aspect of electric power quality in power systems

recently.

The harmonics have great influence on the power system equipment as well as
on its operation. They can lead to operation failure of electrical and electronic com-
ponents, failure of power factor correction capacitors, loss in power generation and
transmission, and interference with protection, control and communication networks
as well as customer loads. High levels of harmonic distortion can also increase trans-
former, capacitor, motor or generator heating. Therefore, many standards such as IEC
61000 series standard, IEEE 519 standard and Engineering Recommendation G5/4 are
published to limit the harmonics in power systems. However, an efficient, reliable and
accurate algorithm that is used to evaluate the steady state network voltages at har-
monic frequencies is a fundamental requirement. This process is defined as harmonic
power flow evaluation in reference [14] with considering all the harmonic couplings.
Arrillaga et al. in reference [5] indicates that if the harmonics generated by the non-
linear components are independent, the above process is called harmonic penetration
evaluation, that using a decoupled direct (nodal) solution. In this thesis, the process
of evaluating the steady state network voltages at harmonic frequencies is defined as

harmonic power flow evaluation as well as harmonic penetration evaluation.

Many researchers have devoted themselves to solve the harmonic power flow prob-
lems. Therefore, many different approaches have been proposed and implemented
until now. According to the modelling techniques of power system components and
non-linear loads, they can be classified into three categories: time domain methods,
frequency domain methods and hybrid time-frequency domain methods. Despite the
time domain methods have high result accuracy, they usually require long computing
times especially for a large power system containing many non-linear loads with strong
harmonic couplings. Hybrid time-frequency domain methods can achieve the benefits
of the accuracy of the time domain and the simplicity of the frequency domain. How-
ever, the frequency domain methods are widely used. They represent static load flow
with discrete frequencies. Also, they require shorter computing time compared to both
time domain and hybrid time-frequency domain methods and indicate the frequency

response of the power systems through the calculation.
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Newton-Raphson based approach, that is implemented in the frequency domain, is
mostly used to the calculations because of its accurate results. However, it requires
much computing time, and even leads to convergence problems for especially a large
power system with many non-linear loads and strong harmonic couplings. Hence, sev-
eral methods such as decoupled and fast decoupled harmonic power flow calculation
methods are designed to solve the problems. However, these methods still encounter
two problems: one is that the iterative initial value must be close to the expected value.
Otherwise, the calculations may fail to converge. The other is that the Jacobian matrix
should be calculated in each iteration, which may require longer computing time and
make the calculation more complicated. Hence, how to solve these two problems and

achieve accurate results attracts the author.

In addition, the existing harmonic power flow calculation methods involve a sin-
gle traditional harmonic source (e.g. six-pulse line-commutated converters and arc
furnaces) or single type of traditional harmonic sources that includes only integer-
harmonics in small or medium single-phase power systems. However, with increasing
use of renewable energy generations (e.g. WTs and PGs) and modern electric de-
vices (e.g. EVCs), the power system contains several types of harmonic sources with
a large frequency range, i.e. integer-harmonics, inter-harmonics and sub-harmonics.
Therefore, a harmonic penetration evaluation method which can be applied to large
power systems with multiple types of harmonic sources is required. It is also worthy
to investigate the effects of integrating renewable energy generations and modern elec-
tric devices to the harmonic penetration by changing their power capacities as well as
tracking their daily generation and load demand curves. This project is contributed to

achieve these aims.

1.3 Thesis Objectives and Scope

The aim of this research is to develop a fast computer simulation method to evaluate the
harmonic penetration by integrating renewable energy generations and modern electric

devices in a large power system. The objective of this thesis includes:
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1. Developing a fast harmonic power flow calculation method to solve the conver-
gence problem, simplify the calculation process and achieve accurate results.
Moreover, the proposed method should be applied to large power systems with
multiple types of harmonic sources and large harmonic frequency range, i.e.

integer-harmonics, inter-harmonics and sub-harmonics.

2. Applying the proposed method to a large power system to investigate the effects
of integrating renewable energy generations and modern electric devices to har-
monic penetration by changing their power capacities. Also it investigates the
harmonic penetration variation over a 24 hour period by tracking their daily gen-

eration and load demand curves.

In order to achieve the aim of this thesis, the research approach involves several

key steps:

1. Review the present harmonic power flow calculation methods, and explore in

detail their advantages and disadvantages.

2. Model each component of power system, and develop a fast harmonic power

flow calculation method that is implemented in frequency domain.

3. Apply the proposed method, the Newton-Raphson based method and the de-
coupled method to several power systems to achieve the harmonic voltages and
powers. Compare the result obtained by each method to investigate whether the

proposed method improves the calculation.

4. Apply the proposed method to a Polish 2383-bus single-phase large power sys-
tem to evaluate the harmonic penetration, and investigate the effects of integrat-
ing renewable energy generations and modern devices in both momentary and

long time duration.
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1.4 Original Contributions of the Thesis

The original contributions that are used to achieve the objectives in this thesis are

summarized below:

e A review of present harmonic power flow calculation methods that are imple-
mented in frequency domain are studied in detail. Moreover, their advantages

and disadvantages are explored.

e A fast hybrid harmonic power flow calculation method (FHM) is proposed. It
combines three methods: the secant method, the Newton-Downhill method and
the decoupled method. The secant method is applied to establish the initial value
in order to solve the convergence problem. The Newton-Downhill and decoupled
method are used to make the iterative process monotonic decrease. Therefore it
can reduce the calculation procedure of Jacobian matrix in order to accelerate

the calculation speed and converge successfully.

e The proposed method is tested whether it can solve the convergence problem,
calculate quickly and achieve accurate results. The aim is verified through com-
paring the results obtained from the proposed method to those obtained from the
Newton-Raphson method and the decoupled method respectively. The Newton-
Raphson and the decoupled methods already exists in MATLAB tool package.

Hence their results are used as reference values for comparison purpose.

e The proposed method is applied to a Polish 2383-bus single-phase power sys-
tem to investigate the effects of harmonic penetration by integrating renewable
energy generations. They include wind turbines (WTs) and photovoltaic genera-
tors (PGs) and modern electric devices such as electric vehicle chargers (EVCs).
The investigation has two aspects: changing their power capacities and tracking

their daily generation and load demand curves.



CHAPTER 1. INTRODUCTION

1.5 Thesis Structure

This thesis is organized in eight chapters and reflects on the methodological steps and
the contributions of this work. Chapter 1 provides an introduction to the whole the-
sis. It gives a brief introduction to power quality and the motivation of this research.
Furthermore, it presents the research objectives, the research scopes and the original

contributions of this thesis.

Chapter 2 studies the harmonic basic theory. It gives the definitions of integer,
inter, sub and triplen harmonics. The harmonic expressions such as Fourier series,
harmonic sequences and several important formulations and measures for harmonic
calculations and analysis are also presented. With increasing use of renewable energy
generations and modern electric devices in power systems, the wind turbines (WTs),
photovoltaic generators (PGs) and electric vehicle chargers (EVCs) are described as
harmonic sources. Finally, it introduces the harmonic effects and the harmonic distor-

tion limited standards.

Chapter 3 reviews in detail the existing harmonic power flow calculation meth-
ods. They are classified into the Newton-Raphson based harmonic power flow method,
the decoupled harmonic power flow method, the fast decoupled harmonic power flow
method, the fast harmonic power flow method, the fuzzy harmonic power flow method,
the probabilistic harmonic power flow method and the modular harmonic power flow
method, based on several criteria. Moreover, their advantages and disadvantages are
investigated. Finally, the Newton-Raphson based method and the decoupled method
are applied to a simple 5-bus power system with a six-pulse line-commutated converter

to calculate the harmonic power flow.

Chapter 4 proposes a fast hybrid harmonic power flow calculation method (FHM)
to evaluate the harmonic penetration in the power systems. It applies the secant method
to establish the iterative initial value to solve the convergence problem caused by the
poor initial value, and combines both the Newton-Raphson method and the decoupled
method together to calculate the harmonic power flow in the power systems in order to

reduce the computing time and make the calculation converge successfully.

10
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In chapter 5, the proposed fast hybrid method is applied to 14-bus, 39-bus, 57-bus
and 118-bus power systems to evaluate the harmonic penetration. The results con-
tain the computing time, the iterations, the root mean square (rms) values of the bus
voltage magnitudes, the total harmonic voltage distortion (THDv), the total active and
reactive powers at both sending and receiving ends and the total power losses on each
branch. Then, these results are compared to those achieved by the Newton-Raphson
based method and the decoupled method to investigate whether the proposed method
can solve the convergence problem and accomplish the calculation quickly and accu-

rately.

In chapter 6, the proposed method is applied to a Polish 2383-bus single-phase
power system to calculate the harmonic voltages and powers, and investigate the ef-
fects of integrating renewable energy generations and modern devices to the harmonic
penetration with changing their power capacities. The wind turbines (WTs), photo-
voltaic generators (PGs) and electric vehicle chargers (EVCs) are regarded as harmonic

sources.

Chapter 7 applies the fast hybrid method to evaluate the harmonic penetration dur-
ing 24 hours in Polish 2383-bus single-phase power system. It has the same harmonic
sources as in chapter 6. Their number and position are constant: 82 WTs, 86 PGs, 329
EVCs and 222 six-pulse converters are connected to the power network. The output
generation powers and load consumption powers of renewable power generators and
all loads are changed per 15 minutes, following their hourly generation and load mod-

els respectively. Two different models are used: one is in summer, the other is in winter.

Chapter 8 will summarise the thesis and discuss the contributions of this work.

Future work for the development of this research is proposed.

1.6 Associated Publications

Based on the results of the research work reported in this thesis, the following papers

have been published:
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e Jianfeng Lu, Gengyin Li, Ming Zhou and K.L.Lo, “A methodology to evaluate
harmonic penetration in power networks,” in 11th International Conference on
Electrical Power Quality and Utilisation (EPQU), Lisbon, Portugal, 2011.

e Jianfeng Lu and Professor K L Lo, “ A fast hybrid methodology to evaluate

harmonic penetration in a large power network ”, under preparation.

e Jianfeng Lu and Professor K L Lo, “ Harmonic penetration effects of integrating
variable power capacities of renewable generations to a large power network ,

under preparation.
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Chapter 2

Harmonics

2.1 Introduction

Power systems are expected to supply pure sinusoidal alternating current and voltage
waveforms of single frequency (50 Hz or 60 Hz). However, the actual current and
voltage waveforms are distorted and are a combination of many sine waves of different
frequencies. Normally they are regarded as non-sinusoidal waveforms. If the frequen-
cies of a periodic non-sinusoidal waveform are integer or non-integer multiples of the
fundamental frequency (50 Hz or 60 Hz), we define the spectral components of this

non-sinusoidal waveform as harmonics or inter harmonics [1].

Actually, the presence of power system harmonics is not a new phenomenon. The
author in reference [1] mentioned that in 1894 the word “harmonic” was first time
used in the paper written by Houston and Kennelly. This paper popularized the con-
cept of harmonics and explained that a superposition of a series of harmonics upon a
plain sinusoidal fundamental wave would produce such a non-sinusoidal waveform.
Then, reference [2] indicated that Steinmetz published a book to devote consider-
able attention to the study of harmonics in three-phase power systems in 1916. His
main concern was third harmonic current caused by saturated iron core in transform-
ers and machines. Later, with rural electrification and the use of telephone service,
power and telephone circuits were often placed on common rights-of-way. Harmonic

currents produced by transformer magnetizing currents caused inductive interference
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CHAPTER 2. HARMONICS

with open-wire telephone systems which resulted in the interference of voice com-
munication. Today, the most common harmonic sources are power electronic loads
such as adjustable-speed drives (ASDs) and switch-mode power supplies. These loads
use diodes, silicon-controlled rectifiers (SCRs), power transistors, and other electronic
switches to cut waveforms to control power or to convert AC to DC or DC to AC. The
renewable energy generators such as wind turbine generators and photovoltaic gener-
ators are mainly studied as harmonic sources due to their employment of these power

electronic equipments.

According to references [ |-4] electrical power system harmonic problems are mainly
due to the substantial increase of power electronic equipments and the electronics or
microprocessor controllers in modern industry. They are used for seeking higher sys-
tem reliability and efficiency. Also they can be used for the power system control in
AC/DC transmission lines or loads. Moreover, the electric utility’s increased use of
capacitor banks that attempting an improved power factor is another reason of power
system harmonics generation. The effects of the power system harmonics are opera-
tion failure of electrical and electronic components, overheating of neutral wires and
transformer, failure of power factor correction capacitors, loss in power generation and
transmission, and interference with protection, control and communication networks

as well as customer loads.

This chapter gives the definitions of integer, inter, sub and triplen harmonics in
section 2.2. The harmonic expressions such as Fourier series, and several important
formulations and measures for harmonic calculations and analysis are studied in sec-
tion 2.3 and 2.4, respectively. Section 2.5 indicates the harmonic sequences. The prin-
ciples of harmonic current emissions generated by electric vehicle chargers (EVCs),
wind turbine (WTs) and photovoltaic generators (PGs) are denoted in section 2.6. The
harmonic effects and harmonic distortion limit standards are described in section 2.7
and 2.8, respectively. Finally, a conclusion of this chapter is given in section 2.9.

Eighty-three references [1-83] are reviewed and classified in these nine sections.
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2.2 Definition of Harmonics

2.2.1 Integer Harmonics

The definition of integer harmonics in power network is sinusoidal periodical waves
having frequencies that are integral multiple of fundamental frequency. The power
network fundamental frequency is usually 50 Hz or 60 Hz. Integer harmonics can be

expressed by the following equation:
M) = AW sesin(2rhft + a®) 2.1)

where A is the A" harmonic order amplitude. 4 is an integer, h = 1,2,3,.... fis

fundamental frequency. And o (1) is the h** harmonic order phase angle.

—Fundamental —Fifth Harmonic Seventh Harmonic

Figure 2.1: First, fifth and seventh harmonic wave forms

Figure 2.1 illustrates the first, fifth and seventh integer harmonic wave forms.

Even Harmonics Even harmonics are the even components of integer harmonics,
where h =2,4,6,...,2n.

Odd Harmonics Odd harmonics are the odd components of integer harmonics, where
h=1,3,5,....2n% 1.
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2.2.2 Inter Harmonics

Inter harmonics are sinusoidal periodical waves with frequencies that are non-integer
multiple of power network fundamental frequency. The inter harmonics can be ex-
pressed by equation 2.1 as well. But / is non-integer, and should be larger than integer
one (e.g. h=1.5,1.8,2.6,...).

2.2.3 Sub Harmonics

Sub harmonics are sinusoidal periodical waves with frequencies that are below funda-

mental frequency. 4 of equation 2.1 is less than integer one (i.e. 0 <h < 1).

2.2.4 Triplen Harmonics

The triplen harmonics are defined as the sinusoidal periodical waves that have frequen-
cies which are odd multiples of the third harmonic frequency (e.g. 3"¢,9"" 15,..)).
Triplen harmonics are of particular concern because they are zero sequence harmon-
ics (explained in section 2.5). The consequence of this fact is that the magnitude of
these currents on a three-phase w-y-e connection configuration are additive in neutral.
This can lead to very large currents circulating in neutral. This phenomenon can be

explained through the example below.

For a balanced three-phase w-y-e connection configuration, the phase currents on

the 3" harmonic order are:

1Y =1 1% | cos3(wr +0°) =| I¥ | cos(3ox +0°) =| I®) | cos(30) (2.2)
19 =1 19| cos3(r — 120°) =| I®) | cos(3ar — 360°) =| 1) | cos(Baar)  (2.3)
1) =1 10) | cos3(@r +120°) =| 1P | cos(Beor +360°) = I¥) | cos(Bar)  (2.4)

Hence
1D +13 112 =31 19| cos(3orr) 2.5)

And
15+ 1) =0 (2.6)
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It is assumed that the neutral current, Iy, contains only the fundamental and 3rd
harmonic order frequencies. Therefore, it can be expressed by:

v =159+ 1+ 1Y 1 4 1) 415 = 31190 | cos(3a) @.7)

As a result, such neutral current can lead to a fire hazard, also cause significant
overheating in the transformer. Single-phase power supplies for equipment such as

electronic ballasts and PCs are the most significant source of triplen harmonics.

2.3 Harmonic Expression

When more and more nonlinear equipment such as transformers, rotating electric ma-
chines, rectifiers, converters, PCs, arc furnaces, AC/DC drivers, renewable energy gen-
erators (e.g. wind turbine generator, photovoltaic system), and electric vehicle charg-
ers are integrated in the power system, non-sinusoidal periodical voltage and current

waveforms occur. See Figure 2.2.

—f(t)

Figure 2.2: A non-sinusoidal periodical voltage waveform
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Therefore, Fourier series is involved to reformulate this kind of non-sinusoidal

waveform for convenient and better analysis.

Fourier series is an effective approach for harmonic research. It decomposes the
non-sinusoidal periodical signal waveform into the sum of a set of sinusoidal compo-
nents with different frequencies [28, 79]. Each term of Fourier series is called harmonic

component of the original non-sinusoidal waveform.

Generally speaking, each non-sinusoidal periodical signal waveform that is over

[0,27] can be expanded by the following equation:

A" cos(hayt) +B™ sin(ho,)t] (2.8a)

=
I
>
S
+
gk

>
I
—

[
>
=
+
ok

C™ sin(hoyt + ™) (2.8b)

=
Il
—_

where f(r) is a non-sinusoidal periodical waveform; /& is harmonic frequency; @,
is fundamental angular frequency; (p(h) is the /" harmonic phase angle; Al is DC

Fourier coefficient; A(h), B ,and C (h) are harmonic Fourier coefficients.

000:277r (T is period) (2.9)
@_ L[ L _
A = /0 Floyd = /0 FO)dx (x= i) (2.10)
w_2[" _ 1
AW =2 /0 F(e)cos(ho,r)dr = — [ (1) cos(m)ax @.11)
T 21
B :% /O f(t)sin(hwot)dt:% [ r0sin(hx)ax (2.12)
2 2
o) — \/ <A<h>) N (Bm)) 2.13)
()
) _ AT
() —arctan<B(h)> (2.14)

Hence, the non-sinusoidal waveform, f(¢), shown in Figure 2.2 can be expressed
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by sum of the three harmonic components using the Fourier series. They are shown in

Figure 2.3 below.

——sin(2nft)
—— (1/5)sin(10xft)
1 —— (1/7)sin(14xft)

Figure 2.3: The components of the non-sinusoidal waveform

2.4 Harmonic Formulations and Measures [1, 17, 24,
28, 45]

This section will present several typical formulations and measures of harmonics. They
are commonly used in harmonic analysis, harmonic calculation and harmonic power

flow penetration evaluation.

2.4.1 Harmonic Voltage and Current

The harmonic voltage and current can be expressed by Fourier series expansion in

general. Their mathematical equations are:

v(t) = Vpc+ Y VW cos(haot +a®) (2.15)
h=1

i(t) = Ipc+ Y. 1™ cos(hw,t +B™) (2.16)
h=1
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Vbc - DC component voltage

Ipc - DC component current

h - harmonic order (h =1,2,3,...,n)

V(") _ pth maximum value of harmonic voltage
I - " maximum value of harmonic current
@, - fundamental angular frequency

a - B harmonic voltage phase angle

B - k" harmonic current phase angle

2.4.2 Root Mean Square (rms) Value of Voltage and Current

rms value of non-sinusoidal voltage can be expressed by:

2 n 2
Vims = (VDC > + Z (Vynl1)v>
h=1

2 0\ 2 2\ 2 2 (2.17)
= (Vo )+ (o8 ) o+ (o) ok ()
(Vpc =0 if non-sinusoidal voltage do not have DC part)

The mathematical equation of rms value of non-sinusoidal current is:
2 g2
lrms = (IDC) + Z (l£m>s>
h=1
(2.18)

2 2 5 2 2
_ (IDC) +(i£,azs) +(,-sm>s) +...+(i£::zs)

(Ipc=0 if non-sinusoidal current do not have DC part)

() (n)

where vyy;s and iy, represent h*" harmonic rms values of voltage and current, respec-

tively.
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2.4.3 Apparent Power

According to the rms value of non-sinusoidal voltage and current shown in equation

2.17 and 2.18, apparent power S can be expressed by:

S = Vrmslrms

2 . 2 2 a 2 (2.19)
_ (VDC) +z(v£¢;>s) (IDC) +z(i£z:zs)
h=1 h=1

2.4.4 Active Power and Reactive Power

The mathematical equation of total active power is:

P=Voclpc+ Y vimsitns cos(a®) — ) (2.20)
h=1

The mathematical equation of total reactive power is:

0= vinsittsin(a® — g 2.21)
h=1

2.4.5 Distortion Power

Under sinusoidal condition, power balance can be presented by

2 2 2
RO RCO R

as illustrated by Figure 2.4(a).

However, if voltage and current are non-sinusoidal waveforms, equation 2.22 does
not hold. We need to include a parameter D that is named distortion power to preserve

the power balance. The new power balance equation is represented mathematically by

2 =pP>+Q*+D? (2.23)
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Therefore, the distortion power D can be calculated by

D=\F P
oo 2 oo 2
= |S2_ (Z P(h)) — (Z Q(h)>
h=1 h=1

(2.24)

Figure 2.4(b) indicates the new power balance in phase diagram.

s

QW

P

(a) Sinusoidal condition (b) Non-sinusoidal condition

Figure 2.4: Power balance phasor diagram under both sinusoidal condition and non-
sinusoidal condition

2.4.6 Total Harmonic Distortion (THD)

Total harmonic distortion (THD) is commonly used to indicate harmonic content of a
distorted non-sinusoidal waveform with a single number. It is commonly defined as
a ratio of the sum of active powers of harmonic components to the active power at
fundamental frequency in percentage. It is also can be considered as a ratio of root
mean square (rms) value of harmonic components of a certain non-sinusoidal voltage
or current waveform to the rms value of the fundamental component in percentage.

Their expressions are shown below.
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Total active power harmonic distortion

T, ph)
THD, = RTORE (2.25)
Total harmonic voltage distortion
2
2;22 (v(h)>
THD, = (2.26)
y()
Total harmonic current distortion
2
Yo, (i(h)>
THD; = (2.27)

2.4.7 Total Power Factor

The mathematical equation of total power factor of a non-sinusoidal waveform is

P
pf= (2.28)

/P2+Q2—|—D2

2.5 Harmonic Sequences

For a balanced three-phase power system, harmonic components that are decomposed
by Fourier series of a non-sinusoidal waveform (voltage is used to be an example here)

can be expressed by

vyf) (1) = a(,},l) cosh(wyt)
v (1) = v cos h(aw,t —120°) (2.29)

v (1) = VP cosh(wt — 240°)

where h =1,2,3,...,n.
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Hence, for the fundamental voltages, we obtain

vﬁ,}) (1) = Va(,}) cos(yt)
v () = ViV cos(@,t — 120°) (2.30)

n

e (1) = vy cos(@,t —240°)

The phase shift of this balanced three-phase non-sinusoidal fundamental voltage is il-
lustrated by Figure 2.5(a). The negative phase angle displacements indicate that the
fundamental voltage phase angles rotate clockwise. Hence, it is regarded as positive

sequence harmonics.

The expressions of fifth harmonic voltages are shown below

vg,) (1) = Va(s) cosS(wyt) = Va(,f) cos(Sa)O )

Vl(j,) (1) = Vb(}f)cosS(a)ot —120°) = b cos(S(oo —600°)

= VY cos(5@,t + 120°) 2.31)
Vo) (1) = Vi) cos 5(w,t —240°) = Vi cos(5a,t — 1200°)

= C(,;S) cos(5w,t +240°)

The positive phase angle displacements represent that the fifth harmonic voltage phase
angles rotate anticlockwise and opposite to that of the fundamental voltage as shown
in Figure 2.5(b). Therefore, the fifth harmonic voltage is known as negative sequence

harmonics.

For third harmonic frequency, the voltages are defined as

vﬁ,f) (1) = ch,f) cos3(w,t) = Va(,?) cos(3w,t)
Vﬁz) (1) = Vb(,f) cos3(w,t —120°) = Vb(j) cos(3m,t —360°)

= V) cos(3a,t) (2.32)
v (1) = VY cos3(@pt — 240°) = VP cos(3m,t — 720°)

=y cos(3wyt)
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Figure2.5(c) expresses the third harmonic voltages in diagram. It is shown that there is
no phase angle displacement between each phase of third harmonic voltages. Hence,

we define third harmonic voltages as zero sequence harmonics.

5)
Vbn p

2407

—240"

@ 7
Vbn

(a) Clockwise (b) Anticlockwise (c) None

Figure 2.5: Phase angle displacements diagrams of fundamental, fifth harmonic and

third harmonic voltage respectively

The similar relationships exist for other harmonic orders. Table 2.1 categorizes
harmonic sequences in term of their respective harmonic orders. ‘4’, ‘=’ and ‘0’

represent positive, negative and zero sequence respectively.

Table 2.1: Harmonic sequences in balanced three-phase power system

Harmonic order 1123|456 7|89 1011|1213
Harmonicsequence | + | - [ O | + | - | O |+ | - | 0|+ | -1]0]+

Harmonic order 1411516 |17 |18 [ 19|20 |21 |22 |23 (24|25 26
Harmonicsequence | - | O | + | - | O [+ | - | O |+ ]| -0+ | -

Harmonic order 27 128 1293031 (32|33 |34|35|36/|37]|38|39
Harmonicsequence | O | + | - [ O |+ | - | O |+ | -0+ ] -10

2.6 Harmonic Sources

Non-linear equipment or components integrated in the power system causes harmonic
distortion of voltage and current. Many documents were published to categorize them.
Fuchs and Masoum in reference [28] classified harmonic sources into two groups.
One is industrial non-linear loads such as rectifiers, inverters, arc furnaces, welding
machines, or lighting; the other is residential loads with switch- mode power sup-

plies such as television sets or computers. In reference [59], harmonic sources are
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categorized into current source non-linear load and voltage source non-linear load.
According to their properties, twenty-two configurations of power filters for harmonic
compensation are presented as well. However, reference [1] and [45] divided those
non-linear equipment or components causing harmonic distortion in the power sys-
tem into three aspects: saturated devices such as transformers, motors and generators;
arcing equipment including arc furnaces, fluorescent as well as mercury lights; and
power electronic equipment such as inverters, rectifiers, and switched mode power sup-
plies. References [17, 43] give the details about magnetization non-linearities of trans-
former,rotating machines, arcing devices, semiconductor based power supply system,
inverter fed A.C. drives, thyristor controlled reactors, phase controllers and A.C. reg-
ulators. Traditionally, rectifiers and converters are regarded as main harmonic sources
[10, 59, 74].

Recently, with technology development more and more renewable energy genera-
tors (such as wind generator and photovoltaic generator) and equipment (e.g. electric
vehicle charger) are integrated into the power system to supply energy. However, these
generators and equipment inject more harmonics into the power system. Hence, they
are regarded as harmonic sources as well. This section will describe wind generator,

photovoltaic generator, and electric vehicle charger respectively.

2.6.1 Wind Generator

Wind generators are classified into two types according to the wind turbine speed con-
trol topologies. One is fixed speed turbine; the other is variable speed turbines. In the
early 1990s, the fixed speed wind turbines with induction generators were commonly
used. It is simple, robust, cheap, and reliable. The disadvantages are uncontrollable
wind speed, uncontrollable reactive power consumption, and limited power quality
control. Hence, this type of wind turbines cannot utilize the wind power efficiently.
Variable speed wind turbines overcome the disadvantages of fixed speed wind turbines,
and become the dominant wind turbines until now. It improves the power quality and
reduces mechanical stress. However, it increases the cost of equipment for more com-
plicated electrical and control systems. More harmonics and losses are generated by

the power converters connected between the machines and the power network [41].
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Figure 2.5 illustrates four different types of wind turbine generators that include
fixed speed and variable speed wind turbines. Figure 2.6(a) shows a fixed speed wind
turbine that an induction generator is connected to wind turbine generator (WTG) step-
up transformer directly through a soft starter. Figure 2.6(b) represents a wound rotor
induction generator (WRIG) is connected to WTG step-up transformer directly similar
to type A. The generator speed is controllable by a variable rotor resistance. The stator
of a doubly fed induction generator (DFIG) is connected to the WTG step-up trans-
former directly in Figure 2.6(c). But the rotor is connected to the transformer through
a power converter. This is a variable speed wind turbine. While the Figure 2.6(d) in-
dicates a variable speed wind turbine that permanent magnetic synchronous generator
(PMSG) or wound rotor synchronous generator (WRSG) or WRIG is connected to the

step-up transformer through a full scale power converter as well [18, 41, 53].

14
Soft starter qug‘ Soft starter \ \ZZE‘
Grid

Induction generator J .
& TT 7T Grid

Variable
resistance

(a) Type A (b) Type B

Full scale power converter
~
~

Partial scale power converter

(c) Type C (d) Type D
Figure 2.6: Configuration of four types of wind turbine generators

The harmonic emissions of wind turbines are considered under the following three

aspects:

e Harmonics are generated by the grid-side power electrical converters. [5, 37, 38,
54, 75]
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e Resonance problems may occur due to the significant amount of capacitance
in wind power plant. This can lead to unacceptable levels of harmonic current
distortion. [41]

e A long high voltage transmission cable in a typical wind farm generates har-
monic currents. The earth capacitance of the cable forms a small impedance for

grid-specific voltage harmonics [61, 62].

However, power electrical converters are regarded as the main source for harmonic

emissions of wind turbines.

Wind turbine harmonic emissions measurement are published in many articles [25,

38, 39,42, 47,49, 54, 55, 63, 75, 76]. Due to IEC 61000-3-6 the aggregated harmonic

currents from individual wind turbines of a grid-connected wind farm are established
by

o

total —

(2.33)

where N,,; is total number of wind turbines connected to the point of common coupling

(PCCY; Iy,

the transformer between the wind turbine and PCC at the i wind turbine; Iy is the

represents the total h"") order harmonic current at PCC; n; is the ratio of

h(h) order harmonic current at i wind turbine; and B is defined as

1.0 ifh<5
B=< 14 if5<h<10 (2.34)
2.0 ifh>10

The harmonic emissions spectra of wind farm with a total of 54 permanent magnet
synchronous generators (PMSG) [49] and the wind farm consisted by 72 SWT-2.3-93
wind turbines that produced by Siemens [54] are presented in Table 2.2 and Table 2.3

respectively. These data are regarded as harmonic sources in next several sections.
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Table 2.2: Harmonic currents generated by the wind farm with 54 PMSGs [49]

Harmonic | I /1D | Harmonic | /™ /I | Harmonic | 1% /1™

order‘h’ (%) order‘h’ (%) order‘h’ (%)
1 100 11 1.40 21 0.04
2 1.12 12 0.09 22 0.03
3 0.65 13 0.60 23 0.09
4 0.52 14 0.06 24 0.03
5 1.83 15 0.06 25 0.09
6 0.27 16 0.05 26 0.04
7 0.60 17 0.09 27 0.03
8 0.17 18 0.03 28 0.04
9 0.14 19 0.09 29 0.07
10 0.12 20 0.03

Table 2.3: Harmonic currents generated by the wind farm with 72 SWT-2.3-93 wind
turbines [54]

Harmonic | 7 /1) | Harmonic | 1 /1(D

order‘h’ (%) order‘h’ (%)
1 100 16 0.37

2 0.34 17 0.76

4 0.20 19 0.42

5 0.44 20 0.32

7 0.47 22 0.33

8 0.40 23 0.37

10 0.55 25 0.24

11 1.46 26 0.20

13 1.85 28 0.13

14 0.48 29 0.27

2.6.2 Electric Vehicle Chargers

Electric vehicles (EVs) are becoming an attractive alternative transport to gasoline
driven cars. For EVs could offer about 60 % greater mileage from the same amount
of petroleum energy and at the same time reduce the CO2 emissions. However, the
growing presence of EV battery chargers in residential installations could increase the
harmonic levels in the power network. For this reason, some studies tried to model

the EV battery chargers and investigate an appropriate approach to estimate the har-
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monic emissions of EV chargers and clusters of these loads in the power network
[9, 27, 44, 56, 66, 71, 80]. Some published articles [7, 13, 31] predict the impacts of
these EV battery chargers on the power network. Others focus on the mitigation of

harmonic emissions of EV battery chargers [8, 12, 65].

Single-phase battery chargers and three-phase battery chargers are commonly used
in practice [65, 66]. These two types of EV battery chargers are all based on full-wave
rectification using diodes. The typical equivalent circuits of them are illustrated in
Figure 2.7(a) and Figure 2.7(b) respectively. Figure 2.7(a) shows that the single-phase
EV battery charger consists of a single-phase diode bridge with an AC inductor L and
its associated resistance R, the resistance R, and the inductance L. of the charger cir-
cuit and the voltage E of the battery under charge with its internal resistance Rg. The
only difference between single-phase EV battery charger and three-phase EV battery
charger is the latter one consists of a three-phase diode bridge with three AC inductors
L and its associated resistance R in Figure 2.7(b). The inductance L. is commonly

lower than the inductance L.

N D, 28 Dy N Ds

K D,Z8 D; ZK Dg T

(a) Single-phase EV battery charger (b) three-phase EV battery charger

T |

Figure 2.7: Typical equivalent circuits of EV battery chargers

The authors [44, 71, 80] defined Xj,(P) and Y;,(P) to be the real and imaginary EV
battery charger harmonic emission currents of order 4 in Amperes for an individual
charger operating at power P. Then, they plotted each real and imaginary harmonic
current versus active power, and interpolated their graphs by polynomial curves with a

sufficient number of points. Finally, they obtained a continuous approximation of the
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harmonic current injections for each power level, which could be expressed by

Xy(P) =d!.P’+al P> +d! P+d (2.35)
Yy(P) = d), P> +d! P> +al P+dl! (2.36)
where aﬁ%, a)’ZZ, afjl, and ai’o represent the real part coefficients of the approximating

bk
3> Gyys Gy

coefficients of the approximating polynomials in the #*" harmonic order.

. . h . . h . .
polynomials in the 4’* harmonic order; a and ay are the imaginary part

However, each EV battery charger installation point have several EV battery charg-
ers connected in parallel in practice, as shown in Figure 2.8.

=) | EV Charger One
mmmmm) | EV Charger Two
Power )
Network .

wmmmmmp | EV Charger Nc

Figure 2.8: EV battery chargers in parallel

Hence, it is important to evaluate the net harmonic currents ejected by N. EV bat-
tery chargers. P. T. Staats, et al. [71], pointed out two random variables that can effect
the net harmonic currents calculation. One is the EV battery charger starting time; the
other is the initial battery state-of-charge (SOC). For all EVs in the concentration will
not begin charging simultaneously, and each charger will not begin operation on a fully
discharged battery.

It assumes that the chargers in Figure 2.8 operate independently but in the same
fashion and using the same type of charging technology. Therefore, a probability
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density function of real and imaginary part is established to predict the net harmonic

currents generated by a cluster of EV battery chargers at time j. The mathematical

exp (2(1—”%))

thyh(xa% ]) = 27T6x]1(j)6yh(j)\/1——'}’2

where o,;,(j) and oy,(j) represent the standard variance of real and imaginary part

expression is [27, 71]:

(2.37)

of h order harmonic current at time j respectively. ¥ and 7N represent the correlation
coefficients. Their details and explanations are indicated in references [27, 71].

The author [27] gave the net harmonic emission currents of a cluster of EV battery
chargers by applying the above methodology as shown in Table 2.4. Harmonics above

the 15th multiple are small in magnitude and are ignored in his study.

Table 2.4: Net harmonic emission current of a cluster of 10 EV battery chargers

Harmonic | /) /1) | Phase || Harmonic | 1™ /I) || Phase
order‘h’ (%) Angle(°) || order‘h’ (%) Angle(°)
1 100 -24 9 14.3 -70
3 319 -60 11 9.5 -75
5 247 -100 13 4.5 -55
7 17.4 -50 15 3.3 -70

The specifications of the EV battery charger studied are designed:

e For leaded acid battery pack of 20 kWh (@ 5-hour rate), which is equivalent to
a battery pack of about 160 Ahr @ 5 hour rate.

Nominal overall voltage of battery: 120 Vdc.

Input voltage: 220 Vac, 50 Hz.

Input current at initial charging: about 36 A.

Charging time about 6 hours.
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2.6.3 Photovoltaic Generators

The photovoltaic (PG) energy is on the way to becoming an attractive renewable en-
ergy source in the coming decades due to their relative small size, noiseless operation,
simple installation and the possibility to put it close to the user [6]. Hence, the instal-
lations of grid-connected PV generators have been supported by government in many
countries. However, a large number of grid-connected PG generators connected to a

distribution network are potentially able to account for harmonic problems.

The grid-connected PG systems are composed of series arrays of PG modules and
a power conditioning unit (PCU) as shown in Figure 2.9 [32]. The PCU includes the
maximum power point tracker (MPPT), the DC/AC inverter, the grid interface and the
control systems needed for efficient system operation performing. The MPPT is used
to track the maximum power point of the current or voltage characteristic with highest
possible accuracy to optimise the performance of the PG modules. The direct current
(DC) output power generated by PG arrays should be converted into the alternating
current (AC) power. Under this condition, an inverter to convert DC power to AC

power is required [4, 68, 72].

Power conditioning unit (PCU)

DC/AC inverter

AC

MTTP Grid

DC

PV arrays

Figure 2.9: The structure of grid-connected PG system

The author in reference [67] denoted that the harmonic current emissions of grid-
connected PG systems depended on the type of technology used, on the control strategy
of the DC/AC inverter, on the existence of high or low frequency coupling transformer

and on the harmonic voltages prevailing in the AC power system. Nevertheless, the
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DC/AC inverter is regarded as primary device that ejects harmonic currents to the
power network. A dominant role on the harmonic current emission is also given by

the performance of the DC/AC inverter under partial generating conditions.

There are various types of inverters that could be used to convert DC power to AC
power. The classification of these inverter types are demonstrated in Figure 2.10. A
line-commutated inverter uses a switching device like a commutating thyristor that can
control the timing of turn-on. But, this switching device cannot control the timing of
turn-off. The line-commutated inverter usually uses a supplemental circuit or a source
to help to achieve the turn-off timing control. Conversely, a self-commutated inverter
can freely control both the ON-state and the OFF-state by using a switching device
such as an insulated-gate bipolar transistor (IGBT) or a metal-oxide-semiconductor
field-effect transistor (MOSFET). It can freely control the current and voltage wave-
form at the AC side, adjust the power factor, and suppress the harmonic current. There-

fore, it is widely employed to equip the PG systems due to its advantages [4, 6].

Line-commutated
inverter

Inverter

Self-commutated Voltage source Current control
inverter inverter scheme

Voltage control
scheme

Current source
inverter

Figure 2.10: The classification of inverter types [4]

The author [19] gave several possible technologies for the DC/AC conversion. One
is a centralised inverter for the whole array of PG modules; another is a string inverter
that one inverter for each string of PG modules connected in series; and the other is
module integrated inverters that a single inverter for each PG module. Module inte-

grated inverters requires installing one inverter for each module. Also the installation
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has to withstand different climatic conditions. However it leads to minimise the losses
due to mismatching of the current or voltage characteristics, and improves the system

modularity and availability.

The inverter requires effective MPP-tracking, high efficiency both for high and
low solar irradiance (or radiance), high power factor and low total harmonic distortion
(THD) of the currents. Hence, an efficient control scheme is needed. Authors in [15]
and [14] indicated control schemes for single- and three-phase grid connected PG in-
verters respectively. The harmonic emission currents of single- and three-phase PG

inverters in frequency domain are also achieved in terms of Laplace transfer functions.

The diagram of a single-phase grid-connected PG inverter and its standard control
configuration is shown in Figures 2.11 and 2.12. Note that V; is input voltage, V, is
grid voltage; L; and r; are inverter side inductance and parasitic resistance; L, and r,
are grid side inductance and parasitic resistance. A long continuous load output filter
is used to attenuate the high frequency harmonics injected by the inverter. C is the
filter capacitor, and r. is the relative resistance. i; and i, represent inverter current and
grid current respectively. i,.r, ¢; and d denote reference current, error current, and duty
cycle or control action disturbance respectively. V. is the total output of the tracking

regulator and the harmonic compensator.

ks

inverter LCL output filter grid

Figure 2.11: Single-phase PG inverter equivalent diagram
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Figure 2.12: Single-phase PG inverter control configuration

In the Laplace domain, the dynamic model of the grid current can be expressed in

a general closed-loop form as [84]:
io(5) = G7(s)Vi(s) + Gg(s) Vg () + Go(8)iref(s) (2.38)

where G7(s) is the input voltage to grid current transfer function, Gg(s) represents the
grid voltage to grid current transfer function, and Gg(s) denotes the reference signal to
grid current transfer function. Their details and explanations are indicated in reference
[84].

Figure 2.13 shows the diagram of the three-phase grid-connected PG inverter [14].
The parameters in the three-phase diagram are almost the same with those in the single-
phase PG inverter diagram (Figure 2.11). The only difference is that the three-phase
PG inverter diagram has a dc-link capacitor (Cj.) in the input voltage side. For con-
venience, it considers the frequency-domain dynamic model of closed-loop harmonic
current based on the « - 8 stationary coordinate system. The equivalent & - B station-
ary coordinate diagram of three-phase PG inverter and its relative control scheme are
illustrated in Figure 2.14(a) and 2.14(b), respectively. Z;(s) = Lis+ri, Zo(s) = Los+ro,
Z:(s) =1/(Cs) +R,. i, and i represent the reference current in o - B stationary co-

ordinate. dg and dg denote the control inputs in & - B stationary coordinate.
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Figure 2.13: Three-phase PG inverter equivalent diagram
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(a) The equivalent ¢ - B stationary coordinate dia- (b) Three-phase PG inverter control confituration in
gram of three-phase PG inverter o - f3 stationary coordinate frame

Figure 2.14: Three-phase grid-connected PG inverter

Then it achieves the expression of the dynamic model of harmonic current emission

in o - B stationary coordinate:
loa(8) = Gr(8)ig () + Gg(5)vgal(s) (2.39)

iop(5) = Gr(s)ig(s) + Gg(s)vgep(s) (2.40)

where G,(s) represents the reference signal to grid current transfer function, and G, (s)
represents the grid voltage to grid current transfer function. Their details and explana-

tions are described in reference [14].
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Reference [4] gave measured harmonic current emissions spectrum of a 2 kW grid-
connected PG inverter in Table 2.5. This data will be used as harmonic injection current

source in the next several chapters.

Table 2.5: Harmonic current emissions spectrum of a 2 kW PG inverter

Harmonic || 1" /1(1) 0 Harmonic || 1) /1(1) Q0
order‘h’ (%) (Amps) || order‘h’ (%) (Amps)
1 100 9 9 0.4 0.036
3 L.5 0.135 11 0.21 0.019
5 0.6 0.054 13 0.2 0.018
7 0.3 0.027

2.7 Harmonic Effects

In electrical power system, harmonics have a number of undesirable effects on power
system equipment as well as on its operation. Harmonics can create series or paral-
lel resonance in power network. Damping property may change due to the presence
of harmonics. High levels of harmonic distortion can increase transformer, capaci-
tor, motor or generator heating. The presence of harmonics can also account for the
misoperation of electronic equipment that relies on voltage zero crossing detection or
is sensitive to waveform, incorrect readings on meters, misoperation of protective re-
lays, interference with telephone circuits, and so on. The detailed studies are provided
in references [1-3, 17, 21, 23, 24, 46, 78]. The effects of harmonics can be categorized

as follow:

Resonance The presence of harmonics can create series and parallel resonances in the
power network. Resonance occurs when the frequency at which the capacitive
and inductive reactance of the circuit impedance are equal. Harmonic resonances
create problems in operation of power factor correction capacitors and even pro-

duce damage to the capacitors due to excessive high current.

Damping Harmonics make variable speed drive motors or a switched mode power

supply to introduce small negative impedance or resistance. This will reduce the
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damping of the system. The operating performance of electrical devices could
be changed by undesirable variation of the degree of damping.

Generator Harmonics produce pulsating or oscillating torques which involve tor-

sional oscillations of rotor elements and rotor heating.

Motor Stator and rotor copper losses increase due to harmonic current flow. The leak-
age flux created by harmonic currents causes additional stator and rotor losses.
Harmonic voltages increase core losses. The positive sequence harmonics de-
velop shaft torques that aid shaft rotations whereas negative sequence harmonics

oppose it.

Transformer Stray losses increase due to harmonic current flow. And the presence
of high frequency harmonics resonance between winding inductance and line

capacitance increase the hysteresis losses.

Relaying The incorrect tripping produced by the presence of harmonic affects the time

delay characteristics.

Capacitor Harmonic voltage increases the dielectric loss in capacitors, and the stress
on capacitor. The series and parallel resonances between the capacitors and the
rest of the system created by harmonics result in overheating and can even reduce
the capacitor life. Change of harmonic contents sometimes increases reactive

power over permissible manufacturer tolerances.

Cables Harmonics increase the skin effect and proximity effect at a high frequency.
As aresult the AC resistance increases accordingly. Additional harmonic current
also increases copper loss. The increasing of cable dielectric stress caused by
harmonic voltage accounts for shortening of the useful life of the cable. However
it increases the cost of repairs due to the increasing probability of the number of

faults.

Consumer equipment Harmonic changes television (TV) picture size and brightness.
Moreover, it creates problems in computer monitor and CPU operation. The flu-
orescent and mercury arc lighting generated by harmonics result in excessive

heating and failure in operation (e.g. Audible noise is produced by harmonic
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voltage distortion). The life and efficiency of consumer equipment reduce dras-

tically.

2.8 Harmonic Distortion Limited Standards

Harmonic distortion limited standards play a very important role in harmonic analysis.
After the harmonic power flow calculation, the harmonic voltages on PCCs (point of
common coupling), the harmonic line currents between two busbars and total harmonic
distortions of voltages and currents are established. Then, the harmonic distortion lim-
ited standards are regarded as a criterion to consider whether the harmonic distortions
are acceptable. Moreover, if a certain electronic equipment can be connected to the

power system is determined by these standards as well.

In this section, IEEE (Institute of Electrical and Electronics Engineers) 519 stan-
dard, IEC (International Electrotechnical Commission) 61000 series standard and en-

gineering recommendation G5/4 are demonstrated.

2.8.1 IEC 61000 series Standard

The IEC 61000 (or EN 61000) series is one of the most commonly used comprehensive
and complete set of standards for power quality in Europe. It totally contains six parts.
Among these parts, some aspects of part two (environment) and part three (limits) in-
clude harmonic voltage distortion compatibility levels and harmonic current emission
limits. The details are listed below [28, 35, 79]:

e [EC 61000-2-2 - Harmonic voltage distortion compatibility levels for public LV

(low voltage) power systems. See Table 2.6.

e [EC 61000-2-4 - Harmonic voltage distortion compatibility levels for industrial
plants.

e IEC 61000-2-12 - Harmonic voltage distortion compatibility levels for public

MV (medium voltage) power systems.
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e [EC 61000-3-2 - Harmonic current emission limits for equipment connected at

LV power systems with current that is less than 16A per phase. See Table 2.7.

e [EC 61000-3-12 - Harmonic current emission limits for equipment connected

at LV power systems with current that is more than 16A but less than 75A per

phase.

e [EC 61000-3-6 - The assessment of emission limits for distortion loads in MV

and HV (high voltage) power systems.

Table 2.6: IEC 61000-2-2 Harmonic voltage distortion compatibility levels for public
LV power systems

Odd harmonics Odd harmonics Even harmonics
(Non-multiple of three) (Multiple of three)
Harmonic || Harmonic | Harmonic | Harmonic || Harmonic | Harmonic
order‘h’ voltage(%) || order‘h’ | voltage(%) || order‘h’ voltage(%)
5 6 3 5 2 2
7 5 9 1.5 4 1
11 3.5 15 0.3 6 0.5
13 3 > 21 0.2 8 0.5
17 2 10 0.5
19 1.5 >12 0.2
23 1.5
25 1.5
>29 X
The total harmonic voltage distortion level is THD, < 8%
x=0.2+412.5/h. For h =29,31,35,37, vy = 0.63%,0.6%,0.56%,0.54%.
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Table 2.7: IEC 61000-3-2 Harmonic current emission limits for equipment connected
at LV power systems (< 16A)

Odd harmonics | Max harmonic | Odd harmonics | Max harmonic

current(A) current(A)

3 2.3 2 1.08

5 1.14 4 0.43

7 0.77 6 0.30

9 0.40 8 <h<40 0.23x8/h

11 0.33

13 0.21

15...39 0.15%15/h

2.8.2 IEEE 519 Standard

According to references [28, 83] IEEE standard is worldwide used reference docu-
ments, even outside of the United States. Because it is more practical and provides
theoretical background on the phenomena of electricity. IEEE 519 standard is the
IEEE recommended practices and requirements for harmonic control in electric power
systems. It contains thirteen sections (e.g. application of the standards, converter the-
ory and harmonic generation, harmonic measurements, recommended harmonic limits
on the system, effect of harmonics and so on) and is more comprehensive than IEC
61000-3-2. The first official version of this standard was published in 1981.

IEEE 519 standard provides the limits on the voltage and current harmonics distor-
tion at the PCC. It evaluates the harmonic distortion at the PCC by two crucial criteria.
One is the limitation of the harmonic current emission that a connected equipment
can inject or transmit into the power system; the other is the limitation of the volt-
age distortion at the PCC. These two criteria are indicated by Table 2.8 and Table 2.9

respectively.
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Table 2.8: IEEE-519 Harmonic current limits for non-linear loads at PCC with voltages
of 2.4 to 69 kV [28]

Maximum harmonic current distortion at PCC (% of fundamental)

L /1L, Harmonic order (odd harmonics) THD;
h<1l || 11<h<I17 | 17<h<23 | 23<h<35 h>35
<20 4.0 2.0 1.5 0.6 0.3 5.0
20 50 7.0 3.5 2.5 1.0 0.5 8.0
50 100 10.0 4.5 4.0 1.5 0.7 12.0
100 1000 12.0 5.5 5.0 2.0 1.0 15.0
> 1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.
I represents maximum short circuit current at PCC.

I1, represents maximum fundamental frequency load current at PCC.
For PCCs from 69 to 138 kV, the limits are 50% of the limits above.
A case-by-case evaluation is required for PCCs of 138 kV.

Table 2.9: IEEE-519 Harmonic voltage limits for public power systems

2.8.3 Engineering Recommendation G5/4

Voltage at PCC | Harmonic voltage(%) | THD, (%)
V < 69kV 3.0 5.0

69 <V < 138kV 1.5 2.5
V > 138kV 1.0 1.5

According to references [34, 35, 81, 82] Engineering recommendation G5/4 was gen-

erated on first March 2001 instead of the previous engineering recommendation G5/3.

This recommendation sets the planning levels for harmonic voltage distortion to be

used in the process for the connection of non-linear equipment. It considers the fol-

lowing three parts of emission phenomena:

e continuous harmonic, sub-harmonic and inter-harmonic voltage distortions within
the range of 0 to 2500 Hz,

e short bursts of harmonic voltage distortion, and

e voltage notching.

Moreover, G5/4 gives an assessment procedure for the connection of non-linear equip-

ment.
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Planning Levels for Harmonic voltage Distortion This recommendation evaluates the
planning levels for harmonic voltage distortion by four different supply voltage
levels. First is for 400V distribution systems; second is for 6.6, 11, and 20 kV
distribution systems; the third level is from 20 kV to 145 kV primary distribution
and sub-transmission systems; the last one is for 275 and 400 kV transmission
systems. The planning levels for these four different voltage levels are illustrated
from Table 2.12 to Table 2.15 in detail. Table 2.10 indicates a summary of total
harmonic voltage distortion levels. And the sub-harmonic and inter-harmonic

voltage distortion is represented in Table 2.11.

Assessment Procedure for The Connection of Non-linear Equipment This assess-
ment procedure is generally applicable to any non-linear equipment that injects
harmonic current into the electricity power system. And there is no differentia-
tion between loads and generation as far as this procedure is concerned.

This assessment procedure in engineering recommendation G5/4 follows three
stages that is the same as it in engineering recommendation G5/3. This three
stage approach simplify the estimation of LV equipment that connected to the

power system and insure the harmonic voltages are under the planning levels.

- Stage one applies to all 230/400V individual non-linear equipment that is

intended for connection to LV networks. See Table 2.16.

- Stage two facilitates the connection of equipment including LV equipment
that is too large for consideration under stage one or cannot meet the emis-
sion limits of stage one to all systems less than 33 kV. The assessment

procedure and limits are given in Table 2.17.

- Stage three is applicable to the connection of all non-linear equipment to
the power systems having PCCs at 33 kV or above. The calculation in
[82] have provided a summation harmonic voltage Vj,, and relevant total
harmonic distortion THD. Both of these values should not exceed the in-
dividual and the THD harmonic voltage planning levels for the relevant

power system voltage contained in Table 2.12 to Table 2.15.
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Table 2.10: Summary of THD,, planning levels

Voltage at PCC THD,(%)
400V 5.0
6.6, 11 and 20 kV 4.0
22 kV and 400 kV 3.0
Table 2.11: Sub-harmonic and inter-harmonic harmonic voltage distortion limits
Frequency (HZ) <80 | 80 | 90 | >90 and < 500
Voltage distortion (% of the fundamental) | 0.2 | 0.2 | 0.5 0.5

Table 2.12: Planning levels for harmonic voltages in 400V systems

Odd harmonics Odd harmonics Even harmonics
(Non-multiple of three) (Multiple of three)

Harmonic Harmonic Harmonic | Harmonic || Harmonic | Harmonic
order‘h’ voltage(%) order‘h’ | voltage(%) | order‘h’ | voltage(%)
5 4.0 3 4.0 2 1.6
7 4.0 9 1.2 4 1.0
11 3.0 15 0.3 6 0.5
13 2.5 21 0.2 8 0.4
17 1.6 > 21 0.2 10 0.4
19 1.2 12 0.2
23 1.2 > 12 0.2

25 0.7
> 25 0.2+0.5(25/h)

The total harmonic distortion (THD) level is 5%.
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Table 2.13: Planning levels for harmonic voltages in 6.6kV, 11kV, and 20kV systems

Odd harmonics

Odd harmonics

Even harmonics

(Non-multiple of three) (Multiple of three)

Harmonic Harmonic Harmonic | Harmonic | Harmonic | Harmonic
order‘h’ voltage(%) order‘h’ | voltage(%) | order‘h’ || voltage(%)
5 3.0 3 3.0 2 1.5
7 3.0 9 1.2 4 1.0
11 2.0 15 0.3 6 0.5
13 2.0 21 0.2 8 0.4
17 1.6 > 21 0.2 10 0.4
19 1.2 12 0.2
23 1.2 > 12 0.2

25 0.7
> 25 0.2+0.5(25/h)

The total harmonic distortion (THD) level is 4%.

Table 2.14: Planning levels for harmonic voltages in systems > 20kV and < 145kV

Odd harmonics

Odd harmonics

Even harmonics

(Non-multiple of three) (Multiple of three)

Harmonic Harmonic Harmonic | Harmonic || Harmonic | Harmonic
order‘h’ voltage(%) order‘h’ | voltage(%) | order‘h’ | voltage(%)
5 2.0 3 2.0 2 1.0
7 2.0 9 1.0 4 0.8
11 1.5 15 0.3 6 0.5
13 1.5 21 0.2 8 0.4
17 1.0 > 21 0.2 10 0.4
19 1.0 12 0.2
23 0.7 > 12 0.2

25 0.7
> 25 0.2+0.5(25/h)

The total harmonic distortion (THD) level is 3%.
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Table 2.15: Planning levels for harmonic voltages in 275kV and 400kV systems

Odd harmonics

Odd harmonics

Even harmonics

(Non-multiple of three) (Multiple of three)

Harmonic Harmonic Harmonic | Harmonic | Harmonic | Harmonic
order‘h’ voltage(%) order‘h’ | voltage(%) | order‘h’ || voltage(%)
5 2.0 3 1.5 2 1.0
7 1.5 9 0.5 4 0.8
11 1.0 15 0.3 6 0.5
13 1.0 21 0.2 8 0.4
17 0.5 > 21 0.2 10 0.4
19 0.5 12 0.2
23 0.5 > 12 0.2

25 0.5
> 25 0.2+0.3(25/h)

The total harmonic distortion (THD) level is 3%.

Table 2.16: Maximum permissible harmonic current emissions in amperes (equipment
rated > 16A per phase)

Harmonic | Emission | Harmonic | Harmonic | Harmonic | Harmonic
orderh’ | current/!”) | order‘h’ | current/'!” | order‘h’ | current/(")
2 28.9 15 14 28 1.0
3 48.1 16 1.8 29 3.1
4 9.0 17 13.6 30 0.5
5 28.9 18 0.8 31 2.8
6 3.0 19 9.1 32 0.9
7 41.2 20 1.4 33 04
8 7.2 21 0.7 34 0.8
9 9.6 22 1.3 35 2.3
10 5.8 23 7.5 36 0.4
11 394 24 0.6 37 2.1
12 1.2 25 4.0 38 0.8
13 27.8 26 1.1 39 04
14 2.1 27 0.5 40 0.7
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Table 2.17: Maximum permissible harmonic current emissions in amperes per cus-

tomer
‘h> || PCCon || PCCon || ‘h’ | PCCon || PCCon | ‘h’ | PCCon | PCCon
6.6, 11 22kV 6.6, 11 22kV 6.6, 11 22kV
or 20kV || systems or 20kV || systems or 20kV || systems
systems systems systems
2 4.9 33 15 0.3 0.3 28 0.2 0.2
3 6.6 4.4 16 0.4 0.4 29 0.8 0.8
4 1.6 1.3 17 33 2.0 30 0.1 0.1
5 39 2.6 18 0.2 0.3 31 0.7 0.7
6 0.6 0.6 19 2.2 1.8 32 0.2 0.2
7 7.4 5.0 20 0.3 0.3 33 0.1 0.1
8 0.9 0.9 21 0.1 0.1 34 0.2 0.2
9 1.8 1.5 22 0.3 0.3 35 0.6 0.6
10 1.4 1.4 23 1.8 1.1 36 0.1 0.1
11 6.3 4.7 24 0.1 0.1 37 0.5 0.5
12 0.2 0.2 25 1.0 1.0 38 0.2 0.2
13 5.3 4.0 26 0.3 0.3 39 0.1 0.1
14 0.5 0.5 27 0.1 0.1 40 0.2 0.2
2.9 Conclusion

This chapter presented the basic theory of harmonics. It focused on the definition
of harmonics, harmonic expression, relative harmonic measures, harmonic sequences,
harmonic sources, harmonic effects and harmonic distortion limited standards. Har-
monics can be defined as the sinusoidal periodical waves having frequencies that are
integral multiple of fundamental frequency. The mathematical definitions of integer
harmonics, inter harmonics, sub harmonics and triplen harmonics are shown in Table

2.18 on next page.

Fourier series is widely used to decompose a periodic non-sinusoidal waveform
into several harmonic components. Due to the rotating direction of phase shift of a
balanced three-phase non-sinusoidal voltage with different harmonic orders, it consid-

ers the positive, negative, and zero harmonic sequences.

This chapter mainly denoted the harmonic current emissions of wind turbine gener-

ators, electric vehicle battery chargers, and photovoltaic generators, respectively. Har-
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Table 2.18: Mathematical definitions of integer harmonics, inter harmonics, sub har-
monics and triplen harmonics

Terms Definition
Integer harmonics F0 () = AW s sin(2rnfr 4+ o),
where f is fundamental frequency, n = 1,2,3,...
Inter harmonics FO (1) = AW ssin(2rnfr + a™),
where f is fundamental frequency, n > 0, n is decimal.
Sub harmonics FO (1) = AW ssin(2rnfr + a™),
where f is fundamental frequency, 0 <n < 1.
Triplen harmonics F (1) = AW ssin(2anfOr + a),
where £ is third harmonic frequency, n is odd integer.

monics generated by wind turbine generators are commonly caused by the grid-side
power electrical converters. A long high voltage transmission cable in a typical wind
farm generates harmonic currents as well. The full-wave rectification using diodes
accounts for the harmonic emissions of electric vehicle battery chargers. Meanwhile,
grid-connected photovoltaic (PG) generator creates harmonics through the PG invert-
ers. Some of the main adverse harmonic effects include the resonances, increased of
stator and rotor copper and core losses, overheating, dielectric loss in capacitors, mal-
function and failure of power system components, life reduced of power electronic

equipments and undesired torques in generators.

Documents for control of power system harmonics come in three levels of appli-
cability and validity: guidelines, recommendations, and limited standards. IEC 61000
series (or EN 61000 series) standard and IEEE 519 standard are most commonly used
for harmonics in the United States (US) and Europe, respectively. The engineering

recommendation G5/4 is specially used in United Kingdom (UK).
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Chapter 3

Review of Harmonic Power Flow
Evaluation Methods

3.1 Introduction

Due to the increase of non-linear devices in electric power networks, there has been
a growing interest in obtaining steady state network voltages at harmonic frequencies,
which is regarded as harmonic penetration evaluation. The large number of unknowns
to solve in the studies leads authors to tackle the problem in several ways in order to

achieve a compromise between the simplicity and reliability of the formulation.

Many different approaches have been proposed and implemented to solve the har-
monic power flow problems until now. These approaches can be classified by different

criteria:

e The modelling techniques of power system and non-linear loads simulations

such as time domain, frequency domain, and hybrid time-frequency domain.

e System conditions such as single-phase and three-phase, as well as balanced and

unbalanced power system.
e Solution approaches such as coupled and decoupled approaches.

e The modelling parameters of non-linear loads and power system components

such as deterministic and stochastic.
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Time domain approaches have high accuracy. However, they usually require long
computing times especially for a large power system containing many non-linear loads
with strong harmonic couplings. Frequency domain approaches evaluate the frequency
response of power systems with shorter computing times. The disadvantage of these
approaches is that it is difficult to obtain accurate frequency models for non-linear
loads. Hybrid time-frequency domain approaches use a combination of time domain
and frequency domain approaches to simulate the power system and non-linear loads,
respectively. Hence, they can achieve the benefits of the accuracy of the time domain

and the simplicity of the frequency domain.

In electric power system operation, the three-phase voltage at the terminals of the
load is expected to be symmetric. For this reason, the harmonic power flow problem
study in balanced conditions is the usual procedure. However, the power network is
sometimes under unbalanced conditions, imposed by the system configuration, dis-
turbances and non-linear loads. The unbalanced harmonic power flow requires long

computing times and considerable memory storage.

Coupled approaches give more accurate simulation results, for they impose the
couplings between harmonics of both non-linear loads and power system components.
However, they require more computing time and account for convergence problems.
Decoupled approaches can simplify the simulation by neglecting the harmonic cou-

plings under this condition, if they are not too strong.

The deterministic harmonic power flow is usually used to analyse and assess the
planning and operating of power systems. It uses specific values of power generations
and load demands of a selected network configuration to calculate system states and
power flows. However, due to dispersed generation units, such as wind turbines and
photovoltaic being integrated into modern power systems, they introduce uncertainties
such as wind speed. In order to take the uncertainties into consideration, the mathe-

matical approaches such as probabilistic and fuzzy are applied to the evaluation.

Based on the above mentioned criteria, this chapter classifies the harmonic power

flow algorithm as follows:
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Newton-Raphson based harmonic power flow method [1-5].

Decoupled harmonic power flow method [6—13].

Fast decoupled harmonic power flow method. [4, 14—18]

Fast harmonic power flow method. [5, 19, 20]

Fuzzy harmonic power flow method. [5, 21, 22]

Probabilistic harmonic power flow method. [5, 23-31]
e Modular harmonic power flow method. [32-34]

This chapter gives a literature review of the above evaluation methods.

In section two the different bus types of a power system are described. Section three
indicates the models of the power system components. Section four gives the Newton-
Raphson based harmonic power flow approach in detail. Then, the other approaches
are briefly denoted in section five. Finally, the Newton-Raphson based method and
the decoupled method are applied to a simple five bus power system with a six pulse
line commutated converter to calculate the harmonic power flow. The results will be

compared and discussed. Section seven is the conclusion.

3.2 The Bus Type of Power System

It is very important to define the bus type in order to simplify the computation of
harmonic power flow during the harmonic power flow analysis. The buses in the power
system with non-linear loads can be categorized into four types. They are the slack bus
or swing bus, the voltage control (PV) bus, the linear load (PQ) bus and the non-linear

(PS) load bus. These bus types are briefly explained as follows: [1, 4, 5]

Slack bus or swing bus It is regarded as the reference bus because the fundamental
voltage magnitude | V(1) | and its phase angle | 6(!) | are known. It is necessary
to select one reference bus during the harmonic power flow analysis because all

other bus fundamental voltage angles are measured with respect to the phase
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angle of this reference bus. However, the active and reactive powers (P and Q)
of this slack bus should be calculated.

Voltage control (PV) buses The PV buses are usually the generation buses. The real
powers P and the fundamental voltage magnitudes | V(l) | are specified for PV
buses. Normally, a voltage regulator holds | V(l) | fixed at PV buses by automat-
ically varying the generator field excitation. But, both the fundamental voltage
phase angles | 5(1) | and reactive powers Q are unknown. Thus, their upgraded

values need to be computed.

Linear load (PQ) buses These are mostly linear loads of the power system at which
the real and reactive powers (P and Q) are specified. Therefore, computations
must be preformed to yield upgraded values for both fundamental voltage mag-
nitudes and phase angles (| v | and | 5" D.

Non-linear load (PS) buses The non-linear loads connected to the power system are
regarded as PS buses. The real and apparent powers (P and S) are both speci-
fied. When modern devices such as electric vehicle battery chargers (EVCs) are
regarded as harmonic sources, these PS buses are converted to PQ buses in the
fundamental power flow calculation. While renewable generators such as wind
turbines (WTs) and photovoltaic generators are connected, these PS buses are
regarded as PV buses in the fundamental power flow calculation. The power
balance on PS buses is P2 + Q2 + D? = S2, which is denoted in chapter 2.

It is noted that the specified active and reactive powers contain only fundamental fre-
quency components at linear buses, but contain all harmonic components at non-linear

buses.

3.3 Power System Component Models [4, 8, 11, 19, 35—
42]

In harmonic analysis, it is very important to achieve accurate harmonic models of
power network components. Hence, this section will introduce several typical repre-

sentations of common power network components.
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3.3.1 Generators

Synchronous machines are usually regarded as the generators in practice. When a A"
positive or negative sequence harmonic current passes through stator windings, it cre-
ates positive and negative rotating magnetic fields with 4 times synchronous rotating
speed. These rotating magnetic fields will generate (h — 1) and (h + 1)"* harmonic
currents in rotor windings. In the case of the stator windings the property of these har-
monic currents is in accordance with the response of the rotor windings when a nega-
tive harmonic sequence current passes through the stator windings. In other words, in
the case of the stator windings the equivalent inductance of the synchronous machine
nearly equals the negative sequence inductance. Therefore, at harmonic frequencies

the equivalent reactance of the synchronous machine can be expressed by:
Xeg(h) =h*Xy 3.1

where X,,(h) represents the equivalent reactance of the synchronous machine at the
h'" harmonic frequency. X represents the fundamental negative sequence reactance of

the synchronous machine [35, 37]. It can be defined by:

(X// +X//)
Xp= % (3.2)

where X; and X; represent the d and ¢ axis sub-transient reactance respectively [36].

The equivalent resistance of the synchronous machine normally increases with fre-
quency in the form of:
Reg(h) = h* Ry (3.3)

where R.,(h) is the equivalent resistance at the A" harmonic frequency. Ry is the
fundamental resistance of the synchronous machine and / represents the harmonic fre-

quency. a is in the range 0.5 to 1.5 [35].

Hence, the equivalent impedance of the synchronous machine is defined as follows,
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when considering the skin effect (the value of a is taken to be 0.5):
Zeg(h) = VhR; + jhXy (3.4)

The equivalent circuit of the synchronous machine is shown in Figure 3.1.

jhX;

VhR; Y

Figure 3.1: The harmonic equivalent impedance of the synchronous machine

3.3.2 Transformers

The characteristics of a transformer that affect harmonic flows are the short circuit
impedance, magnetizing characteristics and winding connections [35]. In most appli-
cations, transformers are modelled by their series harmonic impedances. Each series

harmonic impedance can be expressed as:
Zeq(h) = Reg(h) + jhXy (3.5)

where Z,, represents the equivalent impedance of the transformer at the A" harmonic
frequency. R, and X represent the equivalent resistance at the A" harmonic frequency
and the fundamental reactance respectively [8, 36, 37]. The authors in [36] defined R,
as follows:

Reg(h) = Ry(co+c1h® +coh?) (3.6)

where Ry represents the fundamental resistance of the transformer, 4 is the harmonic
order, cg, c1, c2 and b are parameters of the transformer. The values of these parameters
are shown in Table 3.1.
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Table 3.1: Parameter values of transformers [36]

co cl 2 b
small T/F | 0.85-0.90 | 0.05-0.08 | 0.05-0.08 | 09-14
large T/F | 0.75-0.80 | 0.10-0.13 | 0.10-0.13 | 09-1.4
under the constraint co+c¢y+c; =1

If the skin effect is considered in the calculation, the equivalent impedance at the
K" harmonic frequency can be defined as [8] (the values of ¢, ¢y, ¢ and b are taken
to be 0.8, 0.1, 0.1 and 1 respectively):

Zeg(h) = VhRey + jhX; (3.7)

3.3.3 Transmission Lines

Transmission lines include overhead lines and underground cables. They can be mod-

elled by multiple nominal 7 circuits as shown in Figure 3.2, connected in series [35—
37].

N <
N[ <

Figure 3.2: The equivalent 7 circuit

The main concerns for modelling transmission lines are [35]:

i The frequency dependency of the unit length series impedance. Major causes

are the earth return effect and the conductor skin effect.

ii The distributed parameter nature (long line effects) of the unit length series
impedance and shunt capacitance.

The unit length series impedance and shunt admittance parameters should be computed

first according to the physical arrangement of the line conductors, in order to construct
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a line model as shown in Figure 3.2. The series impedance is composed of external
and internal impedance when considering the earth return effect and the conductor
skin effect. The external impedance is a function of the earth return condition and
the frequency of interest. The internal impedance is dependent on the conductor skin
effect. Hence the /" harmonic resistance R(h) can be calculated by the following
equation:

R(h) = 0.288R; +0.138+/hR (Q/Km) (3.8)

where Ry represents the fundamental resistance.

The inductance and capacitance of the line can be considered as constant, which
have a relation with frequency, i.e., the harmonic reactance is & times the value of
the fundamental frequency. The H'" harmonic series impedance Z(h) and parallel

admittance Y (k) per unit length are formulated as:

Z(h) = R(h) + jhX; (©Q/Km) (3.9)
Y(h) = j% (S/Km) (3.10)

where X and By are the fundamental reactance and susceptance of the transmission

line per unit length [8].

3.3.4 System Loads

The system loads have a significant effect on system frequency response primarily
near resonant frequencies. Although the proper selection of the load model is very
important for correctly assessing the magnitude of harmonic resonances, no generally
applicable harmonic model exists and case-specific measurements and evaluations are
needed for detailed studies [36].

The author in [41] described three types of loads: motive, power electronic and

passive.

e The motive loads are usually used to represent induction motors, which the ro-

tating magnetic field created by a stator harmonic rotates at a speed significantly
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different from that of the rotor. There are various models of them due to the

boundary of system representation.

e The power electronic loads are more difficult to be modelled as these loads do
not present a constant R, L, C configuration and their non-linear characteristics

cannot fit within the linear harmonic equivalent model.

e There are two types of passive load models as shown in Figure 3.3 [35, 37, 41].

VhR;

2
jhx; ?

(2) Model A (b) Model B

Figure 3.3: Alternative harmonic models of passive loads

Typically domestic passive loads can be represented approximately by a series R,
X impedance as shown in Figure 3.3(b). Ry is load resistance at the fundamental
frequency, X is load reactance at the fundamental frequency and 4 is harmonic

order. Reference [43] gives their mathematical equations as:

Ry=-L (3.11)

X, = (3.12)
" 2mf06.79 —0.74

where V; represents the fundamental bus voltage. P, and Q; represent the fun-
damental frequency active and reactive powers and f; is the fundamental fre-

quency.
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In studies concerning mainly the transmission network the loads are usually
equivalent parts of the distribution network, specified by the consumption of
active and reactive power. Normally a parallel model is used as shown in Figure
3.3(a). Ry and Xy represent the fundamental frequency resistance and reac-
tance. There are many variations of this parallel form of load representation.

Reference [43] suggests a parallel load model whose values are:

2
Ry = %5 (3.13)
(0.1h4+0.9)P,
2
Xf) = i (3.14)
27'Cf0 (0 1h+ O9)QL

3.4 Newton-Raphson Based Harmonic Power Flow [1-
5]

This section presents the Newton-Raphson based harmonic power flow algorithm in
detail. The principle of Newton-Raphson iterative approach is explained in Appendix
E. The Newton-Raphson based harmonic power flow algorithm is based on similar
principles and equations to the conventional fundamental Newton-Raphson power flow
algorithm. It was the first proposed approach for power system harmonic power flow. It
is capable of including any type of non-linear load by assuming the v — i characteristic
of non-linearity is available in the frequency or time domain. The Newton-Raphson
based harmonic power flow algorithm is very accurate because harmonic coupling of
all frequencies is considered. However, this approach might encounter convergence
problems and a large amount of calculating time for large power systems with many

non-linear loads.

3.4.1 Unknowns and Available Equations

In order to apply the Newton-Raphson method to predict harmonic power flow in the
power system, several unknowns and their relative solving equations should be consid-

ered.
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It is assumed that a power system has n buses. Bus number one is regarded as the

slack (swing) bus. The number of non-linear buses is from m to n. Therefore, the num-

ber of linear buses is from 1 to (m —1). “H” represents the number of harmonics which

excludes the slack bus (e.g. for h =1,3,5,7,H = 3). Based on these assumptions, the

number and detail of unknowns are shown in Table 3.2.

Table 3.2: The specifications of unknowns

Unknowns Number
Fundamental frequency bus voltage magnitudes and phase angles for 2(n—1)
all buses except slack bus
Fundamental frequency active and reactive powers at the slack bus 2
Harmonic voltage magnitudes and phase angles at each bus for each 2nH
harmonic frequency (excluding fundamental frequency)
Total reactive powers at each non-linear bus n—m+1

Total number of unknowns

3n—m+2nH +1

The specifications of available independent equations are shown in Table 3.3.

Table 3.3: The specifications of available equations

reactive power

Available Equations Number
Fundamental frequency active and reactive power mismatches at each 2(m—2)
linear bus except the slack bus
Fundamental frequency voltage magnitude and phase angle at the 2
slack bus
Total active and reactive power mismatches at each non-linear bus 2(n—m—+1)
Real and imaginary current balance for each harmonic frequency (ex- 2nH
cluding fundamental frequency) at each bus
Apparent voltampere balance at each non-linear bus to calculate the n—m+1

Total number of equations

3n—m-+2nH +1

This shows that the total number of available equations equals to the total number

of unknowns. Hence, the unknowns of the Newton-Raphson harmonic power flow

algorithm can be established.
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3.4.2 The Admittance Matrix

The admittance matrix is a mathematical model to describe the power system. It is
involved to simplify the power system calculation as well. It consists of fundamental
power system admittance matrix and harmonic power system admittance matrix during

the harmonic power flow calculation.

Fundamental power system admittance matrix

An admittance matrix based equation is usually used to calculate the bus voltage or

injection current in the fundamental frequency as shown:

7(1) —Y(I)V(l)

bus — ~ bus’ bus

(3.15)

(1)

where Y,

is the n by n fundamental admittance matrix of an n-bus power system. It

is defined as:

(1) (1) (1)
By
Y. Y. %
< (1

e (3.16)

(1) () (1)

Y, nl Y n2 Yo
The diagonal entries of Yéi)s, Yigl), are formed by summing the total line admit-

tances and the total shunt capacitor admittances connected to the terminal bus i. The
mathematical equation is:
J
1 1 1
v = Z(yf-i)+y§j)) (3.17)
i#]
(1)

Cl

(1)

where y ij denotes the fun-

is the fundamental shunt capacitor admittances. And y

damental line admittances between bus i and bus j.

While the off-diagonal entries of 721) YV

us® “ij

between bus i and bus j. The mathematical expression of off-diagonal entries is:

are the negatives of the line admittances

(_ _ M
r{V = (3.18)

73



CHAPTER 3. REVIEW OF HARMONIC POWER FLOW EVALUATION
METHODS

If there is no line between i and j, Yigl)

(1)

ij

(1)

= 0. Since y i the admittance

equals y

matrix is symmetric.

If there is a transformer connected between bus i and bus j, the single-phase dia-
gram and its equivalent 7 circuit are shown in Figure 3.4(a) and Figure 3.4(b), respec-

tively. It is assumed that the ratio of the transformer is k.

7z 1:k
i ———CD ° J L L
(a) The single-phase diagram (b) The equivalent 7 circuit

Figure 3.4: The diagram of transmission line with a transformer connected [44]

According to Figure 3.4:
m__ 1 k-1 _ 1
Vi = 1M i kz() (1) G-19)
m 1 1—k 1
Vil ™ G + 270 2z (3.20)
m_.m__ 1
Yij =Yji = ) (3.21)

Harmonic power system admittance matrix

For non-sinusoidal operating conditions, the power system admittance matrix will be
7

defined at harmonic frequencies, Y, .

The pattern and the calculation method for the
harmonic admittance matrix are identical to the fundamental admittance matrix except

()

bus

that the diagonal entries of Y, ’ are the sum of the load admittances, the shunt capac-
itor admittances and the line admittances. Also the load admittances, shunt capacitor

admittances and line admittances of the harmonic admittance matrix are evaluated at
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the 4" harmonic frequency fj, = k- fi. Hence:

v =y 8+ (3.22)

where yl(?) represents the /" harmonic frequency load admittance connected to the bus

i.
The mathematical expression of off-diagonal entries is:

() _ _0)
y =y (3.23)

3.4.3 Current Balance

The current balance for both fundamental and harmonic frequencies at each non-linear

bus is indicated in Figure 3.5.

h . (h
I7E,721 +11i(,,,3

O

@

Figure 3.5: Current balance at a non-linear bus

h . (n
G + I

Where Ir(f',z and 1" are the harmonic (including fundamental frequency) real and

i,m
reactive line currents at the m'” non-linear bus. gﬁ,,l and gl( W)l

denote the harmonic
(including fundamental frequency) real and reactive non-linear load currents referred
to the same bus. Note that the line and non-linear load currents are positive when they

leave the non-linear bus. Therefore, the harmonic (including fundamental frequency)
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current balance at each non-linear bus can be expressed as below:

] el
n im
= (3.24)
Wl
[ I

According to the v — i characteristic of non-linear loads, the injected harmonic

(:]) ecteq) at bus m will be a function of its fundamental

currents of a non-linear load (/;

and harmonic voltages:

h h) 7 (1) (2 7 (Mmax
Real([i(n}ected) :g”,”)1( ”(1 )7 m )7“'7 m )aamaﬁm) (3.25)
I I(h) — h) ~(1) 7 2) (/ hmax) '

mag( injected) gi,m( m s ¥m 5.5 ¥m 7am7ﬁm)

where o, and 3, are the non-linear load control parameters. The equation 3.25 indi-
%l), is due to strong

cates that the non-linearity of the non-linear load injected current, g

couplings between harmonic currents and voltages.

Figure 3.6 shows a typical non-linear bus m of an n bus power system below.

Busj
™ o
i
AR N
Non-linear bus m
V;(h)

Figure 3.6: Non-linear bus m connected to other buses

) 50) gng 50

This non-linear bus is connected to three other buses j, k, and [. §,, i Vm
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represent the line admittances evaluated at the 4" harmonic frequency between m — j,
m — k and m — [, respectively. Each bus has its own harmonic voltage, V,S,h), " , Vk(h)

J
and Vl(h).

Hence, the harmonic line current leaving the non-linear bus m through the lines,
~ h)
Jt

', 18 defined as:
7 _ i;h) . i/&h) 4 I~l(h)

:(~(h)_‘7(h))~(h)+(~(h) V(h))~h)+(~ h)_‘7l(h))~(h)

m j mj m k mk m ml
s\ (h) (B (h) o) (h) _ S(h)yr(h
(ym] mk +yml) m = IV = Ve I Vi (3.26)
(h (h ~(h - (h ~(h v
= ¥ + T+ o oaV" + ) ?,
= (the row m of) Y,(M)SVI(M)S
where the \_/[()hu)s is the complex vector of the 4 harmonic bus voltages.

3.4.4 Apparent Power Balance
The apparent power balance at each linear bus is:
(8:)* = (R)* +(Q:)? (3.27)

wherei=1,2,3,...,m—1.

While the apparent power balance at each non-linear bus is:
2 2 2 2
(Si) - (Z p}’”‘)) + (Z QS”)) + (Di) (3.28)
where i =m,m—+1,...,n.

3.4.5 Newton-Raphson Based Harmonic Power Flow Algorithm

The Newton-Raphson based harmonic power flow calculation method is achieved by

forcing the appropriate mismatches, AM, to zero using the Jacobian matrix, J, and
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obtaining appropriate correction terms, AV. The mathematical equation is:

A R I 7 S ST/ O W I\
@ e AP LY R £} Gl 7@ || @
A0 R R G R ) 70 || Ap®
Ao | |t pgtna?) gt | gt e | | gt
gD IR PSS L TR e 70 || AB
(3.29)

The appropriate 2(nH +n—1)+2(n—m+1) x 1 mismatch vector, AM is defined
as:

AM = (AW, AT, ATY) . A1) ATVIT (3.30)

where AW is the fundamental frequency power mismatch vector at all buses (except
the slack bus). Also (Al (2),A7 ® A (hm‘”),ﬂ (1)) is the harmonic current mismatch

(including the fundamental frequency) vector at each bus.

Assuming bus one is the slack bus. In equation 3.30,

AWZ[P;p_PQ(I)vQ;p_QgI)v P — (1)7Qsp_le);"' ’PXP 1 ,1(11)17Q;f_1 _Q,(nlz];
P;lp _PrgOtal),Qfé) anotal o ’ng P(total ,Qgp Q(total)]
(3.31)

A1 = (1) + G 1)+ Gl

lm’

1)+ 6L GO (332)
~(h h) (h h h h h h) (h h
AT = 1) T B G + Gl i) + Gl + G
(3.33)
where (P", Py’ ,--+,P," ) and (Q,0%,---,Q)F |) are the specified active and re-
active powers applied to the linear buses (except the slack bus). These specified ac-
tive and reactive powers include fundamental components only. (B, --,P,") and
(O, ,0)) represent the specified active and reactive powers for non-linear buses,
which consist of all harmonic components. (P(l) S ,Priljl) and (Qg]), e ,QSZI) de-
note the calculated fundamental active and reactive powers for linear buses (excluding

the slack bus) by using equations 2.20 and 2.21 in chapter 2. (PY"“D. ... Py and
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(Qz(ﬁomz), e 7Q£f0ml) ) denote the calculated total active and reactive powers for non-
linear buses, which consist of all harmonic components. There is no reactive power
mismatch at a PV bus for the fundamental frequency because the bus voltage magni-

tude is already known.

The fundamental current mismatch is defined for non-linear buses only as shown in
equation 3.32, whereas the harmonic current mismatch is defined for all the buses (in-
cluding the slack bus) as shown in equation 3.33, where Ir(f}) and Ii(,}]l.) (j=1,2,...,n) are
the real and imaginary part of the harmonic line currents (including the fundamental
") and G")
rJ ij
the real and imaginary non-linear load injected harmonic currents (including the fun-

frequency) established by equation 3.26. G (j=m,m+1,... n) represent

damental frequency) calculated by equation 3.25.

The 2(nH +n—1)+2(n—m+1) x 1 correction vector, AV, in equation 3.29
consist of the correction vector of fundamental voltage magnitude and phase angle at
each bus (excluding the slack bus), AV(I), the correction vectors of harmonic voltage
magnitude and phase angle at each bus, (AV(Z),AV(S), ... ,AV(h’"“")) and the correction
vector of non-linear load control parameters, A®. These correction sub-vectors are
defined below:

AV = a0V AV D a00 A VD Al AV D) (3.34)
AV = [aof A v [V a0l ALV [$ a8 AV )T
(3.35)
(h=2,3,...,hax)
AD = [AC, ABu, -, Aty AB,) T (3.36)

The Jacobian matrix of equation 3.29 is a 2(nH +n—1)+2(n —m+ 1) square
matrix. It contains four sub-matrices, J,,5, 0, CG and T. The details of J,,, CG and T

are listed below:

e Jy, has two parts, 7&;2, and 7;2. 7;27 is the Jacobian 2(n — 1) square matrix of
partial derivatives of the fundamental active and reactive powers with respect to
the fundamental bus voltage phase angles and magnitudes for all buses except

the slack bus, as shown in equation 3.37. The derivatives of the fundamental
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reactive powers with respect to the fundamental bus voltage phase angles and

magnitudes are equal to zero at PV buses.

BRI aaP) ()]
a0 avil T 9e0 yD
ang) angl)  aagl)  aagl
N ool ayV a0l oyV
AN Y SV Y, SN VY
ool vV a0l ayV
a0 aag . aagy)  aagy)
KRR a6y vV |
—(h) . . . . . o
Jguz is the Jacobian 2(n — 1) x 2n matrix of the similar partial derivatives to
(1 . . .
Jgul)g. However, there are zero entries for (m — 1) linear buses. The mathematical

equation is shown in equation 3.38 below.

02(4-2)x2n
IARY) AP L IARY AP
=y _ | e av 26" av"
Tsub = | gaglh  anglh IAQY ol (3.38)
a0 v a6 v
IAR"  ap . dAR"  ap
de" v a6 v
PN VYo o aaol"  angl!
L oo™ v a6 vV |

()

b (ncluding the fundamental frequency) is established in

Each element of J
Appendix A.

e The sub-matrix @(h’j ) is defined as:

=(hh) | ==(hh) .
: C +G forh =
CG(hv]) _ A J (339)
0+G"/ forh# j
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—(h,h) . . o . .
where C (1) is an array of partial derivatives of the 4" real and imaginary har-
monic line currents with respect to the 4" harmonic bus voltage phase angles

. . . . —(h,h) .
and magnitudes, as illustrated in equation 3.40. Each element of C( ) is defined
in Appendix B.
[ 5,k h h h) ]
aly or oy ol
ae%“') av%“” a6y v
h h h h
aIi,l) aIi,1> o ali<,1) a[i(l)
ae oy 26" avM
Ahh) L .
C = : : : : : (3.40)
L) L)
26 v T 5e Gy
YOI o™ o1
W Som T oo o
a6 oy a6y v |

While E(h’j ) represents an array of partial derivatives of the 4" real and imagi-
nary parts of non-linear load harmonic currents with respect to the j* harmonic
bus voltage phase angles and magnitudes (for j = A, is E(h’h)). The mathematical

equation is shown below:

O2(m—t)x2(m—1) | 02(m—1)x2(n—m+1)

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

—(h.j i im im .
G( o) — 369,5{) BV,E” 0 0

aGc" oG

0 0 06\ gy
0 0 G G
(3.41)

Note that CG" is a 2n square matrix. However, only the last 2(n—m+1) rows

exist at the fundamental frequency due to the fact that the fundamental current
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)

balance is not applied to linear buses (E(l’j =2(n—m+1) X 2n matrix). Also
for j=1,CG"" is a 2n x 2(n— 1) matrix because the fundamental bus voltage

magnitude and phase angle are known at the slack bus.

o 7 is an array of partial derivatives of real and imaginary parts of non-linear

load harmonic currents with respect to the control parameters o and . The

. —=(h) .
expression of 7" s
02(m—1)x2(n—m+1)
””” B o)
oG aG™) o 0
a0, 9By
=) _ | oG aGl")
T = | % 20 0 0 (3.42)
0 0 oGl Gl
day, JIBy
0 0 G G
i 3o, 9B |

Based on the equations given, the Newton-Raphson based harmonic power flow
algorithm is the calculation of bus voltage vector AV for a given system configuration
with both linear and non-linear loads. It is used to force the mismatch vector AM to
zero by using the harmonic Jacobian matrix and obtaining the appropriate correction
terms AV . Therefore, it is defined mathematically:

—(itr)  =—1 55(itr)

AV =] AM (3.43)

—(itr+1)

vV — ) L Ayt (3.44)

where itr is the iteration number.
The Newton-Raphson based harmonic power flow algorithm is illustrated in the

flow chart shown below (see Figure 3.7).

82



CHAPTER 3. REVIEW OF HARMONIC POWER FLOW EVALUATION
METHODS

Assume the initial values for V

{

Iteration =0

)

Compute Gr(},?1 and Gi(’fg for all non-linear loads

|

Calculate mismatch vector AM

Yes

No

Iteration + 1
A

Calculate Jacobian matrix J and
correction vector AV

v

Update V

!

Update the fundamental active and reactive
powers for all buses except slack bus, and
harmonic line currents for each bus

Figure 3.7: Newton-Raphson based harmonic power flow algorithm flow chart
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Step one: The fundamental voltage magnitudes fluctuate around 1.0p.u., while the
harmonic voltage magnitudes are between 0.01p.u. and 0.05p.u. according to
simulation experiments. Hence, it is assumed that the fundamental voltage mag-
nitudes are 1.0p.u. for all buses except the slack bus. Because the fundamental
voltage magnitude and phase angle of the slack bus are already known. While the
harmonic voltage magnitudes are set to any desired value between 0.01p.u. and
0.05p.u.. The phase angles in all harmonics (including fundamental frequency)

are assumed to be 0.0 degrees for each bus except the slack bus.

Step two: Compute the non-linear device real and imaginary harmonic currents Gy,l%
and th)

. respectively. Moreover, the control parameters « and 3 are established
during this step.

Step three: Calculate the fundamental active and reactive powers for each linear bus
(excluding the slack bus), Pl-(l) and QEI) (i=2,3,...,m—1), and the total har-
monic active and reactive powers for each non-linear bus, Pl-(mm” and Ql(mm”

(i=m,m+1,...,n). The harmonic line currents Ir(fj.) and Il.(ﬁ.) (j=12,....,n)

should be calculated as well. Then, use equations 3.30 to 3.33 to consider the

mismatch vector AM.

Step four: The convergence criterion max(| AW, Al @ A @ AT (h'"‘“),AT M) N< eis
used to determine whether the mismatch vector is converged. € is usually set to
be 107>. If it is under convergence criterion, the procedure stops and outputs the

results. Otherwise, the procedure goes to the next step.

Step five: Evaluate the Jacobian matrix J using equations 3.37, 3.38, 3.40, 3.41 and

3.42. Then calculate the correction vector AV using equation 3.43.

Step six: Use equation 3.44 to update bus voltage magnitudes and phase angles. These

updated values will be the initial values in the next iteration.

Step seven: Update the fundamental active and reactive powers for each bus except
the slack bus. Moreover, the harmonic line currents for all buses are updated

during this step.

Step eight: Go to step two for another iteration.
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3.5 Other Harmonic Power Flow Techniques

3.5.1 Decoupled Harmonic Power Flow [4, 6—-13]

The calculated results of the Newton-Raphson based power flow algorithm are accu-
rate because of the harmonic couplings included at all frequencies. However, it might
encounter convergence problems and require long computing time for large power sys-
tems with many non-linear loads and strong harmonic couplings. Therefore, the de-

coupled harmonic power flow algorithm is determined to solve the problems.

The decoupled approach is designed to calculate the harmonic power flow by ig-
noring the harmonic couplings between harmonic orders. As a result, the calculation
procedure is carried out separately for each harmonic order. Therefore, it can reduce
the computing time and solve the convergence problems. Although the decoupled har-
monic power flow calculation approach is not as accurate as the coupled harmonic
power flow technique (e.g. Newton-Raphson based power flow algorithm), it gives a

benefit of balancing the computational complexity and the result accuracy. [11]

The decoupled harmonic power flow algorithm is composed of two calculation pro-
cedures. One is the calculation of fundamental power flow; the other is the harmonic

power flow calculation. The details of these two procedures are indicated as follows:

The calculation of fundamental power flow

The Newton-Raphson based conventional power flow algorithm is usually used to eval-
uate the fundamental power flow, which is similar to the one mentioned in section 3.

Its mathematical definition is shown below:

Apt!
A@(l)

AE(I)
Am(l)

ﬁ(l) ITf(l)
f(l) Z(l)

(3.45)

where ﬁ(l), N(l), I_((l), and TV are the sub-matrices of fundamental Jacobian matrix

_ (1) (1)
JSZ. The element expressions of each sub-matrix are H ((ili.) _ 9AR (1) _ JAP,

m i) M
89]. (i) avj
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(1)
((;3) aAQ and E )) ‘ZAV—Q( respectively. AP AP and AQ represent the funda-
j

mental actlve and reactive power mismatches for all buses except the slack bus (as-

suming bus one is the slack bus). They are defined as:

pr—pM o pr —pD p_pll L pr_ pMUIT (3 46)

m—1 m—1""m

AP = (PP — PV

Y

O N R N B N e
(3.47)
where the harmonic couplings at higher frequencies (h = 2,3, ..., hyqy) are ignored.
Hence, the fundamental active and reactive power mismatches at non-linear buses
equal the specified active and reactive powers minus the fundamental calculated ac-

tive and reactive powers.
The correction vectors Aa(l) and Am(l) are expressed by:
Aot =(a0lV a6tV . aeiM)T (3.48)

—(1
AV =a v Dav O a v O (3.49)

The convergence criterion for the fundamental power flow calculation is
max(] APSY A0 APV A0 |) < & (3.50)

where ¢ is usually set to be 107°.
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Figure 3.8 shows the flow chart of fundamental power flow calculation below.

Assume initial values V(1)
A

Iteration = 0

v
. ¢!
Construct admittance matrix Y l(,u)s

(See sub-section 3.3.3)

|
1%

Calculate power mismatch vector
- ~ 1T
Iteration + 1 [AP (1)'AQ(1)]

Yes

Converged? Output

No

Calculate Jacobian matrix J(D,

and correction vector [Aé @, Am(l)]T

Update V(1)
|

Figure 3.8: Fundamental power flow calculation flow chart

The calculation of harmonic power flow

At higher frequencies, the whole power system is modelled as the combination of har-
monic current sources and passive elements. Non-linear loads are treated as decoupled
harmonic current sources that inject harmonic currents into the system by neglecting

harmonic couplings between all harmonics.

The harmonic admittance matrix is modified for each harmonic order, as the admit-

tance of power system components will vary with the harmonic order. After modifying
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the harmonic admittance matrix and the associated harmonic currents, the harmonic
power flow problem can be calculated by using the following admittance-matrix-based
equation:

1" =y"y® (3.51)

This simple and fast approach for the calculation of harmonic voltages and currents
provides acceptable solutions as compared with the Newton-Raphson based power

flow algorithm, which considers harmonic couplings.

3.5.2 Fast Decoupled Harmonic Power Flow [4, 14-18]

The fast decoupled harmonic power flow algorithm is an improved method based on
the decoupled harmonic power flow technique. It is achieved by reducing and simpli-

fying the fundamental Jacobian matrix, 7;1[,)9.

This approach is more simple, reliable
and faster than decoupled harmonic power flow algorithm. Also, it is attractive for
networks of any size. The author in [15] applied this modified method in 118 and 1080
bus power systems to evaluate the harmonic power flow. After some time he obtained

acceptable solutions and faster computing time.

The fast decoupled harmonic power flow algorithm is composed of two decoupled
calculation procedures similar to those used in the decoupled harmonic power flow
calculation method. They are the fundamental power flow and the harmonic power
flow calculations. The harmonic power flow calculation of this fast decoupled method
is very similar to the one used in the decoupled approach. The only difference is in the

fundamental power flow calculation.

In the decoupled harmonic power flow calculation method, the fundamental power
flow is solved by the generalised Newton-Raphson based iterative algorithm (See equa-
tion 3.45). In general, for a small change in the fundamental magnitude of bus voltage,
the fundamental active power at the bus does not change appreciably. Likewise, for a
small change in the fundamental phase angle of the bus voltage the fundamental reac-
tive power does not change appreciably. Moreover, practical experience indicates that
the elements of the sub-matrices, N and ®" are much smaller than those of A"

and LV respectively. Hence, it assumes that N W and &Y are neglected. As a result,
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the fundamental power flow calculation equation (equation 3.45) is decomposed into

two separate equations:

APV = —gAgtY (3.52)
Ao\ = zWaTv Y (3.53)
According to Appendix A, the diagonal elements of AY are:
ul) 28R oV + vV (3.54)
(ij) — 20D i i (i.0) '

i

The off-diagonal elements of 7Y are:

I 8AP,-(1) D, (D)D) o a(1) (D) (1)
Hijy =g = Vi Vi (Gysinb = Bijycosbjp) - 3:39)

The diagonal elements of " are:

PINOR
e %

(1) 4 (y(My2g)
= = 0" 4 (vV)2p) (3.56)
@0 = "y

(i:0)

The off-diagonal elements of " are:

()
[ _ 980

D= ) (3.57)
( 7]) aVl(l)

W) gl (1) (1)
—Vi (G jysin 0 jy = B jy c0s O

From practical experience the actual difference in harmonic voltage phase angles
between two buses in a power system is very small, the following assumptions are

made:

1 (1) . (1)
cos 0(1.’].) ~ 1, G(l.’j) sin O(ijj)

(1)
<Buj

Moreover, the admittance corresponding to the fundamental reactive power at each

(1) ()

bus, B, p;, is much smaller than the imaginary part of the bus self-admittance B( i

89



CHAPTER 3. REVIEW OF HARMONIC POWER FLOW EVALUATION
METHODS

Therefore:

Q(l)
(V(l))Z

1

1
B£l%i =

<8l o oV <vY)By)

As a result of the above assumptions, equations 3.54, 3.55, 3.56 and 3.57 can be
modified to:

(1) _ (D52 ( )
H(ivi) o (V ) (i,0) (3.58)
(1) _ (D), (1) p(1)
Hi oy =Vi Vi B (3.59)
Liiy = (V7B (3.60)
(1) _ y()pl)
L(w) =V B(i,j) (3.61)

(1) (1)

and B""" are used instead of ' and L' respectively. Fi-

nally, the equations to calculate the fast decoupled fundamental power flow are:

Then, matrices B

AP = 5 ag" (3.62)

A

A0 = BT ATV (3.63)

There are two possible procedures for solving the fast decoupled fundamental

power flows. Their flow charts are shown in Figure 3.9 and Figure 3.10.

90



CHAPTER 3. REVIEW OF HARMONIC POWER FLOW EVALUATION
METHODS

Assume the initial values for V()

v
Iteration =0

\

Construct admittance matrix Yb(iz
(See sub-section 3.3.3)
| XY
Iteration + 1 Calculate active and reactive power
A mismatch vectors AP and AQ(V

Converged?
No

_Calculate Jacobian sub-matrﬂ B'Mand
B"®  and correction vector A[V|() and AGD

\
Update V
|

Figure 3.9: Fast decoupled fundamental power flow calculation flow chart: method
one
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Construct admittance matrix 17(1)

bus
(See sub-section 3.3.3)
|

Assume the initial values for P and [V |V

Calculate active power Calculate active power
mismatch vectors AP mismatch vectors AQ (D

| Iterati'(\)n +1 | Yes | Iterati(‘)\nl +1 |
No No

Calculate Jacobian sub- Calculate Jacobian sub-
matrix B'D, and correction matrix B”®, and
vector AG( correction vector A|V|(D

v
Update TV]

Figure 3.10: Fast decoupled fundamental power flow calculation flow chart: method
two
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3.5.3 Fast Harmonic Power Flow [5, 19, 20]

The fast harmonic power flow algorithm is designed for distribution systems. This
method has the benefits of saving computing time. Based on the network structures of
distribution systems, current injection evaluations and Kirchhoftf’s Law, the relation-
ships between the bus voltages, branch currents and harmonic sources can be formu-
lated. Then, the fundamental and harmonic voltages for each bus of a power system

can be solved by the simple forward/backward sweep techniques. [19]

Equivalent current injections are widely used for the applications of distribution

systems. For any bus i (both linear and non-linear) of a distribution power system, the

equivalent current injection Ii(l’k) at the k" iteration is:
Sp AN
10— <—Pi 79, ) (3.64)
! (1k) ’
Vi
where Vi(l’k) represents the voltage of linear bus i at the k' iteration. Pf P and le.p are

the specified active and reactive powers at bus i respectively. The symbol “x” repre-
sents the conjugate value.

For fundamental power flow, the equivalent current injection Ii(l’k)

needs to be up-
dated at each iteration. In other words, the fundamental equivalent current injection
1% is modified at the end of each iteration k using equation 3.64 from the updated

l
voltage Vi(l’k)

. However, the harmonic injection currents of each non-linear load do not
require to be updated at the end of each iteration such as the ones used in fundamental
equivalent current injections, for they have already been obtained based on harmonic

analysis.

Parts of a distribution system and the harmonic injection currents are shown in

Figure 3.11 below.
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Bus k Vk(h)

Sending

e

Figure 3.11: Parts of a distribution system

) ph) )
. Bl.j ,Bjk and

, Vk(h) and \7l(h) denote the harmonic

The harmonic injection currents are expressed as f](.h), I;(Ch) and fl(h
BY;) are the harmonic branch currents. Vi(h), V].(h)
bus voltages. Then, the relationships between the harmonic branch currents and the

harmonic injection currents of Figure 3.11 are:

5(h h
BY = 1" (3.65)
Bl = 1" (3.66)
500 _ g g _ fih)
B — g 4 5 I (3.67)

where h =1,2,..., hyax-

It shows that the relationship between harmonic branch currents and harmonic in-
jection currents of a radial feeder can be evaluated by summing the harmonic injection
currents from the receiving bus toward the sending bus of the feeder. This calculation
procedure is called backward current sweep. The general formulation of this procedure

can be expressed as:

BY = 1"y B (3.68)

where 7 is the number of buses connected to bus j.

94



CHAPTER 3. REVIEW OF HARMONIC POWER FLOW EVALUATION
METHODS

From Figure 3.11, the relationships between harmonic branch currents and har-

monic bus voltages can be defined as:

() _ o (h) _ 5(h)5(h)
=Y, _Bij zl.j (3.69)
~(h) () zh) sk
k( ) = V].( )—BE,{)ZJ(.,() (3.70)
~ (h ~(h)  z(h) 5(h
z( ) = Vj( )—Bﬁ.l)zj(.l) (3.71)

where Zi(]’.l), Z](Z) and ZJ(?) are the branch equivalent impedances for the 4" harmonic

order.

It is assumed that bus i at the sending end in the distribution system is the reference

bus. Then, it is evident for a radial distribution system that if the harmonic branch
current between buses i and j, Eg‘)

rent sweep approach, then the harmonic voltage at bus j, Vj(h), can be established from

, has been calculated by using the backward cur-

equation 3.69. Finally, the harmonic voltages at the other buses can be obtained in
the same way. Hence, the procedure that calculates the voltage from the sending bus

forward to the receiving bus of the distribution feeder is called forward voltage sweep.

Therefore, the fast harmonic power flow algorithm combines the equivalent cur-
rent injections, backward current sweep method and forward voltage sweep method
together to evaluate the harmonic power flow in a distribution system. The calculation

steps of this approach are illustrated below:

Step one Assume the initial bus voltages at fundamental frequency, v,

Step two Set harmonic frequency to be one, & = 1.

Step three Calculate fundamental equivalent current injections Il.(l)

3.64.

by using equation

Step four Calculate fundamental branch currents by using equation 3.68.
Step five Calculate fundamental bus voltages.

Step six Set the convergence criterion to be whether the fundamental bus voltages at

iteration k equal those at iteration (k+ 1). If it is converged, go to next step;
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otherwise, use the (k+ 1) iteration fundamental bus voltages instead of the k"
iteration values, and go to step three.

Step seven Seth =2.3,... hyqy.

Step eight Calculate equivalent branch impedance at each harmonic order.
Step nine Calculate harmonic branch currents by using equation 3.68.
Step ten Calculate harmonic bus voltages.

Step eleven If the harmonic order equals the maximum one, output the results; other-

wise, go to step seven.

3.5.4 Fuzzy Harmonic Power Flow [5, 21, 22]

In the fuzzy harmonic power flow algorithm, the fuzzy set theory is employed to rep-
resent the harmonic injection currents. For an n bus power system the solution is
achieved by solving a set of 4n x 4n linear equations. The fuzzy solutions for both
harmonic voltage magnitudes and phase angles can be individually expressed by two
explicit linear equations. The solutions for each harmonic level can be obtained from

these equations.

The harmonic sources are regarded as voltage independent current sources gener-
ated from non-linear loads. Harmonic penetration is a steady state phenomenon, hence
monitoring the harmonics requires a long period of time for accurate results. It can
be shown that the value of the harmonic injection current at a bus is most likely near
the centre of a monitored range. Therefore, it is suitable to model the harmonic cur-
rent sources with a triangle fuzzy number, denoted by 7. Then, with a proper fuzzy

model, the new fuzzy harmonic power flow equation can be expressed as follow:

77 (1) 7(h)
—(h)} Vr i Ir
¥ - =|. (3.72)
[ [Vi(h)] [ Ii(h)
where @(h) is a 2n X 2n matrix modified from the power system admittance matrix
?l(!;)s' Vr(h) and \7i(h) represent the fuzzy numbers of real and imaginary parts of the
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harmonic bus voltages. f,(h) and fl-(h) denote the fuzzy numbers of real and imaginary

parts of the harmonic injection currents, respectively.

According to [21, 22], an arbitrary fuzzy number can be represented by an ordered
pair of functions (uin (), Umax(r)), where 0 < r <1 and r is considered as the mem-

bership function value, which meet the following conditions:
® u,in(r) is a bounded left continuous non-decreasing function during [0, 1].
® Upax(r) is a bounded right continuous non-increasing function during [0, 1].
® Upin(r) <thpmax(r), 0 <r<1.

Figure 3.12 shows the diagram of a fuzzy number (1 +r,4 —2r).

Figure 3.12: A fuzzy number

The author in [21] gives a rule to calculate each element of the modified matrix

W(h), and it is shown below:

{y(i,j) 20 = W) =Y Flirnjn =V (3.73)

Yij) <0 = Wijin) = Vi) Yiitni) = V)

Hence, the matrix W(h) can be expanded to a 4n x 4n matrix as expressed below:
- wlh) gplh)
7] = [ oo (3.74)
Yo ¥y
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) .. ) —(h .
where ‘P(l}? contains the positive entries of ‘P( ) , ‘I‘Yé) contains the absolute values of

the negative entries of @(h), moreover, ‘Pé}i) = ‘ng) and ‘Pg;) = ‘P(ﬁ)

Then, the equation 3.72 can be expressed as a set of 4n X 4n linear equations shown

below: ~ _ _ _
Viewn ) | [ Zinin ()
h h
vl ) V((z’,131in) (r) I((i,r)nin)(r )
(h) i) | |yl =0 .75
lPZI IPZZ _V(nmax) (l’) _I(nmax) (7’)
h h
| Vimag ] [Himan (7]
The equati : () () _y®
quation 3.75 can be uniquely solved for [V(rmin)(r), Vi mm)(r), V(rmax)(r),
—V((l.h,fmx) (r)]" if and only if the matrix in equation 3.74 is non-singular. Moreover, the

fuzzy real and imaginary parts of the harmonic voltages at a bus k can each be written

with two explicit linear equations:

(h) _ () (h)
Votmin) () = @t miod 0 ki) (3.76)
(h) _(n (h)
V(i,k,min)(r )= Qi jemin)” T b (i,k,min) (3.77)
(h) _ () (h)
V(r,k,max) (7’) - a(r,k,max)r + b(r,k,max) (3.78)
(h) _ (h (h)
V(i7k7max) (I’) - a(i7k,max)r+b(i7k,max) (3.79)
(h) (h) (h) (h) () (h) (h) (h)
where a(r,k,min)’ (i,k,min)’> ~(r,k,max)’ a(i,k,max) and b(r,k,min)’ (i,k,min)’ b(r,k,max)’ (i,k,max)

are the coefficients of fuzzy numbers of the real and imaginary parts of the harmonic

voltages at bus k.

3.5.5 Probabilistic Harmonic Power Flow [5, 23-31]

Unavoidable uncertainties (e.g. the wind speed) affect the input data of the modelling
for the evaluation of harmonic voltages and currents caused by non-linear loads in the
power system. These uncertainties are mainly caused by time variations of linear load
demands, network configurations and operating modes of non-linear loads [5, 24, 27].
The variations have a random character, and therefore, the probabilistic method is used

to describe the behaviour of such characteristics. There are two methods to evaluate
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the supply voltage distortions in the field of probabilistic models:

Direct method the probabilistic functions of harmonic voltages are calculated for the
assigned probabilistic functions of harmonic currents injected into the power

network by non-linear loads.

Integrated method the probabilistic functions of both harmonic voltages and currents
are calculated together by properly taking into account the interactions between

voltage distortions and harmonic currents.

The probabilistic method was first proposed to calculate the fundamental power
flow in 1974 [28]. It has been further developed and applied into power system nor-
mal operation [29-31]. Then, the authors in [24, 26, 27] developed the probabilistic
method and applied it to harmonic power flow evaluation.

A probabilistic steady state analysis of a harmonic power flow can be performed
by either iterative probabilistic methods such as Monte Carlo or analytical approaches.
The iterative probabilistic procedures require knowledge of probability density func-
tions of the input variables. For each random input a value is generated according to its
proper probability density function. Then, due to the generated input values, the oper-
ating steady state conditions of harmonic power flow are evaluated by solving the non-
linear equations based on iterative numerical methods such as the Newton-Raphson
approach and the decoupled approach. Once the convergence has been achieved, the
state of the power system is completely known and the values of all the variables of
interest are stored. The procedure is repeated to achieved an accurate probability of
the output variables. Unfortunately, the iterative probabilistic procedures require long
computing time and may encounter convergence problems. An analytical approach is a
method that uses convolution techniques with probability density functions of stochas-
tic variables of power inputs to calculate the probability density functions of stochastic
variables of system states and line flows. However, it is difficult to solve probabilistic
harmonic power flow equations by the convolution of probability density functions of

input power variables.[23]

Hence, the authors in [24, 27] indicate a new probabilistic method for harmonic

analysis in a power system which takes into account, in closed-form, the interactions
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between the supply voltage distortions and the harmonic currents of non-linear loads.
It linearises the non-linear equation system that describes the system steady state be-
haviour around an expected value region. Then, the first-order approximations, based
on Taylor equations, are used to directly establish the means and the covariance matrix
of the output probability density functions, starting from knowledge of the means and

the covariance matrix of the input probability density functions.

A vector of input parameters T, = [T1T,T3] is assigned as input data. T, T and

T5 are defined as follows:

T =[P ,P,SL)]T (3.80)
7 _rp(l) (1) (1) (1)
TZ_[PNg+1’QNg+]7""PNg+Nl7QNg+N1, (3 81)
PN N 41> SN N 15+ Py SN]T
Ts= (VI VIR (3.82)

where 1,2,...,N, represent the number of PV buses; (Ng+1),...,(N, + N;) are the
number of PQ buses; and (N, +N;+1),..., (N) denote the number of PS buses. Hence,
the input vector 71 includes the active generator powers at fundamental frequency
(with exception of the slack bus, numbered as bus one); input vector T, includes the
active and reactive linear load powers at fundamental frequency and the total active
and apparent non-linear load powers; and input vector 75 includes the generator volt-

age magnitudes.

Two requirements are needed for every probabilistic formulation. One is the sta-
tistical characterization of the input data; the other is the evaluation of the statistical
features of the output variables of interest. The statistical characterization of the input

data consists of checking:

(i) which components of vector T, have to be considered as random and which ones

can be kept fixed.

(i1) what are the statistical features to characterize the randomness of the variables

identified in step (i).
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The most realistic method to solve the problem is to refer to past experience, look-
ing at both available historical data collections and technical knowledge of the elec-
trical power system under study. With reference to problem (i), the generator voltage
magnitudes can be considered determined if the set points of the regulator are not de-
liberately changed. With reference to problem (ii), the random nature appearing in T

and T is applied.
It is assumed that the harmonic power flow equation is expressed as:
f(N)=T, (3.83)

where N represents the output variable random vector which includes the fundamental

and harmonic voltage magnitudes and phase angles and the non-linear loads variables.

Let the vector (T ,) be the expected values of T,. If a deterministic power flow is

calculated by using u(7,) as input data, the solution of equation 3.83 will be given by
the vector N,, such that:

f(No) = u(Ty) (3.84)

Then, linearising the equation around the point N,:

N>~N,+AAT,=N',+AT, (3.85)
where
N',=N,—Au(T,) (3.87)
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[ op)  op) 0 17!
V] JP
V] 0
Pnl aPnl O
V] L)
aSnl asnl O
V] P
_ Pler 3Pl 0
A= IV PL) (3.88)
Wha 0
V|
9l 9l 0
V] L
g/ i 0
V] L
a(lr+gr) al)+gr) aIr*hg'r)
V] ) oxX
I(li+g) Ilitg) Ii+g)
V| 0D X N=N,

The parameter X in the above equation represents the non-linear load variable.

Equation 3.85 expresses each random element of the vector N as a linear com-
bination of the random elements of the input vector T,. Hence, the vector of mean

(expected) values can be defined as:
n(N) =N, (3.89)
The vector of the covariance matrix of N is established by:
cov(N) = Acov(T,)A" (3.90)

Once the statistical features of the random output vector N are known, the statistics of

other variables on which it depends can also be evaluated.

3.5.6 Modular Harmonic Power Flow [32-34]

As mentioned in the introduction of this chapter, the time domain approach based on
transient analysis has high accuracy. But it usually requires long computing times es-
pecially for a large power system with many non-linear loads. However, the frequency
domain can overcome this problem. Hence, the time domain approach is convenient to

apply to a small power system; while the frequency domain usually applies to a large
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power system. But, the non-linear loads are best modelled using direct time domain
methods, and it is difficult to consider a large power system using pure time domain.
Therefore, the authors in [32—-34] denoted a hybrid methodology with both time do-
main and frequency domain computations to apply a faster and more flexible solution

to the problem. This hybrid methodology is called modular harmonic power flow.

This approach categorises the power system components into two distinct groups.
The first group presents an easily predictable change of harmonic impedance with
operating point. Such components are termed linear and are assumed not to couple
harmonics. In the second group, the harmonic impedances of such power system com-
ponents cannot be easily predetermined. They are usually calculated by direct or iter-
ative methods. These components are termed non-linear and are modelled within the

harmonic power flow as dependent harmonic sources.

In modular approaches, all the linear components can be represented as frequency
(h)

dependent with a harmonic admittance matrix, Y, representing their terminal be-
haviour for a given harmonic order 4. However, non-linear components (loads) are
included within the harmonic power flow as black boxes. In a black box, it is the
model of a non-linear component which is carried out individually in the time domain
using a best-suited method. Its input is periodic harmonic bus voltage, and the output

of the black box is the corresponding periodic harmonic injection current.

The modular harmonic power flow is performed iteratively. Each step consists of

two stages:

(1) Updating the periodic steady state of the individual components using voltage
correction from stage (ii). The inputs to a component are the terminal voltages
and the outputs are the terminal currents. This stage provides accurate outputs
for the given inputs. For linear components, the calculations are performed in
frequency domain. For non-linear components, the calculations are performed
in time domain, and the process is accelerated to steady state by means of the
Poincaré procedure illustrated in [32]. The initial input voltages are usually

achieved from the fundamental power flow algorithm at the first iteration.
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(i) Calculation of voltage corrections for stage (i). The currents obtained from

stage (i) are combined for buses with adjacent components into the current mis-
match Al, expressed in the frequency domain. This is achieved by perform-
ing fast Fourier transform (FFT) on the periodic terminal currents of each of
the time-varying components. These current mismatches become injections into
a system-wide incremental harmonic admittance matrix Y, calculated in ad-
vance from such matrices for all individual components. Then, the following
equation is applied to solve voltage correction vector AV, to be used to update
all bus voltages in stage (i):

Al =Y 3, AV (3.91)

The approach is modular at stage (i). The voltage correction vector AV in stage (ii) is

calculated globally for the whole power system.

The main procedures of the modular harmonic power flow algorithm are:

e A fundamental power flow algorithm is used to establish the initial voltages at

all buses.

The incremental harmonic admittance matrix Y, is identified by assembling a

separate admittance matrix for each component (black box).

Currents and their mismatches Al for all the buses are achieved by the follow-
ing: frequency domain calculations are used for the linear and largest parts of
the power system such as transmission lines and time domain calculations sup-
plemented by Poincaré acceleration for non-linear and time-varying components

at stage (1).

Use equation 3.91 to obtain the voltage correction vector AV to update the bus

voltages for the next iteration.

3.6 Computation and Results

In this section, the Newton-Raphson based harmonic power flow algorithm and the

decoupled harmonic power flow algorithm are applied to a simple five-bus power sys-
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tem. A simple six pulse line commutated converter is used as the harmonic source.
Its harmonic injection current of each harmonic level is given. The computing time,
the iterations, the harmonic bus voltage magnitudes and phase angles and the total har-
monic voltage distortion are calculated by each of two approaches. Then, the results

are compared to investigate the difference between two methods.

The computer which is used for the simulation has an 17 quad-core CPU with 3.4
GHz and a 12G RAM. Its operation system is Windows 8.

3.6.1 Power System and Harmonic Source

A simple five-bus power system is applied to the calculation as shown in Figure3.13
[45].

©

Figure 3.13: A five-bus power system

It has two generators which are located at bus one and bus two, respectively. Bus
one is regarded as the reference bus (slack bus). Bus two is a PV bus. Buses three and
four are both PQ bus. Bus five is a non-linear bus (PS). The bus data is presented in

Table 3.4 and the line and transformer data of this power system is shown in Table 3.5.

105



CHAPTER 3. REVIEW OF HARMONIC POWER FLOW EVALUATION

METHODS
Table 3.4: The bus data of a five-bus power system
Bus | Type | Voltage Load Generator
(p.u.) | MW | MVar | MVA | MW | MVar

1 | Slack 1.06 0.0 0.0 - - -
2 PV 1.046 | 20.0 | 10.0 - 40.0 -
3 PQ - 450 | 450 - 0.0 0.0
4 PQ - 400 | 5.0 - 0.0 0.0
5 PS - 60.0 - 65.0 | 0.0 0.0

“-” means the value needs to be calculated.

Table 3.5: The line and transformer data of a five-bus power system

Line No. Line data Transformer tap
From | To | R (p.u.) | X (p.u.) | B (p.u.) | Magnitude | Angle
1 1 2 0.02 0.06 0.06 1 0
2 1 3 0.08 0.24 0.05 1 0
3 2 3 0.06 0.18 0.04 1 0
4 2 4 0.06 0.18 0.04 1 0
5 2 5 0.04 0.12 0.03 1 0
6 3 4 0.01 0.03 0.02 1 0
7 4 5 0.08 0.24 0.05 1 0

A simple six pulse line commutated converter is applied as the harmonic source

which is located at bus five. The harmonic injection current for each harmonic level

(including fundamental frequency) is listed in Table 3.6. The highest harmonic order

of this converter is assumed 29,

Table 3.6: Harmonic currents generated by a simple six pulse line commutated con-

verter [11]

Harmonic | Magnitude | Angle | Harmonic | Magnitude | Angle
order‘h’ (p.u.) degree | order‘h’ (p-u.) degree

1 0.1 0 17 0.0059 0

5 0.02 0 19 0.0053 0

7 0.0143 0 23 0.0043 0

11 0.0091 0 25 0.004 0

13 0.0077 0 29 0.0034 0
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3.6.2 Results and Discussions

The Newton-Raphson method (NRM) spends 0.1813 seconds and generates 5 itera-
tions to accomplish the calculation. However the decoupled method (DM) only spends
0.0549 seconds to complete the calculation, and just generates 3 iterations in the end.
It indicates that the DM is much faster than the NRM with one simple harmonic source

in a five bus power system.

Because the bus voltage magnitude at the fundamental frequency is much bigger
than that at each harmonic frequency, the results of fundamental bus voltage magni-
tude generated by two methods are illustrated separately to the harmonic ones. The

fundamental ones are shown in Figure 3.14 below.

__NRM| |——DM|
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Figure 3.14: Fundamental voltage magnitudes generated by two methods

The results of fundamental bus voltage magnitudes calculated by two different
methods are nearly the same through the above two diagrams. Bus one is the slack
bus with fixed voltage magnitude. Bus two is PV bus and its voltage magnitude is also

fixed. Bus three gets the minimum voltage magnitude after the calculation.

The results of bus voltage magnitudes at higher harmonic frequencies (greater than
one) are denoted in the three dimension diagram shown in Figure 3.15. The horizon-
tal axis represents the harmonic frequencies, the vertical axis represents the voltage
magnitude and the depth axis represents the bus number.

The harmonic voltage magnitudes only exists at the 5, 7/%, 1172, 13" 17", 19",
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Figure 3.15: Harmonic voltage magnitudes generated by two methods
237 25" and 29'" harmonic orders. The harmonic voltage magnitudes at non-linear
bus five, generated by the harmonic source, are bigger than those at other buses except
the 5 harmonic voltage magnitude. At bus three it has the biggest value, 0.0059p.u..

The result errors between two different methods is shown in Figure 3.16 below.
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Figure 3.16: Voltage magnitude error between two different methods at all harmonic
frequencies

It shows that the results obtained by the DM are nearly the same with those gener-
ated by the NRM. However the voltage magnitudes at 13th and 15th harmonic orders
on bus five give obvious differences according to the above figure. Nevertheless, the

error values are only 0.0009p.u. and 0.001 p.u. which are acceptable.

108



CHAPTER 3. REVIEW OF HARMONIC POWER FLOW EVALUATION
METHODS

The bus voltage phase angles at all harmonic orders are illustrated in a 3D diagram
shown in Figure 3.17 below. The horizontal axis represents the harmonic orders, the

vertical axis represents bus voltage angles in degree and the depth axis represents the

bus number.
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Figure 3.17: Harmonic voltage phase angles generated by two methods (including
fundamental frequency)

It shows that most voltage phase angles at each bus fluctuate between 0° and
—132°. Moreover, most results achieved by two different methods are nearly the same.
However, several values are obviously different, especially at the 13", 23" and 29"
harmonic orders on bus one, the 7", 13" and 23" harmonic orders on bus two, the
11", 23 and 25 harmonic orders on bus three, the 117", 19" and 23" harmonic

orders on bus four and the 11" harmonic order on bus five.

The NRM and the DM generate nearly the same bus voltage magnitudes at all
harmonic levels (including fundamental frequency) on each bus. However, they give
different bus voltage phase angles at higher harmonic orders (excluding fundamental
frequency). The reason leads to these differences is that the DM calculates bus volt-
age magnitudes and phase angles using admittance-matrix-based equation I =Y xV
directly at each higher harmonic level without considering harmonic couplings, while
the NRM establishes them using whole iterative loop with considering harmonic cou-

plings. The bus voltage magnitude must converge to a specific value, while the phase
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angle rotates between —180° and 180°. Hence, different calculation methods may gen-

erate different phase angles at higher harmonic levels.

The total harmonic voltage distortions (7 HD,) generated by two different methods
are shown in Figure 3.18.
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Figure 3.18: Total harmonic voltage distortion

It indicates that two different methods give the same THD values from bus one
to bus four. But a mismatch that equals 0.0004p.u. exists on bus five, for the little
voltage magnitude differences exist at the 11/ and 13"* harmonic orders on bus five.
As mentioned in chapter 2, the THD only depends on the voltage magnitudes at all
harmonic levels on each bus. Hence, if the harmonic voltage magnitudes generated by

different methods are equal, the values of THD are also the same.

3.7 Conclusion

This chapter described several harmonic power flow evaluation methods. The Newton-

Raphson based algorithm is the first proposed method for the harmonic power flow
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evaluation. It provides an accurate calculation by considering the harmonic couplings.
However, it requires long computing time for a large power network with many non-

linear loads and strong harmonic couplings.

The decoupled approach was designed to overcome these problems. It considers
the harmonic injection currents generated by non-linear loads as the voltage indepen-
dent harmonic sources and it ignores the couplings between all harmonics. Hence, the
decoupled approach provides a faster calculation. But, it cannot obtain as accurate re-
sults as the Newton-Raphson based method. The author in [15] modified the decoupled

approach by reducing the Jacobian matrix, and finally got acceptable solutions.

The fast harmonic power flow formulation described in sub-section 3.4.3 is espe-
cially for a distribution system by applying the equivalent current injection and the
simple forward/backward sweep techniques. The fuzzy and probabilistic harmonic
power flow calculation approaches are both for the uncertain harmonic power flow

evaluations.

The last method mentioned in this chapter was the modular harmonic power flow
algorithm. It is a hybrid methodology with both time domain and frequency domain
computations to apply a faster and more flexible solution to the problem. The modular
approach facilitates the development of new component models and the formation of
a wide range of system configurations. It is also appropriate for an unbalanced system

with asymmetric loads.

Finally, the Newton-Raphson based method and the decoupled method were each
applied to a simple five bus power system with a six pulse line commutated converter
for harmonic power flow calculation. It was shown that the results calculated by the
decoupled method were almost the same as those calculated by the Newton-Raphson
based method. However, the Newton-Raphson method requires longer computing time

which is three times the decoupled method.
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Chapter 4

A Fast Hybrid Harmonic Power Flow
Calculation Method

4.1 Introduction

Several harmonic penetration evaluation methods were described in Chapter 3. They
have some shortcomings. They require long computing time especially for large power
systems with many non-linear loads. The Jacobian matrix needs to be calculated in
each iteration. It also leads to long computing time and makes the calculation process
more complicated. The convergence problem with poor initial value at fundamen-
tal frequency is a vital issue. The initial value at fundamental frequency is usually
randomly selected. If they are not close to the expected value. It leads to failure to
converge. 1.0p.u. is generally considered to be initial value according to the result of
experiment. However it still fails to converge especially in large power systems. In
addition, previous approaches are just applied to small or medium power systems with
single type of harmonic source and narrow harmonic frequency range (i.e. integer-

harmonics). This chapter will introduce a new method to solve these problems.

The new method is called fast hybrid method (FHM). It is a frequency domain
method. It is used to calculate steady state harmonic power flow in single phase bal-
anced power systems with discrete frequencies. Harmonic couplings are not consid-

ered in this proposed method. Each harmonic injection current of harmonic source is
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assumed to be known. The word “hybrid” represents the proposed method consists of
three methods: the secant method, the Newton-Downhill method and the decoupled
method.

The performance of this proposed method is illustrated by the block diagram shown

in Figure 4.1.

Initial
Values
(har)

Al=AY-AV

Newton-Downhill
Secant
Decoupled

Figure 4.1: The performance block diagram of the proposed method

As shown in Figure 4.1, the inputs (two guess values) enter the secant method first
in order to establish the initial values for the calculation at fundamental frequency. It
combines the Newton-Downhill and the decoupled method together to calculate the
power flow at fundamental frequency in order to reduce the calculation process and
converge successfully. If it converges, it moves to the next step. The initial values at
higher harmonic frequencies are included in the calculation. An admittance-matrix-
base equation is used to calculate the harmonic penetration directly. The detail will be

explained in the next several sections.

This chapter consists of five sections. The first section is the introduction. The
second and third section indicates the principle of the secant method and the Newton-
Downhill method respectively. Then the fourth section describes the fast hybrid method

in detail. Finally, the last section is the conclusion.
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4.2 Secant Method

The secant method is an iterative approach of solving non-linear equations. It uses a

succession of roots of secant lines to better approximate a root of non-linear function f.

It assumes a non-linear equation f(x) = 0. f(x) is continuous for interval [a,b].
Taking two initial guesses of this interval, x*~! and x* (where k represents the number
of iteration.) that make f(x*~!)f(x*) < 0, and drawing a straight line passing through
(=1, £(x*1)) and (&%, f(x*)), the intersection, x**'!, between the straight line and the
x-axis is regarded as an approximate solution for the non-linear equation f(x) = 0.
However, if f(x*=!) f(x*) > 0, the secant method may not achieve an approximate

solution. The secant line can be formulated by:

= f(x* 4.1
y= 0+ 4.1
Let y = 0, then the horizontal ordinate at the intersection, L s:
k_ k—1
P 65, k=1,2,.... 4.2)

fER) = f)

k—

where X! and x* are regarded as the two initial guesses and k represents the number

of iteration.

The secant method can be explained geometrically as shown in Figure 4.2. f(x) is
a non-linear equation and it is continuous for interval [a,b]. x* is the root of f(x) = 0.
Assume x*~! and x* are two initial guesses of interval [a,b]. if f(x*~1)f(x}) <0,
as shown in blue, one draws a straight line between (x*~!, f(x*=1)) and (x¥, f(x¥)),

k+1 s an approximate solution. However, if f(x*"1) f(x') > 0, as

the intersection, x
shown in red, drawing a straight line passing through (x*!, f(x*"1)) and (¥, f(xX)),

there is no intersection between the straight line and x-axis. Hence, it has no solution.
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y
f(x)
a
k—1
0 X

Figure 4.2: The geometrical expression of the secant method

4.3 Newton-Downhill Algorithm

Newton-Downhill algorithm is usually used in the optimization problem. It is well
known that in order to make the Newton-Raphson method converge, the initial itera-
tive value must be close to the expected value. However sometimes it is very difficult
to choose the initial value to meet the convergence conditions. Hence the Newton-

Downhill algorithm is provided to solve this problem with a large scale convergence

[1].

The Newton-Downhill algorithm is developed based on the Newton-Raphson method.
It introduces a downhill factor, A, to make the iterative process monotonic decrease,
that can be formulated by | f(x**1) | < | f(x*) | (where k represents the number of

iteration.), in order to improve the convergence and decrease the iterations.

As mentioned in chapter 3, the principle of the Newton-Raphson iterative approach

can be expressed mathematically as follow:

k
st =g S 4.3
7H) )
where ¥ ! is the next iterative approximate solution and k represents the number of

iteration.. The weighted average method is applied to equation 4.3. Then the Newton-
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Raphson approach is revised to:

xk+1 — lxk+1 + (1 —l)xk
f(xk) 4.4)
f1(x5)

where A is the downhill factor, and 0 < A < 1. Therefore, the equation 4.4 is defined

=x—2

as the mathematical expression of the Newton-Downhill algorithm [1, 2].

The downhill factor, A, plays a very important role in the Newton-Downhill algo-
rithm as it expands the convergence scale and decreases the iterations. Hence, it is
important to consider its value during the calculation. Normally, let A = 1 in the first
iteration, then the iterative approximate value x**! is achieved according to 4.4. If
| FOXKHY | < | £(x%) |, it moves to next iteration. Otherwise, the downhill factor, A,

is halved and x*t!

is re-calculated until the monotonic decrease of iterative process is
satisfied. Although the monotonic condition, | f(x**1) | < | f(x*) |, may not meet at

the beginning, as long as A is small enough, it can be achieved.

4.4 The Fast Hybrid Harmonic Power Flow Calcula-
tion Method

The fast hybrid harmonic power flow calculation method (FHM) is an improved it-
erative approach to calculate harmonic power flow in a power system. It uses the
admittance-matrix-based equation to calculate the harmonic power flow directly at
higher frequencies (4 > 1), which is similar to the decoupled method. However it
makes improvements in the harmonic power flow evaluation at the fundamental fre-
quency. It introduces the secant method to establish the iterative initial value in order
to tackle the convergence problem caused by the poor initial value. It then combines
the Newton-Downhill method and the decoupled harmonic power flow calculation ap-
proach to evaluate the harmonic penetration at fundamental frequency in power sys-
tems. It is proposed to make further efforts to solve the convergence problem and

accelerate the calculation. The basic idea and procedure are described as follow.
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4.4.1 Computation of Iterative Initial Value

The current balance for the fundamental frequency at each linear bus is indicated in

Figure 4.3 below.

1 4, @
Ly + 1

e Q)

PP —joM)

1

Figure 4.3: Current balance at a linear bus

Ir(}) and Ii(}) represent the fundamental real and imaginary line currents at the /'

linear bus. Pl(l) and Ql(l) denote the fundamental real and reactive powers at the same
*

bus. (\7l(l)> is the conjugate value of the fundamental bus voltage at bus /. The

subscripts r, i and [ represent the real and imaginary parts and the bus number. The

superscript (1) of all symbols represents the fundamental frequency. The upper wave

line of (\71(1)) represents that it is a vector and the asterisk means conjugate value.
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The fundamental current balance at each linear bus can be formulated as follow:

[ (1) _n(Dy ]
real((P’ - l]Ql )) o
( ))* 1(1)
ima ((P’(ILJ.Q’(I)) r({)
8 (‘7[(1>)* Il>l
: _ | 4.5)
@D _jolhy 7
real (~— =) rn
A 1)
. Pu —jOn L
lmag(%)

where [ - - - n represent the linear buses. The fundamental current balance at each non-
linear bus is described in equation 3.24 in chapter 3. Hence, the non-linear equation

f(x) in equation 4.2 can be expressed by

(1) _ M)
real ( w — (Ir(jc) + jlisjlc))) for linear bus
fx) = (Ve (4.6)
real <—(g$$c) + jgl(,l)) - (Ir(jc) + in(’)lC))) for non-linear bus

where subscript x of all symbols represents the bus number including both linear and

non-linear buses.

According to a simulation experiment, the value of the fundamental bus voltage
magnitude is usually between 0.5p.u. and 1.5p.u.. Hence the root of the non-linear
equation f(x) in equation 4.2 is in the interval [0.5,1.5] and f(x) is continuous for this
interval. Therefore, let 0.5 and 1.5 be the initial guesses for the secant method. If
£(0.5)f(1.5) > 0, make 0.5+0.1 and 1.5 — 0.1 and get two new further initial guesses
0.6 and 1.4. Then determine whether f(0.6)f(1.4) < 0. If not, the calculation of
this increase-decrease by 0.1 repeats until achieving two values a’ and b’ that satisfy
f(d)f(b') < 0. Then put these two values, @’ and #’, into equation 4.2 and the ex-
pected iterative initial value for the harmonic power flow calculation, x,,pecred, Can be

established by:
b —d

expecte :b/_— b/ 4.7
epered =0 gy~ pay ) D
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4.4.2 Computation of Harmonic Power Penetration

After introducing the Newton-Downhill method to the decoupled harmonic power
flow calculation approach, the mathematical equation used to evaluate the fundamental

power flow is revised as:

Ap"
0
AQ

where 6, | V |, P and Q represent the voltage phase angle, voltage magnitude, active

H(l) N(l)

Ap' ws)
f(l) Z(l) :

Am(l)

and reactive power respectively. H, N, K and L are the four sub-matrices of Jacobian
matrix. A represents the downhill factor. The superscript (1) of all symbols represents
the fundamental frequency and the upper straight line means that it is a matrix.

As the initial values of fundamental bus voltages, [Vl(l),Vz(l), e ,Vn(l)]T, are con-
sidered by the secant method, the fundamental active and reactive power mismatches
at each bus (except slack bus) can be calculated by:

AP = pr_y |1 Z ) cos 9(( ’])) Bgi)j) sin 9((,.2-)) (4.9)

(1) _ - (1) p(D) (1)
Yo} _QiP_|V| ; smG( 0 B(Lj)cose(l.’j)) (4.10)

where Gg )]) and BE )) represents the real and imaginary part of fundamental line ad-

mittance impedance between bus i and j respectively. 6((1)) represents the fundamental

voltage phase angle mismatch between bus 7 and ;.

Let A = 1 in the beginning. The correction vectors AE(I) and Am(l) can be estab-
lished by involving the calculated fundamental active and reactive power mismatches
in equation 4.8. Then the modified fundamental bus voltages can be achieved. By
putting these modified fundamental bus voltages into equations 4.9 and 4.10, the cor-
responding active and reactive power mismatches, APZ-(I)/ and AQEI)/, are calculated.
If | AW |>| AW | (where wt represents the fundamental power mismatch vec-
tor, [ ,AQ ]T), the downhill factor A is halved. The procedure above is repeated
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until | AW(U/ |<] AR |. After this, the final modified fundamental bus voltages are
regarded as the initial values for the next iteration of fundamental power flow calcula-

tion. The iteration stops when the following condition is satisfied:
max(] APV A0V APV A0V |) < 4.11)
where ¢ is usually set to be 107°.

At higher frequencies, the harmonic power flow problem can be solved by using the
admittance-matrix-based equation directly, which is the same as that in the decoupled

harmonic power flow calculation approach:
1" =y"y® (4.12)

Hence, the flow chart of the fast hybrid harmonic power flow calculation approach

is shown on the next page.
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4.5 Conclusion

This chapter introduced a fast hybrid harmonic power flow calculation method. Two
calculation steps were indicated. One is the calculation at fundamental frequency. The
other is the calculation at harmonic frequencies. In the first calculation step, the au-
thor used the secant method to establish the iterative initial values. It could make the
calculation converge successfully. It then combined the Newton-Downbhill and the de-
coupled method to simplify and accelerate the calculation. In the second calculation
step, the admittance-matrix-base equation was used to calculate the harmonic penetra-

tion.

This proposed method will be applied in several power systems with single type of
harmonic source in the next chapter. The results will be discussed and compared with
those generated by traditional methods to investigate whether the proposed method can

solve the convergence problem and be fast and accurate.
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Chapter 5

Harmonic Power Flow Evaluation in

Power Systems

5.1 Introduction

Chapter 4 proposed a fast hybrid method (FHM) to calculate static harmonic power
flow in power systems. It combined the secant method, the Newton-Downhill method
and the decoupled method to solve the convergence problem, reduce the number of
iterations and accelerate the computing time. In this chapter, the proposed method is
applied to 14-bus, 39-bus, 57-bus and 118-bus power systems respectively. The results
of computing time, the number of iterations, the fundamental and the higher harmonic
bus voltage magnitudes and the total harmonic voltage distortion are calculated. It also
establishes the total active and reactive powers at the sending end, the total active and
reactive powers at the receiving end and the total power losses on each branch respec-
tively. Then, these results are compared to those achieved by the Newton-Raphson
based method and the decoupled method to investigate whether the proposed method
can solve the convergence problem and accomplish the calculation quickly and accu-
rately. The computer which is used for the calculation has an 17 quad-core CPU with
3.4 GHz and a 12G RAM. The operation system is windows 8.

This chapter consists of seven sections. The first section is the introduction. The

second section introduces the harmonic source and iterative initial value. The next four
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sections are case studies with 14-bus, 39-bus, 57-bus and 118-bus power systems. Each
case study includes three sub-sections. Firstly, it introduces the power system with its
diagram. Then, it shows and discusses the simulation results. Finally, it compares the
results with those obtained by the other two methods. The final section is the result

discussion and summary.

5.2 Harmonic Source And Initial Value

5.2.1 Harmonic Source

Twelve-pulse and twenty-four-pulse converters are frequently specified by consulting
engineers for heating, ventilating and air conditioning applications because of their
theoretical ability to reduce harmonic current distortion [1-3]. Two six-pulse line-
commutated converters are regarded as harmonic sources in this chapter. The six-pulse
converter is a basic polyphase converter. It is mostly widely use converter in household
products. It generates more harmonic injection currents than the twelve and twenty-
four pulse converters. Hence, the harmonic penetration could be significant. These two
six-pulse converters are represented as six-pulse one and six-pulse two respectively.
The six-pulse one is the same converter as used in chapter 3 and its harmonic injection
current is shown in Table 3.6. The harmonic injection current for each harmonic level
(including the fundamental frequency) of the six-pulse two is illustrated in Table 5.1

below. The highest harmonic order of this converter is also assumed as the 29'".

Table 5.1: Harmonic currents generated by the six-pulse two [4]

Harmonic | Magnitude | Angle | Harmonic | Magnitude | Angle
order‘h’ (p.u.) degree | order‘h’ (p.w.) degree
1 1 0 17 0.0033 0
5 0.0191 0 19 0.0024 0
7 0.0131 0 23 0.0012 0
11 0.0072 0 25 0.0008 0
13 0.0056 0 29 0.0002 0
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5.2.2 Initial Values

The fundamental voltage magnitude and phase angle of the slack bus is known and is
kept constant during the iterative calculation. The fundamental voltage magnitudes of
the PV buses are specified. Hence it only assumes that the initial values of the funda-

mental voltage phase angles of these buses are 0.0 degrees.

0.5/0.0 and 1.520.0 in the interval [0.5, 1.5] are chosen to calculate the fundamen-
tal initial voltages of the PQ and PS buses by the proposed method. For the Newton-
Raphson and the decoupled methods, the initial fundamental voltage magnitudes for
both PQ and PS bus are assumed to be 0.5p.u., 0.6p.u., 0.7p.u., 0.8p.u., 0.9p.u.,
1.0p.u. and 1.5p.u. respectively. It is used to investigate the effects of initial values to
the convergence situation. Also, the initial fundamental voltage phase angles for these

buses are set to 0.0 degree.

It is necessary to consider the initial voltage magnitude for all higher harmonics
in the Newton-Raphson method. It is assumed that the initial value of each higher
harmonic order is reduced by 0.01p.u. than the previous one when the fundamental
one is assumed 1.0p.u.. The details are shown in Table 5.2 below. Also, the voltage

phase angles for all higher harmonics are set to 0.0 degree.

Table 5.2: Initial voltage magnitudes for all harmonics

Harmonic | |V | | Harmonic | |V | | Harmonic | |V |

order'h’ | (p.u.) | order‘h’ (p-u.) order‘h’ (p-u.)
2 0.09 11 0.009 22 0.0007
3 0.08 13 0.007 23 0.0006
4 0.07 14 0.006 25 0.0004
5 0.06 15 0.005 26 0.0003
7 0.04 16 0.004 28 0.0001
8 0.03 17 0.003 29 0.00009
9 0.02 19 0.001
10 0.01 20 0.0009
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5.3 Case One: In A 14-bus Power System

5.3.1 Power System Diagram

The diagram of an IEEE 14-bus power system is illustrated in Figure 5.1.

13

Figure 5.1: The diagram of an IEEE 14-bus power system

As shown in the figure, it has three transformers connected between bus five and
bus six, bus four and bus nine and bus four and bus seven. There are five generators
located at bus one, bus two, bus three, bus six and bus eight. Bus one is the slack
bus. The power system details are described in Appendix D. The bus data is shown
in Table D.1. The line and transformer data is shown in Table D.2. Two six-pulse
line-commutated converters are connected to bus five and bus nine that are represented

by red capital character ‘HS’.

5.3.2 Results And Discussion

The fast hybrid method (FHM) takes 0.0313 seconds and 4 iterations to accomplish

the harmonic power flow calculation.
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The results of the fundamental and the higher harmonic bus voltage magnitudes are

shown in Table 5.3 and they are illustrated in Figure 5.2 and 5.3 respectively.

Table 5.3: The fundamental and the higher harmonic bus

voltage magnitudes in per unit in a 14-bus power system

Order
Bus Ist 5th 7th 11th 13th
1 1.06 0.0006 0.0004 0.0004 | 2.14E-05
2 1.045 0.0009 0.0008 0.0014 0.0003
3 1.01 0.0015 0.0025 0.0002 | 1.21E-05
4 1.0247 0.0024 0.0014 0.0003 0.0003
5 1.0277 0.0033 0.0022 0.0011 0.0009
6 1.07 0.0001 0.0002 0.0001 4.9E-07
7 1.0744 0.0025 0.0014 0.0002 0.0003
8 1.09 0.0008 0.0005 | 7.73E-05 | 9.13E-05
9 1.0800 0.0037 0.0020 0.0006 0.0004
10 1.0709 0.0038 0.0027 0.0137 0.0008
11 1.0671 0.0021 0.0017 0.0112 0.0008
12 1.0570 0.0009 0.0060 0.0001 | 3.34E-05
13 1.0539 0.0015 0.0089 0.0001 | 2.69E-05
14 1.0509 0.0042 0.0135 0.0006 0.0002
Order
Bus 17th 19th 23rd 25th 29th

1 4.6E-05 | 4.86E-05 | 5.08E-05 | 5.54E-05 | 8.33E-05
2 5.75E-05 | 3.43E-05 | 1.5E-05 | 1.11E-05 | 7.53E-06
3 7.63E-06 | 4.65E-06 | 1.74E-06 | 1.12E-06 | 4.73E-07
4 0.0002 0.0001 | 6.94E-05 | 5.36E-05 | 3.2E-05
5 0.0006 0.0005 0.0004 0.0003 0.0002
6 2.68E-06 | 2.38E-05 | 3.64E-06 | 3.17E-06 | 2.53E-06

Continued on next page
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7 0.0001 0.0001 477E-05 | 3.2E-05 | 1.27E-05
8 4.88E-05 | 3.71E-05 | 1.56E-05 | 1.06E-05 | 4.2E-06
9 0.0002 0.0001 5.4E-05 | 3.35E-05 | 7.4E-06
10 6.29E-05 | 0.0006 | 1.95E-05 | 9E-06 1.28E-06
11 0.0003 0.0026 | 1.38E-05 | 3.97E-06 | 6.1E-07
12 1.58E-05 | 8.05E-05 | 2.19E-06 | 1.29E-06 | 6.07E-07
13 1.08E-06 | 5.03E-06 | 1.88E-07 | 1.7E-07 | 1.35E-07
14 3.65E-05 | 2.1E-05 | 4.83E-06 | 2.47E-06 | 3.9E-07

where the column represents the bus number and the row represents the harmonic or-

der.

The results of the fundamental bus voltage magnitudes are shown in Figure 5.2

below.
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s ™
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Figure 5.2: The fundamental bus voltage magnitude

The values of the fundamental bus voltage magnitudes fluctuate between 1.01p.u.

and 1.09p.u. according to the figure. The minimum value is 1.01p.u. at bus three, and
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the maximum value, 1.09p.u., occurs at bus eight. They are highlighted in yellow and

pink colour respectively in Table 5.3.

—_~
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Figure 5.3: The harmonic bus voltage magnitude

The values of the higher harmonic voltage magnitudes are illustrated in a three-
dimension diagram in order to investigate and compare the varying curve of each har-
monic order. The harmonic order goes up from inside to outside of the depth coordinate
as shown in Figure 5.3. The results of the first three higher harmonic orders, 5th th
and 117, are changed significantly on different buses. However the results of the other
harmonic orders are too small to be identified in the diagram, except the value on bus
11 of the 19" harmonic. The minimum and maximum value of each higher harmonic
order is also highlighted in yellow and pink respectively in Table 5.3. The maximum
bus voltage magnitude of the whole higher harmonic orders is 0.0137p.u., that occurs
on bus 10 in the 11" harmonic order. It is far less than the minimum fundamental

voltage magnitude, 1.01p.u..

The result of the total harmonic voltage distortion (THDv) in percentage is shown

in Table 5.4 and it is illustrated in Figure 5.4 below.
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Table 5.4: The total harmonic voltage distortion (THDv)

Bus 1 2 3 4 5 6 7

Percent | 0.08 | 0.18 | 0.29 | 0.27 | 0.42 | 0.03 | 0.27
Bus 8 9 10 11 12 13 14

Percent | 0.09 | 0.39 | 1.36 | 1.11 | 0.58 | 0.86 | 1.34
1.5+

A1.0—

50.5—

5 6 7 8 9 12 13 14

Node Number

10 11

Figure 5.4: The total harmonic voltage distortion

The maximum value of the THDv is 1.36% that is highlighted in pink colour in
Table 5.4. It is below the limit level of 3%, in Engineering Recommendation G5/4.

The results of the total active and reactive powers at both sending and receiving
ends (Ptotals, Qtotals, Ptotalr and Qtotalr) and the total power losses on each branch

(Ptotalloss) are shown in Table 5.5 and they are illustrated in Figures 5.5 to 5.7.

Table 5.5: The results of the total power flows

Sending End Receiving End | Total Power Losses
Line No. | P(p.u.) | Q (p.u.) | P(p.u.) | Q (p.u.) Ptotalloss (p.u.)
1 1.5648 | -0.2031 | 1.5220 | -0.2751 0.0428
2 0.7589 | 0.0002 | 0.7312 | -0.0607 0.0277

Continued on next page
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3 0.7291 | 0.0359 | 0.7061 | -0.0148 0.0230
4 0.5626 | -0.0566 | 0.5457 | -0.0715 0.0169
5 0.4134 | -0.0362 | 0.4044 | -0.0263 0.0089
6 -0.2359 | 0.0036 | -0.2396 | 0.0075 0.0037
7 -0.6304 | 0.1365 | -0.6357 | 0.1198 0.0053
8 -0.2910 | 0.1448 | -0.2910 | 0.1257 0.0000
9 -0.1675 | 0.0504 | -0.1675 | 0.0358 0.0000
10 -0.4239 | -0.1196 | -0.4239 | -0.1623 0.0000
11 0.0647 | -0.0148 | 0.0644 | -0.0157 0.0004
12 0.0752 | 0.0187 | 0.0746 | 0.0173 0.0006
13 0.1719 | 0.0460 | 0.1701 | 0.0423 0.0018
14 0.0000 | -0.0949 | 0.0000 | -0.0962 0.0000
15 0.2910 | -0.0500 | 0.2910 | -0.0583 0.0000
16 0.0611 | 0.0928 | 0.0608 | 0.0917 0.0003
17 0.1024 | 0.0686 | 0.1007 | 0.0650 0.0017
18 -0.0292 | 0.0340 | -0.0294 | 0.0336 0.0001
19 0.0136 | 0.0013 | 0.0136 | 0.0013 0.0000
20 0.0487 | -0.0143 | 0.0483 | -0.0151 0.0004
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Figure 5.5: The total active powers at both sending and receiving ends
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Figure 5.6: The total reactive powers at both sending and receiving ends
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Figure 5.7: The total active power losses

The black and red rectangular column represents the powers at sending and receiv-
ing end respectively in Figures 5.5 and 5.6. They are both illustrated in one diagram
in order to compare the results at different ends. As shown in Figure 5.5, if the val-
ues (both of two different columns) are positive, it denotes that the active powers flow
from the sending ends to the receiving ends; otherwise, the active powers flow in the
opposite way. In Figure 5.6, if the results are positive, it means that the buses (sending
and receiving ends) generate reactive powers; otherwise, they absorb reactive powers.
Hence the total active and reactive power flows in the power system can be investi-
gated. Figure 5.7 represents the total power losses on each branch. It denotes that
more power losses are produced on the first seven branches. However, the maximum
value is only 0.0428p.u.. The sending and the receiving ends buses are denoted in
Table D.2 in Appendix D. The total active and reactive powers at both sending and
receiving ends and the total power losses are the sum of values in all harmonic orders
respectively. The calculations of the 4" harmonic active and reactive power flow are

denoted in Appendix C.
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5.3.3 Results Comparison

The computing time, the number of iterations and the convergence conditions calcu-
lated with different initial values are described in Table 5.6. In the columns of conver-
gence conditions, ‘Yes’ represents that it can converge, while ‘No’ indicates the con-
vergence has failed. It is assumed if the calculation is not finished when the iterations
exceed 3000, then it is regarded as not converged. NRM, DM and FHM represent
the Newton-Raphson based, the decoupled and the fast hybrid harmonic power flow
calculation methods. The computing time and the number of iterations are counted

separately during the calculation, as there is no necessary relationship between them.

Table 5.6: Computing time, iterations and convergence conditions comparison

Initial Values Computing Time (s) Iterations Convergence Conditions

(p.u.) NRM | DM | FHM | NRM | DM | FHM | NRM | DM FHM

1.5 2.6963 | 0.0229 | 0.0313 10 4 4 Yes | Yes Yes

| 0.3919 | 0.0782 | 0.0313 10 3 4 Yes | Yes Yes

0.9 0.3105 | 0.0267 | 0.0313 11 3 4 Yes | Yes Yes

0.8 0.2633 | 0.0233 | 0.0313 10 4 4 Yes | Yes Yes

0.7 0.2553 | 0.0254 | 0.0313 10 5 4 Yes | Yes Yes

0.6 0.3496 | 0.0315 | 0.0313 15 15 4 Yes | Yes Yes

0.5 0.0313 4 No No Yes

These show that all the three different harmonic power flow calculation methods
converge when the initial bus voltage magnitudes are assumed to be 0.6, 0.7, 0.8, 0.9,
1.0 and 1.5p.u. respectively. The NRM and the DM generate different computing time
and number of iterations with different initial values. However the results of the com-
puting time and the number of iterations obtained by the FHM are consistent, which
indicates that the calculation proceeding of the FHM is not affected by the selection
of initial value. The NRM takes more computing time and number of iterations to
accomplish the calculation than the other two methods. Especially when the initial
value is 1.5p.u., the computing time of the NRM is 2.6963 seconds that is one hundred
times the other two. When the initial value is set to be 1.5p.u., 0.9p.u., 0.8p.u. and
0.7p.u., the DM accomplishes the calculation faster than the FHM. However, the FHM

shows its advantage when the initial values are 0.6p.u. and 0.5p.u. respectively. Only
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the FHM is able to converge to a solution when the initial value is 0.5p.u.. Though it
seems that the DM is faster than the FHM when the initial value is between 0.7 p.u. and
1.5p.u., the difference is very small which is in the order of 10~*. Hence the FHM is a
better choice, as it makes the calculation converge with any initial voltage magnitude

and has nearly the same calculation speed as the DM.

As mentioned in the beginning of this chapter, the author intends to compare the
results generated by three different methods to investigate the calculation accuracy of
the proposed method. Hence the result differences between each method are illustrated
and are represented by “ERROR” in the charts of results. The result achieved by the
NRM are regarded as the reference value because of its well-known accuracy. More-
over, it is implemented in MATLAB tool package which can be used directly. As a
result, the values of ERROR_I represent the result differences between the DM and
the NRM. ERROR 2 represents the result differences between the FHM and the NRM.

The result differences of the fundamental bus voltage magnitudes between each

method are illustrated in Figure 5.8 below.
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Figure 5.8: The result differences of the fundamental voltage magnitude

The values of ERROR_1 and ERROR 2 are represented by black circles and red
crosses respectively in the diagram. It shows that the curves of the ERROR_1 and
the ERROR 2 coincide with each other. Hence, the fundamental voltage magnitudes
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generated by the FHM are the same as those achieved by the DM. The FHM has the
same calculation accuracy of the fundamental voltage magnitudes as the NRM, for the

maximum error between these two methods is only 3.58¢ 7% that can be ignored.

As mentioned in previous chapter, the FHM calculates higher harmonic voltage
magnitudes by the admittance-matrix-based equation directly, which is the same as the
DM. Hence, if the results of the fundamental voltage magnitudes generated by these

two methods are equal, the higher harmonic voltage magnitudes are also equal.

The result differences of the total harmonic voltage distortion, the total active and
reactive powers at both sending and receiving ends and the total power losses on each
branch between three different methods are illustrated in the same way as the funda-
mental voltage magnitudes, and they are shown in Figures F.1 to F.4 in Appendix F.

The maximum difference of each result category is summarized in Table 5.7 below.

Table 5.7: The maximum difference of each result category
THDv Ptotals Ptotalr Qtotals
ERROR_1 | 0.0012p.u. | —6.75¢ > p.u. | —5.88¢ > p.u. | —9.81e > p.u.
ERROR 2 | 0.0012p.u. | —6.75¢ > p.u. | —5.88¢>p.u. | —9.81ep.u.
Qtotalr Ptotalloss
ERROR_1 | 0.0001p.u. | —8.72¢ %p.u.
ERROR 2 | 0.0001p.u. | —8.72¢ ®p.u.

where the THDyv, Ptotals, Ptotalr, Qtotals, Qtotalr and Ptotalloss represent the total
harmonic voltage distortion, the active powers at both sending and receiving ends, the
reactive powers at both sending and receiving ends and the total power losses on each
branch respectively. The positive value represents the result achieved by the DM or
FHM is larger than the reference value, while the negative value represents it less than

the base value.

The figures F.1 to F.4 show that the values of ERROR_1 and ERROR 2 also coin-
cide with each other. It means that the FHM generates the same results as the DM. As
shown in Table 5.7, the maximum differences of Ptotals, Ptotalr, Qtotals and Ptotalloss
are in the order of 107 and 10~7, which are so small that they can be ignored. Though
the THDv and the Qtotalr have the differences in the order of 10~* and 107>, they are
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still acceptable. Hence, the FHM has the same result accuracy with the NRM on these

result categories.

5.4 Case Two: In A 39-bus Power System

5.4.1 Power System Diagram

The diagram of the New England 39-bus power system is illustrated in Figure 5.9.

Figure 5.9: The diagram of the New England 39-bus power system

It shows that there are twelve transformers connected between bus 30 and bus 2,
bus 37 and bus 25, bus 6 and bus 31, bus 11 and bus 12, bus 12 and bus 13, bus 32 and
bus 10, bus 34 and bus 20, bus 20 and bus 19, bus 33 and bus 19, bus 36 and bus 23, bus
22 and bus 35 and bus 38 and bus 29. Ten generators are located at bus 30, bus 39, bus
37, bus 38, bus 35, bus 36, bus 33, bus 34, bus 32 and bus 31 respectively. Bus 31 is
regarded as the reference bus. The power system details are described in Appendix D.
The bus data is shown in Table D.3. The line and transformer data is shown in Table
D.4. Two six-pulse line-commutated converters are connected to bus 23 and bus 29

that are represented by red capital character ‘HS’.
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5.4.2 Results And Discussion

The FHM takes 0.069 seconds and 4 iterations to accomplish the harmonic power flow

calculation with the New England 39-bus power system.

The resutls of the fundamental and the higher harmonic bus voltage magnitudes
are not necessary to be shown in the table, for it is in the same way as Table 5.3 in
previous section. The results are illustrated in Figures 5.10 and 5.11 directly. However,
the maximum and minimum values of each harmonic order (including the fundamental

frequency) for all buses are denoted in Table 5.8.
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Figure 5.10: The fundamental bus voltage magnitude
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Figure 5.11: The harmonic bus voltage magnitude
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Table 5.8: The maximum and minimum values of the fundamental and the higher
harmonic voltage magnitudes in a 39-bus power system
Max Min

Order | Bus | Mag. (p.u.) | Bus | Mag. (p.u.)
Ist 23 1.0704 31 0.982
5th | 28 0.0011 24 1.87E-05
7th 28 0.0015 33 | 7.06E-06

11th | 28 0.0003 9 1.55E-07
13th | 29 0.0002 39 1.36E-09
17th | 29 | 8.13E-05 9 2.17E-10
19th | 23 | 6.43E-05 8 6.79E-11
23rd | 22 | 5.62E-05 9 2.44E-12
25th | 22 | 6.54E-05 9 3.77E-12
29th | 22 0.0001 29 | 2.69E-12

The fundamental bus voltage irregularly fluctuates between 0.982p.u. and 1.0704p.u.
as shown in Figure 5.10. The maximum value, 1.0704 p.u., occurs on bus 23, while the
minimum value, 0.982p.u., is on bus 31, which is indicated in Table 5.8. The values
of the higher harmonic voltage magnitudes are also illustrated in a three-dimension
diagram as shown in Figure 5.11 in order to investigate and compare the varying curve
of each harmonic order. It shows that the bus voltages of the 5 and 7" harmonic or-
ders are changed significantly. The variation then reduces with increasing of harmonic
order. However, the bus voltage magnitudes on bus 22 and bus 35 are still visible at
the 29'" harmonic order. The maximum bus voltage magnitude of the whole higher
harmonic orders is 0.0015p.u., that occurs on bus 28 at the 7t" harmonic order and is
highlighted in pink colour in Table 5.8. It is far less than the minimum fundamental

voltage magnitude, 0.982p.u..

The result of the total harmonic voltage distortion (THDvV) is shown in Table 5.9

and it is illustrated in Figure 5.12 below.
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Table 5.9: The total harmonic voltage distortion (THDv)
Bus 1 2 3 4 5 6 7 8

Percent | 0.06 | 0.05 | 0.04 | 0.05 | 0.00 | 0.00 | 0.02 | 0.02
Bus 9 10 11 12 13 14 15 16
Percent | 0.02 | 0.00 | 0.01 | 0.06 | 0.01 | 0.03 | 0.05 | 0.01
Bus 17 18 19 20 | 21 22 | 23 24
Percent | 0.05 | 0.05 | 0.01 | 0.01 | 0.07 | 0.05 | 0.07 | 0.00
Bus 25 26 27 28 29 30 31 32
Percent | 0.07 | 0.09 | 0.11 | 0.18 | 0.13 | 0.04 | 0.00 | 0.00
Bus 33 34 35 36 37 38 39
Percent | 0.00 | 0.01 | 0.04 | 0.03 | 0.05 | 0.10 | 0.02
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0.10 4

Percentage (%)
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Figure 5.12: The total harmonic voltage distortion

The results in Table 5.9 are approximate values, which are kept three significant
figures. Hence, even the value of table is 0.00%, e.g. the THDv value on the bus 5,
it may not equal zero and can be illustrated in diagram. The maximum value of the
THDv is 0.18% that is highlighted in pink colour in Table 5.9. It is below the limit
level of 3%, in Engineering Recommendation G5/4.
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The results of the total active and reactive powers at both sending and receiving
ends (Ptotals, Qtotals, Ptotalr and Qtotalr) and the total power losses on each branch
(Ptotalloss) can be shown in the same way as Table 5.5 in the previous section. Hence,

they are illustrated in Figures 5.13 to 5.15 directly.
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Figure 5.13: The total active powers at both sending and receiving ends
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Figure 5.14: The total reactive powers at both sending and receiving ends
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Figure 5.15: The total active power losses

As mentioned in the previous section, in Figure 5.13, if the values (both of two
different columns) are positive, it denotes that the active powers flow from the sending
ends to the receiving ends; otherwise, the active powers flow in the opposite way. In
Figure 5.14, if the results are positive, it means that the buses (sending and receiving
ends) generate reactive powers; otherwise, they absorb reactive powers. Hence the
total active and reactive power flows in the power system can be investigated. The

maximum power loss is 0.0528p.u. that is on the 46! branch.

5.4.3 Results Comparison

The computing time, the number of iterations and the convergence conditions calcu-
lated with different initial values are illustrated in Table 5.10 below. As mentioned in
the previous section, the NRM, the DM and the FHM represent the Newton-Raphson
based, the decoupled and the fast hybrid method respectively. ‘Yes’ and ‘No’ in con-
vergence conditions category represent it converged and non-converged respectively.
The computing time and the number of iterations are counted separately during the

calculation.
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Table 5.10: Computing time, iterations and convergence conditions comparison

Initial Values Computing Time (s) Iterations Convergence Conditions
(p.u.) NRM | DM | FHM | NRM | DM | FHM | NRM | DM FHM

1.5 1.3500 | 0.0602 | 0.0690 9 4 4 Yes | Yes Yes

1 1.9609 | 0.1017 | 0.0690 | 19 3 4 Yes | Yes Yes
0.9 1.6721 | 0.0739 | 0.0690 13 4 4 Yes | Yes Yes
0.8 1.7975 | 0.0617 | 0.0690 | 14 4 4 Yes | Yes Yes
0.7 1.5052 | 0.0680 | 0.0690 12 5 4 Yes | Yes Yes
0.6 1.8446 | 0.0875 | 0.0690 | 16 8 4 Yes | Yes Yes
0.5 0.0690 4 No No Yes

These show the NRM, the DM and the FHM all converge when the initial values
are from 0.6p.u. to 1.5p.u.. The NRM and the DM generate different computing time
and number of iterations with different initial values. However, the results of the com-
puting time and the number of iterations achieved by the FHM are consistent, which
indicates that the FHM is not affected by the selection of initial value. The DM and
the FHM are 25 times faster than the NRM. They generate less number of iterations,
especially when the initial values are 1p.u. and 0.6p.u.. The DM is a little bit faster
than the FHM when the initial values are 1.5p.u., 0.8p.u. and 0.7p.u.. However, the
difference is very small which is only in the order of 1073 or less. Hence the FHM
performs better than the DM in the whole range of initial values. Moreover it is the

only one converged successfully when the initial value is 0.5p.u..

The result differences of the fundamental bus voltage magnitudes, the total har-
monic voltage distortion, the total active and reactive powers at both sending and re-
ceiving ends and the total power losses on each branch between the NRM, the DM
and the FHM are calculated to investigate the result accuracy of the FHM. They are
illustrated in the same way as the figure of the fundamental bus voltage magnitude in a
14-bus power system. They are shown in Figures F.5 to F.9 in Appendix F. The result
achieved by the NRM are also regarded as the reference value. As a result, the values
of ERROR_1 and ERROR_2 respectively represent the result generated by the DM mi-
nus the reference value and the result obtained by the FHM minus the reference value.

The maximum difference of each result category is summarized in Table 5.11 below.
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Table 5.11: The maximum difference of each result category
THDv Ptotals Ptotalr Qtotals
ERROR_1 | 85¢ %pu. | —3.2¢pu. | =3.3¢pu. | =5.6¢p.u.
ERROR 2 | 85¢ %pu. | —3.2¢epu. | =3.3¢ p.u. | =5.6¢>p.u.
Qtotalr Ptotalloss v
ERROR_1 | —5.7¢p.u. | 2.85¢ "p.u. 9.82¢~7
ERROR 2 | —5.7¢ p.u. | 2.85¢ " p.u. 9.82¢~7

where the | V |(1), THDv, Ptotals, Ptotalr, Qtotals, Qtotalr and Ptotalloss represent

the fundamental voltage magnitude, the total harmonic voltage distortion, the total ac-

tive and reactive powers at both sending and receiving ends and the total power losses
on each branch respectively. The positive and negative values represent the result gen-

erated by the FHM or DM is larger and less than the reference value respectively.

As shown in Figures E.5 to F.9, the curves of ERROR_1 and ERROR 2 coincide in
each figure. It means that the FHM generates the same results as the DM. Table 5.11
indicates that the maximum difference of each result category is in the order of 1079,
1075 and 1073 respectively, which is so small that it can be ignored. Hence, the FHM
has the same result accuracy as the NRM, for the base value is the result obtained by
the NRM.

5.5 Case Three: In A 57-bus Power System

5.5.1 Power System Diagram

The diagram of an IEEE 57-bus power system is shown in Figure 5.16 below. It illus-
trates that seven generators are located at bus 1, bus 2, bus 3, bus 6, bus 8, bus 9 and bus
12 respectively. There are a total of seventeen transformers connected in the branches.
Bus 1 is regarded as the slack bus. The bus data and the line and transformer data are
respectively illustrated in Table D.5 and Table D.6 in Appendix D. Two six-pulse line
commutated converters are connected to bus 15 and bus 29 that are represented by red

capital character ‘HS’.
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Figure 5.16: The diagram of an IEEE 57-bus power system [5]

5.5.2 Results And Discussion

The fast hybrid method (FHM) takes 0.1045 seconds and 3 iterations to accomplish the
harmonic power flow calculation with an IEEE 57-bus power system. The results of the
fundamental and the higher harmonic bus voltage magnitudes are illustrated in Figures
5.17 and 5.18 directly, and the maximum and minimum values of each harmonic order

(including the fundamental frequency) for all buses are denoted in Table 5.12, which

is the same as the previous section.
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Figure 5.17: The fundamental bus voltage magnitude
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Figure 5.18: The harmonic bus voltage magnitude

Table 5.12: The maximum and minimum values of the fundamental and the higher
harmonic voltage magnitudes in a 57-bus power system
Max Min

Order | Bus | Mag. (p.u.) | Bus | Mag. (p.u.)
Ist 47 1.0641 32 0.9133
Sth 54 0.0075 17 1.66E-05
7th | 29 0.0024 7 2.92E-06
11th | 52 0.0019 3 8.13E-06
13th | 28 0.0015 19 | 5.31E-06
17th | 26 0.0042 37 1.13E-06
19th | 55 0.0025 33 | 3.63E-07
23rd | 45 0.0006 57 1.91E-08
25th | 24 0.0003 43 9.4E-09
29th | 16 0.0001 51 2.6E-10

As shown in Figure 5.17, the fundamental bus voltage magnitude irregularly fluctu-
ates around 1.0p.u.. The maximum value is 1.0641p.u., that is on the bus 47, while the

minimum value is 0.9133p.u., that occurs on the bus 32, according to Table 5.12. The
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results of the higher harmonic voltage magnitudes are illustrated in a three-dimension
diagram that is shown in Figure 5.18. It indicates that the bus voltage magnitudes have
visual fluctuation at most of harmonic orders, which is different to the values achieved
in 14 and 39-bus power systems. It represents that the harmonic injection currents
located on the bus 15 and 29 have a great impact on the voltage magnitudes of other
buses at most of harmonic orders. However, the variation begins to reduce when the
harmonic order is 23", The maximum bus voltage magnitude of the whole higher har-

monic orders is 0.0075p.u., that is on the bus 54 at the 5" harmonic order.

With increasing of the bus numbers, the table scale that is shown the result of the
total harmonic voltage distortion (THDv) also rises. As it has the same format as
Tables 5.9 and 5.4, the result of the THDv is directly illustrated in Figure 5.19 below.
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Figure 5.19: The total harmonic voltage distortion
The maximum value of the THDv calculated in a 57-bus power system is 0.78%,
that occurs on the bus 53. It is below the limit level of 3% in Engineering Recommen-

dation G5/4.

The results of the total active and reactive powers at both sending and receiving
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ends (Ptotals, Qtotals, Ptotalr and Qtotalr) and the total power losses on each branch
(Ptotalloss) can be expressed in the same way as Table 5.5. Hence they are illustrated
in Figures 5.20 to 5.22 directly.
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Figure 5.20: The total active powers at both sending and receiving ends
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Figure 5.21: The total reactive powers at both sending and receiving ends
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Figure 5.22: The total active power losses

As mentioned before, the active powers, also the reactive powers, at the sending and
the receiving ends are respectively represented in black and red bar in a single diagram.
For the active powers, if the values (both of two different columns) are positive, it
denotes that they flow from the sending ends to the receiving ends; otherwise, they
flow in the opposite way. For reactive powers, if the results are positive, it means
that the buses (sending and receiving ends) generate reactive powers; otherwise, they
absorb reactive powers. Hence, the total active and reactive power flows in the 57-bus
power system can be visually explained. The maximum power loss, 0.0361 p.u., occurs

on the 8 branch, as shown in Figure 5.22.

5.5.3 Results Comparison

The computing time, the number of iterations and the convergence conditions calcu-
lated in the 57-bus power system with different initial values are illustrated in Table
5.13 below. Each symbol has the same meaning as Tables 5.6 and 5.10 denoted in the

previous two sections.
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Table 5.13: Computing time, iterations and convergence conditions comparison

Initial Values Computing Time (s) Iterations Convergence Conditions

(p.u.) NRM | DM | FHM | NRM | DM | FHM | NRM | DM FHM
1.5 8.0009 | 0.1543 | 0.1045 8 4 3 Yes | Yes Yes

1 8.0812 | 0.0974 | 0.1045 9 3 3 Yes | Yes Yes
0.9 5.5704 | 0.1077 | 0.1045 6 3 3 Yes | Yes Yes
0.8 4.8559 | 0.1394 | 0.1045 5 4 3 Yes | Yes Yes
0.7 8.3805 | 0.1508 | 0.1045 9 5 3 Yes | Yes Yes
0.6 6.7363 | 0.1814 | 0.1045 7 7 3 Yes | Yes Yes
0.5 0.1045 3 No No Yes

They show that the NRM, the DM and the FHM accomplish the calculation with no
convergence problems when the initial values are from 0.6p.u. to 1.5p.u.. The NRM
and the DM generate different computing time and number of iterations with different
initial values. However, the results of the computing time and the number of iterations
obtained by the FHM are fixed at 0.0690 seconds and 4 respectively, no matter what
initial value is. It indicates that the calculation procedure of the FHM in the 57-bus
power system is not influenced by the selection of the initial value, either. The FHM
performs best in this range of initial values though it is a little bit slower than the DM
when the initial value is 1.0p.u.. Moreover the FHM is the only method that converged

successfully when the initial value is 0.5p.u..

In order to investigate the result accuracy of the FHM, the result differences of the
fundamental bus voltage magnitudes, the total harmonic voltage distortion, the total
active and reactive powers at both sending and receiving ends and the total power
losses on each branch between three different methods (the NRM, the DM and the
FHM) are involved to achieve the purpose. They are illustrated in the same format as
the figure of the fundamental bus voltage magnitude in a 14-bus power system. Their
diagrams are shown in Figures F.10 to F.14 in Appendix F. However, the maximum

difference of each result category is summarized in Table 5.14 below.
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Table 5.14: The maximum difference of each result category
THDv Ptotals Ptotalr Qtotals
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