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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
rd

, 

7
th

, 9
th

 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
rd

, 9
th

 and 15
th

 

harmonics etc.  
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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
th

, 7
th

 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. 
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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 Ω, 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 ⁰C 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]. 
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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]. 
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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 
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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]. 
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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’ (Ω) Phase ‘b’ (Ω) Phase ‘c’ (Ω) 

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’ (Ω) Phase ‘b’ (Ω) Phase ‘c’ (Ω) 

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’ (Ω) Phase ‘b’ (Ω) Phase ‘c’ (Ω) 

1 960+ j660 960+ j660 960+ j660 

2 960+ j660 960+ j660 1600+ j1200 

3 960+ j660 1600+ j1200 2400+ j1600 

4 1600+ j1200 2400+ j1600 3600+ j2400 

5 2400+ j1600 3600+ j2400 4800+ j3600 
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The load values for the combination of resistive and inductive loads are calculated as 

below: 

                              (3.1) 

The generator’s ratings are as follows: 

 Voltage = 240 V 

 Current = 0.17 A 

 Power = 120 VA 

                          

      

              
      

                                         

From the above calculations, the values of resistance and impedance can then be 

found by using the power factor triangle below. 

 

 

 

 

 

36° = cos 0.8 

Cos 36° = 
 

 
 

Sin 36° = 
  

 
 

 

cos   

    

Z 

R 
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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 3: Fluke PQ Analyzer 

 

 

Figure 4: Clamp meter 

e. Desktop computer 

 

2. Software: 

a. Microsoft Excel 

b. Fluke View Power Quality Analyzer Software 
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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: 

             
    

    
      (3.2) 

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

calculated value (            and the recorded value (         ). The formula for 

percentage error is as follows: 

 

                      
                                

                 
       

          (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) 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). 

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

symmetrical form using the formulas below: 

   
 

 
                (3.4) 

   
 

 
                  (3.5) 

   
 

 
                  (3.6)  

   
 

 
                (3.7) 

   
 

 
                   (3.8) 

   
 

 
                   (3.9) 

4) 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: 

                   (3.10) 

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

transformed to symmetrical components via the following formula: 

   
 

 
                (3.11) 

   
 

 
                  (3.12) 

   
 

 
                  (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: 

                       (3.14) 

                       (3.15) 

                       (3.16) 

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    ,    and 

  . The set of equations used for transformation are: 

                   (3.17) 

                      (3.18) 

                      (3.19) 

Next, comparison is done by computing the percentage error between the 

calculated value (      and the recorded value (    ). The formula for 

percentage error is as follows: 

                      
                                

                 
       

          (3.20) 
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3.5 Gantt chart 

 

Table 5: Gantt chart for FYP 1 

No Activities/Week 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

1 Selection of 

Project Title 

              

2 Research on 

Third Harmonic 

Current and 

Unbalanced 

Load 

              

3 Extended 

Proposal 

Submission 

              

4 Proposal 

Defense 

              

5 Familiarizing 

with Lab 

Equipments 

              

6 Conducting Lab 

Experiments 

              

7 Draft Report 

Submission 

              

8 Interim Report 

Submission 

              

 

 

 

 

 

 



19 
 

Table 6: Gantt chart for FYP 2 

No Activities/ 

Week 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

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 Ω 

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. 

 

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

 

 

Figure 6: Voltage and current diagram for 960 Ω 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 Ω, 1600 Ω and 2400 Ω 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.  

 

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

respectively 

 

 

Figure 8: Voltage and current diagram for 960 Ω  / 1600 Ω / 2400 Ω 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 
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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. Voltage readings at the neutral 

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

 

 

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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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.  

 

 

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. 

 

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

 

 

Figure 14: Voltage and current diagram for j660 Ω 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 Ω, j1200 Ω and j1600 Ω 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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Figure 15: Power diagram for j660 Ω / j1200 Ω / j1600 Ω at phases R, Y and B 

respectively 

 

 

Figure 16: Voltage and current diagram for j660 Ω / j1200 Ω / j1600 Ω 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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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.  

 

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. 

 

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. 
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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 Ω 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. 

 

Figure 21: Power diagram for 960+j660 Ω loads at all phases 
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Figure 22: Voltage and current diagram for 960+j660 Ω 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 Ω, 1600+j1200 Ω and 2400+j1600 Ω 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. 

 

Figure 23: Power diagram for 960+j660 Ω / 1600+j1200 Ω / 2400+j1600 Ω at phases 

R, Y and B respectively 
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Figure 24: Voltage and current diagram for 960+j660Ω / 1600+j1200Ω / 

2400+j1600Ω 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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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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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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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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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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Table 7: Percentage difference for resistive loads at fundamental frequency 

 

Load impedances (Ω) 

960/960/960 960/960/ 

1600 

960/1600/ 

2400 

1600/2400/ 

3600 

2400/3600/ 

4800 

P
er

c
en

ta
g
e 

d
if

f.
 Ia 1.82 1.86 1.77 2.43 2.67 

Ib 2.63 2.51 3.19 3.48 3.54 

Ic 1.22 1.85 2.26 2.81 2.67 

 

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

 

Load impedances (Ω) 

960/960/960 960/960/ 

1600 

960/1600/ 

2400 

1600/2400/ 

3600 

2400/3600/ 

4800 

P
er

c
en

ta
g
e 

d
if

f.
 

Ia 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. 

 

4.4.1.2 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 (Ω) 

j660/j660/ 

j660 

j660/j660/ 

j1200 

j660/j1200/ 

j1800 

j1200/j1800/ 

j2400 

j1800/j2400/ 

j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

Ia 13.69 13.68 13.35 12.31 14.70 

Ib 12.33 12.56 12.18 15.82 16.87 

Ic 13.07 13.22 14.23 14.43 26.52 

 

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

 

Load Impedances (Ω) 

j660/j660/ 

j660 

j660/j660/ 

j1200 

j660/j1200/ 

j1800 

j1200/j1800/ 

j2400 

j1800/j2400/ 

j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

Ia 42.77 42.10 36.39 22.26 35.70 

Ib 45.92 43.14 28.79 33.17 17.98 

Ic 38.99 25.02 39.42 32.34 49.91 

 

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 (Ω) 

960+j660/ 

960+j660/ 

960+j660 

960+j660/ 

960+j660/ 

1600+j1200 

960+j660/ 

1600+j1200/ 

2400+j1800 

1600+j1200/ 

2400+j1800/ 

3600+j2400 

2400+j1800/ 

3600+j2400/ 

4800+j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

Ia 7.88 7.77 7.73 7.13 8.08 

Ib 6.98 7.10 7.15 8.54 8.68 

Ic 7.56 7.42 7.68 7.49 9.44 

 

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

frequency 

 

Load Impedances (Ω) 

960+j660/ 

960+j660/ 

960+j660 

960+j660/ 

960+j660/ 

1600+j1200 

960+j660/ 

1600+j1200/ 

2400+j1800 

1600+j1200/ 

2400+j1800/ 

3600+j2400 

2400+j1800/ 

3600+j2400/ 

4800+j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

Ia 48.40 49.88 50.92 49.42 52.12 

Ib 49.54 54.44 51.41 54.78 47.38 

Ic 50.87 52.43 50.35 56.46 51.77 

 

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 
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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,     . 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 (Ω) 

 

 960/960/ 

960 

960/960/ 

1600 

960/1600/ 

2400 

1600/2400/ 

3600 

2400/3600/ 

4800 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a

-V
a
 807.97 1008.89 1460.87 1343.53 1268.29 

E
b

-V
b

 100.00 267.68 327.20 309.18 268.51 

E
c-

V
c
 100.00 191.49 247.87 234.92 223.11 
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Table 14: Percentage difference for resistive loads at third harmonics using Equation 

(3.10) 

 

 Load Impedances (Ω) 

 

 960/960/ 

960 

960/960/ 

1600 

960/1600/ 

2400 

1600/2400/ 

3600 

2400/3600/ 

4800 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 88.96 90.81 93.50 93.13 92.43 

E
b

-V
b

 1.74E+16 134.85 139.52 137.68 156.63 

E
c-

V
c
 1.78E+16 159.26 159.38 160.55 171.58 

 

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 (Ω) 

 

 960/960/ 

960 

960/960/ 

1600 

960/1600/ 

2400 

1600/2400/ 

3600 

2400/3600/ 

4800 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 1.71 1.76 1.68 2.32 2.55 

E
b

-V
b

 2.54 2.43 3.07 3.37 3.42 

E
c-

V
c
 1.09 1.69 2.09 2.67 2.57 
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Table 16: Percentage difference for resistive loads at third harmonics using 

Equations (3.11) to (3.13) 

 

 Load Impedances (Ω) 

 

 960/960/ 

960 

960/960/ 

1600 

960/1600/ 

2400 

1600/2400/ 

3600 

2400/3600/ 

4800 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 1.16 1.16 1.52 2.48 6.70 

E
b

-V
b

 5.22 5.50 6.65 5.17 10.51 

E
c-

V
c
 1.05 4.11 3.35 3.39 18.44 

 

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 (Ω) 

 

 j660/j660/ 

j660 

j660/j660/ 

j1200 

j660/j1200/ 

j1800 

j1200/ 

j1800/ 

j2400 

j1800/ 

j2400/ 

j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 775.75 1017.35 1526.72 663.19 1397.16 

E
b

-V
b

 100.00 314.21 345.44 297.60 303.15 

E
c-

V
c
 100.00 201.01 275.10 222.90 183.16 

 

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

Equation (3.10) 

 

 Load Impedances (Ω) 

 

 j660/j660/ 

j660 

j660/j660/ 

j1200 

j660/j1200/ 

j1800 

j1200/ 

j1800/ 

j2400 

j1800/ 

j2400/ 

j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 420.36 573.20 968.94 556.08 860.81 

E
b

-V
b

 100.00 203.40 265.91 241.26 246.49 

E
c-

V
c
 100.00 179.74 211.21 140.40 154.58 

 

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 (Ω) 

 

 j660/j660/ 

j660 

j660/j660/ 

j1200 

j660/j1200/ 

j1800 

j1200/ 

j1800/ 

j2400 

j1800/ 

j2400/ 

j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a

-V
a
 129.57 129.73 188.63 133.65 132.36 

E
b

-V
b

 131.49 131.65 114.10 134.76 136.21 

E
c-

V
c
 130.97 134.64 127.65 133.19 116.70 

 

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 (Ω) 

 
 j660/j660/ 

j660 

j660/j660/ 

j1200 

j660/j1200/ 

j1800 

j1200/ 

j1800/ 

j2400 

j1800/ 

j2400/ 

j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 119.98 121.41 123.44 144.81 126.09 

E
b

-V
b

 121.78 120.71 130.71 135.93 135.68 

E
c-

V
c
 120.55 130.71 125.57 136.95 109.01 

 

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 RL loads 

 

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 (Ω) 

 

 960+j660/ 

960+j660/ 

960+j660 

960+j660/ 

960+j660/ 

1600+j1200 

960+j660/ 

1600+j1200/ 

2400+j1800 

1600+j1200/ 

2400+j1800/ 

3600+j2400 

2400+j1800/ 

3600+j2400/ 

4800+j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 

734.47 935.80 1375.35 1217.11 1213.00 

E
b

-V
b

 

100.00 276.00 314.99 280.58 283.45 

E
c-

V
c
 

100.00 183.63 244.53 229.46 198.98 
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Table 22: Percentage difference for RL loads at third harmonics using equation 

(3.10) 

 

 Load Impedances (Ω) 

 

 960+j660/ 

960+j660/ 

960+j660 

960+j660/ 

960+j660/ 

1600+j1200 

960+j660/ 

1600+j1200/ 

2400+j1800 

1600+j1200/ 

2400+j1800/ 

3600+j2400 

2400+j1800/ 

3600+j2400/ 

4800+j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a

-V
a
 371.13 469.07 685.26 610.42 569.02 

E
b

-V
b

 100.00 170.88 207.53 181.41 194.44 

E
c-

V
c
 100.00 135.63 173.50 156.12 157.15 

 

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 (Ω) 

 

 960+j660/ 

960+j660/ 

960+j660 

960+j660/ 

960+j660/ 

1600+j1200 

960+j660/ 

1600+j1200/ 

2400+j1800 

1600+j1200/ 

2400+j1800/ 

3600+j2400 

2400+j1800/ 

3600+j2400/ 

4800+j3600 

P
er

c
en

ta
g
e 

d
if

fe
re

n
c
e
 

E
a

-V
a
 54.45 54.32 54.34 56.90 50.67 

E
b

-V
b

 53.78 53.63 56.04 49.55 49.11 

E
c-

V
c
 54.14 55.85 50.76 50.99 54.76 

 

Table 24: Percentage difference for RL loads at third harmonics using Equations 

(3.11) to (3.13) 

 

 Load Impedances (Ω) 

 

 960+j660/ 

960+j660/ 

960+j660 

960+j660/ 

960+j660/ 

1600+j1200 

960+j660/ 

1600+j1200/ 

2400+j1800 

1600+j1200/ 

2400+j1800/ 

3600+j2400 

2400+j1800/ 

3600+j2400/ 

4800+j3600 

P
er

c
en

ta
g
e 

d
if

f.
 

E
a
-V

a
 48.50 49.97 51.01 49.52 52.21 

E
b

-V
b

 49.63 54.52 51.50 54.87 47.47 

E
c-

V
c
 50.96 52.52 50.44 56.54 51.85 

 

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. 

 

4.5.1 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 

 

 

 

 

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%

#DIV/0! 38% 40% 8%

% Difference

Average

Actual Load Impedance Measured Load Impedance
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4.5.2 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 yielded 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. 

 

 

 

 

 

 

 

 



49 
 

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 

 

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

 

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

 

4. Inductive load analysis (third harmonics) using per-phase analysis 

96
0-

96
0-

96
0

96
0-

96
0-

16
00

96
0-

16
00

-2
40

0
16

00
-2

40
0-

36
00

24
00

-3
60

0-
48

00

V
a

24
0.

34
8

24
0.

54
76

24
0.

01
79

24
0.

95
07

24
1.

28
19

V
b

-1
19

.5
20

36
20

84
37

-2
08

.2
49

92
50

94
13

1j
-1

16
.7

99
27

39
00

24
-2

06
.3

53
77

30
43

25
4j

-1
15

.4
77

31
83

24
44

5-
21

3.
31

53
70

66
40

82
j

-1
17

.3
38

12
29

96
56

8-
21

1.
31

37
64

30
90

3j
-1

18
.4

70
14

78
18

80
7-

21
0.

72
76

58
33

83
16

j

V
c

-1
22

.0
99

15
52

38
90

1+
20

7.
21

21
04

83
45

07
j

-1
28

.9
57

04
00

56
81

6+
20

8.
48

82
00

01
75

19
j

-1
32

.5
74

62
04

05
50

1+
21

2.
25

11
10

79
41

19
j

-1
28

.7
89

47
07

51
88

4+
21

0.
53

71
26

24
25

93
j

-1
26

.5
82

72
71

51
+2

09
.8

22
85

27
80

56
7j

Ia
0.

25
28

01
61

75
18

06
2+

0.
00

38
54

44
43

50
57

17
4j

0.
25

28
13

06
61

26
82

1+
0.

00
40

80
84

69
16

47
45

4j
0.

25
19

91
29

95
56

60
8+

0.
00

39
59

17
28

34
31

26
8j

0.
15

26
73

54
18

55
92

3+
0.

00
30

19
60

07
56

35
65

6j
0.

10
19

71
49

81
32

11
9+

0.
00

22
62

73
73

35
91

21
6j

Ib
-0

.1
20

65
29

55
56

70
38

-0
.2

22
24

74
75

62
83

82
j

-0
.1

17
77

48
46

97
14

79
-0

.2
19

79
37

56
81

07
99

j
-0

.0
69

84
37

15
80

11
52

4-
0.

13
75

62
35

81
12

01
4j

-0
.0

47
20

12
94

86
27

25
8-

0.
09

11
23

19
02

09
96

8j
-0

.0
31

73
15

61
78

92
18

8-
0.

06
05

98
18

44
47

38
66

j

Ic
-0

.1
30

17
82

96
23

83
16

+0
.2

16
52

12
22

44
10

79
j

-0
.0

83
30

74
75

27
04

47
9+

0.
13

11
23

81
93

23
85

j
-0

.0
57

44
06

86
02

57
04

9+
0.

08
92

73
80

65
94

01
94

j
-0

.0
37

67
84

73
10

07
82

3+
0.

05
87

56
55

01
10

41
51

j
-0

.0
27

73
64

68
08

82
62

5+
0.

04
36

88
99

25
27

14
8j

Za
96

0.
00

96
0.

00
96

0.
00

16
00

.0
0

24
00

.0
0

Zb
96

0.
00

96
0.

00
16

00
.0

0
24

00
.0

0
36

00
.0

0

Zc
96

0.
00

16
00

.0
0

24
00

.0
0

36
00

.0
0

48
00

.0
0

Ia
0.

25
03

62
5

0.
25

05
70

41
66

66
66

7
0.

25
00

18
64

58
33

33
3

0.
15

05
94

18
75

0.
10

05
34

12
5

Ib
-0

.1
24

50
03

77
17

12
19

-0
.2

16
92

70
05

30
63

86
j

-0
.1

21
66

59
10

31
27

5-
0.

21
49

51
84

69
20

05
6j

-0
.0

72
17

33
23

95
27

78
1-

0.
13

33
22

10
66

65
05

1j
-0

.0
48

89
08

84
58

19
03

3-
0.

08
80

47
40

17
95

42
92

j
-0

.0
32

90
83

74
39

41
13

1-
0.

05
85

35
46

06
49

53
22

j

Ic
-0

.1
27

18
66

20
04

05
22

+0
.2

15
84

59
42

53
59

45
j

-0
.0

80
59

81
50

03
55

1+
0.

13
03

05
12

50
10

94
9j

-0
.0

55
23

94
25

16
89

58
8+

0.
08

84
37

96
28

30
88

29
j

-0
.0

35
77

48
52

98
66

34
5+

0.
05

84
82

53
50

67
38

69
j

-0
.0

26
37

14
01

48
97

91
7+

0.
04

37
13

09
43

29
28

48
j

Ia
1.

82
1.

86
1.

77
2.

43
2.

67

Ib
2.

63
2.

51
3.

19
3.

48
3.

54

Ic
1.

22
1.

85
2.

26
2.

81
2.

67

P
e

rc
e

n
ta

ge
 

d
if

fe
re

n
ce

C
O

M
P

LE
X

 V
A

LU
ES

Im
p

e
d

an
ce

 v
al

u
e

s

Tr
an

sf
o

rm
 

vo
lt

ag
e

s 
(P

o
la

r-

co
m

p
le

x)

Tr
an

sf
o

rm
 

cu
rr

e
n

ts
 (

P
o

la
r-

co
m

p
le

x)

C
u

rr
e

n
t 

(c
al

cu
la

te
d

)

Im
p

e
d

an
ce

96
0-

96
0-

96
0

96
0-

96
0-

16
00

96
0-

16
00

-2
40

0
16

00
-2

40
0-

36
00

24
00

-3
60

0-
48

00

V
a

2.
38

26
66

58
43

30
9+

8.
84

27
34

41
78

65
83

j
2.

89
53

03
60

94
62

02
+8

.3
02

62
97

96
12

87
7j

3.
91

88
98

52
11

38
4+

7.
90

41
79

81
91

92
07

j
6.

34
28

80
81

68
94

03
+6

.7
18

03
06

72
63

77
5j

7.
46

00
85

23
89

70
75

+5
.7

74
96

98
45

21
95

2j

V
b

1.
82

53
89

12
05

71
7+

9.
56

52
15

42
33

13
14

j
3.

14
91

25
03

97
62

7+
9.

61
55

47
65

63
76

08
j

5.
87

07
17

18
62

95
92

+8
.9

54
15

45
81

56
88

1j
7.

97
10

83
59

37
44

44
+7

.2
24

27
51

04
50

96
7j

9.
06

37
60

54
69

93
28

+5
.9

08
60

01
83

05
25

j

V
c

3.
42

32
25

81
73

16
25

+9
.6

39
50

74
30

03
29

j
4.

60
96

45
74

32
09

31
+8

.9
67

93
75

19
08

49
9j

5.
57

84
72

06
00

75
28

+7
.7

06
72

50
33

62
22

2j
7.

52
81

72
03

27
95

24
+6

.1
93

26
60

31
49

58
7j

8.
38

45
71

77
66

16
25

+5
.0

77
95

71
67

67
03

j

Ia
0.

00
25

96
24

47
48

64
96

4+
0.

00
92

53
03

45
21

66
18

1j
0.

00
29

61
70

38
24

22
15

6+
0.

00
85

78
57

02
30

43
81

9j
0.

00
41

65
11

67
13

98
29

5+
0.

00
81

32
17

20
71

68
80

9j
0.

00
41

15
62

01
41

94
99

1+
0.

00
42

39
54

11
67

86
91

4j
0.

00
28

88
89

17
18

26
82

1+
0.

00
25

35
48

87
74

89
63

4j

Ib
0.

00
24

42
60

42
97

02
98

1+
0.

01
00

27
57

11
94

28
88

j
0.

00
27

40
27

70
66

84
18

6+
0.

00
98

94
26

20
31

87
18

3j
0.

00
35

85
24

18
00

48
72

3+
0.

00
51

97
19

70
04

53
23

5j
0.

00
35

42
85

84
21

14
88

6+
0.

00
29

15
65

21
29

45
15

9j
0.

00
22

61
99

56
48

39
45

9+
0.

00
18

00
97

68
46

47
10

9j

Ic
0.

00
36

85
66

20
05

42
25

9+
0.

01
00

60
98

78
99

34
09

j
0.

00
26

39
53

58
49

73
69

9+
0.

00
55

60
22

70
26

99
03

7j
0.

00
22

72
67

12
01

85
58

2+
0.

00
31

01
48

44
71

83
59

j
0.

00
21

75
30

94
24

19
93

7+
0.

00
16

76
09

09
44

71
19

5j
0.

00
14

51
50

30
26

51
68

9+
0.

00
12

48
32

64
91

41
49

3j

Za
96

0.
00

96
0.

00
96

0.
00

16
00

.0
0

24
00

.0
0

Zb
96

0.
00

96
0.

00
16

00
.0

0
24

00
.0

0
36

00
.0

0

Zc
96

0.
00

16
00

.0
0

24
00

.0
0

36
00

.0
0

48
00

.0
0

Ia
0.

00
24

81
94

43
58

67
80

2+
0.

00
92

11
18

16
85

27
69

1j
0.

00
30

15
94

12
59

85
62

7+
0.

00
86

48
57

27
04

30
08

j
0.

00
40

82
18

59
59

51
91

7+
0.

00
82

33
52

06
44

99
17

4j
0.

00
39

64
30

05
10

55
87

7+
0.

00
41

98
76

91
70

39
85

9j
0.

00
31

08
36

88
49

57
11

5+
0.

00
24

06
23

74
35

50
81

3j

Ib
0.

00
19

01
44

70
00

59
55

2+
0.

00
99

63
76

60
65

95
11

9j
0.

00
32

80
33

85
83

08
61

5+
0.

01
00

16
19

54
75

39
18

j
0.

00
36

69
19

82
41

43
49

5+
0.

00
55

96
34

66
13

48
05

1j
0.

00
33

21
28

48
30

72
68

5+
0.

00
30

10
11

46
26

87
90

3j
0.

00
25

17
71

12
63

05
36

9+
0.

00
16

41
27

78
28

62
56

9j

Ic
0.

00
35

65
86

02
26

37
10

9+
0.

01
00

41
15

35
72

95
09

j
0.

00
28

81
02

85
89

50
58

2+
0.

00
56

04
96

09
49

42
81

2j
0.

00
23

24
36

33
58

36
47

+0
.0

03
21

11
35

43
06

75
92

j
0.

00
20

91
15

88
97

99
86

8+
0.

00
17

20
35

16
75

41
55

2j
0.

00
17

46
78

57
86

79
50

5+
0.

00
10

57
90

77
43

26
46

5j

Ia
1.

28
0.

97
1.

42
2.

71
6.

48

Ib
5.

37
5.

25
6.

10
5.

37
10

.0
3

Ic
1.

14
3.

90
3.

06
3.

51
17

.2
1

P
e

rc
e

n
ta

ge
 

d
if

fe
re

n
ce

C
O

M
P

LE
X

 V
A

LU
ES

Im
p

e
d

an
ce

 v
al

u
e

s

Tr
an

sf
o

rm
 

vo
lt

ag
e

s 
(P

o
la

r-

co
m

p
le

x)

Tr
an

sf
o

rm
 

cu
rr

e
n

ts
 (

P
o

la
r-

co
m

p
le

x)

Im
p

e
d

an
ce

C
u

rr
e

n
t 

(c
al

cu
la

te
d

)

j6
60

/j
66

0/
j6

60
j6

60
/j

66
0/

j1
20

0
j6

60
/j

12
00

/j
16

00
j1

20
0/

j1
60

0/
j2

40
0

j1
60

0/
j2

40
0/

j3
60

0

V
a

20
7.

94
75

21
2.

59
05

22
2.

01
79

23
8.

52
96

24
0.

30
2

V
b

-1
03

.2
04

58
92

46
78

-1
80

.2
60

81
13

18
52

6j
-1

01
.9

74
17

90
13

93
-1

86
.8

77
85

78
60

35
5j

-1
17

.3
46

96
30

11
47

7-
19

7.
84

00
48

63
32

15
j

-1
19

.8
54

57
22

34
80

9-
20

8.
97

16
17

50
68

06
j

-1
20

.6
58

69
37

34
22

8-
21

0.
83

72
23

44
16

87
j

V
c

-1
05

.8
51

25
53

57
75

2+
17

9.
01

96
38

31
08

51
j

-1
08

.1
61

54
40

66
2+

19
1.

73
11

94
19

34
73

j
-1

07
.6

93
15

31
57

40
1+

20
5.

32
45

81
71

04
63

j
-1

19
.2

67
77

72
26

64
6+

21
2.

75
10

10
98

90
32

j
-1

20
.4

48
68

92
81

76
5+

21
4.

67
12

77
24

49
89

j

Ia
0.

04
16

16
77

48
76

37
19

-0
.3

03
68

52
99

95
02

11
j

0.
04

27
15

37
22

93
20

16
-0

.3
11

31
70

05
69

08
12

j
0.

04
37

33
48

67
41

35
48

-0
.3

26
14

53
07

31
68

52
j

0.
02

43
78

68
95

02
12

44
-0

.2
00

76
76

96
24

59
82

j
0.

02
19

84
74

63
96

56
53

-0
.1

52
20

95
86

44
14

88
j

Ib
-0

.2
86

80
35

51
22

97
43

+0
.1

20
06

54
63

85
80

47
j

-0
.2

98
21

10
96

16
86

38
+0

.1
16

90
00

74
12

31
14

j
-0

.1
79

18
85

52
43

64
8+

0.
07

93
59

79
37

33
09

12
j

-0
.1

48
19

77
04

39
10

14
+0

.0
58

84
44

36
70

93
75

j
-0

.1
01

67
48

23
34

91
49

+0
.0

40
24

70
83

83
91

96
8j

Ic
0.

24
51

52
15

36
12

43
8+

0.
19

22
62

53
75

67
96

7j
0.

15
27

35
06

16
12

35
4+

0.
11

33
37

62
05

93
87

2j
0.

12
14

64
86

66
13

64
4+

0.
08

67
50

44
54

73
32

06
j

0.
08

34
43

59
98

07
55

+0
.0

63
40

32
73

51
46

02
1j

0.
04

15
43

28
77

33
40

72
+0

.0
32

20
77

89
47

61
45

9j

Za
66

0j
66

0j
66

0j
12

00
j

16
00

j

Zb
66

0j
66

0j
12

00
j

16
00

j
24

00
j

Zc
66

0j
12

00
j

16
00

j
24

00
j

36
00

j

Ia
-0

.3
15

07
19

69
69

69
7j

-0
.3

22
10

68
18

18
18

18
j

-0
.3

36
39

07
57

57
57

58
j

-0
.1

98
77

46
66

66
66

67
j

-0
.1

50
18

87
5j

Ib
-0

.2
73

12
24

41
39

17
06

+0
.1

56
37

05
89

76
78

48
j

-0
.2

83
14

82
69

48
53

86
+0

.1
54

50
63

31
83

92
88

j
-0

.1
64

86
67

07
19

43
46

+0
.0

97
78

91
35

84
28

97
5j

-0
.1

30
60

72
60

94
17

54
+0

.0
74

90
91

07
64

67
55

6j
-0

.0
87

84
88

43
10

07
02

9+
0.

05
02

74
45

57
22

59
5j

Ic
0.

27
12

41
87

62
28

56
2+

0.
16

03
80

68
99

35
98

8j
0.

15
97

75
99

51
61

22
7+

0.
09

01
34

62
00

55
16

67
j

0.
12

83
27

86
35

69
03

9+
0.

06
73

08
22

07
23

37
56

j
0.

08
86

46
25

45
78

76
33

+0
.0

49
69

49
07

17
77

69
2j

0.
05

96
30

91
03

45
83

03
+0

.0
33

45
79

69
24

49
34

7j

Ia
13

.6
9

13
.6

8
13

.3
5

12
.3

1
14

.7
0

Ib
12

.3
3

12
.5

6
12

.1
8

15
.8

2
16

.8
7

Ic
13

.0
7

13
.2

2
14

.2
3

14
.4

3
26

.5
2

P
e

rc
e

n
ta

ge
 

d
if

fe
re

n
ce

C
O

M
P

LE
X

 V
A

LU
ES

Im
p

e
d

an
ce

 v
al

u
e

s

Tr
an

sf
o

rm
 

vo
lt

ag
e

s 
(P

o
la

r-

co
m

p
le

x)

Tr
an

sf
o

rm
 

cu
rr

e
n

ts
 (

P
o

la
r-

co
m

p
le

x)

Im
p

e
d

an
ce

C
u

rr
e

n
t 

(c
al

cu
la

te
d

)



iv 
 

 

 

5. RL load analysis (fundamental) using per-phase analysis 

 

6. RL load analysis (third harmonics) using per-phase analysis 

 

7. Resistive load analysis (fundamental) using Equation (3.10) and Equations 

(3.11) to (3.13) 
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8. Resistive load analysis (Third harmonics) using Equation (3.10) and 

Equations (3.11) to (3.13) 

 
9. Inductive load analysis (fundamental) using Equation (3.10) and Equations 

(3.11) to (3.13)  96
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10. Inductive load analysis (Third harmonics) using Equation (3.10) and 

Equations (3.11) to (3.13) 

 

11. Combination load analysis (fundamental) using Equation (3.10) and 

Equations (3.11) to (3.13) 
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12. Combination load analysis (Third harmonics) using Equation (3.10) and 

Equations (3.11) to (3.13) 
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