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Abstract 

 

Harmonic impedance characterizes the voltage response of a power system 

when it is subjected to the influence of high-frequency currents. The impedance is a 

key parameter of a power network and must be known to diagnose power system 

problems caused by high-frequency disturbances and to design disturbance-

mitigation measures. 

 

Unfortunately, determining an operating power system’s harmonic 

impedances is very difficult; they must be measured when the system is energized. 

In fact, how to measure a power system’s high-frequency impedances has been a 

challenging and frequent research topic in the power engineering field. 

 

This thesis presents a measurement methodology that can determine the 

harmonic impedances and sources at both sides of utility-customer interface. This 

methodology is applicable to single-phase three-wire systems under energized 

conditions. A potential application of the method is to determine the harmonic 

contributions of the supply system and its customers at the interface points. 

 

 

 

 

 

 

 



 v

 

Acknowledgement 
 

 

I am grateful to all who helped me to complete this thesis. The expert 

guidance and advice from my supervisor, Dr. Wilsun Xu, made its completion 

possible. I also give special thanks also to Dr. Sami Abdulsalam for his constructive 

feedback in our technical discussions. I also thank my fellow students in the Power 

Disturbance and Signaling Research Lab for providing a supportive and friendly 

environment. I especially thank Hooman Erfania, who was always keen to share his 

knowledge and experience. As well, I would like to thank my parents and my sister 

in Colombia, and, here in Canada, my wife, Piedad, and my son, Mathias, for their 

patience and understanding. They have played and will always play a decisive role 

in giving me the two most important things in my life, love and happiness. Finally, I 

thank God for His love and care in enabling me to achieve the most important 

goals in my life. 



 vi

 

Table of Contents 
 

CHAPTER 1: INTRODUCTION................................................................... 13 

1.1 POWER QUALITY & HARMONICS ......................................................................... 14 

1.2 POWER QUALITY DISTURBANCES .......................................................................... 15 

1.3 HARMONICS .............................................................................................................. 16 

1.3.1 Definition ................................................................................ 16 

1.3.2 Harmonic Indices ..................................................................... 17 

1.4 HARMONIC IMPEDANCE ......................................................................................... 18 

1.4.1 Importance of Harmonic Impedance ........................................... 19 

1.4.2 Problem Description .................................................................. 20 

1.4.3 Network Frequency Response ..................................................... 21 

1.5 HARMONIC SOURCES .............................................................................................. 21 

1.6 PROPOSED RESEARCH.............................................................................................. 23 

CHAPTER 2: IMPEDANCE MEASUREMENT TECHNIQUES.................... 25 

2.1 INTRODUCTION ........................................................................................................ 25 

2.2 LITERATURE REVIEW ............................................................................................... 26 

2.2.1 Transient methods .................................................................... 27 

2.2.2 Steady-state methods.................................................................. 32 

2.3 SUMMARY AND RESEARCH OBJECTIVES ............................................................... 35 

CHAPTER 3: UTILITY-SIDE HARMONIC IMPEDANCE............................ 37 

3.1 INTRODUCTION ........................................................................................................ 37 

3.2 PROBLEM DESCRIPTION .......................................................................................... 38 

3.3 THE PROPOSED METHOD ........................................................................................ 39 

3.3.1 Source of disturbance ................................................................ 40 

3.3.2 Impedance calculation for single-phase three-wire systems ............... 42 

3.3.3 Implementation issues ............................................................... 44 



 vii

3.4 SIMULATION STUDIES ON THE PROPOSED SCHEME........................................... 45 

3.5 EXPERIMENTAL RESULTS ......................................................................................... 47 

3.6 POTENTIAL APPLICATION – HARMONIC SOURCE DETERMINATION .............. 51 

3.7 CONCLUSIONS AND MAJOR FINDINGS ................................................................. 53 

CHAPTER 4: CUSTOMER-SIDE HARMONIC IMPEDANCE...................... 55 

4.1 IMPEDANCE MEASUREMENT METHODOLOGY..................................................... 56 

4.2 EQUIVALENT MODEL FOR SINGLE-PHASE SYSTEMS ............................................ 57 

4.2.1 Simulation results ..................................................................... 59 

4.2.2 Field measurement results for fundamental frequency.................... 61 

4.2.3 Harmonic load impedance ......................................................... 64 

4.3 IMPLEMENTATION ISSUES ....................................................................................... 65 

4.3.1 Energy level.............................................................................. 65 

4.3.2 Load variation ......................................................................... 66 

4.3.3 Subtraction of waveforms........................................................... 67 

4.4 SUMMARY AND MAJOR FINDINGS .......................................................................... 69 

CHAPTER 5: TRANSIENT-BASED APPROACH FOR HARMONIC 

IMPEDANCE DETERMINATION ................................................................ 71 

5.1 CHARACTERIZATION OF THE CAPACITOR SWITCHING TRANSIENT ............... 71 

5.2 TRANSIENT DETECTION FOR HARMONIC IMPEDANCE...................................... 72 

5.3 WINDOWING AND FREQUENCY RESOLUTION .................................................... 75 

5.4 SAMPLE RESULTS AND COMPARISON WITH STEADY-STATE .............................. 79 

5.5 SUMMARY AND MAJOR FINDINGS .......................................................................... 81 

CHAPTER 6: CASE STUDIES: APPLICATION OF PROPOSED 

TECHNIQUE OVER MEASURED DATA..................................................... 83 

6.1 CHARACTERISTIC OF THE MEASURED SITES ....................................................... 83 

6.2 CHARACTERISTICS OF UTILITY-SYSTEM HARMONIC IMPEDANCES ............... 84 

6.3 CHARACTERISTICS OF LOAD-SIDE HARMONIC IMPEDANCES ......................... 86 

6.4 HARMONIC DISTORTION CHARACTERISTICS .................................................... 91 



 viii

6.5 CHARACTERISTICS OF THE HARMONICS SOURCES ........................................... 96 

6.5.1 Characteristics of Utility Side Sources ......................................... 97 

6.5.2 Characteristics of Customer Side Sources ..................................... 98 

6.6 SUMMARY OF MAJOR FINDINGS ............................................................................. 99 

CHAPTER 7: CONTRIBUTIONS AND CONCLUSIONS .......................... 101 

7.1 HARMONIC IMPEDANCE........................................................................................ 101 

7.2 HARMONIC DISTORTION CHARACTERISTICS AND HARMONIC SOURCES ... 102 

7.3 RECOMMENDATIONS AND FUTURE RESEARCH ................................................ 103 

REFERENCES .............................................................................................. 105 

 



 ix

 

List of Tables 

 

Table 2-1 Comparison of invasive harmonic impedance measurement methods. .............. 35 

Table 2-2 Invasive methods for each configuration. ............................................................. 35 

Table 3-1 Harmonic impedance results. ................................................................................ 46 

Table 3-2 Calculated and Measured Impedance ................................................................... 49 

Table 3-3 Harmonic source results and harmonic phase currents ....................................... 53 

Table 4-1 Simulation load impedance results........................................................................ 61 

Table 4-2: Numerical results for fundamental load impedance. .......................................... 63 

Table 4-3 Load impedance results for some sample sites...................................................... 65 

Table 6-1 Characteristics of the measured houses. ............................................................... 84 

Table 6-2 Normalized harmonic impedance parameters for measured houses.................... 86 

Table 6-3 PCC indices for measured sites. ............................................................................ 91 

Table 6-4 Utility side source characteristics........................................................................... 97 

Table 6-5 Characteristics of harmonic current sources Ic. .................................................... 98 

 



 x

List of Figures 

 

Figure 1-1 Distribution system configuration for harmonic impedance analysis purposes at 

PCC. .............................................................................................................................. 19 

Figure 1-2 Equivalent interpretation of distribution system at the interface point. ............ 19 

Figure 1-3 Current source equivalent circuit for harmonic analysis. ................................... 20 

Figure 1-4 Frequency response of system impedance. Simple case....................................... 21 

Figure 2-1 Impedance measurement methods....................................................................... 26 

Figure 2-2 Voltage and current waveforms during a disturbance. ........................................ 28 

Figure 2-3 Transient waveforms and frequency contents. .................................................... 28 

Figure 3-1 Power distribution system for single-phase three-wire customers: a. Schematics 

and b. Circuit representation........................................................................................ 38 

Figure 3-2 Harmonic source equivalent model for three-wire single-phase systems............. 39 

Figure 3-3 Equivalent circuit for one-phase systems. Current source model. ...................... 40 

Figure 3-4 Capacitor bank as source of disturbance. ............................................................ 41 

Figure 3-5 Load voltage and current. ..................................................................................... 41 

Figure 3-6 Equivalent circuit model: (a) Voltage source and (b) Current source................. 42 

Figure 3-7 Test simulated circuit for example application. ................................................... 46 

Figure 3-8 Harmonic results for test simulated circuit.......................................................... 47 

Figure 3-9.  System set-up used in field measurements. ........................................................ 48 

Figure 3-10  Field measurement results. ................................................................................ 48 

Figure 3-11 Harmonic impedance results. Scatter plot for harmonic orders....................... 50 

Figure 3-12  Harmonic impedance trends. ............................................................................ 50 

Figure 3-13  Detail of voltage and current waveforms per phase (2 cycles). ......................... 52 

Figure 4-1 Load-side impedance measurement approach. .................................................... 56 

Figure 4-2  Typical single-phase supply with two branches. .................................................. 57 

Figure 4-3 Equivalent proposed model for a single-phase two- branch system. ................... 58 

Figure 4-4 Single-phase simulation case................................................................................. 59 

Figure 4-5 Branch currents and voltage waveforms............................................................... 60 

Figure 4-6 Branch currents and voltage harmonic spectra.................................................... 60 

Figure 4-7 Fundamental impedance. Comparison using V/I and ∆V/∆I. .......................... 62 

Figure 4-8 Fundamental component results for measured load impedance. ....................... 64 



 xi

Figure 4-9 Sample measured load impedances...................................................................... 64 

Figure 4-10 Energy levels for a successful site. a. V and I; b. ∆V and ∆I. ............................. 66 

Figure 4-11 Energy levels for an unsuccessful site. a. V and I; b. ∆V and ∆I. ...................... 66 

Figure 4-12 Load variation. ....................................................................................................67 

Figure 4-13 Correction of skewing error for the sequential interval sampling scheme. ...... 68 

Figure 4-14 Subtraction error................................................................................................. 69 

Figure 5-1. Transient detection using different thresholds................................................... 73 

Figure 5-2 Derivative of the subtracted waveform (Voltage). ................................................ 74 

Figure 5-3 Extracted transient of the voltage signal. ............................................................. 74 

Figure 5-4 Frequency content of transient current ............................................................... 75 

Figure 5-5 Two-cycle window length transient frequency spectra......................................... 76 

Figure 5-6 Three-cycle window length transient power spectra. ........................................... 76 

Figure 5-7 Energy level DI for two-cycle window length. ...................................................... 77 

Figure 5-8 Energy level DI for three-cycle window length..................................................... 78 

Figure 5-9 Harmonic impedance with different window lengths: a. 60 – 3 kHz ; b. Zoom 60 

– 500Hz.......................................................................................................................... 79 

Figure 5-10 Impedance results using Transient and Steady-state methods. a. The whole 

range of frequency, b. Zoom in up to 1kHz. ................................................................ 80 

Figure 5-11. Impedance results for a sample case. Steady-state and transient method 

comparison. ................................................................................................................... 80 

Figure 5-12. Frequency spectra for steady-state waveforms ................................................... 81 

Figure 6-1 Representative values for harmonic impedances. ................................................ 85 

Figure 6-2 General frequency-dependent response of load side impedances....................... 87 

Figure 6-3 Sample load impedance results: a. and b. R and X for branch A; c. and d. R and 

X for branch B. .............................................................................................................. 88 

Figure 6-4 Load impedance results for house # 1.................................................................. 88 

Figure 6-5 Load impedance results for house # 2.................................................................. 89 

Figure 6-6 Load impedance results for house # 3.................................................................. 89 

Figure 6-7 Load impedance results for house # 4.................................................................. 90 

Figure 6-8 Load impedance results for house #5................................................................... 90 

Figure 6-9 Harmonic spectrum of voltages at the PCC (V1 is divided by 10). ..................... 92 

Figure 6-10 Harmonic spectrum of currents measured at the PCC (I1 divided by 10)........ 92 



 xii

Figure 6-11 Current THD (%) at the PCC. .......................................................................... 93 

Figure 6-12 Voltage crest factors of measured sites. .............................................................. 93 

Figure 6-13 Impact of Voltage THD...................................................................................... 94 

Figure 6-14 Impact of Current TDD. .................................................................................... 95 

Figure 6-15 Impact of IDD for harmonic orders................................................................... 96 

Figure 6-16 Comparison of harmonic spectra of Eu and Vpcc (V1 divided by 25). ................ 97 

Figure 6-17 Comparison of harmonic spectra of Ic and Ipcc (I1 divided by 25). .................... 99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 1   

Introduction 

In ideal conditions, power electricity should be delivered under perfect 

parameters to all customers. However, due to the complexity and diverse effects of 

power systems, these optimal conditions cannot be fully satisfied, and, as a result, 

the quality of the supplied power is compromised. 

 

In recent years, the proliferation of power electronic loads has substantially 

increased, so the quality of electrical power has become an important subject for 

power systems. Nowadays, equipment is more sensitive to power quality issues and 

due to high-efficiency constraints, maintaining low harmonic level is critical. 

Transients, voltage sags, phase imbalance and harmonics, among others factors, are 

examples of the power quality concerns, not only for utilities but also for 

customers.  

 

This introductory chapter provides a brief overview of power quality 

focused on harmonics in electrical systems. These concepts are explored in the first 

three sections of this chapter. Special mention is made of harmonic impedance and 

network frequency response in Section 1.4. Harmonic sources are described in 

Section 1.5. Finally, the scope, the objectives and a brief outline of this thesis are 

presented in Section 1.6. 

 

 



Chapter 1                          Introduction 

 

 14

1.1 Power Quality & Harmonics 

The concept of power quality has been used in different ways depending on 

the applicability and/or scope of the analysis desired and on who does this analysis. 

From the utilities’ and regulators’ points of view, power quality is related to how to 

maintain voltage as a sinusoid at a rated magnitude and frequency [1]. For an 

equipment manufacturer, power quality refers to the characteristics of the power 

supply that enable the equipment to work properly. 

 

The IEEE Standard Dictionary of Electrical and Electronics Terms defines power 

quality as “the concept of powering and grounding sensitive electronic equipment 

in a manner that is suitable to the operation of that equipment” [2]. Power quality 

is also defined as “[a]ny power problem manifested in voltage, current, or frequency 

deviations that result in failure or misoperation of customer equipment” [3]. In this 

sense, the ultimate gauge of power quality is its ability to ensure that an electrical 

apparatus functions correctly. 

 

Power quality assessment is difficult and is determined mainly by the 

performance of the end-user equipment. Power quality is poor when the electric 

power is inadequate for customer needs. One difficulty is that the power supply 

system can control only the quality of the voltage, but not the currents that the 

loads draw. As a result, some of the power quality monitoring analyses are focused 

on keeping the supply voltage within certain limits. 

 

A simple example of a power quality problem occurs when an AC power 

system, which is designed to operate at a sinusoidal voltage of a given frequency [50 

or 60 Hz] and magnitude, presents considerable deviation in the waveform 

magnitude and frequency. Deviations result from many causes, such as short 

circuits, which result in voltage sags. Another example occurs when distorted 
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currents from harmonic-producing loads also distort the voltage as they pass 

through the system impedance.  System and load impedances are the main focus of 

this thesis and their concepts are presented in the upcoming sections. 

 

The economic impact of poor power quality is significant. Modern and 

high-efficiency apparatuses (in many cases, costly equipment) are very sensitive, and 

their malfunction may result in thousands of dollars of losses in key manufacturing 

facilities, for instance. Utilities are also economically concerned about power 

quality issues. In deregulated and competitive schemes, providing reliable and high-

quality power is essential to attract and keep new customers. 

1.2 Power quality disturbances 

Identifying and classifying the distortions and, therefore, the deviations of 

ideal power characteristics are essential in order to correctly assess power quality 

analysis. References [3] and [4] describe power quality problem in detail. These 

disturbances can be classified into 

 

• Transients 

• Short- and long-term variations 

• Frequency variations 

• Waveforms distortions 

 

The scope of this thesis is related to waveform distortions, specifically 

harmonics. These distortions can increase power losses and create interference in 

communication systems. Furthermore, control and protection actions can also be 

affected by harmonics. Next section presents these harmonic distortions in more 

detail. 
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1.3 Harmonics 

1.3.1 Definition 

The periodic characteristics of voltage and current are very important in 

power quality analysis. A sinusoidal voltage or current function can be decomposed 

into the sum of the fundamental and harmonic components, which are also 

sinusoidal components of the original periodic wave having a frequency that is an 

integral multiple of the fundamental frequency.  

 

Thus, harmonics are steady-state components of a distorted periodic voltage 

or current waveform whose frequencies are integer multiples of the fundamental 

frequency (50 or 60 Hz). Due to the characteristics of this type of distortions, 

Fourier analysis is a useful tool to compute harmonics.  

 

Harmonics are one of the major power quality problems in power systems. 

Harmonic distortion is caused by nonlinear devices in which the current is not 

proportional to the applied voltage. These distortions can be determined by 

frequency spectra, which contain the magnitude and phase angle for each harmonic 

component. 

 

In most power system applications, waveforms have both positive and 

negative half cycles, and, as a result, only odd harmonics are considered. Usually, 

the higher-order harmonics are negligible for power system analysis. Due to the 

characteristics of the problem tackled in this work, collecting sufficiently accurate 

data to model power systems at high frequencies is difficult, so harmonics only up 

to the 13th order are considered. This issue will be discussed in detail in the 

subsequent chapters. 
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1.3.2 Harmonic Indices 

Harmonic indices have been developed to assess the service quality of a 

power system with respect to the harmonic distortion levels. These indices are 

measures of the effective value of a waveform and can be applied to both the 

current and the voltage [5-7]. Several indices are available for harmonic analysis; 

however, the two most commonly used (also in this thesis) are the total harmonic 

distortion and the total demand distortion: 

 

• Total Harmonic Distortion (THD): Is the ratio of the RMS value of the sum of 

the individual harmonic amplitudes to the RMS value of the fundamental 

frequency expressed in percent. Equations (1-1) and (1-2) show the total 

harmonic distortion for voltage and current respectively: 

 

2
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h
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where h represents the harmonic order. 

 

• Total Demand Distortion (TDD): Is the total harmonic current distortion 

defined by the ratio of the RMS value of the sum of the individual harmonic 

amplitudes to the maximum or rated demand load current IL as shown in the 

following expression: 

 

2

2
h

h
I

L

I
TDD

I

∞

=
∑

= .      (1-3)  



Chapter 1                          Introduction 

 

 18

1.4 Harmonic Impedance 

 

In harmonic analysis, the impedance is a key characteristic parameter in 

power systems. Electric power flowing from the generation units to the final 

customers experience voltage drops due to the impedance. If this concept is 

expanded to include high frequencies (again, integer multiples of the fundamental 

frequency), it is called harmonic impedance.  In other words, harmonic impedance 

characterizes the voltage response of a power system when it is subjected to the 

influence of high-frequency currents.  

 

Two types of impedances are used in harmonic studies:  the impedance of a 

supply system network and the impedance of a load. Figure 1-1 presents a typical 

scenario where harmonic impedance measurement is needed. The interface point 

between the network and the customer is called the point of common coupling (PCC). 

The upstream system-side and downstream load-side equivalents at the interface 

point can be represented as shown in Figure 1-2.  

 

In power systems analysis, the equivalent system impedance is also known 

as the short-circuit impedance and at the fundamental frequency is primarily 

inductive; however, shunt capacitors may affect this characteristic.  At this point, 

the load of interest can be represented by the load-side impedance, also known as 

the customer impedance, which can be sensed by acquiring the voltage and current 

data. Revenue meters are usually located at the PCC.  
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Figure 1-1 Distribution system configuration for harmonic impedance analysis 

purposes at PCC. 

 

 
 

Figure 1-2 Equivalent interpretation of distribution system at the interface point. 

 

1.4.1 Importance of Harmonic Impedance 

The harmonic impedance must be known to accurately represent power 

system frequency responses and to design harmonic-mitigation schemes. A system’s 

harmonic propagation cannot be accurately simulated or predicted without 

impedance information. For instance, harmonic impedance is needed in harmonic 

filter design and harmonic source determination. This parameter plays a significant 
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role in harmonic analysis not only for utilities but also for different types of 

customers. 

The interaction of harmonic sources with the system impedance may 

negatively affect the performance in the electrical network. As a result, the 

harmonic impedance is a key parameter affecting the system response 

characteristics and is a critical element in determining the harmonic voltages 

resulting from harmonic current emissions. 

1.4.2 Problem Description 

Figure 1-3 shows the equivalent representation of the power system of 

Figure 1-1 and illustrates the problem of harmonic impedance measurement. This 

problem can be defined as how to determine the harmonic impedances for the 

customer and the network, ZC and ZN respectively. 

 

 
 

Figure 1-3 Current source equivalent circuit for harmonic analysis. 

Unfortunately, calculating the impedances in an operating power system is 

very difficult.  Because of practical limitations and service-continuity reasons, these 

parameters cannot be measured by shutting down the power system. These 

parameters should be measured when the system is energized. Moreover, the 

system’s dynamic nature, i.e., the changes in loads, network elements and system 

configurations, makes impedance calculations a challenging task. 
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1.4.3 Network Frequency Response 

In the frequency domain, the impedance is a complex value that can be 

decomposed into the resistance and reactance (the impedance’s real and imaginary 

part, respectively). Although in some cases, the system’s equivalent impedance is 

assumed to be purely reactive, a more realistic approach must consider the resistive 

part in the presence of smaller transformers and especially for low voltage systems, 

so this approach will be followed in this thesis. For the harmonics, the inductive 

part of the impedance is linearly affected by the frequency while the resistive part 

generally remains constant for low harmonic orders. Figure 1-4 presents a typical 

frequency response (assuming no presence of resonances or capacitor effects) of the 

system impedance. 

 
Figure 1-4 Frequency response of system impedance. Simple case. 

The work presented in this thesis focuses on the frequency domain by 

identifying the response of the power system at each harmonic frequency.  

1.5 Harmonic Sources 

In harmonic analysis, the generating elements of the harmonics, i.e. the 

harmonic sources, must be identified and characterized. Non-linear electrical loads 

are known to be the major sources of power network distortion. Most nonlinear 
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loads are located within end-user facilities, and the highest voltage distortion levels 

occur close to the harmonic sources. This problem is not new. Earlier examples of 

harmonic sources were arc furnaces, fluorescent lamps, saturated transformers and 

rotating machines, which were responsible for transmission line and capacitor 

malfunctions. More recently, power electronic devices have become another 

important source of harmonic distortions. The number of harmonic-producing 

loads has increased noticeably, increasing the need to improve the management of 

harmonic problems. These distortions are present in almost all type of customers. 

 

Commercial and residential loads are characterized by a large number of 

small harmonic-producing loads. These facilities present equipment with 

fluorescent lights with electronic ballasts; adjustable-speed drives for the heating, 

ventilation, and air-conditioning loads; elevator drives; and sensitive electronic 

equipment supplied by switching single-phase power supplies. The voltage 

distortion levels depend on both the circuit impedances and the overall harmonic 

current distortion. 

 

Moreover, industrial facilities are characterized by the extensive application 

of nonlinear loads, such as power converters and arcing devices. These loads can 

make up a significant portion of the total facility loads and inject harmonic 

currents into the power system, causing harmonic distortion in the voltage.  

 

Harmonic sources are generally considered to be injection sources in the 

linear network models. For most harmonic studies, harmonic sources are modeled 

as simple sources of harmonic currents or, more accurately, when they are in 

parallel with harmonic impedances (such models are known as Norton 

equivalents), as shown in Figure 1-3. This model is explored and estimated by using 

measurements in Chapter 6. Determining the response of the power system is 
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essential to analyze the impact of the nonlinear load on the harmonic voltage 

distortions. 

1.6 Proposed research 

Based on the general concepts explained in this chapter, such as power 

quality disturbances and harmonic analysis, this thesis is focused on determining 

harmonic impedances and harmonic sources as key parameters in power quality systems. 

The analyses are performed in the frequency domain. 

 

The accurate estimation of harmonic impedance is fundamental in 

assessing harmonic limits. Furthermore, harmonic impedance studies are an 

important stepping stone for developing potential applications such as harmonic 

sources determination and harmonic contributions.  

 

The objective of this thesis is to develop a harmonic impedance 

determination scheme for power systems under energized conditions. Several 

methods available in the literature are developed for three-phase systems and by 

assuming balanced system conditions; these approaches are presented in Chapter 2. 

However, they are not readily applicable to measure harmonic impedances in 

single-phase three-wire systems. The approach that can do so is intended to 

calculate impedances at the utility-customer interface in such systems. A scheme for 

this approach will be developed based on an efficient combination of existing and 

proposed new invasive methods, which will be extensively analyzed in Chapters 3, 4 

and 5.  

 

Harmonic impedance determination is extensively described in the next 

chapter. This thesis discusses four major topics: (1) impedance measurement 

techniques and the measurement scheme at the utility-customer interface point, (2) 
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utility-side harmonic impedance for single-phase systems, (3) customer-side 

harmonic impedance for the same type of configuration, and (4) characterization of 

harmonic sources based on harmonic impedance results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 2   

Impedance measurement techniques 

System impedance is a key parameter of a power network and must be 

known in order to diagnose power system problems caused by high-frequency 

disturbances and to design disturbance-mitigation measures. 

 

Unfortunately, determining an operating power system’s harmonic 

impedances is very difficult; they must be measured when the system is energized. 

In fact, how to measure a power system’s high-frequency impedances has been a 

challenging and frequent research topic in the power engineering field. 

 

2.1 Introduction 

Two approaches are used to obtain impedance information: one based on 

modeling and another based on measurements. The identification and modeling of 

impedance and other power system components has been documented in [8] and 

[9]. Nevertheless, impedances obtained by modeling are usually not very accurate, 

and the available information is limited. On the other hand, measuring 

impedances gives more accurate results. However, doing so is a difficult task. 

Impedances must be measured under energized conditions due to practical 

limitations and service continuity restrictions. Moreover, a system’s dynamic 

nature, i.e., changes in loads, network elements, and system configurations, makes 

impedance measurement difficult. 
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This chapter describes the measurement techniques available in the 

literature. Transient and steady-state methods are fully explained. The research 

objectives of this thesis are summarized in the final section. 

2.2 Literature review 

Although several harmonic impedance determination methods have been 

proposed in the literature, no consensus exists, in terms of cost, simplicity and 

implementation. Each of them has advantages and disadvantages. A comprehensive 

harmonic determination methodology that combines the different advantages of 

existing methods is needed. Based on the available methods to measure harmonic 

impedance, Figure 2-1 show how they can be classified into non-invasive and 

invasive methods.  

 

Non-invasive methods use natural variations of harmonic voltages and 

currents to measure harmonic impedances. These methods usually provide 

inaccurate results if no predominant harmonic distortion is present in a system. 

Without enough harmonic variations, the results are meaningless. Invasive 

methods usually generate good results, so the proposed thesis will focus on invasive 

methods. 

 

Figure 2-1 Impedance measurement methods. 

Invasive methods create intentional changes in the power network and take 

measurements according to the harmonic voltage and current responses [13]. The 

basic principle of invasive methods is to use either the harmonic currents coming 
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from network equipment switching or the direct injection of harmonic currents. 

Invasive methods are intended to produce a disturbance in a system with enough 

energy for measurement purposes without affecting the network equipment 

operation. In general, invasive impedance measurement approaches can be 

separated into two types: transient based methods and steady-state based methods. 

2.2.1 Transient methods 

The applied disturbance in the system generates a transient process. 

Assuming that voltage and current waveforms are recorded by a high-speed data-

acquisition device, the principle of these approaches is to use transient voltage and 

current data to obtain the harmonic impedance. Three major sources of 

disturbance are capacitor banks, transformers, and power electronic devices. 

 

Switching a capacitor bank is approximately equivalent to causing an 

instantaneous short circuit; as a result, a current signal with a wide frequency range 

can be obtained. References [16-18] use capacitor switching to inject a current 

disturbance. Figure 2-2 shows the typical voltage and current transient waveforms 

due to a capacitor switching, and figure 2-3 presents the extracted transients and 

their respective frequency contents. 
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Figure 2-2 Voltage and current waveforms during a disturbance. 
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Figure 2-3 Transient waveforms and frequency contents. 

Switching transformers can make them reach saturation. Transformer 

energization can generate high transient currents depending on the remanence and 

the switching moment. These currents, also known as transient inrush currents, have 
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wide frequency spectrum content with considerable magnitudes [12]. Their 

duration can be for a few cycles to a few minutes. 

 

Other alternatives for sources of disturbance are power electronic devices. 

Reference [14] uses a power electronic converter to inject a controlled current spike 

in a system. Power electronic devices are able to control the firing angle (of 

thyristors in the case of converters) and therefore to control the switching process. 

Since the transients’ strength depends on the switching moment, controlling their 

magnitudes and suitably disturbing the system for measurement purposes are 

desirable. The following are the most common transient methods used to measure 

harmonic impedance. 

 

Direct method: The most common transient-based technique is called the direct 

method. Once a disturbance is exerted, the resultant transient voltage and current 

waveforms are captured. The Fourier transform is used to obtain the fundamental 

and harmonic magnitudes and phases of each signal. The harmonic impedance is 

simply calculated by using the traditional voltage-current ratio at each frequency: 

 

( ) ( )
( )fI
fVfZ =  .       (2-1) 

         

One of the main concerns in practical applications is to guarantee feasible 

results after acquiring and processing a signal from the measurements. This 

approach is considerably affected by significant noise levels in the signals and by 

supply voltage distortions. A common practice for eliminating the supply voltage’s 

influence is to collect two sets of data, one just previous to the injection of the 

spike current and another from the transient. 
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Some methods have been proposed to overcome noise problems and to 

improve results. For instance, [15] is concerned with the implementation of 

equipment and filtering. References [16-18] discuss correlation techniques and 

other statistical approaches. 

 

Power spectral density: The power spectral density can be obtained from the 

correlation functions by using the Fourier transform. According to [19], correlation 

functions show how associated the signals are. Thus, [16] proposes calculating the 

high frequency impedances by using the voltage and current power spectra:  

 

( ) ( )
( )fP
fPfZ

II

VI= ,       (2-2) 

       

where ( )fPVI  is  the cross-power spectrum of the voltage and current, which is 

obtained by applying the correlation’s Fourier transform between the two signals. 

Similarly, the auto-power spectrum ( )fPII is the Fourier transform of the current’s 

auto-correlation.  

 

The accuracy of the results is defined by a “squared coherence function,” 

which provides a measure of the power in the system output (voltage) due to the 

input (current): 

 

( ) ( )
( ) ( )fPfP
fP

fK
IIVV

VI
VI

2

= .      (2-3) 

       

This function is defined between 0 and 1, and only points with high 

coherence values are considered. This approach reduces the effect of noise and 

improves the accuracy of the impedance results. 
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Three-phase system approach: The previous approaches consider only one-phase-

systems; however, most of real power networks are three-phase systems. In such 

systems, the mutual coupling effects must be considered. The mutual coupling has 

a significant impact since a transient in one phase can be affected by transients in 

the other phases. If this effect is not included, then harmonic impedance results 

can contain large errors. Reference [18] develops a technique to model these effects 

and to calculate harmonic customer impedances by using several capacitor-

switching operations. For a three-phase configuration with phases a, b and c we 

have 

 

( )
( )
( )

( ) ( ) ( )
( ) ( ) ( )
( ) ( ) ( )
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⋅
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=
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⎣

⎡
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fZfZfZ
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fZfZfZ

fV
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fV

c
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a

cccbca

bcbbba

acabaa

c

b

a

,    (2-4) 

   

where V and I are the voltages and currents per phase, respectively. The Z matrix 

involves self and mutual components in frequency domain. For each phase, three 

unknown impedance components have to be determined, e.g., for phase a: Zaa, Zab 

and Zac. In order to determine these impedances, at least three close-trip operations 

are required. Reference [18] generates more than three close-trip operations and 

applies the least square method to determine the harmonic impedance. Thus, for 

phase a we have 

 

( )[ ] ( )[ ] ( )[ ][ ] ( )[ ] ( )[ ] 13

1

3313 mxa
T
xmx

T
xa fVfIfIfIfZ

−
= ,    (2-5) 

     

where     ( )[ ]
( )
( )
( )⎥

⎥
⎥

⎦
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⎢
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⎡
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fZ
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a    and    ( )[ ] ( ) ( ) ( )[ ]fIfIfIfI bba= . 
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m represents the number of close-trip operations. The bigger the number of 

operations (measurements), the more accurate the results are. Similar calculations 

can be applied for the other two phases. 

2.2.2 Steady-state methods 

Unlike transient-based methods, steady-state methods do not use transient 

signal information. Instead, pre- and post-disturbance voltage and current steady-

state data are used. The following are the most common methods in the available 

literature. 

 

Auxiliary impedance method [20]: This method uses an auxiliary impedance to 

create a new steady-state. Under no load conditions, the harmonic spectrum of the 

voltage (Enoload) is obtained. When the known auxiliary impedance is switched on, 

the voltage (Eload) and the current (I) harmonic spectra, i.e., the magnitudes and 

angles are obtained. Thus, phasor analysis can be used to compute the harmonic 

impedance as follows: 

h

hauxhh
h

h

hauxhh
h

I
IXE

X

I
IRE

R

⋅−
=

⋅−
=

α

α

sin

cos

,       (2-6) 

      

where h represents the harmonic order, and α is the angle between E and I. This 

angle is a function of the pre- and post- switching conditions. This method has 

serious limitations because only impedances of the same harmonic orders as those 

existing in the distortion system can be measured. 

 

Injecting harmonic current source [20]: This method is commonly used in some 

countries to measure harmonic impedances. The main idea is to inject a known 

harmonic current source (it can be obtained by switching a non-linear load); a pure 
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sinusoidal voltage waveform is assumed under no load conditions. The harmonic 

impedance can be calculated as 

 

( ) ( )
( )fI
fVfZN = .        (2-7) 

      

This method’s main disadvantage is that the supply has to be free from 

harmonic distortions under no load conditions. In addition, the harmonic 

impedance will not show other frequency components different from those of the 

harmonic’s current source. 

 

Hybrid method [20]: This method combines some of the procedures of the two 

previous methods. It considers measurements at the supply bus under no load 

conditions and uses a harmonic current injection to create the disturbance. From 

phasor analysis, the supply harmonic impedance is 

 

h

hh
h

h

hh
h

I
EVX

I
EVR

21

21

sinsin

coscos

ββ

ββ

−
=

−
=

.       (2-8) 

     

Like the α angle in the auxiliary impedance method, β1 and β2 are angles 

depending on the pre- and post- switching conditions. 

 

All those methods are based on assumptions of the harmonic content of the 

voltage supply. These assumptions are not always realistic and depend on the 

network’s dynamic. The following method avoids the use of voltage supply data and 

provides more accurate results. 
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Pre- and post-disturbance using capacitor switching: Reference [21] presents an 

approach that modifies the injecting harmonic current source method. The steady-

state measurement method uses the switching of a network component at the 

location where the network impedance is to be measured. Assuming that a shunt 

capacitor is available for switching, the method uses the pre- and post-disturbance 

steady-state waveforms of the voltages and currents at the PCC to estimate the 

impedances as follows: 

 

h

h

prehposth

prehposth
heq I

V
II
VV

Z
∆
∆

−=
−
−

−=
−−

−−
− ,      (2-9) 

     

where ∆V and ∆I represent the subtraction of the pre- and post- disturbance 

voltage and current phasors, respectively. The subscript h represents the harmonic 

order.  

Table 2—1 provides a comparison of the methods described in this literature 

review. In summary, steady-state methods are preferred in practical applications 

over transient-based methods, which need high-speed data-acquisition equipment. 

However, transient-based methods are still useful because transient signals contain 

abundant frequency components yielding accurate harmonic impedance results in a 

wide range of frequencies.  

 

 

 

 

 

 

 

 

 



Chapter 2                             Impedance measurement techniques  

 

 35

Table 2-1 Comparison of invasive harmonic impedance measurement methods. 

Method Advantage Disadvantage 

T
ra

ns
ie

nt
 Wide range of frequency 

components. 
Very good detection of all 

harmonic orders depending 
on the disturbance source. 

High-speed data acquisition 
equipment required. 

The presence of a switching is 
needed. 

Auxiliary 
Impedance 

Simplicity. Not very accurate 

Injecting 
harmonic 

source 
Most common in practice. 

Assumes the supply is free of 
harmonic content. 

Influence of other sources in the 
network. 

Hybrid Reasonable accuracy. 

Assumes the supply is free of 
harmonic content. 

Influence of other sources in the 
network. 

St
ea

dy
-st

at
e 

Capacitor 
switching 

Simplicity. 
Good accuracy. 

A capacitor bank is needed. 
No control over switching 

moment. 
 

2.3 Summary and research objectives 

Table 2-2 summarizes which configurations have already been implemented 

by using invasive methods and which ones need to be implemented. 

 

Table 2-2 Invasive methods for each configuration.  

Configuration Transient 
method 

Steady-state 
method 

Equivalent supply system   
Three-phase 

Load   
Equivalent supply system   Single-phase 

three-wire Load   
( - done,  - not done) 

 

The ultimate objective of the proposed thesis is to develop harmonic 

impedance measurement scheme for single-phase systems. The proposed 
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approaches are intended to calculate impedances at both sides of interface points. 

These approaches could be used as a stepping-stone to determine harmonic 

contributions and to characterize harmonic propagation in electric power systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Chapter 3  

Utility-side harmonic impedance 

Residential and commercial customers are usually supplied through single-

phase transformers. The low voltage side of the transformer is a three-wire circuit 

with two phases and a neutral. This chapter presents a measurement method that 

can determine the harmonic impedances for this type of supply systems. The 

effectiveness of the proposed method has been demonstrated through simulation 

studies and field tests. A potential application of the method is to determine the 

harmonic sources of the supply system and its customers at the utility-customer 

interface points. 

3.1 Introduction 

This chapter presents the development of a method to measure the utility-

side impedances in single-phase three-wire systems. This method’s effectiveness has 

been demonstrated through simulation studies and field tests. The theoretical 

foundation of the proposed technique is based on [21]. However, this work must be 

improved and extended form the proposed measurement technique. The first 

aspect is to select an effective disturbance source and the second is to develop an 

impedance calculation algorithm for three-wire one-phase systems. The proposed 

technique develops an impedance calculation algorithm for three-wire single-phase 

systems, which are very common for residential and commercial customers at low 

voltage levels. The method uses a portable capacitor to create an operating 

condition change at the customer-utility interface point. Harmonic impedance 

information is extracted from the measured pre- and post-disturbance voltage and 

current waveforms. In addition, a potential application is presented to extend the 

method to harmonic source determination.    
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This chapter is organized as follows: Section 3.2 presents the problem of 

harmonic impedance determination for single-phase supply systems. Section 3.3 

describes the proposed harmonic impedance measurement method and some 

important implementation issues. Simulation studies and field measurements are 

used to demonstrate the effectiveness of the proposed method in Sections 3.4 and 

3.5 respectively. Finally, Section 3.6 presents the potential application of harmonic 

source determination for single-phase supply systems. 

3.2 Problem Description 

Many low voltage (LV) customers are supplied by a three-wire (two hot wires 

and a neutral) system as shown in Figure 3-1. The primary network consists of all 

medium voltage (MV) lines that come from the substation. For most residential 

customers, the distribution transformers are single-phase transformers connected 

between one phase and a neutral of the MV feeder. There are two hot branches 

carrying 120V with respect to the neutral and 240V between the branches at the 

secondary side of the distribution transformer. The transformers supply customers 

using a single-phase three-wire configuration (Figure 3-1b). 

 

 

a.      b. 

Figure 3-1 Power distribution system for single-phase three-wire customers: a. 
Schematics and b. Circuit representation. 
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To determine the harmonic contributions of the customer and the supply 

at the revenue meter point, the equivalent circuit model of Figure 3-2 is proposed. 

In this model, there are harmonic current sources in both sides. The equivalent 

impedances are unknown. This chapter is focused on the selection of an effective 

disturbance source and the development of an impedance calculation algorithm for 

three-wire one-phase systems for the supply side. Finally a potential application is 

presented to estimate harmonic current source at the system side. 

 

 

Figure 3-2 Harmonic source equivalent model for three-wire single-phase systems. 

3.3 The proposed method 

The method uses a portable capacitor to create an operating condition 

change at the customer-utility interface point. Harmonic impedance information is 

extracted from the measured pre- and post-disturbance voltage and current 

waveforms. 

This work improves and extends the approach of [21]. The method uses pre- 

and post-disturbance steady-state waveforms of the voltages and currents at the 

interface point to estimate the impedances by using equation (3-1). Figure 3-3 

shows the current source equivalent supply system seen from the interface point, 

where voltage and current are measured. 
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∆V and ∆I represent the subtraction of pre- and post- disturbance voltage 

and current phasors respectively. The subscript h represents the harmonic order. 

 

 

Figure 3-3 Equivalent circuit for one-phase systems. Current source model. 

3.3.1 Source of disturbance 

The basic method works only if a disturbance occurs at the customer side. 

Field experiences show that the naturally occurring disturbances caused by 

customer load switching are neither sufficient nor efficient for impedance 

estimation. Introducing disturbances during a test is more effective. Fortunately, 

doing so is not a difficult task due to the system’s low voltage nature. In fact, 

extensive field experiences showed that a portable capacitor bank is sufficient.  In 

addition to the advantages identified in the literature review, the other advantages 

of using a capacitor bank compared to other sources of disturbance are the 

following: 

• LV capacitors are portable and easy to connect. 

• They draw harmonic currents from the supply system and can create larger 

voltage and current changes. 

• Since the capacitor energization period is very short (say 1 second.), a wide 

variety of AC capacitors with high farad values are available. The cost is very 

low. 
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Figure 3-4 illustrates the proposed capacitor bank arrangement. The 

capacitors are discharged through a 1kΩ resistor. The component values are 

selected based on the requirements to (1) produce sufficient voltage change, (2) 

cause an acceptable disturbance to customers, and (3) discharge quickly (less than 

0.5sec) for fast repetitive switching. The switches of the capacitor elements are used 

to vary the capacitor bank’s total size. A disturbance is introduced by connecting 

the main switch to the system. Figure 3-5 shows the sample voltage and current 

waveforms in branch a caused by the capacitor switching. 

 

 

Figure 3-4 Capacitor bank as source of disturbance. 
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Figure 3-5 Load voltage and current. 

Figure 3-5 reveals a voltage transient. Since its duration was very short, the 

transient was not found to have any adverse effects on the loads. If the transient 

had been a concern, a series resistance could have been connected with the 

capacitor, or SCRs (Silicon Controlled Rectifiers) could have been used for 
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switching.  The pre- and post- disturbance waveforms were then analyzed by using 

the FFT (Fast Fourier Transform) in order to obtain the respective harmonic 

phasors. 

3.3.2 Impedance calculation for single-phase three-wire systems 

Figure 3-6 shows (a) the voltage source and (b) the current source equivalent 

circuit model for three-wire one-phase supply systems.  

 

 

Figure 3-6 Equivalent circuit model: (a) Voltage source and (b) Current source. 

The circuit equation is as follows: 
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where Va, Vb, Ia and Ib are the voltages and currents per branch, which can 

be measured at the interface point; Zs and Zm are the self-impedance and mutual 

impedance components of the equivalent network impedance Zeq. This circuit can 

be analyzed by using the Clarke transformation [22] as follows: 

 

( ) ( )baba VVVVVV −=+=
2

1
2

1
0 α       (3-3) 
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( ) ( )baba IIIIII −=+=
2

1
2

1
0 α ,      (3-4) 

 

where subscripts 0 and α denote zero and the alpha sequence components. 

The impedance matrix after the transformation is 
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In other words, zero and alpha impedance components are ms ZZZ +=0  

and ms ZZZ −=α , respectively. Equation (3-1) can be now applied as follows: 
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The self and mutual components are obtained by applying the inverse 

transformation: 

( )
( ) ( )

2
0 hh

hs

ZZ
Z α+

=        (3-6) 

( )
( ) ( )

2
0 hh

hm

ZZ
Z α−

= .        (3-7) 

In summary, the supply harmonic impedances can be determined by using 

the following procedure: 

 

• Input data. Collect the voltage and current waveforms. These data must 

contain the pre- and post-disturbance cycles.  Select one pre- and one post- 

disturbance cycle. 

• Calculate the fundamental and harmonic spectra for voltages and current 

by using DFT or FFT. 



Chapter 3                                   Utility-side harmonic impedance  

 

 44

• Determine α and 0 components for V and I. 

• Compute network harmonic impedance by using (3-5). 

• Apply inverse transformation to obtain the self and mutual impedances. 

3.3.3 Implementation issues 

In power systems, the nominal frequency is 50 or 60 Hz. However, the 

operating frequency can vary by ± 0.1% of the nominal frequency. The variation 

will cause a phase shift between the pre-disturbance and the post-disturbance 

samples, leading to an incorrect impedance estimate. A small phase shift at the 

fundamental frequency can cause significant errors at the harmonic frequencies. 

Although reference [21] has demonstrated the importance of phase shift correction, 

this study does not propose a method to determine the phase shift amount. After 

investigating several alternatives, we found that a simple FFT-based method can be 

used for the automatic determination of the phase shift amount. The method is 

summarized below: 

  
• Select two different cycles of the pre-disturbance voltage waveform. 

• Calculate the fundamental frequency angle for the selected cycles by 

using the FFT. 

• Determine the phase shift by: 

 

[ ]
21

21

cyccyc −
−

=
ααθ  

where cyc1 and cyc2 are the two pre-disturbance selected cycles, and α1 and  α2 are 

the corresponding angles. 

 

The voltage waveforms are used for the FFT analysis since the voltage is less 

distorted than the current. The pre-disturbance cycles will be used since the post-

disturbance cycles contain transient components and they can corrupt the results. 
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Cyc1 and cyc2 should be as far apart as possible for improved accuracy. 

Furthermore, the average between the two branches should be calculated. Once the 

phase-shift amount is determined, the effect of frequency variation can be 

compensated by using the following equations: 

 

( ) ( )
njh

actualpostnewpost eVV θ
αα ⋅= −− ,0,0       (3-8) 

( ) ( )
njh

actualpostnewpost eII θ
αα ⋅= −− ,0,0 ,      (3-9) 

 

where n represents the total number of cycles between the pre- and post- 

disturbance selected cycles, θ is the phase shift, and h is the harmonic order. The 

phase correction is done over the transformed zero and alpha waveforms. 

3.4 Simulation studies on the proposed scheme 

The proposed method is first verified by using computer simulations. A test 

example is presented in the circuit in Figure 3-7. The circuit has a utility harmonic 

source with a medium phase voltage of 14.4kV for the fundamental frequency and 

third, fifth, seventh, ninth and eleventh harmonic components, each one with a 

magnitude of 1% of the nominal fundamental voltage. The primary system 

impedance is (1.0004+j3.7699)Ω. The distribution transformer is a 10kVA single-

phase transformer 14.4kV/240V with 2% impedance. The secondary conductor is 

a 4/0 Triplex, 4/0 ACSR neutral with 50m of length. Mutual effect is also 

considered. A 1200 µF capacitor is switched on at 80 ms (within the fifth cycle of 

the simulation). The system was set up intentionally at 59.8 Hz to produce a phase-

shift effect. For this case, we have 1.20 degrees per cycle of phase shift due to 

frequency variation. This problem is overcome by using the procedure described in 

the previous section. 
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Figure 3-7 Test simulated circuit for example application. 

Table 3-1 shows the self and mutual impedance values estimated by using 

the proposed method. Figure 3-8 presents them graphically (only the self 

impedances). The results are further compared with the actual model data. Phase-

shift correction was considered and Table 3-1 shows a good agreement among the 

results. 

 

Table 3-1 Harmonic impedance results. 

 Actual value [Ω] Proposed method [Ω] 
 Self Mutual Self Mutual 

R1 0.027 0.000 0.026 0.000 
X1 0.033 -0.022 0.034 -0.023 
R3 0.027 0.000 0.027 -0.001 
X3 0.099 -0.065 0.100 -0.066 
R5 0.027 0.000 0.027 -0.001 
X5 0.165 -0.108 0.167 -0.110 
R7 0.027 0.000 0.026 0.001 
X7 0.231 -0.152 0.233 -0.154 
R9 0.027 0.000 0.027 0.000 
X9 0.297 -0.195 0.300 -0.198 
R11 0.027 0.000 0.028 -0.001 
X11 0.364 -0.239 0.369 -0.244 
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Figure 3-8 Harmonic results for test simulated circuit. 

3.5 Experimental results 

The proposed method’s performance was further evaluated through field 

measurements. A residential site with a known supply system data was used for this 

purpose. Figure 3-9 shows the experimental set-up. The capacitor bank was 

switched about 50 times to yield 50 sets of results. It was used the same rejection 

threshold as reference [21]: ( ) %11 <∆∆ II h . The test’s duration is about 15 

minutes excluding the set-up and dismantling. It is therefore reasonable to assume 

that no significant system side change occurred during such a short period. 

 

All voltage and current signals at the metering point were recorded. For 

each signal, 15 cycles were taken, which consisted of 4 pre-disturbance cycles and 

10 post-disturbance cycles (see Figure 3-5). The disturbance (switching the capacitor 

to “on”) occurred at the fifth cycle. The sample rate was 256 points per cycle.  
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Figure 3-9.  System set-up used in field measurements. 

 

Figure 3-10 shows the key results of the proposed method, the changes in 

the voltage and current, and the resulting impedance values. There is a good 

consistency among the switching events or cases. 
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Figure 3-10  Field measurement results. 
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For the test site, the supply system data such as the size of the transformer 

and the type and length of the secondary conductors are known. Therefore, the 

field results can be compared with those calculated from component models. Table 

3-2 shows the comparison and reveals that the agreement is good. Although the 

component model data have some uncertainties, the results confirm that the 

proposed measurement method is adequate.  

  

Table 3-2 Calculated and Measured Impedance 

  R1[Ω] X1[Ω] 

Calculated 0.0988 0.0450 
Zself 

Measured 0.1093 0.0660 

Calculated 0.0494 0.0225 
Zmutual 

Measured 0.0552 0.0277 

 

Figure 3-11 shows the scatter plots (R-X) for the harmonic impedances. The 

9th harmonic data are slightly spread due to this harmonic’s low voltage change 

level. Figure 3-12 shows the trends of the self and mutual harmonic components 

R(h) and X(h). Self harmonic resistances have a roughly constant value for each 

harmonic order. On the other hand, the harmonic reactances increase linearly with 

the frequency. No resonance is observed. From the 50-plus test results, a more 

accurate impedance value was estimated by using least square fitting of the results 

(see Figure 3-12). The fitting equations were determined as 

 

( ) ( )
( ) ( )
( ) ( ) ( )
( ) ( ) ( )Ω≈Ω+=

Ω≈Ω+=
Ω≈Ω+=
Ω≈Ω+−=

hhhX
hhhX

hhR
hhR

m

s

m

s

0277.00031.00277.0
0660.00017.00660.0

0552.00552.00005.0
1093.01093.00012.0

. 
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Figure 3-11 Harmonic impedance results. Scatter plot for harmonic orders. 

As a result, we can conclude that the system impedance values are 

Rs=0.1093Ω, Xs=0.0660Ω and Rm=0.0552Ω, Xm=0.0277Ω at 60Hz.  

 

 

Figure 3-12  Harmonic impedance trends. 

The above results have shown that the proposed technique is a practical and 

reliable method to determine the harmonic impedances of single-phase three-wire 

supply systems. The method uses a simple portable capacitor bank to create 

sufficient waveform changes for impedance determination. It relies on steady-state 
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waveforms for impedance determination. As a result, a high sampling rate is not 

necessary. Most common power quality monitors can be used to implement the 

method, which has been tested by using simulation studies and field measurements.  

3.6 Potential application – Harmonic source determination 

One strategy of harmonic management interested by utilities is to measure 

the harmonic emission levels from a customer at the utility-customer interface 

point [10]-[11]. The results will reveal how many harmonic currents are actually 

produced by a customer and what is the impact of background harmonics in the 

utility supply system.   

 

Unfortunately, field measurement of harmonic contributions due to a 

customer and its supply system is not a trivial task. One must determine the 

harmonic sources contained in both customer and utility systems first. Only after 

obtaining the source information, can each side's contribution to the harmonic 

current measured at the interface point be determined. Several papers have 

proposed methods to solve the problem [23-34]. However, all methods are 

developed for three-phase systems and assuming balanced system conditions. They 

are not readily applicable to measure harmonic sources in three-wire single-phase 

systems. 

 

In response to industry's interest in determining harmonic sources and 

harmonic contributions at the utilization voltage levels, we have been researching a 

practical and systematic harmonic source measurement technique. The current 

source equivalent supply system seen from the interface point was presented in 

Figure 3-1. Once the harmonic impedance results are available, it becomes possible 

to calculate the Thevenin or Norton sources in 0-α domain (as shown in section 

3.3.2) and then in phase domain. The equations are: 
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( ) ( ) ( ) ( )hhhh IZEV 0,0,0,0, αααα −=        (3-10a) 
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0,
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α

α
αα −=        (3-11b) 

In phase quantities: 

 

( ) ( ) ( )( ) ( ) ( ) ( )( )hhhbhhha EEEEEE αα −=+= 00 2
2,

2
2    (3-12a) 

 

Is per phase follows the same pattern as Ea and Eb. All analyses have been 

developed assuming that the power flows from the utility to customer. This 

assumption is needed in order to be consistent with the model and to obtain 

meaningful results. 

 

Figure 3-14 presents the voltage and current waveforms measured at the site 

without the capacitor bank. Significant harmonic distortions can be seen in both 

waveforms without the help of spectrum analysis. In fact, the waveforms are 

representative of the various sites we have measured in the past. They are vivid 

illustrations of the harmonic problems prevalent at the utilization voltage levels.     

 

Figure 3-13  Detail of voltage and current waveforms per phase (2 cycles). 
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Using the proposed technique, the harmonic sources of the supply system 

are determined. Table 3-3 summarizes the results for the site, which includes the 

magnitudes of the harmonic current sources in the supply system and those at the 

metering point. The results confirm that the system does contain harmonic sources 

(Isa and Isb). The harmonic source magnitudes are less than 1.5% of its fundamental 

frequency value. However, they are quite large in comparison with the harmonic 

currents actually flowing at the metering point (Ia and Ib). This observation seems to 

suggest that the small system impedance may have bypassed most of the harmonic 

source currents that would flow to the customer side otherwise. At this stage, it is 

not possible to determine how much current actually penetrates to the customer 

side since the customer impedance is unknown. How to determine the impedance 

at the customer side is presented in next chapter.  

 

Table 3-3 Harmonic source results and harmonic phase currents 

h Isa [A] Ia [A] Isb [A] Ib [A] 

1 1874.3∠-109.8 3.44∠88 1872.0∠70.1 7.59∠-100 
3 20.69∠-39.7 0.83∠32.2 26.77∠136.2 2.23∠63.1 
5 8.97∠126.4 0.59∠-56.1 12.67∠-57.1 1.43∠-132.5 
7 4.79∠-58.8 0.40∠-170.1 5.59∠122.5 0.62∠32.4 
9 2.31∠66.7 0.23∠53.8 2.41∠-114.8 0.11∠-115.8 

 

3.7  Conclusions and major findings 

Harmonic impedance is an important parameter in power system analysis 

and must be known to characterize frequency responses and harmonic 

propagations in a power network. The research presented in this chapter has 

resulted in a practical and reliable method for determining the harmonic 

impedances of single-phase three-wire supply systems. The main conclusions and 

contributions of this chapter are summarized as follows: 
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• The method uses a simple portable capacitor bank to create sufficient waveform 

changes for impedance determination. Results show that a capacitor size 

around 1mF is sufficient for measuring most residential customers. 

 

• The method uses steady-state waveforms for impedance determination. As a 

result, high sampling rate is avoided. Most common power quality monitors can 

be used to implement the method.  

 

• The proposed method has been tested using simulation studies and field 

measurements. Its performance and accuracy have been found very good. The 

method is adequate for determining the harmonic impedances and sources 

contained in the supply system. 

 

In summary, the supply harmonic impedances and harmonic sources can be 

determined using the following procedure: 

 

1. Input data. Collect the voltage and current waveforms. This data must 

contain pre- and post-disturbance cycles. Select one pre- and one post- 

disturbance cycle. 

2. Calculation of fundamental power and harmonic spectra for voltages and 

current using DFT or FFT. 

3. Determine α and 0 components for V and I using (3-3) and (3-4). 

4. Correct phase shift according to Section 3.3.3. 

5. Compute network harmonic impedance using (3-5). Reject the values below 

the threshold ( ) %11 <∆∆ II h . 

6. Calculate harmonic sources using (3-10).  

7. Apply inverse transformation to obtain self and mutual impedances and 

harmonic sources. 



 

Chapter 4  

Customer-side harmonic impedance 

Developing an accurate representation of composite loads is a challenging 

task because they are often composed of many devices such as lighting, appliances, 

heaters, motors, computers and furnaces; therefore, precise information on the 

exact composition of a load is frequently lacking. Furthermore, new load 

components alter system characteristics, and currently, no accurate tests are 

available for verifying load models. 

 

As previous chapters indicate, extensive research has been carried out to 

provide system impedance results. Although customer-side impedance 

determination follows similar procedures, several practical issues make this 

estimation more difficult: (1) loads vary with time more frequently than their 

system-side counterparts do; (2) most of the disturbance transients travel to the 

system side instead of the load side; and (3) the loads are less susceptible to voltage 

change due to capacitor switching.  

 

In this chapter, a measurement-based approach is presented to estimate the 

load parameters for fundamental and harmonic components. The proposed 

approach was tested through simulations and field measurement tests. The field 

measurement results were processed to estimate the impedances of the load sides by 

using the same set of data used for the system side. In Section 4.1, the impedance 

measurement scheme is presented and applied to the proposed load model, which 

is presented in Section 4.2. Implementation issues are discussed in Section 4.3. 

Finally, major findings are presented in Section 4.4. 
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4.1 Impedance measurement methodology 

A methodology to estimate harmonic impedances at the load side of the 

Point of Common Coupling (PCC) for single-phase systems served at 120V/208V 

is presented here. The method to calculate load-side impedance is very similar to 

that utilized for system-side impedance. In this case, the current (Iload--side) 

downstream from the capacitor was used, as shown in Figure 4-1. In a general 

sense, load impedance can be calculated by the ratio 

 

load
load side

VZ
I
∆

=
∆

,      (4-1) 

where ∆V and ∆Iload-side represent the subtraction of the voltage and the currents, 

respectively, before and after the capacitor switching. The details about the 

fundamental and harmonic load impedance calculations are presented in Section 

4.2. In practical cases, only the system and capacitor currents can be measured; as a 

result, the load site current is calculated from the measured system and capacitor 

currents: 

 

load side system side capI I I= − .     (4-2) 

E

 

Figure 4-1 Load-side impedance measurement approach. 
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4.2 Equivalent model for single-phase systems 

Although the above impedance measurement technique is simple in theory, 

its application to the loads is a challenging task, since not all measurements of the 

current are available to directly estimate the impedances. A single-phase load always 

involves two branches as shown in Figure 4-2. In practical cases, voltage and current 

measurements are available only at each branch, so that only the phase currents Iapcc 

and Ibpcc can be accessed, but not the currents flowing through the impedances Z1, 

Z2 and Z3, which are not available to be measured. This problem increases the 

complexity of estimating customer-side load impedances. 

 

 

Figure 4-2  Typical single-phase supply with two branches. 

In order to overcome this difficulty, a new equivalent model for the two-

branch load has been developed and is presented in Figure 4-3. The load 

impedances for this system can be represented by two equivalent phase-to-neutral 

impedances, Za_eq and Zb_eq, which are the parallel of half of the phase-to-phase 

impedance Z3 with each original phase impedance (Z1, Z2), respectively. In this way, 

the impedance estimation is performed for the two branches simultaneously. The 

results are two equivalent impedances, Za_eq and Zb_eq. The results are two equivalent 

impedances, Za_eq and Zb_eq. Equation (4.3) represents the impedance estimation: 
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.      (4-3) 

 

 
a. Approximation of the actual circuit. 

 
b. Final equivalent circuit for impedance 

estimation. 

Figure 4-3 Equivalent proposed model for a single-phase two- branch system. 

 

For fundamental components, equivalent impedances can be determined 

be using either the ratio V/I or ∆V/∆I, which is obtained from a capacitor 

switching. This ∆V/∆I ratio is also used to estimate the impedance for harmonic 

orders, as is shown in equation (4-4): 

 

h

h

prehpccposthpcc

prehpccposthpcc
heq I

V
IaIa
VaVa

Za
∆
∆

=
−

−
=

−−

−−
−

__

__ ,   (4-4) 

 

where Vpre and Ipre represent the voltage and current phasors before the capacitor is 

switched; conversely, Vpost and Ipost are obtained after the switching. The subscript h 

represents the harmonic order. The branch b impedance, Zb_eq, is similarly 

calculated.  
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4.2.1 Simulation results 

The circuit presented in Figure 4-4 was simulated. The supply system was 

represented by two voltage sources of 120V per branch, which were connected to 

the load side through branch impedances of (0.062+j0.03)Ω. The load side was 

composed of the impedances Z1= (1.18+j0.754)Ω, Z2= (0.73+j1.508)Ω and Z3= 

(5.0+j1.885)Ω. Fifth-order harmonic sources were intentionally added at each load 

in order to have some harmonic background. 5.5A were injected into each branch 

and another source of 10A was connected in parallel with Z3. 

 

aE bE

0.062Ω 8mH

0.062Ω 8mH

1.18Ω 2mH

0.73Ω 4mH

5Ω

5mH

1.2m
F

5.5 A 5.5 A

10 A

 

Figure 4-4 Single-phase simulation case. 

 

A 1200 µF was switched after the fifth cycle of the simulation. In Figures 4-

5 and 4-6, the recorded waveform and the harmonic spectra of the voltage and 

currents of each branch are presented. As expected, only the fundamental and fifth 

harmonic components are present. Table 4-1 shows the equivalent impedance 

results obtained for these frequency components. These results agree closely with 

the expected values. 
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Figure 4-5 Branch currents and voltage waveforms. 
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Figure 4-6 Branch currents and voltage harmonic spectra. 
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Table 4-1 Simulation load impedance results 

 Fundamental 5th harmonic 

 Za_eq[Ω] Zb_eq[Ω] Za_eq[Ω] Zb_eq[Ω] 

Expected 0.8115+j0.4403 0.7439+j0.8158 0.8491+j2.1150 1.0229+j3.0206 

PSCAD® simulation 0.8156+j0.4343 0.7473+j0.8217 0.8556+j2.1448 1.0265+j3.0219 

 

4.2.2 Field measurement results for fundamental frequency 

A sample site was selected to evaluate the impedance results. This site was a 

commercial customer (a small convenience store), where 30 snapshots were taken 

(15 switching events for each branch). The fundamental impedance was calculated 

by using three methods: Vpre/Ipre, Vpost/Ipost and ∆V/∆I. Figure 4-7 shows the results 

obtained for this particular site. The results of the V/I approaches (presented in 

table 4.2) are almost identical and consistent. In general, the ∆V/∆I approach 

agrees for the snapshots where the capacitor was switched on (see Figure 4-7), 

because the energy level on the switched branch was much higher than on the non-

switched one. 
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Figure 4-7 Fundamental impedance. Comparison using V/I and ∆V/∆I. 

Since each measured field case included multiple snapshots, multiple 

estimated impedance values were obtained. Figure 4-8 presents the scatter plots, 

which show consistent results for the fundamental component for the analyzed site. 

As expected, the estimated load impedances are much more scattered among the 

various snapshots, mainly due to the energy level available for load-side impedance 

determination, as explained in Section 4.3. Because the system side had much 

smaller impedances, most of the capacitor-switching transients traveled to the 

system side instead of the load side. Thus, the determination of load impedance 

was much more challenging and fewer snapshots yielded acceptable results. 

Therefore, the estimated load impedances are less reliable than the estimated 

system impedances. 
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Table 4-2: Numerical results for fundamental load impedance. 

 Vpre/Ipre Vpost/Ipost ∆V/∆I 
Snapshot Za_eq[Ω] Zb_eq[Ω] Za_eq[Ω] Zb_eq[Ω] Za_eq[Ω] Zb_eq[Ω] 

1 4.098 + 1.735i 4.311 + 2.294i 4.100 + 1.747i 4.308 + 2.255i 3.656 + 1.954i 9.977 + 1.185i 

2 4.088 + 1.768i 4.307 + 1.774i 4.140 + 1.820i 4.317 + 1.782i 2.105 + 3.160i 3.686 + 2.176i 

3 4.081+ 1.744i 4.314 + 1.772i 4.115 + 1.775i 4.325 + 1.766i 2.807 + 3.201i 4.403 + 2.918i 

4 4.092 + 1.773i 4.317 + 1.794i 4.098 + 1.802i 4.314 + 1.766i 2.895 + 2.394i 18.72 + 4.451i 

5 4.086 + 1.751i 4.304 + 1.761i 4.102 + 1.770i 4.302 + 1.743i 3.549 + 2.422i 5.634 + 1.824i 

6 4.112 + 1.696i 4.310 + 1.760i 4.064 + 1.803i 4.305 + 1.738i 1.670 + 1.242i 6.944 + 1.215i 

7 4.120 + 1.711i 4.312 + 1.771i 4.104 + 1.783i 4.327 + 1.764i 2.174 + 1.668i 4.190 + 3.161i 

8 4.088 + 1.718i 4.299 + 1.777i 4.091 + 1.766i 4.300 + 1.746i 2.595 + 2.087i 8.862 +  2.586i 

9 4.094 + 1.687i 4.297 + 1.770i 4.084 + 1.758i 4.311 + 1.777i 2.179 + 1.746i 3.468 +  2.403i 

10 4.073 + 1.743i 4.305 + 1.771i 4.103 + 1.771i 4.312 + 1.776i 3.133 + 2.841i 3.935 +  2.031i 

11 4.075 + 1.718i 4.314 + 1.772i 4.095 + 1.770i 4.312 + 1.746i 2.500 + 2.411i 6.794 + 1.950i 

12 4.059 + 1.714i 4.293 + 1.747i 4.106 + 1.788i 4.300 + 1.726i 1.618 + 2.681i 6.076 + 3.180i 

13 4.075 + 1.740i 4.316 + 1.783i 4.115 + 1.763i 4.330 + 1.765i 2.690 + 4.069i 4.453 + 5.800i 

14 4.126 + 1.737i 4.305 + 1.753i 4.084 + 1.813i 4.321 + 1.770i 1.737 + 1.324i 2.492 + 1.973i 

15 4.108 + 1.727i 4.311 + 1.778i 4.118 + 1.783i 4.306 + 1.760i 2.036 + 2.377i 8.763 + 1.349i 

16 4.128 + 1.747i 4.302 + 1.756i 4.106 + 1.733i 4.292 + 1.767i 3.483 - 4.683i 3.655 + 1.576i 

17 4.111 + 1.705i 4.292 + 1.746i 4.072 + 1.710i 4.294 +  1.783i 3.488 -  0.028i 3.293 + 2.006i 

18 4.095 + 1.690i 4.285 + 1.682i 4.108 + 1.666i 4.269 + 1.692i 6.390 + 4.953i 3.756 + 1.359i 

19 4.076 + 1.704i 4.269 + 1.678i 4.110 + 1.678i 4.295 + 1.752i -0.480 + 2.417i 1.618 + 2.497i 

20 4.095 + 1.742i 4.263 + 1.650i 4.126 + 1.693i 4.259 + 1.685i -1.313 + 1.548i 2.816 + 1.964i 

21 4.116 + 1.726i 4.267 + 1.670i 4.116 + 1.696i 4.265 + 1.687i 28.46 + 27.71i 3.580 + 1.846i 

22 4.117 +  1.751i 4.403 + 1.746i 4.115 + 1.697i 4.402 + 1.764i -8.418 - 2.041i 3.656 + 1.990i 

23 4.100 + 1.731i 4.405 + 1.732i 4.129 + 1.719i 4.390 + 1.754i 2.772 + 4.316i 3.571 + 1.517i 

24 4.100 + 1.750i 4.946 + 2.311i 4.112 + 1.721i 4.936 + 2.335i 6.826 + 7.102i 4.053 + 2.245i 

25 4.106 + 1.705i 4.924 + 2.283i 4.106 + 1.687i 4.921 + 2.322i 6.481 + 2.238i 3.660 + 2.496i 

26 4.094 + 1.735i 4.942 + 2.306i 4.135 + 1.689i 4.919 + 2.331i -0.197 + 1.126i 3.413 + 1.993i 

27 4.123 + 1.717i 4.944 + 2.280i 4.093 +  1.703i 4.914 + 2.294i 4.163 -  1.387i 4.052 + 1.618i 

28 4.085 + 1.688i 4.945 + 2.281i 4.086 + 1.686i 4.931 + 2.321i 4.243 + 1.849i 3.609 + 2.224i 

29 4.130 + 1.705i 4.949 + 2.285i 4.118 +  1.696i 4.927 + 2.303i 4.951 + 0.537i 4.097 + 1.858i 

30 4.081 + 1.725i 4.956 + 2.347i 4.099 + 1.697i 4.948 + 2.376i 5.395 + 3.329i 4.214 + 2.300i 
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Figure 4-8 Fundamental component results for measured load impedance. 

4.2.3 Harmonic load impedance 

Figure 4-9 presents the impedance data obtained from one of the measured 

sites. All harmonic orders have consistent results. Table 4-3 presents the sample 

results for other of sample sites tested. The blank spaces in the table indicate values 

that could not be determined due to low energy levels, scattered out points or 

negative values or resistance. The load impedance results for other measured sites 

are presented in Chapter 6. 
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Figure 4-9 Sample measured load impedances. 
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Table 4-3 Load impedance results for some sample sites 

 

4.3 Implementation issues 

As mentioned at the beginning of this chapter, load impedance estimation 

faces in terms of practical and implementation issues. Network parameter 

uncertainty and load configuration may cause significant variations as shown in 

[35]. This section describes how energy levels, load variation and other issues play 

an important role in the estimation of the impedance results.  

 

4.3.1 Energy level 

Figures 4-10 and 4-11 show the spectra of voltage and current and their 

respective ∆V and ∆I for two different measured sites. The first site offers good and 

consistent results, whereas the second one has poor impedance results. The first site 

has higher values for ∆V and ∆I than those of the second site. Low energy levels, 

therefore, can be used to identify unreliable results. An extensive analysis of the 

reliability measurement is presented in the next chapter. 

Branch a 
Site R1 R3 R5 R7 R9 R11 R13 X1 X3 X5 X7 X9 X11 X13 

2 12.312 1.749 1.586 0.405 3.283 0.393 1.746 4.018 -0.775 0.778 0.073 0.815 -0.073 2.465

3 5.184 0.915 0.426 0.486 2.119 0.962 4.780 0.688 -0.174     1.658

13 16.994  3.305 2.605 1.197 0.282 0.306 -3.614  4.895 0.356 -0.714  -0.399

15 13.815 8.401 18.106 8.050 2.582 0.976 0.957 4.726 3.269 -0.965 0.001 -1.626 0.084 0.804

Branch b 

Site R1 R3 R5 R7 R9 R11 R13 X1 X3 X5 X7 X9 X11 X13 
2 10.964 2.542 2.945 1.047 2.901 0.189 0.119 2.577 -0.034 2.150 -0.200 0.611 0.230 1.504

3 5.077 1.485  1.103  0.803  0.691 -1.343      

13 26.796  10.841 3.905 4.493 1.040 0.977 2.233  20.594 1.702   -2.106

15 13.455 3.307 5.356 3.156 0.387 0.555 0.251 0.961 -3.196 8.079 -0.328  -0.289 -0.053
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b. 

Figure 4-10 Energy levels for a successful site. a. V and I; b. ∆V and ∆I. 
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b. 

Figure 4-11 Energy levels for an unsuccessful site. a. V and I; b. ∆V and ∆I. 

4.3.2 Load variation 

A typical load is composed of many devices. Each device or new component 

alters the load characteristics. In addition, loads vary with time and may include 

many continuous and discrete controls and protections. As a result, researchers 

need to ensure that no significant load changes occur between the pre- and post- 

disturbance measured data. Figure 4-12 shows the real and reactive power for each 

branch. In order to obtain consistent and reliable results, researches must ensure 

that either no variation or only slight variation occurs. 
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a. Active and reactive power. 
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b. Zoom in for branch b. 

Figure 4-12 Load variation. 

4.3.3 Subtraction of waveforms 

The branch currents used in load-side impedance calculations must be 

obtained by subtracting the capacitor current from the actual measured current at 

the utility side. This subtraction can propagate measurement errors and eventually 

affect the impedance calculation. The set of data used in this thesis was based on 

multi-channel measurements; therefore, all the channels had to be sampled 

synchronously. Due to hardware costs and constraints, however, a common data-

acquisition practice is to sample the channels sequentially. Since the acquired 

signals (currents and voltages) are recorded sequentially, a time delay occurs that 

produces what is called a skewing error. Load impedance results are significantly 

sensitive to this time delay. Several ways to correct this error are discussed in the 

literature [36-37]. For instance, one way is to increase the number of points per 

cycle and then align the signals to be subtracted [38]. Depending on the number of 

points increased, this approach may be computationally inefficient. The method for 

skewing-error correction used here is based on the principle of linear interpolation. 

Assume that the first channel is the reference channel to which the values of all the 

other channels will be aligned; then, the corrected value of the 4th channel can be 

calculated according to Figure 4-13 and Equation (4-5): 
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Figure 4-13 Correction of skewing error for the sequential interval sampling 
scheme. 
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where subscript c indicates the corrected value. Equation (4-5) shows that the 

corrected value is the weighted summation of two adjacent values. Since x4(k) is 

closer to the reference time, it has a weighting factor of 3/4. x4(k+1) is 3∆T away 

from the reference time. Its weighting factor is 1/4. The general correction formula 

for the N channel sequential interval sampling scheme is 

 

)1()1()(1)1( +
−−

+
−

=+ kx
N
nNkx

N
nkx nnnc ,     (4-6) 

where N is the total number of channels, and n is the specific channel number. For 

the 1st channel, n=1 and x1c(k+1)=x1(k+1), the corrected value equals the sampled 

value. Figure 4-14 shows how this error was corrected for the branch currents at 

each side of the interface point and the error generated by the subtraction of the 

capacitor current. 
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Figure 4-14 Subtraction error. 

4.4 Summary and major findings 

This chapter proposed a method to estimate the load-site impedances, and 

the results revealed some interesting characteristics of the loads from information 

that was relatively easy to obtain (the same set of data were utilized for system 

impedance estimation). The proposed approach relies on the load being time-

invariant. Despite the uncertainties, measurement errors (from load variations and 

the subtraction of waveforms), and approximations to equivalent models, the 

results show that the proposed model is simple and able to capture with acceptable 

accuracy the load impedance within a reasonable range. 

 

Since the energies of the disturbance available to determine the load site 

impedances were much smaller than those for system-side impedance 

determination, the load impedance results are much more scattered among the 

various snapshots and therefore less accurate. This result occurred because most of 

the capacitor-switching transients traveled to the system side (smaller impedance) 

instead of the load side. Detailed field measurements results are presented in 

Chapter 6. 

 

The customer-side harmonic impedance procedure can be summarized as 

follows: 
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1. Input data. Collect the voltage and current waveforms. This data must 

contain pre- and post-disturbance cycles. Select one pre- and one post- 

disturbance cycle. 

2. Select a channel as reference, e.g. Channel 1: Va. Correct skewing error 

according to Equation 4-6. 

3. Calculation of Iloas side from Isystem side and Icap using (4-2). 

4. Calculation of fundamental power and harmonic spectra for voltages and 

current using DFT or FFT. 

5. Calculate Za_eq and Zb_eq using (4-4) for each harmonic order. 

 



 

Chapter 5  

Transient-based approach for harmonic 

impedance determination 

 

With transient methods, harmonic impedance can be obtained over a wide 

range of frequencies. Steady-state methods are simple and also provide accurate 

information about harmonic impedances for long periods. By combining the 

advantages of each kind of method, an efficient composite technique can be 

developed with redundant information to provide reliable results. As was shown in 

the previous chapter, the steady-state program needs to know only where the 

disturbance occurs in order to select the pre- and post-disturbance cycles. For this 

approach, accurate detection of the transient is not required. On the other hand, 

for the transient method, a correct assessment of the transient is critical. 

 

The chapter is organized as follows. In section 5-1, some theoretical 

background is provided regarding the characterization of transients due to capacitor 

switching. Section 5.2 presents a transient detection technique. Section 5.3 deals 

with sensitivity analyses regarding frequency resolution. Some sample results are 

provided in Section 5.4. Finally, the major findings are presented in Section 5.5. 

5.1 Characterization of the capacitor switching transient 

A transient is characterized by two parameters: magnitude and duration. In 

addition, this thesis presents a transient’s characteristic harmonic content. A 

transient due to the switching of a capacitor has the following characteristics [39]:  
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• Magnitude: Up to 2 times the pre-existing voltage (assuming a discharged 

capacitor). 

• Duration: From 0.3ms to 50ms (approx. 3 cycles). 

• Main frequency component: 300Hz to 5 kHz. 

 

The energization (isolated switching) of the capacitor bank used in this 

thesis typically generates a medium-frequency oscillatory voltage transient with a 

primary frequency between 300 and 900 Hz and magnitude of 1.3-1.5 pu, and not 

longer than two cycles. 

5.2 Transient detection for harmonic impedance  

Sophisticated methods are available to detect transients, such as modern 

artificial intelligence (AI) and wavelet transform [40]. Some other methods use 

criteria detection based on the absolute peak magnitude, the principal frequency 

and the event duration of less than 1 cycle [41]. This thesis presents a simple 

approach in the time domain that uses as criteria the sudden change (significant 

change between two consecutive points) in the capacitor current and the zero 

crossing of voltage to determine the amount of points per cycle. 

 

Some other detection methods rely on the comparison of a ‘normal-

undisturbed’ or predicted voltage waveform, with the actual one. If a waveform 

deviates from the predicted waveform by a value grater than a threshold, the 

transient is recorded [42]. 

 

Figure 5-1 shows how the module works for different thresholds, say 30%, 

10%, and 5% respectively. This figure reveals that transient detection is very 

sensitive to the threshold chosen. Another disadvantage is that this module 
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calculates only the duration of the transient over the portion outside of the range 

predefined by the upper and the lower limits. Conversely, for the following 

proposed transient detection method, the definition of a threshold is not critical. 
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a. Threshold 30%. 
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b. Zoom for Thr. 10% 
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b. Zoom for Thr. 5% 

Figure 5-1. Transient detection using different thresholds. 

  

Figure 5-2 presents the subtracted waveform (derivative). This figure reveals 

the huge peak presented around the 1280th point (the sixth cycle). The advantage of 

taking the derivatives of the subtracted cycles is that a threshold to detect the 

beginning of the transient can be set up easily. For this case, the threshold was set 

up as three times the maximum value of the first two cycles. 
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Figure 5-2 Derivative of the subtracted waveform (Voltage). 

The idea behind this approach is that a transient due to, for instance, a 

capacitor switching generates a sudden change in the steady state conditions that 

can be numerically identified by using derivatives. 

 

The transient signal is obtained by taking the moment the capacitor is 

switched on and subtracting a pre-disturbance cycle. Figure 5-3 presents the 

transient in the time domain. 

 

Figure 5-3 Extracted transient of the voltage signal. 
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As a consequence, the transient is calculated as 

 

IIII
VVVV

disteDisttr

disteDisttr

∆=−=
∆=−=

−

−

Pr

Pr

.      (5-1) 

 

Figure 5-4 presents the frequency content of a capacitor switching event. As 

expected, the higher frequency components (except the fundamental component) 

are around the 5th to 10th harmonic (300-600Hz). 
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Figure 5-4 Frequency content of transient current 

5.3 Windowing and frequency resolution 

The data-window length has to be compromised between the frequency 

resolution and the proper window to entirely capture the transient event. The best 

choice of the data-window length is a length long enough to completely capture the 

transient and to provide sufficient frequency resolution [43]. 

 

Due to the characteristics of the acquired signals (15 cycles, 5 pre-

disturbance), the higher frequency resolution is 15 Hz. The results using one cycle 

give a frequency resolution of 60Hz. Since we want to have a more refined 
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frequency resolution, one-cycle window results are not detailed here. Figures 5-5 

and 5-6 show sample cases of measured transient voltage and transient current 

frequency spectra for the two- and three-cycle window length, respectively. 
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Figure 5-5 Two-cycle window length transient frequency spectra. 

 

0 5 10 15 20 25 30 35 40 45 50
0

1

2

3

4

V
Tr

Transient Power Spectra

0 5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

50

Frequency

I Tr

 

Figure 5-6 Three-cycle window length transient power spectra. 
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A proper data-window contains the entire transient event inside. After 

extensive field measurements, it was found that a two-cycle data window is long 

enough to capture the characteristics of the transient. For our application, if a 

longer data window had been used, no additional information would have been 

gained anyway. Figures 5-7 and 5-8 present the energy level for two- and three- cycle 

windows. For both cases, reliable results can be obtained within a range up to the 

20th harmonic (1200Hz). A longer data-window can yield fine frequency resolution, 

but also can reduce the power spectra density. The length of the data-window 

should be long enough to cover the entire transient without compromising the 

frequency resolution. 
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Figure 5-7 Energy level DI for two-cycle window length. 
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Figure 5-8 Energy level DI for three-cycle window length. 

 

 

Figure 5-9 presents the comparative results for the harmonic impedances for 

different window lengths. The overall behavior of all cases is very similar (Figure 5-

9a); however with a higher resolution, say 30 and 20 Hz, some slight differences 

occur (figure 5-9b). The results obtained with the two- and three- cycle windows are 

almost identical. These results validate that a window length of two cycles can be 

used for these harmonic calculations. 
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Figure 5-9 Harmonic impedance with different window lengths: a. 60 – 3 kHz ; b. 
Zoom 60 – 500Hz. 

5.4 Sample results and comparison with steady-state  

As mentioned at the beginning of this chapter, with transient methods, 

harmonic impedance can be obtained over a wide range of frequencies. Steady-state 

methods are simple and also provide accurate information about harmonic 

impedances for long periods. By combining the advantages of each kind of method, 

an efficient composite technique can be developed with redundant information to 

provide reliable results. 

 

From the all analyses describe above, Figures 5-10 to 5-12 present the 

impedance results obtained by using both methods. At the beginning of the 

frequency range, the values for both methods agree. The steady-state method 

provides good results depending on the system’s harmonic background. These are 

discrete values and, in this case, are meaningless for frequencies above 600 Hz. The 

transient method provides information over a wider range of frequency. Close to 

1000 Hz and above, the values become unreliable. 
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b. 

Figure 5-10 Impedance results using Transient and Steady-state methods. a. The 
whole range of frequency, b. Zoom in up to 1kHz. 

The steady-state approach provides values over only a short discretized 

frequency range depending on the system’s harmonic background, as shown in 

Figure 5-11. When high energy levels are present (Figure 5-12), the harmonic 

impedance results agree with those obtained by using the transient method.  
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Figure 5-11. Impedance results for a sample case. Steady-state and transient method 
comparison. 
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Figure 5-12. Frequency spectra for steady-state waveforms 

5.5 Summary and major findings 

This chapter presented a way to compute harmonic impedance by using 

transient-based methods. To use this approach, one must accurately acquire and 

detect the transient voltage and current. The proposed detection approach is 

effective and easy to implement, and the definition of a detection threshold is not 

as critical as it is for other methods. 

 

By using two invasive methods - the steady-state and transient based 

methods- it was demonstrated to determine harmonic impedance can be 

determined consistently. Transient methods provide results over a wide range of 

frequencies, and steady-state methods provide good results depending on the 

system’s harmonic background. 

 

The process of developing the proposed algorithm can be summarized as 

1. Input the phase voltage waveforms. 

2. Subtract the first pre-disturbance cycle from the actual waveform. 

3. Calculate the numerical derivative of the subtracted waveform. 
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4. Calculate the beginning of the transient by comparing the peak of the 

subtracted waveform with the maximum of pre-disturbance cycles. If a three-

times change is found between two consecutive points, then the latter point 

of the transient is detected. 

5. Extract the transients for both, voltage and current by using Equation 5-1. 

6. Compute harmonic impedance ( )trtr IV− . 

 



 

Chapter 6  

Case studies: Application of proposed technique 

over measured data 

The previous chapters presented systematic techniques to estimate system-

side and customer-side harmonic impedances and harmonic sources. This chapter 

presents the applicability of these proposed techniques to real measured data. 

Analyses over five residential single-phase supply cases are presented. The 

impedances and harmonic sources obtained from the mentioned sites have been 

examined. Section 6-1 presents the general characteristics of the measured sites. 

The utility and load side harmonic impedances are presented in Section 6-2 and 

Section 6-3, respectively. Section 6-4 presents harmonic distortion characteristics. 

Harmonic impedances will also be used for estimating the harmonic sources, which 

are presented in Section 6-5. Finally a summary of major findings is presented in 

section 6-6. 

6.1 Characteristic of the measured sites 

 

These measurements consist of several capacitor switching events. Each test 

site involves 20 to 60 capacitor switching events, called snapshots. Steady-state and 

transient data from each snapshot are used to calculate the harmonic impedances. 

 

Table 6-1 summarizes the characteristics of the measured residential sites. 

Old and new houses with different sizes are included in this study. 
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Table 6-1 Characteristics of the measured houses. 

House 
ID 

Year 
Built 

Square 
Footage [ft2] 

No. of 
Inhabitants 

THD 
 Voltage [%] 

THD 
Current [%] 

Load [A] 
during test 

1 1984 800  2 3.6 19.2 4.8 
2 1976 1000 2 3.2 21.2 7.0 
3 1997 2000 4 1.6 27.4 6.1 
4 2003 1800 2 3.4 29.2 8.9 
5 1985 1200 4 2.7 19.6 10.8 

 

6.2  Characteristics of Utility-system Harmonic Impedances 

From the sample cases presented in the chapter 3, particularly in figure 3-

12, it was found that impedances for the utility-side consistently exhibit linear 

increasing characteristics with respect to the harmonic frequency. As a result, it is 

reasonable to assume that impedances follow the following linear equation: 

 

( )
( )

R R

X X X

R h a h b

X h a h b a h

= +

= + ≈
             (6-1) 

where h is the harmonic number. According to the circuit theory, the reactance 

should be zero when h=0. So bx is set to zero. Parameters aR, bR and aX are 

determined using the least square fitting method by minimizing the following 

functions: 

 

( ) ( ) ( ) ( )
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∑ ∑
∑ ∑

   (6-2) 

where Rh and Xh are the mean values, wR and wX are the weighting factors for R and 

X respectively. The weighting factors are the confidence levels of the data. The 

confidence level shows the percentage of snapshots that are within an acceptable 

error. In our study, the maximum acceptable error is limited to ten percent. Results 

obtained for one of the measured sites is shown in Figure 6-1. This figure shows the 
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mean value for R and X, and the associated confidence levels. The circle-dotted 

points represent the results whose confidence levels are higher than 25%. 

 

Using this process, the harmonic impedances of each site can now be 

characterized in a compact form using just three parameters: aR, bR and aX. 
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Figure 6-1 Representative values for harmonic impedances. 

In order to compare the harmonic impedances among the measured sites to 

determine the general impedance characteristics for all sites, the harmonic 

impedance of each site was normalized based on the fundamental frequency 

components of R and X as follows:  

( ) ( )

( ) ( )
1 1

1 1

' '

'

R R
ratio R R

X
ratio X

R h a h bR h a h b
R R
X h a hX h a
hX hX

+
= = = +

= = =

     (6-3) 
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The above normalization is equivalent to performing per-unit conversion on 

the data. If the impedance follows the form of Z(h)=R+jhX, the normalized 

impedance will be Z(h)’=1+j1.  As a result, this conversion brings two advantages: 1) 

we can compare the normalized impedances for different sites and 2) the ideal 

values (or expected values) of the normalized impedances are known, which are a’R 

=0, b’R =1 and a’X =1. As a result, the supply system harmonic impedance seen at the 

custom revenue meter point follows a linear relationship based its 60Hz 

impedance, i.e. 

 

Z(h)=R60Hz+jhX60Hz      (6-4) 

Table 6-2 presents the results obtained for the measured sites. Parameters 

aR, bR and aX are close to their expected values which validates the assumption of 

linear harmonic impedances.  The least two columns show the least-square fit 

errors. 

 

Table 6-2 Normalized harmonic impedance parameters for measured houses. 

Site R1[Ω] X1[Ω] a’R b’R a’X εR (%) εX (%) 

1 0.0997 0.0357 0.0005 0.9995 1.0167 7.45 5.64 
2 0.0497 0.0161 0.0253 0.9747 0.9589 3.28 3.11 
3 0.1082 0.0499 0.0053 0.9947 0.9719 5.69 1.43 
4 0.0535 0.0163 0.0439 0.9561 1.2359 5.15 6.54 
5 0.1661 0.0412 0.0153 0.9847 1.0322 3.99 1.63 

 

6.3 Characteristics of Load-side Harmonic Impedances 

Figure 6-2 shows the average resistance and (absolute) reactance values as a 

function of harmonic frequency. This figure reveals that the resistive component 

dominates the load-side impedance. Both R and |X| increase slightly with the 

frequency. At the fundamental frequency, the load impedances are much higher 

and, so one cannot use the fundamental frequency impedance to predict the 
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harmonic impedance of the loads. In Figure 6-2 the load impedances are also 

compared with the average system impedance. The results show that the load 

impedances are higher than the system impedances, at least to the 13th harmonic. 
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Figure 6-2 General frequency-dependent response of load side impedances. 

From among all measured sites, some specific cases related to residential 

customers were chosen for presentation in this section. Figure 6-3 presents the 

impedance results (R and X) for a sample house for each branch. The resistance 

component shows a fairly constant trend for the harmonic orders. On the other 

hand, the reactance increases with the frequency. The results obtained by using 

steady-state and transient data are also consistent.  
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Figure 6-3 Sample load impedance results: a. and b. R and X for branch A; c. and d. 

R and X for branch B. 

Figures 6-4 to 6-8 present the impedance results for four different houses. 

In most of the cases, the impedances present a capacitive characteristic. This result 

is not surprising since the capacitors in the power electronic-based loads have been 

previously found to create such a characteristic [44]. 
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Figure 6-4 Load impedance results for house # 1. 
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Figure 6-5 Load impedance results for house # 2. 
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Figure 6-6 Load impedance results for house # 3. 
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Figure 6-7 Load impedance results for house # 4. 
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Figure 6-8 Load impedance results for house #5. 
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In general and as stated at the beginning of this section, for all sites, R is 

bigger than X. However, the results did not yield consistent conclusions. So it is 

not clear what affects the frequency response characteristics of the loads.  

6.4 Harmonic Distortion Characteristics 

Harmonic distortions characteristics of the measured sites will help to 

understand the characteristics of the parameters obtained. At each site, currents 

and voltages of all phases are processed. Table 6-3 summarizes the key indices for all 

sites. The average voltage distortion of the test sites is about 2.91% and THD as 

high as 3.6% have been recorded. The voltage distortions are mainly caused by the 

3rd and 5th harmonics. 

 

Table 6-3 PCC indices for measured sites. 

Indices Site 1 Site 2 Site 3 Site 4 Site 5 
Power consumption [W] 535.55 813.86 704.91 1027.48 1235.62 

Fundamental power factor 0.9561 0.9766 0.9843 0.9886 0.9671 
Current [A] 4.7888 7.0179 6.1150 8.8991 10.8346 

Voltage THD [%] 3.60 3.20 1.62 3.40 2.71 
3rd Harmonic Voltage [%] 2.86 1.96 0.97 2.25 1.47 
5th Harmonic Voltage [%] 1.82 2.21 1.04 2.32 2.07 
7th Harmonic Voltage [%] 0.76 0.96 0.46 0.66 0.32 
9th Harmonic Voltage [%] 0.76 0.67 0.42 0.72 0.81 

11th Harmonic Voltage [%] 0.39 0.25 0.45 0.22 0.24 
13th Harmonic Voltage [%] 0.40 0.25 0.15 0.33 0.28 

Voltage Crest Factor  1.37 1.37 1.39 1.37 1.39 
Current THD [%] 19.21 21.18 27.36 29.25 19.61 
Current TDD* [%] 0.90 1.46 1.61 2.50 2.08 

3rd Harmonic Current* [%] 0.69 1.12 1.20 2.01 1.70 
5th Harmonic Current* [%] 0.46 0.80 0.81 1.33 1.12 
7th Harmonic Current* [%] 0.25 0.39 0.53 0.57 0.42 
9th Harmonic Current* [%] 0.19 0.14 0.40 0.05 0.03 
11th Harmonic Current* [%] 0.12 0.12 0.24 0.19 0.17 
13th Harmonic Current* [%] 0.11 0.18 0.09 0.24 0.10 

Current Crest Factor  1.78 1.78 2.03 1.96 1.76 
* The TDD and harmonic current [%] is based on a rated current of 100A. 

 

Figures 6-9 and 6-10 show the harmonic voltage and current spectrum of 

one of the sites, respectively. Figure 6-11 shows the current THD and Figure 6-12 
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shows the Crest Factors of the sites (Crest Factor of 1.414 represents a perfect 

sinusoid). The average current distortions are 23.32% THD. Note that this number 

is affected by the denominator used for the calculations. The index is therefore not 

as meaningful as the voltage THD. The IDD index reveals that the 3rd harmonic is 

the main component of the current harmonics, which is then followed by the 5th 

and 7th harmonic.  
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Figure 6-9 Harmonic spectrum of voltages at the PCC (V1 is divided by 10).  
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Figure 6-10 Harmonic spectrum of currents measured at the PCC (I1 divided by 
10). 



Chapter 6                                          Case studies  

 

 93

  

Average

0

5

10

15

20

25

30

35

1 2 3 4 5

Site

TH
D_

I [
%

]

 

Figure 6-11 Current THD (%) at the PCC. 
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Figure 6-12 Voltage crest factors of measured sites.  

Based on the TDD results, it was found that the loads measured by this 

project inject an average of 1.55 amperes of 3rd and 1.04 amperes of 5th harmonic 

currents into the system. 
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The Crest factor results reveal that the majority of sites have current 

waveforms that are spike shaped as most of the sites have a CF greater than 1.414. 

On the other hand, most voltage waveforms are flat-topped (CF<1.414).  

 

Figures 6-13 and 6-14 compare the harmonic distortion levels for the 

measured sites. It was found that the voltage THDs and current TDDs are generally 

comparable. 
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Figure 6-13 Impact of Voltage THD. 
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Figure 6-14 Impact of Current TDD. 

 

To understand this observation in more detail, the distribution of the 3rd, 

5th, 7th and 9th harmonic currents are shown in Figure 6-15. The charts reveal that 

the excessive harmonic current injection is mainly caused by the 3rd and to some 

extent by the 5th harmonics. 
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a. 3rd harmonic current IDD 
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b. 5th harmonic current IDD 
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c. 7th harmonic current IDD 
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d. 9th harmonic current IDD 
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e. 11th harmonic current IDD 
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f. 13th harmonic current IDD 

Figure 6-15 Impact of IDD for harmonic orders. 

6.5 Characteristics of the harmonics sources  

Based on the impedances of the system and load sites, we can estimate the 

harmonic sources inside the system and the load. The results will help to identify 

the causes of harmonic distortions, voltage and current, at the system-load interface 

points. System and customer side harmonic sources are determined for 

measurement sites from available impedance information. The characteristics of the 

sources are analyzed. 
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6.5.1 Characteristics of Utility Side Sources 

This section investigates the characteristics of utility side harmonic source 

Eu and correlates the findings with the PCC voltages. Table 6-4 summarizes the 

overall characteristics of Eu. 

 

Table 6-4 Utility side source characteristics. 

Indices Site 1 Site 2 Site 3 Site 4 Site 5 
Voltage [V] 120.05 121.90 123.06 121.71 121.36 

Voltage THD [%] 3.52 3.18 3.33 1.60 2.58 
3rd Harmonic Voltage [%] 2.81 1.95 2.21 0.95 1.39 
5th Harmonic Voltage [%] 1.75 2.20 2.27 1.02 1.96 
7th Harmonic Voltage [%] 0.76 0.95 0.63 0.45 0.26 
9th Harmonic Voltage [%] 0.75 0.67 0.71 0.41 0.80 
11th Harmonic Voltage [%] 0.36 0.25 0.21 0.44 0.27 
13th Harmonic Voltage [%] 0.39 0.25 0.32 0.15 0.27 

 

The characteristic analysis conducted for Vpcc has been done for Eu. Figure 

6-16 compares the harmonic spectra of Vpcc and Eu for average values obtained from 

all sites. The charts show that the patterns of Eu and Vpcc spectra are similar, further 

confirming that Eu has a major influence on Vpcc. This is, the PCC voltage 

distortion is caused by the harmonic voltage sources inside the system. 
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Figure 6-16 Comparison of harmonic spectra of Eu and Vpcc (V1 divided by 25). 
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6.5.2 Characteristics of Customer Side Sources 

The customer side sources are represented as current sources Ic. Table 6-5 

summarizes the overall characteristics of Ic. Again the similarities between Ipcc and Ic 

are noticed. In order to investigate these similarities further, the harmonic spectral 

of Ipcc and Ic are compared in Figure 6-17. 

 

The spectral results reveal that the patterns of Ic and Ipcc are similar. 

However, this similarity cannot confirm that Ipcc is mainly affected by Ic since they 

represent the most common spectra patterns seen in a power distribution system; 

however, the harmonic currents recorded at the revenue meter point are not 

entirely caused by the nonlinear loads inside the customer’s facility. How to 

determine to what extent the system affects the PCC current is out of the scope of 

this work.  

 

Table 6-5 Characteristics of harmonic current sources Ic. 

Indices Site 1 Site 2 Site 3 Site 4 Site 5 
Current rms [A] 6.8445 94.0731 43.4307 97.6511 28.1720 

Current TDD* [%] 2.17 12.17 4.79 2.64 3.75 
3rd Harmonic Current* [%] 1.83 8.06 3.44 1.92 3.22 
5th Harmonic Current* [%] 1.02 7.70 3.01 1.41 1.60 
7th Harmonic Current* [%] 0.42 4.01 1.11 0.88 0.63 
9th Harmonic Current* [%] 0.30 2.45 0.65 0.50 0.77 
11th Harmonic Current* [%] 0.21 0.89 0.39 0.32 0.24 
13th Harmonic Current* [%] 0.16 1.07 0.47 0.41 0.26 
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Figure 6-17 Comparison of harmonic spectra of Ic and Ipcc (I1 divided by 25). 

6.6 Summary of major findings 

This chapter has shown the utility and load side impedance estimates and 

the results have revealed some interesting characteristics of the loads from 

information that is relatively easy to obtain (usage of same set of data harmonic 

impedance estimation at both sides of the interface point). 

 

In addition, it has proven the validity of the linear impedance assumption 

through measured field data. Utility-side impedance can be represented by a linear 

model. On the other hand, load impedances had no general frequency response 

characteristics. It was found, however, that some loads exhibited capacitive 

impedance at certain frequencies, likely because of the capacitors inside the power-

electronic based appliances. Also, the fundamental component impedances were 

higher than those of the harmonic components. 

 

It is possible to see from the characteristics of harmonic distortions at the 

utility-customer interface point that the 3rd harmonic currents are becoming 

significant harmonic component in residential systems. The majority of the sites 

measured have the 3rd harmonic current as the dominant harmonic current 
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component. The voltage distortion is still dominated by the 5th harmonic but this 

may change if more and more 3rd harmonic current producing loads are installed in 

the system. 

 

Intuitively, the voltage distortions are produced by the collective impact of 

various loads. On the other hand, the current harmonics are affected by the load 

characteristics, which suggests that a large portion of the harmonic currents 

observed at the PCC are due to the loads connected to the PCC.  

 

The crest factor results reveal that the majority of sites have current 

waveforms with a spike shape. On the other hand, the major part of voltage 

waveforms are flat-topped. This has been observed in other measurement sites, 

seems to be very general and can be applied to all distribution systems. 

 

Regarding the characteristics of harmonic sources inside the utility and 

customer systems, the results show that the harmonic voltages at the PCC are 

mainly determined by the utility side harmonic sources. These sources are the 

collective result of the multiple harmonic producing loads distributed across a 

distribution system. If a customer harmonic current has any direct impact on its 

PCC voltage, it likely to be more noticeable at the 3rd harmonic. On the other 

hand, results show that the PCC currents are affected by both the utility side and 

customer side harmonic sources. More studies are needed to quantify the relative 

impact of each source. 

 

In summary, the characteristics of Eu are similar to those of Vpcc. These 

similarities seem to reinforce the belief that the utility side harmonic sources have 

significant effect on the PCC voltage distortion. 

 

 



 

Chapter 7  

Contributions and Conclusions 

7.1 Harmonic impedance 

This thesis presented a practical and systematic technique to determine one 

of the key harmonic parameters in power systems, harmonic impedance. The 

estimation was performed in the frequency domain for low-voltage customers, who 

usually are supplied through single-phase transformers. The thesis’ main objective 

was to expand and complete the harmonic impedance and harmonic source 

measurement methodology under energized conditions. 

 

The utility- and load-side impedance results were estimated from the same 

set of data at both sides of the interface point. The proposed methodology uses a 

simple portable capacitor bank to create waveform changes for impedance 

determination. The results show that a capacitor-sized round 1mF is sufficient for 

measuring most residential customers. 

 

By using two invasive methods, the steady-state and transient based 

methods, it was demonstrated that harmonic impedance can be determined 

consistently. Transient methods provide results over a wide range of frequencies, 

and steady-state methods provide good results depending on the system’s harmonic 

background. 

 

The energies of the disturbance available to determine the load site 

impedances were much smaller than those for system-side impedance 

determination. Therefore, the load impedance results were much more scattered 
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among the various snapshots and therefore less accurate that the results obtained 

for the system-side impedance. This result occurred because most of the capacitor-

switching transients travel to the system side (the smaller impedance) instead of the 

load side. 

 

Finally, the utility-side impedance characteristic represented by a linear 

model was proven through measured field data. This linear relationship is based on 

the fundamental power frequency, i.e., Z(h)=R60Hz+jhX60Hz. Conversely, load 

impedances had no general frequency response characteristics, but some loads 

presented capacitive impedance at certain frequencies due to the capacitors inside 

the power-electronic based appliances. 

 

Customer loads can be represented by Norton equivalent circuits at 

different harmonic frequencies. The equivalent impedances showed that the 

resistive component dominated the load impedance. The impedance values were 

higher than those of the supply systems at low-order harmonics.  

7.2 Harmonic distortion characteristics and harmonic 

sources 

In addition to and based on the harmonic impedances results, harmonic 

distortion analyses, and the equivalent harmonic sources of the supply system and 

the customer loads were also determined. The third harmonic currents are 

becoming a significant harmonic component in residential systems at the PCC. 

Most of the measured sites show the 3rd harmonic current as the dominant 

harmonic current component. For the voltage distortion, the 5th harmonic is the 

dominant, but this situation may change if more and more 3rd harmonic current-

producing loads are installed in the system. 
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Regarding the characteristics of the harmonic sources inside the utility and 

customer systems, the results showed that the harmonic voltages at the PCC were 

determined mainly by the utility side harmonic sources. These sources are the 

collective result of the multiple harmonic-producing loads distributed across a 

distribution system. If a customer’s harmonic current has any direct impact on its 

PCC voltage, it is likely to be more noticeable at the 3rd harmonic. Additionally, it 

was also found that the PCC currents were affected by both the utility-side and 

customer-side harmonic sources. 

 

The harmonic current caused by the loads has no control over the voltage 

distortion. The same load located in two different points in the power system may 

result in two different voltage distortion profiles. 

7.3 Recommendations and future research 

Working with real measurements significantly increases the difficulty level 

of power system parameter estimation. Implementation issues such as the energy of 

the disturbance, phase shift, channel synchronization and load variation have an 

important influence on the reliability of the results. 

 

The accurate estimation of harmonic impedance is fundamental in 

characterizing frequency responses and harmonic propagations, and assessing 

harmonic limits. Furthermore, harmonic impedance studies are important stepping 

stone for developing potential applications such as harmonic sources 

determination, which has been explored in this work.  

 

The other potential application is the determination of harmonic 

contributions. The results presented here show that the PCC currents are affected 

by both the utility-side and customer-side harmonic sources. Future research could 
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focus on quantifying the relative impact of each source. After the harmonic sources 

contained in both the customer and utility systems have been determined, the 

harmonic contributions due to a customer and its supply system would be the next 

step in the harmonic analysis. 

 

Although the harmonic currents produced by individual appliances are 

small, the cumulative effect produced by a large number of small harmonic sources 

can be substantial. Harmonic contributions based on field measurement will reveal 

how the amount of a customer’s actual harmonic impact will be and the 

background harmonics’ impact in the utility supply system. 
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