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ABSTRACT

A non-linear load draws non-sinusoidal current that consists of frequencies that are
multiples of the fundamental frequency. This is the basis of harmonics and it creates
distortions when interacting with power systems. In medium voltage systems, loads
are always balanced due to the presence of power transformers of delta-wye winding
configuration, by which the triplen harmonics currents only circulate at the delta
winding of transformer, unable to reach the load. However, in low voltage systems,
loads remain unbalanced. Generators are found to be a source of third harmonics and
factors influencing the production include slot skew, distribution factor and pitch
factor. The objective of this project is to study the characteristics of third harmonics
characteristics when unbalanced load is introduced into the system. In order to obtain
the relevant data for analysis purposes, lab-scale experiments are conducted by using
the equipments that are readily available in the laboratory. The scope of the lab
experiments include performing experiments using balanced load as reference value,
and unbalanced load, which are relevant with the project’s objectives. Upon
investigation, at fundamental frequency, when load impedance increases, voltages
for all forms of loads at generator and load side showed minimal fluctuations and
current magnitude decreases. Meanwhile, at third harmonics frequency, the neutral
current carries the highest current magnitude. As load impedance increases, the
magnitude of current decreases. Also, voltage differences when load impedance
increased are minimal. Analysis for the result was conducted using per-phase and
symmetrical component method, with the former method being a better method for

analysis. Cross-coupling phenomenon was also discovered for resistive loads.
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CHAPTER 1: INTRODUCTION

1.1 Background

By taking a common AC power system for example, the current that flows has a
sinusoidal variation at frequencies of usually 50 or 60 Hz. Whenever a load is
applied to the system, the load draws current. If the load is a linear load, the current
drawn is sinusoidal and with the same frequency to the system’s voltage. One

example of linear loads includes fluorescent lamps.

However, if the system is connected to a non-linear load, the current drawn may not
necessarily be sinusoidal. Non-linear loads include computers and variable speed
drives. The load can be considered to be non-linear when its impedances vary with
the applied voltage. The current waveform and waveform complexity that is drawn
by the load depends on the load characteristics such as its type. The non-linear loads
then produce frequencies that are multiples of the fundamental frequencies of 50 or
60 Hz. This phenomenon is called as harmonics. Harmonic currents can create
voltage distortions by means of interaction with the power system’s impedances.
Voltage distortions will then affect the power system and the loads that are connected
to it.

Studies have found that apart from non-linear loads, generators are also another
source of the production of third harmonics. The production is influenced by several

factors, namely slot skew, pitch factor as well as distribution factor.

Meanwhile, currents that are viewed as multiple values of the fundamental frequency
are known as harmonics currents. Usually, the harmonics are odd numbers, e.g. 3",
7™ 9" order and so on, because under symmetry waveforms, the even harmonics do
not exist. In addition to that, harmonics currents that have the frequency of multiples
of 3 are called triplen harmonics currents. Such examples include 3, 9" and 15"

harmonics etc.



1.2 Problem Statement

Tracing back its origins from synchronous generators, third harmonics current flows
at a continuous basis. Then, it flows back to its neutral point via neutral or ground
path. Loads remain unbalanced when it comes to low voltage systems. Hence, a
study regarding third harmonic current characteristics from salient pole synchronous
generator during unbalanced load is necessary to be done. Other harmonic levels
such as 5™, 7" and etc. are not considered in the study since the current contribution

of third harmonics make up the majority of total harmonic distortion in the system.

1.3 Objectives/Scope of Project

The objectives of this project:

1. To study the characteristics of third harmonic voltage & current from salient pole
synchronous generator during balanced load condition

2. To study the characteristics of third harmonic voltage & current from salient pole
synchronous generator during unbalanced load condition.

The project also aims to compare the best method for result analysis, either by using

per-phase method or symmetrical component method.

The scope of the project involves only steady-state studies when synchronous

generator operating at normal operation without saturation.



CHAPTER 2: LITERATURE REVIEW

2.1 Overview

Universiti Teknologi PETRONAS (UTP) has pursued innovation by making
use of the abundance of natural gas in Malaysia by generating its own electricity. The
Gas District Cooling (GDC) plant supplies electricity as well as chilled water for the
air conditioning system of the academic and Chancellor Complex. GDC houses two
units of gas turbine generators (GTG) that are able to produce electricity up to
4.2 MW for each unit. Meanwhile, a precaution that was exercised by this medium
voltage network in case of emergencies such as power trip is that the network is
connected to the national utility network. On a normal daily basis, the plant runs in
island mode. As mentioned, in the case of emergencies or maintenance works, the
network can be connected in parallel to the utility network in order to add on

electricity to meet user demands [1].

Both GTG units are connected to ground by means of using neutral earthing
resistors (NER) rated at 31.75 Q, 200 Amps for 10 seconds. These NERs are
grounded individually for both GTG units. The specifications of both NERs are
according to IEEE 32-1972 standards. It specifies that during a specific short time
period, the temperature rise should not go beyond 760 °C and they are not designed

to withstand continuous current flows of any values [2].

It has been reported that there has been cases of the NER being overheated.
Upon inspection, it was found that the cause was third harmonics currents flowing
through the NER. Some reported cases also found that this cause have made NER
fail to function [3]. Besides that, during parallel resonance mode, damage can be

inflicted to the wye connected power capacitors due to high third harmonics currents

[4].



2.2 Third/Triplen Harmonics

With the increase of the harmonics order, the subsequent effect would be a
reduction of the third harmonic current’s magnitude. This constitutes that the third
harmonics current makes up a large portion of triplen harmonics current, with its

magnitude affected by both third harmonic zero sequence impedance and voltage [5].

Under balanced conditions, third harmonics currents at the neutral is equal to
three times the phase triplen harmonics currents due to all third harmonics currents
for all phases being added up at the neutral. As such, triplen harmonics currents rise
rapidly as an islanded generator is connected to the grid. This resulted from the
utility power supply acting as a source of short circuit or low zero sequence
impedance [6]. In contrast of zero sequence inductive reactance clamping down third
harmonics current, zero sequence capacitive reactance offers lesser zero sequence
impedance. When this comes into effect, generators in islanded mode which have
system capacitances directly connected to them will provide a zero sequence path for
the triplen harmonics currents to return to the neutral point of the generator [7].

Studies have shown that there are several ways to limit the effects of triplen
harmonics currents. Firstly, triplen harmonics currents production can be restricted
by identifying the source, whether from the generator or non-linear load. As
discussed in [5], [6], using armature winding pitch of 2/3 for the generator will result
in the production of smaller magnitude of triplen harmonics currents. Meanwhile,
triplen harmonics currents production by non-linear loads can be halted by harmonics
suppression method [8], [9]. Another method discussed is by using the correct
method of grounding for the system, which will increase the network’s zero sequence
impedance [5]. Finally, triplen harmonics currents can be shunted to earth, which

stops the propagation into the network by using a zig-zag transformer [5].

2.3 Salient pole generators

When a DC current is applied to the rotor winding of a synchronous
generator, the resultant effect would be a rotor magnetic field. Then, a prime mover
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turns the rotor, which in turn creates a magnetic field in the generator. When this
magnetic field is cut, there will be three phase voltages induced at the 3 phase

armature windings of the stator.

To put it simply, the rotor of a generator is actually a large electromagnet that
has two forms of construction, salient and non-salient pole. When the surface of the
rotor has some poles sticking out from it, it is a salient pole. Salient poles are usually
used when two or more poles are used. This increase in number of poles means that
the machine is not used in high-speed applications. Meanwhile, if the poles are in
alignment with the rotor surface, the pole is considered to be a non-salient pole. Non-
salient poles are commonly used in machines with two or four pole configurations at
the rotor. As opposed to salient poles, non-salient poles are used for machines with

high-speed applications [10].

Generally, generators are constructed in a wye-formation while they are
connected to either wye or delta formation loads. The reason that generators are not
winded in a delta formation is that when there exists any unbalance in the voltages at
the phase windings, a net voltage occurs which in turn creates a circulating current at
the delta windings. Besides that, generators commonly have the wye configured
windings due to the lesser phase voltages, meaning that less insulation is required for
the windings [11].

Generators are found to be one of the main sources of the production of third
harmonics currents. Another source comes from non-balanced loads and switched
electronic devices such as iron-core reactor and static power converter respectively
[12]. Factors affecting the triplen harmonics currents produced by synchronous
generators are their winding design, which can be further broken down into their slot
skew, and distribution and pitch factors. Apart from that, only third harmonics
currents are being taken into consideration since higher impedance impedes higher

triplen harmonics frequencies [13].



Third harmonics voltage produced at no-load conditions are due to the
generator’s salient pole shape and concentrated field winding. Meanwhile, those two
factors added with direct-axis and quadrature-axis armature reactance produced third
harmonics voltage at balanced load condition. Finally, at unbalanced load, third
harmonics voltage is produced by the resultant of backward field mmf to all of the
above factors [14].

2.4 Unbalanced load

In power systems, symmetry and balance are two different concepts that
should not be wrongly understood. Symmetrical loads occur when the load’s voltage
or current phase vectors are separated by 0° or 120° between two phases. Meanwhile,
balanced loads occur when the current or voltage vector addition of all phases of the
loads add up to zero. Since this project studies about unbalanced loads, it can be
defined as loads with current vector addition of all phases that does not sum up to
zero. The main cause for an unbalanced load in a power system is the overloading of

single phase loads within one phase in a three-phase system.

Unbalanced loads occur when multiple single phase loads are connected not
in uniform among all phases. This can cause equipment heating and also efficiency
drop. In small scale system, this could happen when rural power systems are
connected to generators driven by wind turbines via long distribution lines.
Meanwhile, in industrial applications, unbalanced loads occur when a heavy demand
of single phase loads such as plant lighting have to be catered to by large plant
facilities. Although the plant’s incomer supply is balanced, the single-phase demands
that are not distributed evenly among all phases can result in unbalanced conditions.
Finally, unbalanced conditions can occur when there are transformers using
unsymmetrical windings or transmission impedances. Examples include open wye
and delta, and so on [15]. When weak power systems due to unbalanced load
problems are connected to wind turbines, the continuous operation will be hazardous
to the generator. At the point of common coupling (PCC), the effect of unbalanced
load will be unbalanced voltage due to unbalanced voltage along transmission lines.

With respect to the unbalanced voltages, when the magnitude is small, this
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constitutes a large magnitude of negative-sequence currents coming from an
inductive generator’s low sequence impedance. The large magnitude of current
results in overheating or creation of hot spots at a certain location in an equipment
winding, which can cause equipment breakdown. Moreover, a pulsating torque will
occur due to unbalanced voltages in the system, which in turn creates mechanical

vibration, speed pulsation and acoustic noise [16].

A study by [16] shows that copper losses at involved phases will increase
rapidly when one or more phases conduct higher current compared to other phases.
The losses created hot spots, due to the winding temperature of the involved phase to
be higher than the rated current. These hot spots will in turn deteriorate the life
expectancy of the machine’s insulation material. Meanwhile, unbalanced voltages
have a long time delay in terms of detection, as opposed to other faults such as short-
circuit condition. However, this phenomenon only affects users using three phase
induction motors and will be insignificant for customers using single phase loads
[16].

2.5 Resultant effects of third harmonics in the system

Based on the results when the generator is connected directly to the load, it is
found that when impedance of the load increases, the third harmonic voltage
increases while current decreases. The same can be said when the load is connected

to the generator via a transformer of varied winding configurations [17].

Meanwhile, as cable length increases, third harmonic current also rises in
proportion up until the cable length of 40 km. Beyond that length, the current
magnitude drops due to low capacitive reactance and also high inductive reactance as
the cable gets longer. Cable size affects the third harmonic current minimally since
the cables have lower impedances as the increase in size. Adding on to that, as NER
values increase, third harmonic current decreases in magnitude [18]. It is found in
[18] that third harmonics current is inversely proportional to the balanced resistive,

inductive and also the combination of both load impedances. This also means that



generator NER resistance has an inversely proportional relationship to the magnitude

of third harmonics current.

A study conducted by [17] found that when delta windings are used for the
secondary winding of the transformer, the third harmonics current will only circulate
inside the windings. They do not escape the windings, thus unable to reach the load.
However, star windings will have induced voltage inside the windings and this
enables the third harmonics current to reach the load and circulate around it [17].
Another finding from the study done by [19] showed that when the load impedance
phase angle increases, third harmonic voltage magnitude and third harmonic current
at cable capacitor terminal rises in proportion. Meanwhile, zig-zag transformers
effectively limit the flow of third harmonic current to the load to a very small amount
due to it providing the smallest value of impedance to ground. However, usage of
zig-zag transformer poses another problem whereby the third harmonic current

circulates between the generator and the zig-zag transformer, causing heating [19].



CHAPTER 3: METHODOLOGY

3.1 Project Flow Chart
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3.2 Research Methodology

The project’s main aim is to study the effect of third harmonics current under
unbalanced load. Therefore, in order to have a solid background of the knowledge
regarding the subject matter, research must be done based on different types of
reading materials. These include textbooks, past journals and research papers from

previous researchers.

Also, in order to observe third harmonic current and voltage characteristic during
balanced load (as base value) and also unbalanced load, lab experiments may need to

be carried out. The result will then be analyzed and compared to previous studies.

This lab-scale experiment shall use a generator with the rating of 120 VA. Five
different set of load impedances (resistance, inductance, combination of both) will be
used along the experiment as loads for each phase. To start off the experiment, a base
data should be obtained. This data use balanced load at all phases and will be the
reference point for the whole experiment to see the changes in characteristics of the

third harmonic voltage and current.

The ratings of the generator are:

Table 1: Generator ratings

Power (VA) 120
Voltage (V) 240
Full load current (A) 0.17
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The loads for the generator are shown in Tables 2 to 4.

Table 2: Generator load (resistance only)

Case study Phase ‘a’ (QQ) Phase ‘b’ (Q) Phase ‘¢’ (QQ)
1 960 960 960

2 960 960 1600

3 960 1600 2400

4 1600 2400 3600

5 2400 3600 4800

Table 3: Generator load (inductive reactance only)

Case study Phase ‘a’ (QQ) Phase ‘b’ (Q) Phase ‘¢’ (QQ)
1 j660 j660 j660

2 j660 j660 j1200

3 j660 j1200 j1600

4 j1200 j1600 j2400

5 j1600 j2400 j3600

Table 4: Generator load (combination of resistance and inductive reactance

components)
Case study Phase ‘a’ (QQ) Phase ‘b’ (Q) Phase ‘¢’ (QQ)
1 960+ j660 960+ j660 960+ j660
2 960+ 660 960+ j660 1600+ j1200
3 960+ j660 1600+ j1200 2400+ 1600
4 1600+ j1200 2400+ 1600 3600+ j2400
5 2400+ j1600 3600+ j2400 4800+ 3600

11




The load values for the combination of resistive and inductive loads are calculated as
below:

P =3V IcosB (phase line) (3.1)
The generator’s ratings are as follows:

e Voltage =240V
e Current=0.17 A
e Power =120 VA

120 VA = 3(240)(0.17)(cos6)

120 VA
(3)(240)(0.17)

= cos0

cosf = 0.9804 (power factor for generator)

From the above calculations, the values of resistance and impedance can then be
found by using the power factor triangle below.

Z
Xy,
cos @
R

36°=c0s 0.8
Cos36° =%

Z
Sin 36° = 2%

Z
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Figure 1: LTSpice schematic of generator directly connected to load

The data then will be further analyzed to see and understand the characteristic of
third harmonic current under balanced and unbalanced load. Fluke 434/435 Three
Phase Power Quality Analyzer will be used as the measuring tools to measure the
third harmonic voltage and current in the electrical power system during balanced
and unbalanced load. The equipment is equipped with a clamp meter which helps

users to easily measure the current value simply by clamping it to the cable.

3.3 Tools

1. Hardware:

a. Lab-Volt Electromechanical System (EMS) Workstation

Figure 2: Lab-Volt Electromechanical System (EMS) workstation
b. Cables
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c. Multimeter
d. Fluke View 435 Power Quality Analyzer and clamp meter

Figure 4: Clamp meter

e. Desktop computer
2. Software:

a. Microsoft Excel
b. Fluke View Power Quality Analyzer Software

14



3.4 Method of Analysis

After collecting data from experiments, those data need to be analyzed in order to
verify the behavior of third harmonics current and voltage behavior under
unbalanced load. In order to perform this verification, the recorded values are used
with a proposed mathematical model so that the theoretical/calculated values at the

end tallies with the recorded values.

3.4.1 Per-phase analysis

To perform this analysis, the steps below are taken.

a. Data from Fluke 435 Analyzer are extracted and transferred to Excel spreadsheet.

b. In the spreadsheet, data for voltages and currents are extracted and then
transformed from polar form to rectangular complex form (for ease of
calculations in spreadsheet).

c. Next, per-phase analysis is conducted by calculating the value of current phase-

by-phase using the formula:

Va C
Iabc(calc) = 2 (3.2)

Zabc

d. Finally, comparison is done by computing the percentage error between the

calculated value (Igpc(cate)) and the recorded value (Igpc(rec))- The formula for

percentage error is as follows:

Recorded value — Theoretical value

Percentage error (%) = Theoretical value X 100%

(3.3)

3.4.2 Symmetrical component analysis

For this method, the following steps are taken:

1) Data from Fluke 435 Analyzer are extracted and transferred to Excel spreadsheet.
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2)

3)

4)

In the spreadsheet, data for voltages and currents are extracted and then
transformed from polar form to rectangular complex form (for ease of
calculations in spreadsheet).

Both voltages and currents are in phase form. The data are then converted to

symmetrical form using the formulas below:

Vo=3VatVy+ V) (3.4)
Vi = (Ve + aV, + a?V,) (3.5)
Vy =5 (Ve + a?Vy + aVy) (3.6)
lo=5Ua+1y +10) (3.7)
Iy = (g + aly + a?I;) (3.8)
Iy =5 (g + a2l + al,) (3.9)

Since the experiment involves with unbalanced impedances at all phases, the
impedances need to be converted from phase to symmetrical form. However, in
the case of impedances, two kinds of formulas are found. According to [20], the
conventional formula is as follows:

Zmno12 = AZ7'A (3.10)

However, in another paper by [21], it was explained that the impedances can be

transformed to symmetrical components via the following formula:

Zo =5 Za+ 2y + Zc) (3.12)
Zy =5 (Zq + aZy + a’Z) (3.12)
Zy == (Zo + a*Zy + aZ,) (3.13)

Therefore, in this part of the analysis, both formulas will be used and the
accuracy of the results will then be compared in order to choose the best method

for analysis.

5) After all three components (voltages, currents, & impedances) have been

transformed to symmetrical components; terminal voltages can then be
computed. In typical applications, only positive sequence networks will have
terminal voltage flowing in the system. Meanwhile, for both negative and zero

sequences, both do not have voltage supplies in the system. However, in [21], a
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formula was presented in order to calculate the terminal voltages, as can be

referred to below:

EO == 10Z0 + 1122 + 12Z1 (314)
El == IOZ1 + Ilzo + 12Z2 (315)
EZ == 10Z2 + 1121 + 1222 (316)

In the calculation method above, it can be seen that under unbalanced load
condition, there is cross-coupling occurring between positive, negative and zero
sequences. In this analysis, this set of equations will be used to compute the

terminal voltages.

6) After obtaining the terminal voltages in symmetrical form, they are converted
back to phase form in order to compare the value with phase voltages V,, , V;, and

V.. The set of equations used for transformation are:

Eb = (Eo + a2E1 + aEz) (318)
EC = (EO + aE1 + azEz) (319)

Next, comparison is done by computing the percentage error between the
calculated value (Egp.) and the recorded value (V,.). The formula for

percentage error is as follows:

Recorded value — Theoretical value

Percentage error (%) = Theoretical value X 100%

(3.20)
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3.5 Ganttchart

Table 5: Gantt chart for FYP 1

No

Activities/Week |1 |2 |3

Selection of

Project Title

Research on
Third Harmonic
Current and
Unbalanced
Load

Extended
Proposal

Submission

Proposal

Defense

Familiarizing
with Lab
Equipments

Conducting Lab

Experiments

Draft  Report

Submission

Interim Report

Submission

18



Table 6: Gantt chart for FYP 2

No | Activities/
Week

1 Continuation
of  Progress
from FYP 1

2 Progress
Report
Submission

3 Draft Report
Submission

4 Final Report

5 Technical
Paper

6 Viva

7 Final Report

(Hard Cover)
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CHAPTER 4: PROJECT RESULTS & DISCUSSIONS

4.1 Resistive loads

Figures 5 and 6 shows the experiment results for balanced resistive loads of 960 Q
loads at all phases. This is used as a base reading for our unbalanced load study. For
both diagrams, the readings above are for fundamental frequency and the bottom part
of the diagram are results for third harmonics. The order or phases from top to
bottom are; Phase A, Phase B, Phase C and Neutral phase.

Fabc Fabc
73.287 73.136
72677 72222
73.532 72.861
Gen —) Load
P-abc P.abc
0.125 0.123
0.127 0.144
0.141 0.148

Figure 5: Power diagram for 960 Q loads at all phases

Wilvol) Wi(degl Fidl  IFldeal Witvel) Wi'(deg) IfA) F{deg)
23378 000 03057 1M 73360 000 03053 085
23996 -119.83 0306 -TE64 23379 -M3ET 03013 -1ET
23986 12043 03040 2104 23385 12042 03038 12038
00031 13088 00007 -136.12 0003 13007 0000 5844
Gen

Wilok) W(degl MAl  I{deal Wial) Wideal WA I"(deq]

987 8361 005 838 386 9030 004 3035
056 3395 00132 94N 077 3448 00134 437
077 8536 00135 8554 088 8557 00017 8566

00003 -5.05 00391 -30.20 00004 3551 00333 904

Load

Figure 6: VVoltage and current diagram for 960 Q loads at all phases

Referring to the power diagram, it can be seen that power at all phases are close to
each other since all the loads are still balanced. Further observation shows that power
measured at the generator side and also the load side does not have too much
difference. This means little amount of losses since this is a small-scale experiment

and no long cables were used, which would constitute in losses.
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Meanwhile, when looking at the voltage and current diagram, at the fundamental

frequency, voltage and current are separated by roughly 120° apart between phases.

Looking at the third harmonics section, it is proven that third harmonics exist in the

system since the current magnitude at the neutral is three times the magnitude of

phase current, or summation of all phase currents.

Figures 7 and 8 shows the experiment results for unbalanced resistive loads of
960 Q, 1600 Q and 2400 Q at phases R, Y and B respectively. By looking at the

power diagram, powers at the phases reduce as the loads increase. The transmission

of power also has not much difference between generator side and load side.

Pabc Pabc
73.203 73.657
40679 49 755
30437 38 367
Gen — Load
P:abc P.abc
0.097 0.028
0.097 0.097
0.061 0.062

Figure 7: Power diagram for 960 Q / 1600 Q / 2400 Q at phases R, Y and B

respectively

072

Gen

Villolt) Vi(deg) 18] IFideq)

000 03066 085

24328 -84 02043 -MEE3
25086 12198 01972 12285
00026 13552 0137 19353

Wil \iFdea) K(&) [F{deg)
24073 000 03060 036
24336 -MB40 025 -1
25083 12135 0963 1223
00032 12383 0.6 1830

673

0.0007

Wilolt) Vi(deg) A]  Ideq)

THE 001 7TaZ

060 7075 00030 TZE0
9% 6470 00062 6582

2673 00260 -107.35

Wilalt) Vir(deg) 1A It(deg)
678 TESE 0.0 759
073 7050 00030 6G.S0
397 6453 00062 573
00005 55558 00260 V256

Laad

Figure 8: Voltage and current diagram for 960 Q /1600 Q / 2400 Q at phases R, Y

and B respectively

Meanwhile, similar characteristics with balanced loads can be found at the voltage

and current diagram. At the fundamental frequency, voltage and current are separated

by roughly 120° apart between phases. Third harmonics current characteristics have




also been recorded at the neutral. The voltage and current magnitudes also

experience drops as the loads were increased.

Figures 9 and 10 shows the results of voltage and current readings for purely
resistive loads when measured from the load side at fundamental frequency.
Observing the voltage graphs, it can be seen that for all load variations, the voltages
does not have much difference between each other. VVoltage readings at the neutral

are very small, explaining the absence in the bar chart.

Fundamental Voltage at Load
Terminal

300.00

250.00

200.00 -

Voltage (V) 150.00 -
100.00 -

50.00 -

0.00 -

—] M Phase A

M Phase B

960Q/ 9600/ 960Q/ 1600Q/ 24000Q/ Phase C

960Q/ 960Q/ 1600Q/24000Q/3600Q/ W Neutral
960Q 1600Q 2400Q 3600Q 48000

Load Impedances (Q)

Figure 9: Fundamental voltage at load terminal

Meanwhile, when observing the current behavior, as the load impedance increases,
the value of current drops. At balanced loads, there is no current flowing through the
neutral phase. Only when unbalanced load has started to be introduced, then the

magnitude of current is present in the neutral phase.
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Fundamental Current at Load
Terminal

0.35
0.30 -
0.25 -

0.20 -

0.15 - M Phase A
0.10 A — == M Phase B
0.05 - —

0.00 Phase C

960Q/ 960Q/ 960Q/ 1600Q/ 2400Q/ g Neutral
960Q/ 960Q/ 1600Q/ 2400Q/ 36000/
960Q 16000 2400Q 3600Q 48000Q

Current (A)

Load Impedances (Q)

Figure 10: Fundamental current at load terminal

Next, Figures 11 and 12 shows the results of voltage and current readings for purely
resistive loads when measured from the load side at third harmonics frequency.
Observing the voltage graphs, it can be seen that for all load variations, the voltages
does not have much difference between each other. Voltage readings at the neutral

are very small, explaining the absence in the bar chart.

3rd Harmonics Voltage at Load
Terminal

12.00
10.00 -+
8.00 -
Voltage (V) 6.00 - M Phase A
4.00 -
2.00 A
0.00 - M Phase C

960Q/ 960Q/ 960Q/ 1600Q/2400Q/  m Neutral
960Q/ 960Q/ 1600Q/ 2400Q/ 3600 Q/
960Q 1600Q 2400Q 3600Q 48000Q

Load Impedances (Q)

Phase B

Figure 11: Third harmonics voltage at load terminal
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Meanwhile, when observing the current behavior, the current at neutral phase is
highest, proving that third harmonics current for all phases add up at the neutral. As

load impedance is increased, the current at the neutral drops.

3rd Harmonics Current at Load

Terminal
0.05
0.04
0.03
Current (A) 0.02 B Phase A
0.01 - I Phase B
0.00 - L—[ M Phase C

960Q/ 960Q/ 960Q/ 1600Q/ 2400Q/ g Neutral
960Q/ 960Q/ 1600Q/ 2400Q/ 3600Q/
960Q 1600Q 2400Q 3600Q 4800 Q

Load Impedances (Q)

Figure 12: Third harmonics current at load terminal

4.2 Inductive loads

Figures 13 and 14 shows the experiment results for balanced inductive loads for
j660 Q loads at all phases. Referring to the power diagram, it can be seen that power
at all phases are close to each other since all the loads are still balanced. Further
observation shows that power measured at the generator side and also the load side
does not have too much difference, meaning minimal losses. A major difference in
the readings of power at the generator and load side is that the readings became very

small, estimated to be 10% of the power readings from balanced resistive loads.
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Pabc Pabc
8317 B.616
7.624 7.375
8390 B.140
Gen a—) Load
Pzabc P:abc
-0.021 -0.021
-0.036 -0.036
-0.016 -0.016

Figure 13: Power diagram for j660 Q loads at all phases

Load

Vitoll Wdegl KA1 F(deal Wial) WF(deal 18] Fid=g)
031 000 02733 8273 24030 000 02738 -B2dB
24000 -113.80 02746 19684 0% -M373 02753 SRR
24038 12057 02Tz AT 24040 12056 0278 ITEE
10038 13041 0013 -98.73 00083 13044 Q00 BZES
Gen
ol Wrldeg) WAL K(deal Wil Wtldeal WA Irid=g)
33 Bd2 OMO5 -51ER w3 B 0004 -31ER
04 |V 0MOE -BRZ? B0 |3 0008 -BEAE
04 1332 00ME -9 =03 13X 00ME BRI
0002 4837 0037 WA 00003 3607 00337 -B2Ed

Figure 14: Voltage and current diagram for j660 Q loads at all phases

Meanwhile, when looking at the voltage and current diagram, at the fundamental
frequency, a characteristic of using reactive loads can be seen. The phase angles for
voltages at all phases leads the phase angles for currents at all phases. Looking at the
third harmonics section, we can observe that the third harmonics current

characteristics have also been recorded at the neutral.

Figures 15 and 16 show the experiment results for unbalanced inductive loads of
J660 Q, j1200 Q and j1600 Q at phases R, Y and B respectively. By looking at the
power diagram, power at the phases reduces as the loads increase. The transmission

of power also has not much difference between generator side and load side.
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Pabc Pabc
B.B4E 9.120
5.741 5.558
5.025 4 896
Gen —) Load
Piabc P:abc
-0.019 -0.020
-0.017 -0.017
-0.009 -0.010

Figure 15: Power diagram for j660 Q /j1200 Q /j1600 Q at phases R, Y and B

respectively
VilVolt)  Wi{deg) 1A [F[deq) Villol] W(degl NA) IF[deq)
24020 000 02883 -8286 24024 000 02887 -B245
24580 -120.23 01335 15863 24533 -12022 01953 B6.40
24503 M357 01508 3823 24511 1854 0105 3608
00107 12352 0180 7AET 0003 12820 04173 -100.08
Gen Load
VYAl Wrldeg) WA)  deg) Vilol) Widegl IA) IVdeg)
B[O 1”33 0Oom -g2es 1308 1965 0.0m  -82.34
B[Bh O M¥o0007d4 -g5a 1313 082 00074 -83.04
1283 W03 00043 -54.03 1283 100 000G -637
0001 BL0 00233 3596 00008 2213 00233 -B4.43

Figure 16: Voltage and current diagram for j660 Q /j1200 Q / j1600 Q at phases R,
Y and B respectively

Meanwhile, similar characteristics with balanced inductive loads can be found at the
voltage and current diagram. At the fundamental frequency, the phase angles for
voltages at all phases leads the phase angles for currents at all phases. Third
harmonics current characteristics have also been recorded at the neutral. The voltage

and current magnitudes also experience drops as the loads were increased.

Figures 17 and 18 displays the results of voltage and current readings for purely
inductive loads when measured from the load side at fundamental frequency. As
similar as before, for all load variations, the voltages do not have much difference
between each other. Voltage readings at the neutral are very small, explaining why it
is barely visible inside the bar chart.
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Fundamental Voltage at Load
Terminal

300.00

250.00 _—

200.00 -

Voltage (V) 150.00 -
100.00 -

50.00 -

0.00 -

M Phase A

M Phase B

M Phase C

j660Q/ j660 Q/ j660 Q/ j1200Q/j1600Q/ g Neutral
j660 Q/ j660 Q / j1200 Q /j1600 Q /j2400 Q /
j660Q j1200Q j1600Q j2400Q j3600 Q

Load Impedances (Q)

Figure 17: Fundamental voltage at load terminal

Meanwhile, the same characteristics can be seen when observing the current
behavior. The load impedance increases, as the value of current drops. A difference
in the previous part is that current at the neutral phase is already present even when

at balanced inductive load.

Fundamental Current at Load
Terminal

0.35
0.30
0.25

0.20

Current (A) 015 M Phase A
z | TT The
000 M Phase C

6600/ j660Q/ j660Q/ j1200Q/[1600Q/ @ Neutral
j660Q/ j660Q/ j1200Q/ (1600 Q/ j2400 Q/
j660Q j1200Q j1600Q j2400Q j3600 Q

Load Impedances (Q)

Figure 18: Fundamental current at load terminal
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Then, Figures 19 and 20 shows the results of voltage and current readings for purely
inductive loads when measured from the load side at third harmonics frequency. As
similar as before, for all load variations, the voltages do not have much difference
between each other. Voltage readings at the neutral are very small, explaining why it

is barely visible inside the bar chart.

3rd Harmonics Voltage at Load

Terminal
20.00
15.00 +—
Voltage (V) 10.00 - M Phase A
5.00 - Phase B
0.00 - M Phase C

6600/ j660Q/ j660Q/ j1200Q/j1600Q/ @ Neutral
j660Q/ 660 Q/ j1200 Q /(1600 Q /j2400 Q/
j660Q j1200Q j1600Q j2400Q j3600 Q

Load Impedances (Q)

Figure 19: 3rd Harmonics voltage at load terminal

The same characteristics as seen with purely resistive loads can be seen when
observing the current behavior. At the neutral phase, the current reading is highest as
compared to other phases. Third harmonics current for all phases has been added up

at the neutral. The current at the neutral drops as load impedance is increased.

28



3rd Harmonics Current at Load
Terminal

0.04
0.04
0.03
0.03

Current (A) 0.02 M Phase A
0.02

0.01 - Phase B

0.01 - —.:I:_. = I

0.00 - M Phase C
j660Q/ j660Q/ j660Q/ j1200Q/j1600Q/ @ Neutral

j660Q/ j660Q/ j12000Q/ j1600 Q/ j2400 Q/
j660Q j1200Q j1600Q j2400Q j3600 Q

Load Impedances (Q)

Figure 20: Third harmonics current at load terminal

4.3 Resistive and inductive loads

Figures 21 and 22 shows the experiment results for balanced combination of resistive
and inductive loads of 960+j660 Q loads at all phases. Referring to the power
diagram, it can be seen that power at all phases are close to each other since all the
loads are still balanced. Further observation shows that power measured at the
generator side and also the load side does not have too much difference, meaning
minimal losses. The magnitude of power at the generator and load side measured is
between the readings of purely resistive and purely inductive loads.

Pabc Pabc
37710 35.449
37.894 35.671
37.892 35.616
Gen — Load
P.abc Peabc
0.040 0.042
0.042 0.045
0.046 D052

Figure 21: Power diagram for 960+j660 Q loads at all phases
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VilVall WFideg) I8)  IFldeq) Vilvol)  WFideg) (4] F(deg)
23747 000 07901 -3335 23045 000 01384 -447
23716 -1384 01300 -15253 2381 11985 01332 W08
23750 12048 01307 &T.24 23859 12048 01931 7I06
00083 12942 00033 1721 00088 13046 00051 B1S3
(Gen

Wiloll Vrldegl WA Ildeq) Vilolt] Vrldeg) RA] It(deg)

n27  47.20 00043 3396 03 4329 00055 -336
210 4835 00053 000 204 dd1Z 00060 -3
1225 4467 00054 -09 1204 4032 000B0  -356
00007 B2 00|70 135 00007 2476 0078 -276

Load

Figure 22: Voltage and current diagram for 960+j660 Q loads at all phases

Meanwhile, when looking at the voltage and current diagram, the phase angles for
voltages at all phases lead the phase angles for currents at all phases. Looking at the
third harmonics section, we can observe that the third harmonics current

characteristics have also been recorded at the neutral.

Figures 23 and 24 shows the experiment results for unbalanced combination of
resistive and inductive loads of 960+j660 Q, 1600+j1200 Q and 2400+j1600 Q at
phases R, Y and B respectively. By looking at the power diagram, powers at the
phases reduce as the loads increase. The transmission of power also has not much

difference between generator side and load side.

Pabc Pabc
39.426 39.447
23.846 23.676
17.705 17.774
Gen — Load
P.abc P.abc
0.038 0.038
0.023 0.022
0.012 0.014

Figure 23: Power diagram for 960+j660 Q2 / 1600+j1200 Q / 2400+j1600 Q at phases
R, Y and B respectively
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VilVokl VPideg) &) IF(deg) Wilol] Wiided) Ifi&) IF(deg)
24156 000 01346 -32.98 24163 000 01947 -33.00
24579 1196 0169 -153.07 24594 -9 01153 -152.96
25093 12043 00818 90.02 25099 12044 0081 9043
00083 13083 00954 127.70 00098 12875 0097 5372
Gen

Vilol) Vridegl kAL Ir(deg) Wiliol] Wrldeg) &) It(d=g)

065 4153 00046 126 066 4161 00048 256
137 3856 00027 -7.2S M3 3|59 00027 915
042 37T 00018 N 042 3T 0007 -144
00006 5534 00033 176.42 00006 5697 00033 -336

Load

Figure 24: Voltage and current diagram for 960+j660Q / 1600+j1200€2 /
2400+j1600Q at phases R, Y and B respectively

Meanwhile, similar characteristics with balanced inductive loads can be found at the
voltage and current diagram. At the fundamental frequency, the phase angles for
voltages at all phases leads the phase angles for currents at all phases. Third
harmonics current characteristics have also been recorded at the neutral. The voltage

and current magnitudes also experience drops as the loads were increased.

Figures 25 and 26 shows the results of voltage and current readings for resistive and
inductive loads when measured from the load side at fundamental frequency. As
similar as before, for all load variations, the voltages do not have much difference
between each other. Voltage readings at the neutral are very small, explaining why it

is barely visible inside the bar chart.
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Fundamental Voltage at Load
Terminal

300.00

250.00
200.00

Voltage (V) 150.00

100.00
50.00
M Phase A
0.00 M Phase B
M Phase C
\o,‘° ® Neutral
&
&
0><\ .
o S
\ &
& \
& &
Qx\ ,(o‘o
qb bQX\ \b
X
) Q,Q

Load Impedances (Q)

Figure 25: Fundamental voltage at load terminal

Meanwhile, the same characteristics can be seen with inductive load experiment
when observing the current behavior. The load impedance increases when the value
of current drops. The current at the neutral phase is already present even when at

balanced resistive and inductive load.
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Fundamental Current at Load
Terminal

0.25

0.20

0.15
Current (A)
0.10
0.05
0.00
&
&
S
&
Qx\ .
S
o S
\ S
& \
& &
< S
) -©
o S ~
o° S
K

Load Impedances (Q)

M Phase A
M Phase B
M Phase C

H Neutral

Figure 26: Fundamental current at load terminal

Finally, Figures 27 and 28 shows the results of voltage and current readings for
resistive and inductive loads when measured from the load side at third harmonics
frequency. As similar as before, for all load variations, the voltages do not have

much difference between each other. Voltage readings at the neutral are very small,

explaining why it is barely visible inside the bar chart.
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3rd Harmonics Voltage at Load

Terminal
14.00
12.00 +—
10.00 -
8.00 -
Voltage (V)
6.00 -
4.00 -
2.00 -
0.00 -
& & & & &
~‘ob0 ’190 (000 @0 @Q
S A
© ) N o o
o S S S S
\ NS > P N
& \ \ \ \
& & & & &
A QS S S S
\q of D ) O
& \” & N &
S & \ \
QX\ -O Q Q N
© <N ~bb Q A
&) Q " N
© xN N
K S Y

Load Impedances (Q)

M Phase A
Phase B
M Phase C

M Neutral

Figure 27: Third harmonics voltage at load terminal

The same characteristics as seen with purely resistive loads can be seen when
observing the current behavior. At the neutral phase, the current reading is highest as

compared to other phases. Third harmonics current for all phases has been added up

at the neutral. The current at the neutral drops as load impedance is increased.
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3rd Harmonics Current at Load
Terminal
0.02
0.02
0.01
0.01
0.01
Current (A)
0.01
0.01
0.00 -
0.00 - _lj: M Phase A
0.00 - o o o o o Phase B
Q \) Q \) Q
& o A A o M Phase C
(OQX 0x\ Q><\ 0><\ 0x\
\2 K AP & & ® Neutral
& \ \ \
& & & & &
N & o> S ¥
© ) - & -V
[+) Q)Q 0x\ Qx\ 0x\
o < S Y S
N \ N 2 )
© &
S N S S K
K S x{o "N X
‘” & W
Load Impedances (Q)

Figure 28: Third harmonics current at load terminal

4.4 Results of Analysis
4.4.1 Analysis Using Per-Phase Method

4.4.1.1 Resistive loads
The results for the computed results of per-phase analysis for resistive loads are

contained in Table 7 and 8. Complete results can be referred to at the Appendices

section.
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Percentage diff.

Table 7: Percentage difference for resistive loads at fundamental frequency

Load impedances (£2)
960/960/960 | 960/960/ 960/1600/ 1600/2400/ | 2400/3600/
1600 2400 3600 4800
1.82 1.86 1.77 2.43 2.67
Ib | 2.63 251 3.19 3.48 3.54
Ic | 1.22 1.85 2.26 2.81 2.67

Percentage diff.

Table 8: Percentage difference for resistive loads at third harmonics frequency

Load impedances (£2)

960/960/960 | 960/960/ 960/1600/ 1600/2400/ | 2400/3600/
1600 2400 3600 4800
1.28 0.97 1.42 2.71 6.48
Ib | 5.37 5.25 6.10 5.37 10.03
Ic | 1.14 3.90 3.06 3.51 17.21

As can be observed from the percentage difference values, the calculated values are

close to the actual values of current from the experiment. The range of errors for

fundamental frequency is low, at less than 4 %. Meanwhile, the highest value of error

for third harmonics frequency is at approximately 17 %. Therefore, it is proven that

this method is suitable for analysis of third harmonics for resistive loads.

4412

Inductive loads

Meanwhile, the results for the computed results of per-phase analysis for inductive

loads are contained in Tables 9 and 10. Complete results can be referred to at the

Appendices section.
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Table 9: Percentage difference for inductive loads at fundamental frequency

Load Impedances (€2)

j660/j660/ | j660/j660/ | j660/j1200/ | j1200/j1800/ | j1800/j2400/
j660 j1200 j1800 j2400 j3600
13.69 13.68 13.35 12.31 14.70

S b | 1233 12.56 12.18 15.82 16.87

&

1<

8 [1c [13.07 13.22 14.23 14.43 26.52

[B)

o

Table 10: Percentage difference for inductive loads at third harmonics frequency

Load Impedances (£2)

1660/j660/ J660/j660/ J660/j1200/ | j1200/j1800/ | j1800/52400/
j660 J1200 J1800 J2400 j3600
42.77 42.10 36.39 22.26 35.70

=

S | Ib | 45.92 43.14 28.79 33.17 17.98

>

s

% Ic | 38.99 25.02 39.42 32.34 49.91

g

In the case of inductive loads, the calculated values are not as close to the actual

values of current from the experiment, with the percentage error values calculated for

fundamental frequency in the range of 12 % - 23 %. Meanwhile, the range of value

of error for third harmonics frequency is around 22 % - 50 %. As per the end of this

inductive load analysis, the per-phase method yields a high percentage error.

Therefore, this method shall be compared with the symmetrical component method

to validate the best method for analysis.
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4.4.1.3 RL loads

Finally, the results for the computed results of per-phase analysis for inductive loads
are contained in Tables 11 and 12. Complete results can be referred to at the

Appendices section.

Table 11: Percentage difference for resistive and inductive loads at fundamental

frequency
Load Impedances (€2)
960+j660/ 960+j660/ 960+j660/ 1600+j1200/ | 2400+j1800/
960+j660/ 960+j660/ 1600+j1200/ | 2400+j1800/ | 3600+j2400/
960+j660 1600+j1200 | 2400+j1800 | 3600+j2400 | 4800+j3600
7.88 7.77 7.73 7.13 8.08
b=
S Ib | 6.98 7.10 7.15 8.54 8.68
&
©
§ Ic | 7.56 7.42 7.68 7.49 9.44
[<B]
a

Table 12: Percentage difference for resistive and inductive loads at third harmonics

frequency
Load Impedances (€2)
960+j660/ 960+j660/ 960+j660/ 1600+j1200/ | 2400+j1800/
960+j660/ 960+j660/ 1600+j1200/ | 2400+j1800/ | 3600+j2400/
960+j660 1600+j1200 | 2400+j1800 | 3600+j2400 | 4800+j3600
la | 48.40 49.88 50.92 49.42 52.12
E) Ib | 49.54 54.44 5141 54.78 47.38
8
% Ic | 50.87 52.43 50.35 56.46 51.77
O
o

For RL loads at fundamental frequency, the per-phase analysis returns a low

percentage error, which ranges from 6 % to 10 %. However, the same cannot be said

38



at third harmonics frequency because a high rate of error is returned, at around 47 %
to 56 %. Therefore, as similarly as for the analysis for inductive loads, this result will

be compared to analysis using symmetrical component method.

4.4.2 Analysis Using Symmetrical Components

4.4.2.1 Resistive loads

In the first part of the analysis, two sets of equations will be used to compute the
symmetrical components of the impedances, Z,,,. Firstly, Equation (3.10) shall be

used.

Tables 13 and 14 show the computed results of percentage difference for resistive
loads at fundamental frequency and third harmonics. For full results of the
computations step by step, Appendices can be referred to. As can be observed above,
the percentage difference is very high, with the highest at around 1343 %. This
means that applying transformation equation (3.10) is incompatible with
Equations (3.14) to (3.16) and Equations (3.17) to (3.19) in order to make the

comparison between the theoretical values and recorded values.

Table 13: Percentage difference for resistive loads at fundamental frequency using
Equation (3.10)

Load Impedances (€2)
960/960/ 960/960/ 960/1600/ 1600/2400/ 2400/3600/
960 1600 2400 3600 4800
« 807.97 1008.89 1460.87 1343.53 1268.29
>
©
L
_ o 100.00 267.68 327.20 309.18 268.51
= >
S | &
% L
g o 100.00 191.49 247.87 234.92 223.11
S | >
[<) (&S]
o Ll
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Table 14: Percentage difference for resistive loads at third harmonics using Equation

(3.10)
Load Impedances (€2)
960/960/ 960/960/ 960/1600/ 1600/2400/ | 2400/3600/
960 1600 2400 3600 4800
© 88.96 90.81 93.50 93.13 92.43
=
(4]
L
) o | L74E+16 134.85 139.52 137.68 156.63
= >
T | &
o | W
£ |, |178E+16 [ 150.26 159.38 160.55 171.58
S | >
[<}) (&}
a | W

Meanwhile, the results in Tables 15 and 16 shows the results of percentage
difference when Equations (3.11) to (3.13) are used. As we refer to the Table 15, it
can be observed that the percentage error is significantly lower as Equations (3.11) to
(3.13) are used, with the highest value at around 1.78E+16 %. If the same equation is

used for third harmonics analysis, the results are as follows:

Table 15: Percentage difference for resistive loads at fundamental frequency using
Equations (3.11) to (3.13)

Load Impedances (€2)
960/960/ | 960/960/ | 960/1600/ | 1600/2400/ | 2400/3600/
960 1600 2400 3600 4800
s | 171 176 1.68 2.32 2.55
=
(4]
(NN
| o 254 2.43 3.07 3.37 3.42
E | >
o !
% (NN
2 1.09 1.69 2.09 2.67 257
g |3
5 |5
o (1]
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Table 16: Percentage difference for resistive loads at third harmonics using

Equations (3.11) to (3.13)

Load Impedances (2)

960/960/ 960/960/ 960/1600/ 1600/2400/ | 2400/3600/
960 1600 2400 3600 4800
- 1.16 1.16 1.52 2.48 6.70
=
©
L
) a 5.22 5.50 6.65 517 10.51
£ >
© o
8—, L
E 1.05 411 3.35 3.39 18.44
(&)
S | >
[ (]
o L

In Tables 15 and 16, the percentage difference is at an acceptable level, at around
1 % to 18.5 %. This proves that by using Equations (3.11) to (3.13), we are able to
obtain calculated results that are close to the actual/measured results from the
experiment that can verify the experimental results. Therefore, for resistive loads,
Equations (3.11) to (3.13), as well as Equations (3.17) to (3.19) can be used
altogether to prove the validity of the recorded readings from the experiment.

4.4.2.2 Inductive loads

Similar methods are applied with regards to inductive loads. Under fundamental
frequency and third harmonics, the results by using Equation (3.10) are displayed in
Tables 17 and 18. For full results for this part, Appendices can be referred to. As can
be observed above, the percentage difference is also very high, a similar case when
using resistive loads. The highest value recorded was around 1526 %.This again
means that applying transformation Equation (3.10) is incompatible with Equations
(3.14) to (3.16) and Equations (3.17) to (3.19) for experimental results validation

purposes.
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Table 17: Percentage difference for inductive loads at fundamental frequency using
Equation (3.10)

Load Impedances (€2)
j660/j660/ | j660/j660/ | j660/j1200/ | j1200/ J1800/
1660 J1200 J1800 J1800/ J2400/
j2400 J3600
c>5 775.75 1017.35 1526.72 663.19 1397.16

«
Ll

) a 100.00 314.21 345.44 297.60 303.15
= >
S | &
o Ll

g o 100.00 201.01 275.10 222.90 183.16
S | >
[<}) (&}
o Ll

Equation (3.10)

Table 18: Percentage difference for inductive loads at third harmonics using

Load Impedances (€2)
j660/j660/ | j660/j660/ | J660/j1200/ | j1200/ J1800/
j660 j1200 j1800 j1800/ j2400/
j2400 j3600

c>5 420.36 573.20 968.94 556.08 860.81
«
Ll

) o | 100.00 203.40 265.91 241.26 246.49
= >
T | &
o | W

g 100.00 179.74 211.21 140.40 154.58
S | S
5 |
o L

Meanwhile, as compared to the results when using Equations (3.11) to (3.13), the
results are displayed in Table 19 and 20.
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Table 19: Percentage difference for inductive loads at fundamental frequency using
Equations (3.11) to (3.13)

Load Impedances (€2)
j660/j660/ | j660/j660/ | J660/j1200/ | j1200/ J1800/
1660 J1200 J1800 J1800/ J2400/
j2400 J3600

o 129.57 129.73 188.63 133.65 132.36
=
©
Ll

) a 131.49 131.65 114.10 134.76 136.21
=2
© o
o Ll

g 130.97 134.64 127.65 133.19 116.70
g | S
g |

Analysis for third harmonics components yields the following results:

Table 20: Percentage difference for inductive loads at third harmonics using
Equations (3.11) to (3.13)

Load Impedances (€2)

j660/j660/ | j660/j660/ | j660/j1200/ | j1200/ j1800/

j660 j1200 j1800 j1800/ j2400/

j2400 j3600

< | 119.98 121.41 123.44 144.81 126.09
>
@
L

o 12178 120.71 130.71 135.93 135.68
e | >
S |4
% (NN

£ 120.55 130.71 125.57 136.95 109.01
S | >
5 | o
o L

Based on Tables 19 and 20, it can be seen that although the percentage difference is
still very high, but by using Equations (3.11) to (3.13), the values are much lesser as
compared to using Equations (3.10). The range of values was around 100 % to
135 %. Therefore, to conclude this part, both equations are unable to provide results
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that are as close to the recorded values of voltages and currents. Both sets of

equations returned values with high error percentages, which does not able to

validate the experimental results. A more suitable set of equations should be used in

order to prove the validity of the experimental results.

4.4.2.3 RLloads

Finally, for resistive and inductive loads, the similar methods are applied. By using

Equation (3.10) at fundamental frequency, the results are tabled in Tables 21 and 22.

Table 21: Percentage difference for RL loads at fundamental frequency using
Equation (3.10)

Load Impedances (€2)
960+j660/ | 960+j660/ | 960+j660/ 1600+j1200/ | 2400+j1800/
960+j660/ | 960+j660/ | 1600+j1200/ | 2400+j1800/ | 3600+j2400/
960+j660 1600+j1200 | 2400+j1800 | 3600+j2400 | 4800+j3600
734.47 935.80 1375.35 1217.11 1213.00
>
©
Ll
100.00 276.00 314.99 280.58 283.45
e |2
= o)
© Ll
5]
& 100.00 183.63 244.53 229.46 198.98
c o
S | >
[<}) (&)
o Ll
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Table 22: Percentage difference for RL loads at third harmonics using equation

(3.10)
Load Impedances (£2)
960+j660/ | 960+j660/ | 960+j660/ 1600+j1200/ | 2400+j1800/
960+j660/ | 960+j660/ 1600+j1200/ | 2400+j1800/ | 3600+j2400/
960+j660 1600+j1200 | 2400+j1800 | 3600+j2400 | 4800+j3600
. 371.13 469.07 685.26 610.42 569.02
=
©
Ll
) a 100.00 170.88 207.53 181.41 194.44
|2
© o)
8‘: Ll
g 100.00 135.63 173.50 156.12 157.15
S | S
g |

The behavior of the results shows a similar trait with results when using resistive or

inductive loads. The percentage errors returned are also very high, with the highest

reading at around 685 %. This also means that Equation (3.10) is unable to provide

us with an output of low percentage difference for verification purposes. When

Equations (3.11) to (3.13) are used, the results are as displayed in Tables 23 and 24.
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Table 23: Percentage difference for RL loads at fundamental frequency using
Equations (3.11) to (3.13)

‘ Load Impedances (£2)
960+j660/ | 960+j660/ | 960+j660/ 1600+j1200/ | 2400+j1800/
960+j660/ | 960+j660/ 1600+j1200/ | 2400+j1800/ | 3600+j2400/
960+j660 1600+j1200 | 2400+j1800 | 3600+j2400 | 4800+j3600
< | 54.45 54.32 54.34 56.90 50.67
>
% (0
E o | 9378 53.63 56.04 49.55 49.11
= >
T | o
&, Ll
E 54.14 55.85 50.76 50.99 54.76
g | S
) &
(o L

Table 24: Percentage difference for RL loads at third harmonics using Equations
(3.11) to (3.13)

Load Impedances (€2)
960+j660/ | 960+j660/ | 960+j660/ | 1600+j1200/ | 2400+j1800/
960+j660/ | 960+j660/ | 1600+j1200/ | 2400+j1800/ | 3600+j2400/
960+j660 | 1600+j1200 | 2400+j1800 | 3600+j2400 | 4800+j3600
. | 4850 49.97 51.01 49.52 52.21
>
(4]
Ll
[ o [4963 54,52 51.50 54.87 47.47
£ =2
© o
% Ll
£ 50.96 52.52 50.44 56.54 51.85
S | >
5 |
o Ll

Full calculations can be referred at Appendices. From Tables 23 and 24, it can be

observed that the percentage difference drops to values around 45 % to 55 %

percentage difference. Although they are still high, they are still lower as compared

to using Equation (3.10). In conclusion, a better set of equations are also needed in

this part to properly analyze and verify the experimental results.
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4.5 Comparison of Analysis

After all three methods of analysis have been performed; the outputs are compared in
order to select the best method for analyzing third harmonics characteristics under

unbalanced load.

45.1 Analysis of Results

As can be observed in the previous sections, when resistive loads are used,
percentage errors recorded by any method are small. In comparison, whenever an

inductive load is used, the percentage errors dramatically increased.

To explain this phenomenon, the experiment is re-conducted to find out if there are
any errors during the experiment. However, latter results are still similar to the
previous results. Meanwhile, after analyzing the results again, it was found that
actually, the inductive load connected to the system records a different value in the
analyzer as compared to its actual value. In theory, for zero sequence networks, the
load reactance is triple its actual value. For third harmonics frequency, the
inductance value is higher than its actual value but not close to three times. This
explains why the calculated values as well as the percentage error recorded become
very high.

Table 25: Actual values of inductance during experiment at third harmonics

frequency
Actual Load Impedance Measured Load Impedance % Difference

Ra Xa Rc Xc R X Absolute Angle R X Absolute| Angle
0.00[ 660.00 660 90.00| -119.47 | 1128.20 1134.51 96.04 #DIV/0! 71% 72% 7%
0.00[ 840.00 840 90.00| -128.96 | 1233.41 1240.13 95.97 #DIV/0! 47% 48% 7%
0.00[ 1153.33 1153 90.00| -166.19 | 1502.54 1511.70 96.31 #DIV/0! 30% 31% 7%
0.00[ 1733.33 1733 90.00| -403.54 | 1975.65 2016.45 101.54 | #DIV/0! 14% 16% 13%
0.00[ 2533.33 2533 90.00| -268.29 | 3298.42 3309.32 94.65 #DIV/0! 30% 31% 5%

Average #DIV/0! 38% 40% 8%
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45.2 Recommendation and Comments

After reviewing results from both analyses, several conclusions can be made.

1) Per-phase method and symmetrical component method are both suitable to
analyze resistive loads.

2) Percentage error vyielded from per-phase method is lower than that of
symmetrical component method for analyzing inductive and RL loads. A more
suitable method of analysis for both loads would be the per-phase method.

3) As can be seen previously, per-phase method is much easier to be used since it
directly uses its phase values without the need for transforming the results to
symmetrical components. It also yielded a more accurate result, proven by the
lower percentage error calculated.

4) Cross-coupling phenomenon does exist in the system after analyzing using
symmetrical component. However, the analysis returns a high error but that was

due to the behavior of the inductive load.

To conclude, the author would recommend the use of per-phase analysis for
analyzing third harmonics characteristics under unbalanced load. This is due to the
easier calculations to be performed, as well as returning a lower percentage error.
Although symmetrical component can be used to analyze third harmonics
characteristics under unbalanced load, the method needs to be refined further with

more proof in order to reduce the error rate returned.
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CHAPTER 5: CONCLUSION

To conclude, the characteristics of third harmonics under unbalanced load have been
recorded. As such, in general, it can be observed that as load impedance at the phase
increases, the phase currents reduce while neutral current increases. Minimal
fluctuations were observed for the voltage as the load is varied and at third
harmonics frequency, the neutral phase carries the largest magnitude of current. In
terms of result validation, comparison was made between per-phase method and
symmetrical component method. Therefore, it was found that per-phase method is
more suitable to analyze this case since the error percentages returned were lower as
compared to symmetrical component method. Apart from that, cross-coupling
phenomenon was proven to exist in the system when applying symmetrical
component theory. However, the analysis needs to be refined further for inductive
loads, since its behavior during the experiment does not tally with theory, which is

any impedance value should be three times its value in zero component.

As a recommendation, this study can be furthered by including a wider scope (e.g.
transformer, cable capacitances etc.) to dig deeper about third harmonic
characteristics under unbalanced load.
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APPENDICES

1. Resistive load analysis (fundamental) using per-phase analysis

ST 06°¢ A5

15T STS 95Tt

98T £60 89°€T
796L€7880°0+885689TSV6ECSS00-  |I6V60TOSZTSOEOET 0+TS! YSETTTZE00 0+LYIEBSEEIEVZELO0'0 | [2T8TY6Y6096v09500 O+ 0ZZ80EL90 0+6E0695€98LLESTT 0 11991550029V ET060"0+Li
OTZZEEET 0-T8LLTS6ETEELTTLO0- 19500269¥8TS6YTZ 0-5L1 99rEIESS00'0+S6VEYTHTBET6I9E00'0  |1BT6ESLYSETITOOTO O+S SET68LL60'0+9VEVET/0/998Y9T 0- [8876E8TEEI0SHST 0+98!
9810050 £999999T+0/S05C "0 o '90TSEETB00'0+LT6TS65658TZ80V00'0 |IBO0EVOLTLS8YIBO0 O+Li GL06EIEE 0~ [8T8T8T8T890TCCE 0-

00°009T e 00°009T foozT

00096 e 00096 1099

00096 © 00°096 1099
¥65908€L 7680 0+670£520989077.500- [GBETEFTBECTTET O- m ¥8YTOTE00"0+285S8T0CTLITLTT00'0  [I££066920LTZ09SSO0" O+ S¥¥0S£980 0+779ETIIIBYIVTTT 0 [2/8€65079LEEETT 0+¥S!
JCTT8SETISLET 0-¥ZSTTOBSTLEYBE90 0~ 166.0T89SLE6L6TT @  |OLBILETSO00+EZ/BYO0BTVLSBSEN0 O IE8T/8T€079T168600 0+ €6.65€6L0°0+879EVCSSBBT6LT 0~ frTTEZTY/00069TT 0+8E!
[€VEBT/T6S6E00'0+8099556671661SC°0|  Sv/¥IT69Y8080V00 ¢y  OTLIZETB00'0+S6786ETLITISITHO00 |I6TBEVOECOLSBLSB00 O+ 0DESKTITE 0-8YSETY/IBYEELEVD 'O [Z18069500L TETTE 0-9T(
TTTSC CTe+T0SS0P0T9vLS TET- 1615/ T000Z88Y'80Z+9T8! MHa 10ST/90L [+8TSL0090CLYBLS'S 166v806TSLE6L96'8+TERI BSYCE SOC+TOVLSTESTERI"LOT- fE/YE6TYTTEL TET+T99N
LESTE ETT-SiCEBTELLY STT- STEVOELLESE'I0CHIO( O ISSTYS6'8+Z656298TLTLOLS'S 1809/€959/7SST9'6+L29, V00V8"L6T-LLVTTOE969VE LTT- [GS€098/58.£8'98T-€6E1

9,75 0vC 86/T06'L+/BETTTSB688T6'E 11/82196/67920€ 8+20C" S065°TTT

0072-009T-096 009T-09 00v7Z-009T-096 0091-09 0091/002T /099" 00211/09

san|eA auepadw|

san|eA asuepadu|

sanjeA auepadw|

2. Resistive load analysis (third harmonics) using per-

3. Inductive load analysis (fundamental) using per-phase analysis

Inductive load analysis (third harmonics) using per-phase analysis
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5. RL load analysis (fundamental) using per-phase analysis
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6. RL load analysis (third harmonics) using per-phase analys
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7. Resistive load analysis (fundamental) using Equation

(3.11) to (3.13)
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8. Resistive load analysis (Th
Equations (3.11) to (3.13)

9. Inductive load analysis (fundamental)

(3.11) to (3.13)
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10. Inductive load analysis (Third harmonics

Equations (3.11) to (3.13)
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11. Combination load analysis (fundamental) using Equation (

Equations (3.11) to (3.13)
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12. Combination load analysis (Third
Equations (3.11) to (3.13)
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