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A b s t r a c t

Harmonic analysis has been focused on systems with one or a few large harmonic- 

producing loads in the past. However, distributed harmonic sources with comparable 

sizes have recently become more common in commercial and industrial distribution 

systems. Two main issues should be addressed when conducting harmonic analysis for 

systems with distributed harmonic sources.

The first issue is the attenuation and diversity o f harmonic currents. The distortion of 

the voltage supplied to each harmonic source can be considerable. This would reduce the 

injected harmonic current magnitudes (attenuation effect) and change the phase angles 

(diversity effect). Common harmonic analysis methods can not take into account these 

effects. They use typical harmonic current source model specified upon a supply voltage 

having little or no distortion. This thesis proposes an iterative harmonic analysis method 

to consider the attenuation and diversity o f harmonic currents produced from distributed 

harmonic sources. This would provide more accurate assessment o f the system distortion 

level. The developed method is verified by experimental measurements and simulation.

The second issue is the random harmonics generated from randomly varying loads. 

This behavior calls for probabilistic techniques for quantifying harmonic levels correctly 

avoiding the harmonic voltage and current overestimation that could be obtained using 

the traditional deterministic approach. A distribution system with harmonic sources of 

random loading level is considered. An analytical method utilizing the summation 

technique o f random harmonic phasors is presented to get the probabilistic harmonic 

levels. The proposed method is verified by performing Monte Carlo simulation.
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Chapter 1

Introduction

Power system harmonics is an area that is receiving a great deal o f attention with the 

advancement o f power electronic technology. This is primarily due to the fact that 

nonlinear loads, which use solid state power electronic components, are comprising a 

larger and larger portion o f the total connected load for a typical industrial plant [1]. 

Therefore, electric power distribution systems have been confronted with the fact that 

harmonic voltage and current distortion levels can be considerable. Harmonic distortion 

is one o f the concerns o f power quality. In this chapter, some insight into power quality is 

provided. Then, harmonics sources and effects are presented. The objective o f the thesis 

is discussed, and the thesis outline is given at the end o f the chapter.

1.1 Power Quality

In our modem world, we sometimes take for granted the vast number o f electric 

processes that go on to support our daily life. These processes can be complex but have 

one thing in common, the need for high quality electric power. Power quality is the 

concept o f powering and grounding electronic equipment in manner that is suitable to the 

operation o f that equipment and compatible with the premise wiring system and other 

connected equipment [2]. Historically, most power system equipment has been able to 

operate successfully with relatively wide variation o f these three parameters. However, 

within the last two decades a large amount o f equipment has been added to the power 

system, which is not so tolerable to these variations. This has included equipment that is

1
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Chapter 1. Introduction 2

controlled by power electronics. Much more precise control o f different electric processes 

has been developed making the processes even more susceptible to the effects o f power 

system disturbances [3].

Power quality has become a major issue for electric utilities and their customers, and 

indirectly to almost all o f the manufacturers o f equipment that depend on a supply of 

good quality electric power. It is a research area o f exponentially increasing interest and 

an issue that needs continual attention. It has become o f great importance due to the 

increase in the number o f linear and nonlinear loads sensitive to power disturbances. In 

attempting to define power quality, the views o f utilities, equipment manufacturers, and 

customers might be completely different.

Utilities regard power quality from the system reliability point o f view. They are 

under increasing pressure to ensure providing adequate power quality to their customers. 

This has been an important task for them because o f changes in user equipment and 

requirements. Equipment manufacturers consider power quality as being that level 

allowing for proper operation o f their equipment so that their products’ service life can be 

extended. For consumers, the problem of new equipment sensitivity to service quality is 

an essential issue to be considered. Therefore, they require that disturbance levels be 

limited in power systems. They are particularly interested in dependable power quality 

from their utility that ensures the continuous running of processes, operations, and 

businesses.

Generally, a power quality problem could be defined as being any power problem 

manifested in voltage, current, or frequency deviations that result in failure or 

misoperation o f customer equipment. The growing concern with power quality is due to 

many reasons including the following [4]:

• The widespread use o f sensitive microprocessor-based controls and power electronics 

devices.

• The complexity o f industrial processes, which results in huge economic losses if  

equipment fails or malfunctions.
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Chapter 1. Introduction 3

• The proliferation o f large computer systems into many businesses and commercial 

facilities.

• The development o f much sophisticated power electronics equipment used for 

improving system stability, operation, and efficiency. The presence o f these devices 

degrades power quality and they are themselves vulnerable to such quality o f power.

• Deregulation o f power industry, which gives customers the right to demand higher 

quality o f power.

• Growth in application o f such devices as high efficiency adjustable speed drives and 

power factor improvement shunt capacitors. These devices have a negative impact on 

the system capability due to the increasing harmonic levels they cause.

•  The complex interconnection of systems which can result in more severe 

consequences if  any one component fails.

1.2 Harmonics and Harmonic Sources

In power systems, the alternating current (AC) electric networks are designed to operate 

with pure sinusoidal 50 Hz or 60 Hz alternating voltages and currents. Electric utilities 

strive to supply smooth sinusoidal voltage waveform o f the fundamental frequency to 

their customers. The current flowing to the customer load can also be o f pure sinusoidal 

waveform o f the same frequency like the supplied voltage; in this case the load is linear. 

On the other hand, the flowing current for some load equipment can be distorted and 

deviated from the sinusoidal waveform; in this case the load is nonlinear and considered 

as a harmonic source.

The voltage and current waveforms in modem power systems are seldom sinusoidal 

because o f the increased use o f nonlinear electrical devices. The distorted waveforms 

contain sinusoidal components, which have frequencies o f multiples o f the fundamental 

frequency. These high frequency components are called harmonics. Typical nonlinear 

loads are adjustable speed drives (ASDs), electric arc furnaces (EAFs), personal
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Chapter 1. Introduction 4

computers (PCs), light dimmers, battery chargers and all loads that use AC/DC 

converters [5,6].

Harmonics are one o f the power quality concerns. The interest in harmonics on 

distribution systems is mainly due to the widespread use o f power electronic devices and 

the increase in sensitivity o f electronic loads with greater dependence upon their 

undisturbed operation. The proliferation o f power electronic based loads has led to a 

significant increase in voltage distortion and harmonic currents [7,8].

The main sources o f harmonics can be classified into the following three categories:

1) Power electronic devices.

2) Arcing devices.

3) Electromagnetic saturable devices.

For the first category, switching power electronic components which occurs within a 

single cycle o f the power system fundamental frequency is responsible for the nonlinear 

characteristic and generation o f harmonics [8]. This switching is necessary for the 

purpose o f increasing the efficiency and controllability. As the cost o f power electronics 

decreases, their application in customer loads will increase. This trend, while beneficial 

from a load efficiency point o f view, is a cause o f concern because the level o f harmonic 

distortion in power systems will increase with the extensive use o f power electronic 

devices [5]. The main harmonic sources under this category are: 1) three-phase static 

power converters, 2) switch mode power supplies, and 3) static VAR compensators used 

for maintaining constant voltage level. For the second category, the harmonics are 

generated as a result o f the nonlinear relationship between the voltage and current due to 

the physical nature o f the electric arc. The main harmonic sources under this category are 

electric arc furnaces and gas discharging lamps. For the third category, harmonics are 

generated due to the nonlinearity o f the magnetic core caused by the electromagnetic 

saturation as found in electric power transformers [9].
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1.3 Harmonics Effects

Harmonics in industrial systems are typically generated from variable frequency motor

drives, electric arc furnaces, and static power converters. Reducing the amount of

harmonics in power systems is one way to improve the system power quality. Increased

level o f harmonic distortion may cause one o f  the following effects:

1) Power system equipment are designed to operate under the fundamental power 

frequency, so the presence o f harmonics can cause extra losses and heating to the 

power system equipment [10].

2) Harmonics can impose voltage and current stresses on power cables and can lead to 

dielectric failure [11].

3) Shortening capacitor life may be possible due to the presence of harmonics if the 

capacitor size is not carefully selected. Capacitors are usually used for power factor 

improvement, but they provide low shunt impedance path at higher frequencies. 

Therefore, they can be overloaded and eventually capacitor failure may occur [12], A 

10% increase in voltage stress caused by harmonic currents typically results in a 7% 

increase in the operating temperature o f a capacitor bank and can reduce its life 

expectancy by 30% of normal [13].

4) Severe harmonic problems may happen when capacitor banks are added to an 

electrical system. The addition o f capacitive reactance to the characteristic inductive 

nature o f the system may cause parallel resonance. If  the resonant frequency o f the 

combined circuit is near to the frequency o f harmonics produced by a harmonic 

source connected to the same system, this will result in high harmonic voltage 

magnitudes and magnified harmonic currents in the resonant circuit [9].

5) Communication interference is likely to occur when power lines run close to 

telephone lines [14,15].

6) Malfunctioning o f power electronic loads can take place in harmonics environment. 

Some power electronic loads are sensitive to the AC supply voltage characteristics 

such as zero crossing time for the control purpose. Therefore, excessive harmonic 

distortion can make the power electronic load operate improperly [16].
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7) Harmonics can cause errors in metering instruments [11]. This is because the 

relationship between different parameters in pure sinusoidal waveforms is no longer 

valid with distorted ones, for example, the ratio o f the peak to the RMS value is not 

-s/2 . This is prone to cause metering errors.

1.4 Objective and Scope

Most o f the past studies on distribution system harmonics have tended to focus on 

systems with only one or a few harmonic-producing loads. A noticeable trend in power 

systems nowadays is the emergence of distributed harmonic-producing loads. These 

loads typically have comparable sizes and are distributed all over an electric network. 

Traditional techniques for harmonic power flow analysis generally have difficulties in 

determining the collective impact o f these loads. It is very often that harmonic distortion 

levels in distribution systems are substantially lower than what one would expect from a 

harmonic power flow study based on equipment inventory [10].

Determination o f harmonic distortions for systems with distributed harmonic sources 

is a new and challenging research topic in the area o f harmonic analysis. In this situation, 

the system distortion level is not only affected by the interaction between the harmonic 

source and the system but also by the interaction between each harmonic source and the 

others distributed across the system, which makes the situation more complicated. Some 

of the conducted work considered only the case o f deterministic harmonic-producing 

loads and the sensitivity o f the generated harmonic currents to the supply voltage 

distortion [17]. However, no research work has been conducted to perform harmonic 

power flow to assess system harmonic distortion levels considering the impact o f the 

voltage distortion on the harmonic source current magnitudes (attenuation effect) and 

phase angles (diversity effect). On the other side, other research work considered the 

random variation o f the harmonic sources and the subsequent effect on the harmonic 

currents without paying attention to the impact o f the voltage distortion [18], i.e., the 

attenuation and diversity effects were ignored. Considering the two problems,
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attenuation/diversity and random harmonics simultaneously would be complicated. In 

order to make the problem manageable, it has been sub-divided in this research work into 

two. This would provide the base to deal separately with each problem so that in the 

future a comprehensive harmonic power flow algorithm can be developed to solve for the 

combined two problems.

The first sub-problem can be described as the following: a distribution system has a 

number o f harmonic-producing loads o f comparable sizes. The loads operate at a constant 

load level. An office building with a lot o f PCs and an industrial distribution system 

equipped with a large number o f ASD loads are typical examples o f such a case. It is 

required to determine the harmonic distortion level for this type o f systems. Traditional 

method to solve this problem is to model each PC as a fixed harmonic current source. 

Harmonic power flow methods are then used to determine the distortion results. The main 

problem o f this approach is that it can not take into account the attenuation and diversity 

effects o f the harmonic sources. Consequently, the results can be quite conservative, 

since both effects help to reduce the overall harmonic distortion level in the system. 

Although several papers have been published on this subject [17,19], almost no method 

has been proposed to estimate the harmonic distortion levels for such systems.

The attenuation and diversity effects appear due to the considerable distortion o f the 

system voltage associated with the operation of a considerable number o f harmonic 

sources. The traditional harmonic analysis methods can provide reliable and accurate 

system harmonic levels when the system voltage distortion is not significant. However, 

the situation is different in the presence o f distributed harmonic sources. The resultant 

harmonic current can be significant leading to severe voltage distortion across the system. 

The research work in this thesis is concerned with finding a way to take into account the 

impact o f the voltage distortion on the harmonic currents produced by the harmonic 

sources and to consider the harmonics attenuation and diversity in the harmonic analysis 

for harmonic distortion evaluation.
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The second sub-problem is to consider the random variation o f the loads in addition 

to its distributed nature. A typical case can be described as the following: a distribution 

system has a number o f harmonic-producing loads o f comparable sizes. The loads vary 

randomly between minimum and maximum levels. With the variation o f the loading 

level, the harmonic source currents are also varying. Therefore, using a deterministic 

method for harmonic analysis is not suitable because o f the stochastic nature o f the 

harmonics. How can one determine the mean value and the 95% probability value of the 

harmonic levels in the system? The 95% probability level is defined as the value that 

could be exceeded only for 5% probability. Hence, a probabilistic technique is needed for 

harmonics evaluation. The technique should consider the dependence o f the harmonic 

source currents on the loading level.

The scope o f this thesis can be summarized as follows:

• Determining the most appropriate index of the supply voltage waveform to 

characterize the harmonic current magnitudes and phase angles for typical single

phase and three-phase harmonic sources.

• Developing a harmonic analysis method based on the obtained harmonic current 

characteristics so that the harmonics attenuation and diversity can be included in the 

harmonic calculation.

• Verifying the proposed method through harmonic measurements and time domain 

simulation.

•  Determining the dependence o f the harmonic source currents on the loading level. 

Accordingly, an analytical method is proposed to calculate the probabilistic harmonic 

voltage and current levels for systems with distributed harmonic sources o f randomly 

varying load.

• Verifying the proposed analytical probabilistic method by conducting Monte Carlo 

simulation o f probabilistic harmonic power flow for a typical distribution system and 

comparing the results obtained by the two methods.
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1.5 Outline of the Thesis

The contents o f the thesis are organized as follows:

Chapter 2 provides an overview on harmonics in electric power systems. Harmonics 

representation o f distorted waveforms is presented. The most common harmonic analysis 

techniques are reviewed. The concerns about harmonics in the presence o f distributed 

harmonic sources are discussed. The attenuation and diversity o f harmonic currents are 

defined. The summation technique o f random harmonic phasors is presented showing 

how to get the probability density function o f the summation magnitude.

Chapter 3 investigates the harmonic current characteristics o f a PC load as one o f the 

most commonly used single-phase power electronic loads. Extensive measurements are 

conducted under different distorted supply voltage waveforms and the corresponding 

variation o f the harmonic current magnitudes and phase angles is addressed. In addition 

to the measurement results, further investigation is made to justify the choice o f the total 

harmonic distortion o f the supply voltage as the reliable index to determine the harmonic 

spectra o f the currents injected from PC loads.

Chapter 4 proposes an iterative harmonic analysis method to account for harmonics 

attenuation and diversity based on the harmonic measurements conducted in Chapter 3. 

The method is verified by performing experimental measurements for distributed PC 

loads. Sensitivity studies are carried out to evaluate the performance o f the proposed 

method and the extension possibility to other harmonic source loads.

Chapter 5 gives an overview about the three-phase ASD load, which is extensively 

used in industrial distribution systems. Then, it extends the work done in Chapter 3 by 

conducting extensive simulations on an ASD to investigate the relationship between the 

supply voltage waveform and the load harmonic current magnitudes and phase angles. 

The obtained results are examined to assert that the voltage total harmonic distortion can 

be adopted as an indicator o f the harmonic source current spectrum. Therefore, the 

proposed harmonic analysis method can be applied with ASD loads.
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Chapter 6 presents the implementation o f the proposed harmonic analysis method on 

distribution systems with distributed ASD loads. The method utilizes the obtained 

relationships in Chapter 5 between the harmonic currents and the supply voltage 

distortion. Different distribution systems with different topologies are considered for such 

a study. Time domain simulation is performed to validate the application o f the proposed 

method with ASD loads. Additionally, sensitivity studies are conducted to examine the 

performance o f the method and its implementation with some approximations.

Chapter 7 considers the case with randomly varying harmonic source loads. A 

probabilistic ASD model is developed due to the random variation o f the drive loading 

level. An analytical method utilizing the Central Limit theorem and summation technique 

of random harmonic phasors is applied to get the probabilistic harmonic voltage and 

current magnitudes. A comparison with the results obtained from Monte Carlo simulation 

of probabilistic harmonic power flow is performed to verify the implementation o f the 

analytical method.

Chapter 8 provides the conclusions drawn from the work conducted in this thesis and 

gives suggestions for future research.

At the end o f the thesis, a list o f references regarding its scope is provided.
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Chapter 2

Harmonics in Electric Power Systems

The proliferation o f nonlinear loads deviates the voltage and current waveforms from 

their sinusoidal nature and harmonics are produced. This chapter presents many aspects 

related to power system harmonics such as representation, sources, and analysis. The 

main concerns about the operation of distributed harmonic sources are discussed. The 

attenuation and the diversity o f harmonic currents associated with the operation of 

multiple harmonic sources o f a constant load are explained. The summation o f randomly 

varying harmonic vectors is presented showing how to obtain the probabilistic 

summation magnitude.

2.1 Power Systems Harmonics

The fundamental objective o f electricity supply and distribution companies is to supply 

each electricity customer with energy at a single and constant frequency and at a specific 

voltage level o f constant magnitudes. However, none o f these conditions are fulfilled in 

practice since much of today's production equipment does not draw a sinusoidal current 

from the sinusoidal voltage source. This is known as nonlinear load where the 

relationship between voltage and current at every moment in time is not constant [9]. 

Nonlinear loads change the sinusoidal nature o f the supply AC current and consequently 

the AC voltage drop across the power system impedance, thereby resulting in the flow of 

harmonic currents [10,11].

11
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In an ideal electric power system, the voltage at any point is a constant sinusoid 

repeated at a fundamental frequency o f 50 or 60 Hz. However, distorted current and 

voltage waveforms are frequently met in power systems. They contain sinusoidal 

components, which have frequencies o f multiples o f the fundamental frequency. These 

high frequency components are called harmonics and contribute to the distortion o f the 

original fundamental frequency waveform.

Harmonics are a mathematical way o f describing a steady-state nonsinusoidal 

voltage or current waveform [1], Under periodic steady conditions, distorted voltage and 

current waveforms can be expressed in the form o f Fourier Series. The Fourier Series for 

aperiodic functionf(t)  with fundamental frequency co can be represented as [20]:

where T=2tz/(o and C0 is the DC component o f the function. The RMS value o f f(t) is 

defined as:

Harmonic components are combined together so that the resultant waveform is no 

longer a smooth sinusoidal one. Figure 2.1 presents a typical distorted current waveform 

generated by a harmonic-producing load in power systems o f 60Hz fundamental

00

f { t )  = C0 + X Ch cos(hcot+ 0h) (2 .1)

The coefficient Ch and phase angles Oh for the h-th harmonic are given by:

(2 .2)

Ah I f(t)cos(ficot)ctt, B u = — \f(t)sm (hcot)dt (2.3)

(2.4)

(2.5)
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frequency. The figure also depicts the associated fundamental and 5th harmonic 

components o f this waveform.
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Figure 2.1: A typical distorted current waveform in electric power systems.

The most commonly used index to measure the deviation o f a periodic waveform 

from a sine wave is called Total Harmonic Distortion (THD) [8,11,15,20]. It quantifies 

the harmonics content o f voltage and current waveforms encountered in power systems. 

The THD is equal to the ratio o f the RMS value o f all harmonics to the RMS value of the 

fundamental component as a percentage. The THD of bus voltages (VTHD) and branch 

line currents (ITHD) can be calculated as follows:

VTHD =
Y J l  J Z 'Z
——  X100%, ITHD = -1*^—  X100% (2.6)

V Iy i *1

where

Vt , Ip. RMS value o f  the fundamental voltage and current components,

V2 to Vn: RMS value of the harmonic voltage components,

I2 to /„: RMS value of the harmonic current components,

h: harmonic order,
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«'• highest order o f interest for harmonic distortion calculation.

Evidently, for a pure sinusoidal waveform, total harmonic distortion is zero. Over the 

past years, electric utilities have experienced an increase in the level o f harmonics, 

therefore, most electric utility companies often assess the quality o f power supplied to 

major customers to make sure that harmonic distortion levels are within the 

recommended limits [ 12]1.

Several other distortion indices are defined in [11], each intended to capture a 

specific impact o f harmonics. Telephone Influence Factor (TIF) is used to measure 

telephone interference. The AT-factor index is used to describe the impact o f harmonics on 

losses and is useful in derating equipment such as transformers [20].

2.2 Modeling of Harmonic Sources

Harmonic sources are most commonly represented by a simple ideal current source at 

different harmonic frequencies as shown in Figure 2.2. This is due to the fact that a 

harmonic-producing load acts as an injection current source to the system in the steady- 

state condition [21], Periodic steady-state distortion can be very effectively studied by 

examining the components o f a Fourier series representation o f the waveforms [10]. The 

current spectrum o f the harmonic source can give the amplitude o f the harmonic current 

components in percent o f the fundamental one. Figure 2.3 presents a typical harmonic 

current spectrum magnitude o f an adjustable speed drive (ASD) load. The characteristics 

o f the harmonic source currents can be obtained from field measurements, specified 

manufacturer data or simulation programs. These characteristics are vital and should be 

carefully considered when performing harmonic analysis to evaluate the harmonic 

distortion level for systems equipped with harmonic-producing loads.

1 For a voltage level less than 69 kV, the voltage THD standard limit is 5%. The current THD standard 
limit depends on the ratio o f the short circuit current level available at the point o f  common coupling to the 
maximum fundamental load current (ISC/IL). For a voltage level between 120 V and 69 kV, the current THD 
limit varies between 5% and 20% for ISC/IL ratio less than 20 and greater than 1000 respectively.
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System network
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Figure 2.2: Harmonic source modeling.

H a r m o n ic  o r d e r

Figure 2.3: A typical harmonic current spectrum magnitude o f an ASD load.

2.3 Power System Harmonic Analysis

Quality o f power supply is now a major issue worldwide making harmonic analysis an 

essential aspect in power system planning and design. Harmonic analysis is the process of 

measuring or calculating the relative amplitudes o f all the significant harmonic 

components present in a given voltage and current complex waveforms in order to
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quantify their distortion level [22,23]. Therefore, it can determine the state and 

performance o f the system at harmonic frequencies and can help analyze the 

consequences o f waveform pollution.

The need for harmonic study may be indicated by excessive distortion in existing 

systems or by installation o f new harmonic-producing equipment. It is a key element to 

assess the power system supply quality. Standards such as the IEEE 519-1992 [11] are 

referred to for guidelines o f operation under harmonic conditions, and for developing and 

evaluating mitigation measures [10].

A harmonic analysis numerical tool is usually applied to study the generation and 

propagation o f harmonics in an arbitrary topology network. This is an important task due 

to the following reasons [7,11]:

1) To assess the existing harmonic distortion levels and check if  they are within the 

harmonic standards.

2) To judge if  the produced harmonics can cause system problems such as harmonic 

resonance. Resonance is the indication o f high harmonic voltage while the injected 

harmonic current is o f small amplitude. This may result in improper electric 

equipment operation.

3) To evaluate the impact o f adding new harmonic sources on the system. If certain 

system will expand by adding new nonlinear loads, it is o f concern to assess whether 

the new loads will cause harmonic problems or not.

4) To help in the proper design of harmonic filtering without filter overloading or 

overestimation, i.e., help in the proper selection o f harmonic filter components.

Different techniques have been proposed for power system harmonic analysis. These 

techniques vary in terms o f data requirements, modeling complexity, problem 

formulation and solution algorithms [20]. The objective is to find the steady-state 

solution o f distribution system voltages and currents in the presence o f one or more 

nonlinear loads. The harmonic analysis methods can be grouped in two general 

categories: time domain analysis methods and frequency domain analysis methods [24].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2. Harmonics in Electric Power Systems 17

2.3.1 Time Domain Analysis Methods

Time domain methodologies are primarily based on numerical integration techniques 

where the system model is in the form o f differential equations. The solution is obtained 

by assuming a set o f initial conditions and integrating the system equations over time. 

After the system has reached steady-state condition, the voltage and current waveforms 

of interest are subjected to Fourier analysis in order to derive the harmonic spectrum 

[13,25]. Time domain formulations have the advantage o f dealing directly with real 

physical phenomena. This property greatly facilitates the modeling o f nonlinear elements, 

which are the sources o f harmonics [26,27].

One o f the main disadvantages o f the time domain based method is the lack o f load 

flow constraints (such as constant power specification at load buses) at the fundamental 

frequency [20]. In addition, with time domain methods, it is difficult to accurately model 

the frequency-dependence o f the AC network. Moreover, it is computationally 

demanding and time consuming for lightly damped circuits and an exhaustive process for 

large size network [27]. Accordingly, it is practically limited to the study o f small 

systems and few numbers o f case studies. Many o f the most time domain simulation 

programs, like Electromagnetic Transients Program (EMTP) [28] and Alternative 

Transient Program (ATP), require significant experience on the part o f the user to get 

reliable results [26].

2.3.2 Frequency Domain Analysis Methods

For a linear system, the steady-state response possesses a linear relationship with 

sinusoidal excitations [11]. This feature has made the frequency domain approaches very 

attractive for steady-state analysis on top o f its simplicity in implementation. In addition, 

it can handle the frequency-dependence o f power system elements [27]. The limitation of 

the frequency domain-based methods is the inability to simulate accurately high 

harmonic orders because the models o f transformers and loads become inaccurate at 

higher frequencies. Besides, the power system nonlinearities are managed more precisely
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using time domain methods [26]. Different techniques o f the frequency domain analysis 

are presented in the following.

2.3.2.1 Frequency Scan Method

Frequency scan is the simplest and most commonly used frequency domain technique for 

harmonic analysis. The input data requirements are minimized. It calculates the 

frequency response o f a network seen at a particular bus or node. Typically a 1 per unit 

sinusoidal current (or voltage) is injected into the bus of interest and the voltage (or 

current) response is calculated. This calculation is repeated using discrete frequency steps 

throughout the range of interest [20]. The result is generally the input impedance or 

admittance at a particular point in the network.

In a typical frequency scan analysis, only harmonic currents at the concerned bus are 

nonzero and the driving point impedance versus frequency plot is provided to give a 

quick visual indication o f the natural frequencies at that bus. Therefore, frequency scan 

simulations can identify system configuration that may cause potential harmonic 

problems due to resonance conditions, even though no specific sources are being 

considered [7]. Then, harmonic analysis is conducted to evaluate the effectiveness of 

harmonic filters or other harmonic reduction technique [9].

While the frequency scan can provide some useful insight into the system response at 

harmonic frequencies, it is not a substitute for formal harmonic power flow studies, 

which model the actual harmonic generation from sources in the presence o f distortion 

[10]. Additionally, with a large number o f harmonic source locations, it is difficult to 

determine the frequency scan buses [22].

2.3.2.2 Direct Injected Current Method

If  more data are available on the harmonic source characteristics, the frequency scan can 

be extended to determine additional harmonic distortion information. For example, 1 per 

unit injection current can be replaced by a specific harmonic current while all harmonic
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sources are considered at the same time. The harmonic current has a magnitude 

determined from the typical harmonic spectrum and rated load current o f the 

corresponding harmonic-producing equipment [20].

The injected harmonic currents would result in nonsinusoidal bus voltage wave 

shape due to the nonzero driving point bus impedance at the load. For a network with m 

buses, the harmonic bus voltages can be obtained by solving the following network nodal 

equation at each harmonic frequency:

1 1 1 Yxh-\2 0 . Yh-Xm
- i

Ih-1
vh-2 Y

A —21 Yh-22 0 . Y1 h-2m Ih-2
. 0 0 .  0 . .

. 0 .

. . . 0 .

i s 1 YJh-ml Yh-m2 • o  yh-mm. Jh-m

where [Vh\ is the nodal harmonic voltage vector to be solved, [//,] is the known harmonic 

current vector, and [Z/,] and [F/,] are the system bus impedance and admittance matrices at 

the h-th harmonic order. To compute the THD of the voltage, the nominal bus voltage at 

fundamental frequency is used [20]. The resultant voltage waveform is synthesized 

according to the following equation:

v(t) = Yj Vh sin(/zcot+ (/>h) (2.8)
h=1

Knowing the harmonic voltages at every bus, it is possible to determine the harmonic 

current flow on any link as follows:

V —V
t = _±! L (2 91

h-(hj)

where
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Ih-(ij)'- harmonic current flowing on link between buses i and j ,

Vh-i, Vh-f. harmonic voltages at buses i and j ,

Zh-(ij)- harmonic impedance o f link between buses i and j .

A fundamental frequency load flow is needed to accurately model multiple harmonic 

sources. Typical phase relationships between the fundamental frequency current and the 

harmonic currents o f the nonlinear elements must be available. This approach is very 

effective for analyzing power systems with power electronic devices. The load flow, 

modeling the harmonic-producing devices as constant power loads, calculates the 

fundamental frequency current drawn by the load. The magnitudes o f harmonic current 

sources tend to be more accurate since the fundamental current given by the load flow, 

not the rated current, is used to calculate the harmonic current magnitudes. Consequently, 

more accurate current THD assessment is obtained [20]. The fundamental frequency load 

flow solution is also beneficial for providing more accurate information for fundamental 

voltages that can be used for THD calculations.

The direct injected current method is easy for implementation and computationally 

efficient so that it can be used to handle large size systems. It has the ability to consider 

simultaneously the injected harmonic currents from different harmonic sources. The main 

disadvantage o f the method is the use o f typical harmonic spectra to represent harmonic- 

producing devices. This prevents an adequate assessment of cases involving non-typical 

operating conditions. Such conditions include partial loading o f harmonic-producing 

devices and excessive harmonic voltage distortions. Even under typical conditions, the 

voltage-dependent harmonic producing nature o f nonlinear devices may make the 

accuracy o f typical spectrum based methods unacceptable. For some devices with 

nonlinear v-i relationships, the voltage-dependency is so strong that no typical spectra 

exist. These conditions promoted the development o f a number o f advanced harmonic 

analysis methods. One of the well-known methods is the so-called “harmonic iteration” 

method [20,21],
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2.3.2.3 Harmonic Iteration Method

Harmonic iteration method is one o f the methods in which a harmonic-producing device 

is modeled as a supply voltage-dependent current source as follows [20,29]:

I h =F(Vi,V2,.....Vn,Cs), h = 1, n (2.10)

where (F /,... F„) are the harmonic phasors o f the supply voltage and Cs is a set o f control 

variables such as converter firing angles or output power. This equation is first solved 

using an estimated supply voltage. The results are used as the current sources in equation

(2.7) from which bus harmonic voltages are then solved. By running the load flow to get 

the solution at the fundamental frequency, the voltages are in turn used to calculate more 

accurate harmonic current sources from equation (2.10). This iterative process is repeated 

until convergence is achieved. One of the main advantages o f this “decoupled” approach 

is that the device model can be in a closed form, a time domain simulation process, or 

any other form. Iterative harmonic methods can easily model the network frequency- 

dependence and reliable convergence has been reported in many case studies [29], 

although difficulties in convergence may occur near sharply tuned resonance [20,27]. 

Convergence can be improved by including the equivalent admittance o f nonlinear 

devices into the admittance matrix equation (2.10) [14].

Another method that takes into account the voltage-dependent nature o f nonlinear 

devices is to solve system equation (2.7) and device equation (2.10) simultaneously using 

Newton type algorithms [27,30]. This method generally requires that the device models 

be available in a closed form or in a form wherein derivatives can be efficiently 

computed. In theory, convergence o f this method is better than that o f the harmonic 

iteration scheme if  the starting point is close to the solution point [20,27]. A variation of 

this method is the formulation o f the system equation. In [31], equation (2.7) is 

formulated as a power flow equation and the control variables (firing angles) are solved 

based on the converter power specifications.
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In summary, the problem of harmonic analysis can be cast mathematically as the 

solution o f a network equation and a set o f device equations at fundamental and harmonic 

frequencies. The network equation can be formulated in an admittance matrix form or in 

a power flow equation form. The device equations can be as simple as known current 

sources or as complex as control-variable dependent circuits. Which technique to use for 

a particular harmonic problem is, to a large extent, determined by the available data. An 

important consideration in harmonic analysis is to use a method commensurate with input 

data accuracy [20].

2.4 Distributed Harmonic Sources

Considerable knowledge has been accumulated over the past twenty years on the 

assessment o f harmonic distortions. Harmonic analysis has been focused on systems with 

one or several harmonic sources o f a constant load [19]. However, it has recently become 

more common to see systems with multiple harmonic sources o f  comparable sizes 

distributed across the systems. Serious concerns have been raised regarding the 

subsequent increase in voltage and current distortion levels in distribution systems 

[5,32,33]. Theoretically speaking, harmonic-producing loads can be represented 

individually in network-wide harmonic studies as harmonic current sources. The problem 

is that there exist a number o f such loads in a typical system and detailed studies using 

traditional harmonic power flow programs becomes impractical because it ignores the 

interaction between the harmonic sources and the system. What is really o f concern in 

distribution system harmonic analysis is the collective effects o f these loads [20].

2.4.1 Main Concerns with the Operation of Distributed Harmonic Sources

Two main issues should be carefully addressed when conducting harmonic analysis for 

systems with distributed harmonic sources. The first issue is the attenuation and diversity 

o f harmonic currents for constant load harmonic sources. This appears in the proliferation 

o f large computer systems into many businesses and commercial facilities and in the 

extensive use o f ASDs in industrial distribution systems. Both loads represent typical
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single-phase and three-phase harmonic-producing loads. The second issue is the 

randomness o f harmonics generated from randomly operating harmonic sources. In both 

situations the harmonic current spectrum is no longer fixed. The harmonic characteristics 

o f the harmonic-producing load input current depend on the load type, loading level, and 

the characteristics o f the system supplying the load. With higher supply voltage distortion 

or higher loading level o f the harmonic source, the magnitudes o f the dominant harmonic 

currents o f the injected current spectrum are attenuated which causes a reduction in the 

system distortion level. The phase angles are also changed so that partial harmonic 

cancellation may occur among different harmonic sources. The phase angle diversity can 

lead to an additional reduction in the system harmonic distortion.

Common harmonic analysis methods use the typical harmonic current spectrum for 

harmonic source modeling, therefore, can not take into account the variation o f the 

current spectrum due to the supply voltage distortion or the random variation o f loading 

level. Very little research has been done in the area o f characterization and assessment o f 

harmonic distortions for systems with distributed harmonic sources. It is the collective 

effect o f individual sources that causes unacceptable harmonic distortion in the system. 

How to determine the collective effect o f distributed harmonic sources still remains as a 

challenging technical problem.

From the aforementioned, it becomes necessary to extend the research on power 

system harmonics to develop different harmonic analysis methods for systems with 

distributed harmonic sources. The first method should consider the attenuation and 

diversity o f harmonic currents to account for the interaction between the constant load 

harmonic sources and the supply system. The second method should be able to deal with 

the case o f randomly varying harmonic-producing loads and the randomly generated 

harmonics.
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2.4.2 Addition of Harmonics

It should be mentioned that the focus o f this thesis is on harmonics, which means the 

voltage and current components that have frequencies o f integer multiples o f the system 

fundamental frequency, while the interharmonics that can be generated from some 

specific nonlinear loads are not considered. For systems with only one harmonic- 

producing load at bus i, the harmonic voltage at bus k  can be obtained, using equation

(2.7), as follows:

Vh-k = ^h-ki^h-i (2 -11)

In this case, the phase angles o f the harmonic current sources representing this load are 

not a concern since the bus voltage at each harmonic order is determined completely by 

the magnitude o f the injected harmonic current. However, if  there are N  harmonic sources 

in a system as shown in Figure (2.4), the harmonic voltage at bus k  is calculated by:

N  N

Vh-k = HLVh-ki =y%-jZh-kiIh-i = ^  h-kl^ h-l + ^  h-k2  ̂h-2 + ..... + ^h-kN^h-N (2-12)1=1 i=l

Vs

Ih-NIh-2 Ih-3Ih-1

Figure 2.4: A system with multiple harmonic sources.

It can be inferred that the harmonic current produced from each source contributes to 

the harmonic voltage at any bus in the system. The harmonic voltage contents will add 

vectorially and, therefore, the combined harmonic voltage level is highly dependent on 

the phase angles assumed for each harmonic current source. Assuming that all current 

sources have the same phase angle is one o f the methods to address the phase angle
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problem. In most cases, this approach yields conservative estimates o f the harmonic 

distortion level and tends to overestimate the harmonic currents by failing to account for 

the diversity among the phase angles. However, the results are not necessarily the worst 

case distortion that may be experienced by the system [10].

Rigorous addition o f harmonic voltage and current contributions from multiple 

harmonic sources is likely to be impossible [11]. Therefore, it is sometimes worthwhile to 

estimate the worst case combination o f the phase angles. The results can be obtained by 

performing harmonic studies with one harmonic-producing element being modeled at a 

time. The worst case harmonic level, voltage or current, is the arithmetic summation of 

the harmonic magnitudes calculated in each study [10].

The addition o f harmonics arises when studying the connection o f a new harmonic 

source because the distortion levels are a consequence o f the way in which the harmonics 

will add up to the ones generated by other existing or future loads. Considering the 

variety and complexity of situations, it is difficult to give generally valid guidelines. Such 

guidelines are however necessary for practical applications and it seems worth trying to 

suggest some relying on all the available theoretical and practical information [34].

2.4.3 Attenuation and Diversity of Harmonic Currents

Harmonic currents produced by constant load harmonic sources are normally derived on 

the assumption o f a perfectly sinusoidal supply voltage. This assumption ignores the 

interaction between harmonic current injections and the supply voltage and consequently 

is not adequate for buses where the voltage distortion is significant. The voltage 

distortion always appears with more flattened waveform due to the associated reduction 

in the fundamental component. When the harmonic sources implementing power 

electronic components supplied by such waveform, the drawn current pulses or humps 

becomes wider and skewed to the right. This waveform change causes the magnitude of 

the harmonic contents to be less with more phase angle delay. The reduction in the 

magnitude is an indication o f the harmonics attenuation and the change in the phase angle
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is an indication o f the phase angle diversity among different harmonic source currents 

subjected to different voltage distortion levels. This means that the current magnitudes 

and phase angles are susceptible to the supply voltage distortion due to the attenuation 

and diversity effects. Therefore, the commonly used fixed current injection method, using 

the arithmetic sums of harmonic current magnitudes, can significantly overestimate the 

cumulative harmonic currents produced by multiple harmonic sources.

The input current o f multiple harmonic-producing loads connected through different 

impedances, and all are fed through a common impedance is subjected to harmonic 

distortion reduction [17,35]. The first cause o f this reduction is found related to the 

attenuation o f harmonic currents. The basic definition of the attenuation factor o f the 

resultant h-th harmonic current with the operation o f N  PCs sharing a common supply 

impedance is defined in [17] as follows:

AF^ = i r i -  (2-13)N x l h>l

where

h ,N '-  the resultant h-th harmonic current when N  PCs are in operation,

I  hi: the h-th harmonic current when 1 PC is in operation.

A small value o f the attenuation factor means a high degree o f attenuation. 

Conversely, when the attenuation factor approaches unity, a negligible attenuation is 

indicated. If the attenuation factor becomes more than unity, it simply means that the 

variation o f the input current waveform occurs such that the relative proportion of the 

resultant harmonic current increases with the connection o f more loads. The attenuation 

mainly depends on the number o f connected harmonic sources and the shared impedance 

magnitude.

The second cause o f the cumulative harmonic current reduction with the operation of 

multiple nonlinear loads is related to the phase angle disparity o f the individual harmonic 

currents. This is caused by the discrepancy o f the individual supply impedances, load

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2. Harmonics in Electric Power Systems 27

sizes, and load circuit parameters. All these factors cause the supply voltage waveform to 

be different at each load, thus the individual harmonic current phase angles would have 

small differences. The diversity factor is defined in [17,36] as follows:

DFh =

N

i=i

I
i=i

(2.14)

where I'h is the A-th harmonic current injected by the z'-th load or group o f loads. The

diversity factor ranges between 0 to 1. Small values indicate significant harmonic 

cancellation due to the phase angle dispersion o f the harmonic currents injected from the 

individual loads. On the other hand, values close to unity indicate the lack o f harmonic 

cancellation. It means that the cumulative harmonic current is almost equal to the 

arithmetic sum of the harmonic currents in the individual loads.

The research work conducted to characterize the harmonics attenuation and diversity 

was concerned mainly with single-phase harmonic sources. Therefore, there is a need to 

explore the situation with three-phase harmonic sources where industrial distribution 

systems started to be equipped with a large number o f these loads.

In [32], measurements o f harmonic levels o f many single-phase distorting loads as 

well as branch feeder and building current were presented for a typical commercial load. 

This work clarified the cancellation effect due to phase angle diversity among different 

load types. The cancellation of harmonic currents starts to be noticeable as the harmonic 

order rises above the 5th. The work only analyzed the obtained measurements and did not 

show or investigate the impact o f the supply voltage waveform on the harmonic source 

current magnitudes and phase angles.

An analytical model was derived in [17] for calculating the harmonic components of 

the input current o f a single-phase power electronic load. The time domain based model 

was used to investigate separately the harmonics attenuation and diversity. It was found 

that there is significant attenuation o f harmonic currents above the 3rd order when a
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number o f the considered loads share a common system impedance. The harmonics 

diversity was obtained due to the variations in circuit parameters for harmonic sources 

connected in parallel through individual impedances to the supply point. It was shown 

that the cumulative harmonic currents for the 9th order and above experience appreciable 

phase cancellation.

The work in [35] expanded the analytical model presented in [17] to find the 

combined effect o f attenuation and diversity on the net harmonic current produced by a 

large number o f  distributed single-phase power electronic loads. It was concluded that the 

harmonics reduction due to diversity is relatively independent o f voltage distortion and 

the main reason is the discrepancy among load circuit parameters. In addition, the 

harmonics reduction due to attenuation is highly dependent on the interaction with system 

voltage. The derived analytical time domain based model proved that modeling each 

nonlinear load as a fixed harmonic current source determined from the typical current 

spectrum leads to an overestimation o f the resulting harmonic voltages. This is because 

the use o f the typical current spectrum of the nonlinear load can not take into account the 

harmonics attenuation and diversity. Accordingly, the results can be quite conservative 

since both effects help to reduce the overall harmonic levels.

It is worth mentioning that any time domain simulation can accurately solve this 

problem. For example, EMTP or similar programs could be used. This approach models 

all harmonic sources as they are. In other words, the topologies o f the harmonic- 

producing loads are modeled. As a result, the diversity and attenuation effects are 

included automatically. However, this approach has two problems. Firstly, it is very 

difficult to set up such a detailed model and to conduct simulation studies for multiple 

cases. Secondly, it is difficult to understand the impact of modeling inaccuracy and the 

attenuation/diversity effects on the results. Because o f these limitations, time domain 

based harmonic analysis methods are commonly used for special cases only.

There is, therefore, a need to develop a method that can take into account the 

diversity and attenuation effects on one hand and can maintain the simplicity o f the
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popular frequency domain based harmonic analysis tools on the other hand. The nature of 

such a method would also help users understand the effects o f the attenuation/diversity 

factors on the overall harmonic distortion levels in a system.

2.4.4 Randomly Varying Harmonic-Producing Loads

The other concern related to the operation o f distributed harmonic sources is the random 

change in the harmonic current injections o f randomly varying loads. Power system 

harmonic programs have been inherently deterministic with input parameters controlling 

the harmonic currents represented by fixed values. However, in practice, it has been 

recognized that power system harmonic voltages and currents may be randomly varying 

due to stochastic changes in the operating mode of nonlinear loads such as arc furnaces 

and adjustable speed drives. Consequently, probabilistic models o f harmonic current 

injection and propagation are highly desirable for a more realistic prediction o f harmonic 

current flows and resulting harmonic voltages [37].

With the operation o f randomly varying harmonic source loads, the injected 

harmonic current magnitudes and phase angles vary in a random way. As a result, the 

sum of these harmonic currents is less than the arithmetic sum o f the maximum values 

[38]. This behavior calls for statistical techniques to quantify harmonic levels correctly 

avoiding the harmonic voltage and current overestimation that could be obtained using 

deterministic approaches [39]. What is required is to get the probability that the 

summation magnitude will exceed a specific value. In the following, the summation 

technique o f random harmonic vectors is presented.

2.4.4.1 Summation Procedure o f  Random Harmonic Vectors

The summation o f N  random harmonic vectors is presented in [18,40,41], Let a general 

vector be designated by i=l,2,...,fV, where A, and $  are random variables

characterized by probability density functions. The resolution o f vectors along the same
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pair of mutually perpendicular axes is depicted in Figure 2.5, accordingly, the following 

equations can be written:

*/ = g ( A  A )  = Ai cos (2.15.a)

3 = h(Aj ,0;) = A, sin fa (2.15 .b)

Y

X

Figure 2.5: Perpendicular components o f random vector.

Each o f the components jc, and y, is itself a random variable that is a function o f two

random variables A t and fa. The individual sums o f r  and y  components (s' and w) are

given by:

s = 'Lxi = '£ At cos 0t (2.16.a)
i=i f=i

w = I  y t = I A  sin fa (2.16.b)
i=i i=i

For a large number N  o f harmonic vectors, it follows from the Central Limit 

Theorem that the sums of independent resolved components are normal distribution 

functions regardless o f the nature o f the probability distribution functions o f components. 

A normal distribution function is characterized by just two parameters, mean and 

variance. Hence, it is necessary to obtain these two components for each sum of
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components. For the x components, let fixi and <Axi, respectively, be the mean value and 

the variance o f each random variable x,-, /= 1,.. .N. For the y  components, let jLiyi and c?yi be 

the mean and the variance, respectively, o f each random variable i= \,...N . The means 

and the variances o f the resolved components, x, and y u can be obtained by employing the 

following equations:

A*,- = ]  ] g ( A , fa ) f ( A i , fa )dAidfa (2.17.a)
- o o  -o o

= ]  ' i K A M f i A ^ d A ^ f a  (2.17.b)
—oo —co

* 1  = J ] ( g ( 4 . « \ )~  f i A A W M  (2.17.C)
-o o  -o o

* 1  = 1  (2.17.d)
- o o  -o o

where f ( A s,fa) is the joint probability density function (jpdf) o f amplitude and angle of 

random vector At/ . f a .

The means o f the summation o f x andy components are given by:

M s = ' L M xi , (2-18)
i = 1 *'=1

The variances o f the summation of x and y  components are given by:

*.a = i > £ .  (2-19)
i = i  ( = i

As N  gets larger, by virtue o f the Central Limit Theorem, the random variables
N N

s = X  x i and w = X  T; can be considered normally distributed with marginal pdfs / ( s )
i= i  i = i

and / (w) respectively irrespective o f the nature o f the pdfs o f the individual x and y  

components.
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O-M s?  (W-hv, ) 2

e 2<7* e" 2c7"/(* )  = ! - — , / ( W) = (2.20)
<xsy2 n  <yŵ 2 n

The random variables 5 and w are also jointly distributed with normal jp d f f ( s , w ) . This 

jpd f is characterized by the means and the variances o f s and w  as well as their correlation 

p sw as follows:

e 20-^)
f ( s , w )  = --------------------------------------------------------(2.21)

27tCT (7 a /1  — o5 W V r ' s w

where

„ _ { s - H s) 2 2p sw{ s - H s) ( w - p w) ' ( w - p wf  _ a l
V  -  2 +  2  ’  P s w ~  f Z . Z Z J

a sw is the covariance o f the sums o f jc andy components (s and w).

The covariance o f the sums of resolved components o f statistically independent random

vectors is equal to the sum of covariances o f corresponding components. Therefore,

<2-23)
(=1

where <j2xiyi is the covariance o f xt andy, and is given by:

° ly i = E (x iy i ) -  p xip yi (2.24)

E{xiy i)=  ]  <r\x iy if ( x i, y i)dxidyi (2.25)
- o o  - o o

where / (x{, y,-) is the jpd f o f x,: and y,-. This jpd f is derivable from the probability 

distributions o f A t  and

The magnitude of the sum of random vectors is given by:
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* = J & * , y + d t y , y  = ^V 1=1 1=1

Since s and w are random variables, z is also a random variable. In order to determine the 

pdf of the random magnitude o f the random vector summation, the joint pdf f ( s ,w)  is 

transformed into the polar form by expressing the resultant vector rectangular 

components through the magnitude z and phase 0, where s = z co s0  and w = z s in # . As 

derived in [40], the pdf / (z) o f the magnitude o f vectorial sum can be given by:

2 7T
f { z ) -  j f ( z c o s 0 , z s i n 0 ) z d 0  (2.27)

o

The probability o f exceeding a level zy is given by:

P ( z > z , )  = l -  \ f ( z ) d z  (2.28)
0

The presented procedure showed how the probability density function o f the 

summation o f randomly varying harmonic vectors can be obtained. This would help in 

determining the probability that harmonic voltage or current in power systems can exceed 

a specified level with the operation o f harmonic sources o f randomly varying load.

2.4.4.2 Research Work Dealing: with Random Harmonic Vectors

There are some publications dealing with the probability characteristics o f harmonic 

injections generated by some specific nonlinear loads including traction drives [42], 

electric vehicle battery chargers [43,44,45], and electric power converters [18,46]. Other 

researchers analyzed the summation o f random phasors with uniformly distributed 

magnitudes and/or phase angles [47,48,49]. In addition, research work was done 

considering the propagation o f random harmonic currents in power networks [37,40,41].

The determination o f the probability density function (pdf) o f the resultant harmonic 

levels due to several varying harmonic sources has an analytical expression, which can
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hardly be expressed [50]. This entails summation o f random harmonic vectors o f currents 

and voltages. The problem of summation of random vectors was first tackled by two 

researchers, Sherman and Rowe. Sherman [48] described a technique that can be used to 

sum a large number o f similar-order random vectors. He presented a Fourier Series 

solution for the pdf o f the summation magnitude; the harmonic vectors that can be 

summed have to satisfy the following requirements:

1) Uniformly distributed phase angle (0 -  2%).

2) Component phasors are statistically independent.

3) Fixed magnitudes.

It was concluded in [48] that for random vectors N  greater than about 8, the resultant 

summation magnitude very closely approximates to the normal probability distribution 

when the amplitudes are all close in values. With more diverse amplitude values, N  

would have to be at least 10 or 12.

Sherman’s work was extended by Rowe [47] to cover the summation of random 

vectors whose magnitudes could vary uniformly between zero and a maximum. However, 

the first two above requirements still had to be met. In addition, the random variables of 

magnitude and phase angle have to be statistically independent, i.e., their probability 

distribution functions do not depend on each other. Rowe found that by resolving 

harmonic vectors into two components along the real and imaginary axes (.X  and Y), the 

Central Limit Theorem could be applied to the two sums of the resolved components. It 

was concluded that as the number o f random vectors N  is large enough, the magnitude of 

the resultant follows a Rayleigh distribution.

However, for harmonics in actual power systems, phase angle variation is limited 

and rarely to cover the 2n  range. Besides, the magnitude is expected to change from a 

minimum limit, which is not zero to the maximum value. Hence, more refined tools are 

needed. A numerical solution procedure for the pdf in a general case was first presented 

by Baghzouz and Tan [37] using the convolution integral. For the solution, they assumed
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that the component vectors can be resolved along the perpendicular axes and that the 

sums o f the resolved components may be regarded as independent o f each other, 

particularly with a large number o f nonlinear loads.

It was mentioned in [34] that when the phase angle (and generally also the 

amplitude) may be considered as randomly varying for nonlinear loads, the best 

assumption seems to be a uniform distribution for a satisfactory agreement between 

calculations and measurements. Considering the statistical distributions o f amplitudes and 

phases as independent may not be correct, but the resulting calculation errors are small.

Since the two sums o f the resolved x  and y  components approach normal 

distributions as the number o f random harmonic vectors N  is sufficiently large, a bivariate 

normal distribution (BND) applies to the summation problem very well [18]. The BND 

has been used by Kazibwe et al. [40] who presented a general method o f determining the 

pdf of the magnitude o f the vectorial sum o f random vectors o f arbitrary probability 

characteristics. The pdf has been given in an integral form, which must be solved by a 

numerical method. The method covers summation o f vectors whose components, 

magnitude and angle, are either statistically independent or dependent.

It should be mentioned that although the BND model is an asymptotic model based 

on the Central Limit Theorem that holds for sufficiently large N, several studies have 

shown that the model gives satisfactory results even for small N. Comparison of the pdfs 

calculated by the BND model and the empirical histograms obtained from Monte Carlo 

simulation in [40] clearly showed that for N>5 the pdfs obtained from the BND model 

agree closely with those from the simulation. Greater discrepancy has been observed for 

the case N=3 since the Central Limit Theorem is not practically applicable to a so small 

number o f random harmonic vectors.

In [34], it has been found that the summation o f randomly varying N  vectors may be 

given by one o f the following three methods to take into account the harmonic 

cancellation effect:
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Method 1: A = k  \ Af ,  k <  1 (2.29.a)

Method 2: A =  \A“ , \ < a < 2 (2.29.b)

N
Method 3: A = K Z A ,. , K <  1 (2.29.c)

where A t can be the harmonic voltage (at any bus) produced by the /-th harmonic source

alone, A  is the total harmonic voltage produced by all harmonic sources, and k, a, and K  

are aggregation factors which are functions o f the harmonic source characteristics 

(variation range for both magnitudes and phase angles).

In method 1, the value o f k  determines the value o f the non-exceeding probability Pr. 

If fc= 1 for example, fixed amplitudes and random phases give Pr=63% (for N>3) while 

random amplitudes and random phases give Pr=95% [47]. Method 2 has been proposed 

as a general law for the summation o f individual harmonic currents or voltages. For the 

summation o f harmonics from different groups o f domestic appliances, a= 1.2. More 

generally, oc= 1 for low order harmonics and a=2 for higher order ones from the 11th. 

Method 3 is given to get a simple rule for practical applications for the diversity factor K  

concerned with multiple loads [34].

2.5 Summary

An overview on harmonics in electric power systems was given in this chapter. 

Harmonics representation and harmonic sources were presented. The importance of 

harmonic analysis was highlighted. The different techniques widely used for harmonic 

analysis were reviewed. These techniques are mainly classified as time domain methods 

and frequency domain methods. The main features o f each technique were identified 

showing the cons and pros o f each one.
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The recent trend o f using distributed harmonic sources in distribution systems was 

discussed clarifying how it is different from the traditional trend o f employing one or 

several harmonic sources. The main two issues related to the distributed harmonic 

sources are the attenuation and the diversity o f the produced harmonic currents from 

constant load harmonic sources and the random harmonic currents produced by randomly 

operating harmonic source loads. Both cases imply that the direct current injection 

method, which is the simplest and most common frequency domain method used for 

harmonic analysis, is not the appropriate one for implementation and more advanced 

methods are needed to deal with such situations.

The definitions o f the attenuation and diversity factors were presented to illustrate 

how they can contribute to the reduction o f the cumulative harmonic current with the 

presence o f multiple harmonic sources. The summation of randomly varying harmonic 

vectors was discussed showing the procedure needed to get the probability density 

function o f the summation magnitude. This would help in the realistic assessment of 

harmonic levels in power systems.

The mentioned concerns are the motivation to search for developing harmonic 

analysis methods that can deal with the two situations encountered in the presence of 

distributed harmonic sources and overcome the limitations o f the traditional methods. 

The interaction between the supply voltage and the harmonic source current spectrum 

will be examined in order to extract reliable relationships that can correlate the harmonic 

current magnitudes and phase angles with the distortion of the supply voltage waveform. 

Accordingly, harmonic analysis can be performed taking into account the attenuation and 

diversity effects. Regarding the case o f distributed harmonic sources with randomly 

varying load, the variation o f the harmonic current spectrum with loading level will be 

investigated. Based on the obtained characteristics, an analytical method will be 

implemented utilizing the Central Limit Theorem to get the probabilistic magnitude of 

system harmonic voltages and currents considering the randomness in the loading level of 

the harmonic sources.
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Chapter 3

Harmonics Attenuation and Diversity for Single- 
Phase Power Electronic Loads

In this chapter, a personal computer (PC) load, one o f the most common single-phase 

loads employing a capacitor-filtered diode bridge rectifier, is considered to investigate the 

harmonics attenuation and diversity. The variation of measured PC harmonic current 

magnitudes and phase angles with supply voltage distortion is presented. This is carried 

out with the change o f both the supply impedance and the background voltage distortion. 

A comparison between the results obtained in the two cases is illustrated. A justification 

is made to account for choosing the voltage total harmonic distortion (THD) of the 

harmonic source as the proper indicator o f the harmonic source current spectrum. This 

constitutes the basis to propose a harmonic analysis method that can deal with the 

harmonics attenuation and diversity to overcome the limitation o f the traditional method.

3.1 Introduction

Most harmonic studies dealt with power electronic equipment, to predict the impact of 

the harmonic currents produced by the equipment on the associated system, are generally 

based on the assumption that the harmonic current injection is fixed and independent of 

the supply voltage distortion. The injected harmonic currents utilize the typical spectrum 

of the harmonic source, which may be obtained from harmonic measurements or 

published data [51]. This traditional method is accurate only when the supply voltage

38
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waveform is reasonably sinusoidal. However, with the presence o f many harmonic 

sources in the distribution systems, the bus voltage supplying any harmonic source is 

usually distorted. Therefore, the harmonic source will inject harmonic currents that are 

different from those obtained in the case o f nondistorted supply voltage due to the 

harmonics attenuation and diversity. The traditional method can not take into account 

these effects which would cause overestimation o f the resultant system distortion level.

hi order to construct a harmonic analysis method that can consider the influence of 

the supply voltage waveform on the harmonic source current spectrum, it is necessary to 

investigate the behavior o f the harmonic current magnitudes and phase angles under 

different supply voltage waveforms. A PC load is considered for such a study as one of 

the most commonly used single-phase power electronic loads. Controlled measurements 

are conducted to characterize the variation of the PC load harmonic currents with the 

supply voltage waveform. Two experiments are carried out; in the first one the supply 

impedance is changed and the corresponding supply voltage and current are recorded. In 

the second one the background voltage distortion is changed by connecting external 

harmonic sources and the subsequent effect on the harmonic currents is investigated. The 

objective is to characterize the interaction between the supply voltage waveform and the 

harmonic source current. Then, the response of the system voltage waveform to the 

current distortion of the harmonic source is investigated. Both harmonic source 

characteristic and system characteristic are examined to determine the reliable voltage 

index that should be adopted to characterize the harmonic currents produced by a 

harmonic source taking into account the impact o f the supply voltage waveform. This in 

turn can be utilized on conducting harmonic analysis for systems with distributed single

phase power electronic loads to provide improved results due to the consideration o f the 

harmonics attenuation and diversity.
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3.2 Single-Phase Capacitor-Filtered Diode Bridge Rectifier

40

The single-phase power electronic load is the most common harmonic source in 

residential and commercial distribution systems. The switch-mode power supplies of 

personal computers and television sets are typical examples o f such a load [17,51]. The 

load uses a capacitor-filtered diode bridge rectifier shown in Figure 3.1. The rectifier 

consists o f a circuit that rectifies a sinusoidal voltage from a power line, a DC-link 

capacitor, and an equivalent DC current source. The various circuit components are:

Vth'. Thevenin equivalent system voltage,

Rth, Lth\ Thevenin equivalent system impedance parameters,

Rs, Ls: local supply impedance parameters,

C: DC-smoothing capacitor,

Idc: equivalent DC load.

R t h  L th R s L s

V „

? _ £

© l dc

Figure 3.1: Capacitor-filtered diode bridge rectifier Circuit.

The input current o f the capacitor-filtered rectifier is not taken from the power line in 

a sinusoidal form, but instead it is taken in short pulses. Figure 3.2 illustrates a typical 

measured PC input current waveform and Figure 3.3 shows the corresponding harmonic 

current spectrum magnitude in percent o f the fundamental component. The waveform 

pulses occur when the AC source is at a higher voltage than the DC link o f the rectifier, 

therefore, the capacitor starts being charged. During this time, the diodes are forward 

biased and the current flows [26]. The drawn current is highly distorted and its spectrum
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consists mainly o f odd harmonics with magnitudes depending on the shape o f the pulse. 

The PC load input current THD is typically between 100% and 150%. The width o f the 

current pulse depends on the rectifier circuit parameters. When the current pulse is wider, 

its THD becomes lower and vice versa.
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Figure 3.2: A typical measured input current waveform for a PC load with 135% current

THD.

Harmonic order

Figure 3.3: Harmonic spectrum of the typical PC current waveform.
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3.3 Characterization of Single-Phase Harmonic Sources

An office building with a lot of PCs is a typical distribution system with a number of 

single-phase harmonic-producing loads o f comparable sizes. It is o f importance to 

determine the harmonic distortion level for this type of systems. As previously 

mentioned, using the typical harmonic current spectrum would overestimate the 

distortion level since it ignores the reduction o f the collective harmonic currents due to 

the attenuation and diversity effects. No relationship could be extracted between the input 

harmonic currents and the parameters o f the capacitor-filtered rectifier circuit. Therefore, 

it is not easy to predict the current waveform from circuit parameters [51]. Rather, the 

distortion of the terminal voltage waveform in this research work is adopted to predict the 

magnitude and the phase angle of the input harmonic currents to reflect the impact of the 

supply impedance or other system connected harmonic sources.

The aim o f this part is to characterize the interaction between the PC harmonic 

currents and feeding voltage waveform. Two experiments are conducted for this purpose 

where the voltage waveform variation is produced by two ways. The design of the first 

experiment is such that different PC supply impedance magnitudes are provided to create 

different voltage distortion levels and the design o f the second experiment is such that 

external harmonic-producing loads are connected sequentially to the concerned PC to 

create different background voltage distortions. In both cases, the feeding voltage and 

supply current are recorded to search for the reliable voltage waveform index that can be 

considered as a good indicator o f the harmonic current spectrum. Then, the obtained 

relationships will be embedded in the harmonic source model in order to account for the 

supply voltage waveform effect on the harmonic current magnitudes and phase angles. 

This would help adjust the injected current spectrum from different harmonic sources 

considering the attenuation and diversity effects. Hence, a reliable assessment of the 

harmonic distortion level for systems with distributed harmonic sources can be obtained.

The measurements are conducted using a Data Acquisition Nicolet Transient 

Recorder BE256-LE. This instrument has eight channels for simultaneous recording with
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an adjustable sampling rate. The voltage and current waveforms are measured using 

voltage and current probes. The waveform data can be acquired by connecting the 

recorder to a laptop via IEEE-488 interface unit. The recorder has special software called 

“TEAM256” (Transient Evaluation and Analysis Manager) which is installed on the 

laptop to control the recording process. The main set up o f the conducted experiments 

and the instruments used in the measurements are described in Appendix A.

3.3.1 Effect of Supply Impedance Variation

The circuit configuration used for this test is shown in Figure 3.4 where the PC load is 

supplied through variable impedance components Rs and Ls. The supply impedance is 

changed in many steps for a specific X/R ratio. 10 measurements are taken and the 

feeding voltage “ f/” and the supply current “/ / ’ waveforms are obtained using Nicolet 

Transient Recorder with a sampling rate o f 7.5 kHz (125 samples/60 Hz cycle). This 

process is repeated for different cases of the supply impedance X/R ratio. The chosen 

supply impedance values are listed in Appendix A. The impedance magnitudes with the PC 

fundamental current cause voltage drop up to 3.15%. Data processing is performed using 

MATLAB software to extract the harmonic current magnitudes and phase angles as well 

as the total harmonic distortion (THD) and crest factor1 (CF) o f the feeding voltage.

Vf,Is
PC

load

Figure 3.4: Circuit connection to investigate the effect o f supply impedance variation.

Figure 3.5 shows the variation of the supply current THD with the feeding voltage 

THD and CF. It can be seen that the current THD becomes lower with the increase in

1 The crest factor is a measure o f the peak value o f the waveform compared to the hue RMS value. A 
perfect sine wave, by definition, will have a crest factor o f 1.414. The logic behind this definition is that 
any deviation from 1.414 represents a distorted waveform.
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voltage THD and the decrease in voltage CF. This implies that as the voltage distortion 

increases due to the supply impedance increase, the voltage waveform becomes more 

flattened, and the current pulse becomes wider. Figure 3.6 depicts the variation of the 

individual harmonic current magnitudes in percent o f the fundamental component with 

voltage THD and CF. Figure 3.7 presents the corresponding variation o f the individual 

harmonic current phase angles with respect to the phase angle o f the fundamental 

component o f the feeding voltage. The figures show that the harmonic current spectrum 

can no longer be assumed fixed and the effect of the voltage waveform should be 

included in the harmonic analysis.

From all conducted measurements for different X/R ratios o f the supply impedance, 

the correlation coefficients between the current THD and both voltage THD and voltage 

CF are -0.9485 and 0.9872 respectively. This reveals the good negative and positive 

linear relationships between the PC current THD and both voltage indices. Figure 3.6 

shows that the individual harmonic current magnitudes are strongly characterized by the 

THD and CF o f the voltage waveform. Also, from Figure 3.7, it can be observed that the 

variation o f the individual harmonic current phase angles, even they are slightly scattered, 

has a specific trend where the phase angles have more delay with the increase in voltage 

THD and the decrease in voltage CF.
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Figure 3.5: Variation o f PC current THD with voltage THD and CF due to supply

impedance variation.
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and CF due to supply impedance variation.
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3.3.2 Effect of B ackground Voltage Distortion V ariation

The circuit configuration used for this test is shown in Figure 3.8. The purpose is to 

create different background voltage distortions and see the influence on the PC harmonic 

currents. Seven external computer and monitor loads are connected in sequence to the 

common point o f the concerned PC and the feeding voltage and supply current 

waveforms are recorded. The first measurement recording point is taken when none of 

the external loads is connected so that we get a total o f eight measurements o f the voltage 

and current for the same supply impedance. This is performed for different X/R ratios of 

the supply impedance and repeated for four different supply impedance steps o f multiple 

magnitudes as listed in Appendix A to get higher values o f the voltage distortion. The 

presented results are those obtained with the smallest supply impedance magnitude.

V f ,I s PC
loadV s

Q  Q  Q  Q  Q  Q O

7 6 5 4 3 2 1

External PC and monitor loads

Figure 3.8: Circuit connection to investigate the effect o f background voltage distortion

variation.

Figure 3.9 shows the variation of the current THD with the feeding voltage THD and 

CF. It can be seen that with the variation o f the voltage waveform caused by external 

loads, there is also a good correlation between the current THD and both voltage indices. 

Figure 3.10 depicts the variation of the individual harmonic current magnitudes in
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percent o f the fundamental component with voltage THD and CF while Figure 3.11 

illustrates the variation o f the individual harmonic current phase angles with respect to 

the phase angle o f the fundamental component of the feeding voltage. Both figures show 

similar trends to those in the impedance variation case. From the conducted 

measurements with different X/R ratios of the supply impedance and with different 

impedance magnitudes, the correlation coefficients between the current THD and both 

voltage THD and voltage CF are -0.9037 and 0.9667 respectively. This assures the linear 

relationships between the PC current THD and the voltage indices irrespective of the 

cause o f the voltage waveform change.

The plateau of the current THD and individual harmonic currents appeared between 

some points because the measurements at these points are taken when monitor loads are 

connected to have more voltage distortion level. However, after these points with adding 

more PC loads, the general trend of the curves is restored as an extension o f the previous 

points to represent the characteristics of the PC loads.
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Figure 3.9: Variation of PC current THD with voltage THD and CF due to background

voltage distortion variation.
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Figure 3.10: Variation o f PC individual harmonic current magnitudes with voltage THD 

and CF due to background voltage distortion variation.
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and CF due to background voltage distortion variation.
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3.3.3 Comparison between the Results Obtained due to the Variation of Supply 

Impedance and Background Voltage Distortion

In this part, the variation of the magnitudes and phase angles o f the individual harmonic 

currents with voltage THD and CF due to the supply impedance change (Zchange) is 

compared with the corresponding variation due to the background voltage distortion 

change ( Vbackground)• Since the measurements obtained from the impedance change were 

taken in the range up to voltage THD of 5.5%, the background distortion case will 

consider only the step o f the supply impedance magnitude that produces voltage THD up 

to approximately 7% so that results can be compared. Figure 3.12 shows the variation of 

the current THD with the voltage THD and CF under the two concerned conditions. 

Figures 3.13 and 3.14 illustrate the variation of the individual harmonic current 

magnitudes and phase angles. It can be observed how the results are comparable which 

indicates that the harmonic current spectrum can be fairly characterized upon the voltage 

waveform regardless the cause o f the waveform change.
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Figure 3.12: Variation o f PC current THD with voltage THD and CF due to the change of 

supply impedance and background voltage distortion.
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Figure 3.13: Variation o f PC individual harmonic current magnitudes with voltage THD 

and CF due to the change of supply impedance and background voltage distortion.
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Figure 3.14: Variation of PC individual harmonic current phase angles with voltage THD 

and CF due to the change o f supply impedance and background voltage distortion.
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3.3.4 Results Justification

In order to justify the measurement results and the obtained relationships between the 

harmonic currents and feeding voltage THD and CF, the effect on the resultant voltage 

waveform and the harmonic voltage components is scrutinized under the following 

different conditions: 1) changing the supply impedance magnitude with the same X/R 

ratio; 2) changing the background voltage distortion with the same supply impedance; 

and 3) changing the supply impedance X/R  ratio with the same fundamental impedance 

magnitude.

For the first condition, Figure 3.15 shows the results when the supply impedance of 

X/R ratio o f 0.2 is increased from Zj (4.712+j0-942 ohm) to Z2 (10.36+j2.073 ohm). The 

associated voltage THD is increased and the magnitudes and phase angles o f the 

harmonic voltage components are obtained such that the voltage CF is decreased. On the 

other hand, the current THD is reduced from 111 .69% to 93.83%.

For the second condition, Figure 3.16 shows the variation o f the harmonic voltage 

components when the background voltage distortion is increased from Vbgi (3.969%) to 

Vbg2 (5.943%) with supply impedance o f X/R ratio of 0.2. It is found that with the 

increase in the background voltage distortion, the voltage CF becomes lower and the 

current THD is reduced from 107.94% to 100.26%. This gives the same relationships 

between the current THD and both voltage THD and CF as those obtained with the 

supply impedance variation condition.

In order to investigate the effect of the supply impedance X/R ratio for the third 

condition, the same fundamental impedance magnitude with different X/R  ratios should 

be chosen. This could be obtained from the available impedance components used in the 

measurements with X/R ratios o f 0.5 (1.885+ j0.942) and 2 (0.942+j 1.885). Figure 3.17 

shows the obtained results where the magnitude o f the harmonic voltage components is 

found slightly higher for the case o f higher X/R ratio. This is because the increase in the 

reactance at harmonic frequencies when X/R is higher can make up the increase in the
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resistive part for the case o f lower X/R  ratio. Therefore, the voltage THD is increased and 

the voltage CF is slightly reduced with X/R  ratio of 2. As for the current, its THD has a 

little reduction from 120.14% to 118.22% with the increase in X/R  ratio.
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Figure 3.15: Variation of harmonic voltage components and accumulative waveforms 

with different supply impedance magnitudes.
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Figure 3.16: Variation o f harmonic voltage components and accumulative waveforms 

under different background voltage distortions.
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Figure 3.17: Variation of harmonic voltage components and accumulative waveforms 

with different supply impedance X/R ratios.
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By examining the results of the conducted experiments, the interaction between the PC 

voltage and harmonic current offers the following findings:

• The phase angles o f the lower harmonic order components o f the voltage that have 

dominant magnitudes (3rd, 5th, and 7th) are such that the waveforms have positive 

peaks so close to the negative peak of the fundamental voltage component and vice 

versa. Therefore, the increase in the magnitude of these components reduces the peak 

of the resultant waveform to be more flat with lower CF besides the increase in the 

voltage THD.

• The harmonic current magnitudes are strongly affected by the voltage waveform. The 

impact is similar whether the waveform change is caused by the supply impedance 

variation or the connection o f other harmonic sources.

• The harmonic current phase angles with respect to the phase angle o f the fundamental 

voltage component are slightly diversified with the variation of supply impedance or 

background voltage distortion. However, they do have a specific pattern, which is 

more delay with the voltage THD increase or the voltage CF decrease. Additionally, 

the harmonic current phase angles o f the lower harmonic orders (dominant ones) are 

not scattered like higher orders so that they can be reasonably characterized.

From the aforementioned, developing accurate relationships between the harmonic 

current magnitudes and the voltage THD or CF is feasible. This, combined with the 

development o f approximate relationships for the harmonic current phase angles, will 

enable to correlate the harmonic current spectrum with the voltage waveform to identify 

the harmonic source characteristic.

3.3.5 Investigating the Reliable Voltage Index on Characterizing the Harmonic 

Source Current Spectrum for Harmonic Analysis

The previous research work conducted in [17,33,35] was limited to merely characterize 

the harmonics attenuation and diversity among distributed single-phase power electronic 

loads. But the ultimate goal o f the research work in this thesis is to expand this study and
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develop a methodology for harmonic analysis that can consider the harmonics attenuation 

and diversity in order to overcome the shortcoming o f the traditional harmonic analysis 

method. This would be accomplished by utilizing the harmonic source characteristic in 

conjunction with the distribution system characteristic to accurately evaluate the 

distortion level with distributed harmonic sources while taking into account the effect of 

the voltage waveform on the harmonic source currents.

It is found that the harmonic current magnitudes and phase angles can be 

characterized by the CF or THD of the supply voltage waveform. It is also found that the 

PC current THD has a strong correlation with the two voltage waveform indices. What is 

required now is to determine the voltage index that should be used as an indicator of the 

harmonic source current spectrum and moreover can be successfully implemented in the 

harmonic analysis for the associated distribution system. In order to achieve this purpose, 

the characteristic o f the system voltage with the presence of the harmonic source should 

be investigated. This means finding the response of the voltage waveform to the PC 

current distortion. The investigation would tell which voltage index is reliable and should 

be chosen on characterizing the harmonic source current spectrum to conduct harmonic 

analysis while considering the harmonics attenuation and diversity. This can be realized 

according to the following procedure:

1) A PC load current is applied to an equivalent system as shown in Figure 3.18. 10 

cases with PC current waveforms of different THD levels are carried out. A sample of 

the used waveforms is depicted in Figure 3.19.

2) The traditional harmonic analysis is performed for the considered PC current 

waveforms and the voltage at the PC node “ V f  is obtained. The voltage CF and THD 

in each case are extracted to get the system characteristic curves o f the current THD 

and both voltage indices.

3) Different X f R  ratios o f  the supply impedance are tried in this analysis with different 

impedance magnitudes for each ratio where Z 4> Z 3> Z 2 > Z i .

4) The previous steps are tried with other 8 PC current waveforms but with higher 

supply impedance magnitude to explore the results for a higher range o f the voltage
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CF and THD. The chosen impedance magnitudes are such that the resultant voltage 

drop is up to 3% for lower voltage THD range and up to 10% for the higher voltage 

THD range. This would help get the general trend of the system characteristic so that 

a firm conclusion can be drawn on determining the proper voltage index for harmonic 

source characterization.

Vf

System impedance 
R+jXL

PC load
Vs

Figure 3.18: Equivalent system to investigate the voltage response to the PC current

distortion.

In creasing c u rre n t  THD

0.4

<
c
e
o

- 0.4

-12
Time (ms)

Figure 3.19: A sample o f PC current waveforms with different THD levels.
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Figures 3.20 and 3.21 present the obtained system voltage characteristic curves of 

the current THD and both voltage CF and THD respectively following the described 

procedure. The figures also show the characteristic o f the harmonic source. Figure 3.20 

shows that generally no solution exists with the voltage CF index since there is no 

intersection between the system and harmonic source characteristic curves. As a result, 

the voltage CF can not be taken as a reliable indicator of the harmonic source current 

spectrum to provide a solution for the harmonic analysis taking into account the 

harmonics attenuation and diversity. This conclusion is extracted from all results aside 

from those obtained with X/R=  0.2 with impedance Z/ for the lower voltage CF range at 

which an intersection may occur. This case is actually not o f concern to our study 

because the associated voltage distortion level is less than 1% and, therefore, no need to 

consider the harmonics attenuation and diversity. Consequently, the typical harmonic 

current spectrum can be used directly for harmonic analysis. What is of concern is the 

higher distortion level where the attenuation and diversity effects start to be pronounced.

The harmonic source and system characteristic curves o f the current THD and 

voltage THD usually have an intersection point and a solution exists as illustrated in 

Figure 3.21. This implies that the voltage THD should be considered as the proper 

indicator o f the harmonic source currents while conducting harmonic analysis. Therefor, 

the voltage THD will be adopted in this research work to determine the harmonic source 

current spectrum and the system distortion level in the harmonic analysis method 

proposed in the next chapter. From figure 3.21, the following can be inferred:

1) With increasing the supply impedance magnitude, the system characteristic curve is 

rotated to have lower slope. The chosen impedance magnitudes are actually 

exaggerated for PC systems to have a voltage drop up to 10%.

2) Theoretically, if  the supply impedance magnitude is allowed to have higher values, a 

situation of non-convergence can be reached. For the harmonic source and system 

characteristic curves with slopes ci and C2 in finite interval, the general criterion of 

convergence is that ciC2<1 [52].
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Figure 3.20: System voltage CF response to the PC current distortion.
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Figure 3.21: System voltage THD response to the PC current distortion.
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Justification o f  the Peaked Voltage Waveform with Increasing the Current Distortion

In order to justify the response of the system voltage waveform towards the current 

distortion, the instantaneous steady-state equation is used to express the PC voltage v /t)  

of the system shown in Figure 3.18 as follows:

vf (t) =  vs(t) - \R i( t )  + L(di ( t ) / dt)] (3.1)

The waveform of the supply voltage vs(t) is a pure sinusoidal one with a frequency of 

60 Hz. Referring to the PC current waveforms shown in Figure 3.19, di(t)/dt can be 

extracted, then the waveform of the voltage drop across the system impedance elements 

(resistance and inductance) can be obtained. This serves to get the PC voltage waveform 

according to equation (3.1). The variation o f the different voltage waveforms with the PC 

current THD level is depicted in Figure 3.22. It can be noticed that the negative part of 

the voltage drop across the system impedance that appears in the interval o f the positive 

part of the supply voltage waveform is produced due to the voltage across the inductance. 

The voltage across the resistance follows the current waveform but scaled with the 

resistance magnitude.

With the PC current THD increase in the form of peaked and narrower current pulse 

width, the current will in turn have more sloped waveform. Therefore, di(t)/dt curve will 

have increased positive and negative peaks and the resultant PC voltage waveform will 

be more distorted and skewed to the right with higher peak as shown in Figure 3.22. This 

explains the response of the system voltage to the current distortion. With increasing the 

current THD, the harmonic source voltage will have higher CF. Also, when the 

impedance magnitude increases for the same X/R  ratio, both positive and negative peaks 

of the voltage drop across the system impedance will accordingly increase. This will 

provide more distorted and peaked PC voltage waveform skewed to the right. Hence, 

higher voltage CF is obtained. These justifications fully comply with the results obtained 

in Figures 3.20 and 3.21.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3. Harmonics Attenuation and Diversity fo r Single-Phase Power Electronic Loads

2 0 0

Supply voltage
150

100
•Voltage drop across system  im pedance

50

s
I

-50

-100

-150 f

-200   ̂0 2 4 6 8 10 12 1814 16
Time (ms)

Voltage drop across system im pedance
10

;a Increasing current THD

s
§>
5

-10 0 182 8 10 12 14 164 6
Time (m s)

180

175

170

165

2
f 160 Systerfi voltage response withy\| 

increasing PC current THD
155

150

145

140
62 2.5 3 3.5 4 4.5 5 5.5

Time (m s)

Figure 3.22: Justification of system voltage response to the PC current distortion.
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3.3.6 Attenuation Factor for PC loads Based on the Supply Voltage Distortion

It can be concluded that the ultimate cause of harmonics attenuation is the distortion of 

the supply voltage waveform. The definition of the attenuation factor in equation (2.13) 

considers the effect on harmonic currents in the presence of different number o f PC units 

with respect to the base case o f only one PC. The use o f more PCs actually affects the 

voltage distortion seen by the loads. Therefore, the attenuation factor definition is 

modified to be dependent on the voltage distortion with a base case when the supply 

voltage has little or no distortion. This base case provides the typical harmonic current 

spectrum of the harmonic source. Accordingly, the modified attenuation factor definition 

can be in the following form:

P-2)
h . t y p

where

AFh'V-dist- the current attenuation factor for the h-th harmonic order at a specific 

distorted supply voltage waveform,

Ih.v-disi■ the magnitude o f the h-th harmonic current spectrum in percent of the

fundamental component at a specific distorted supply voltage waveform,

Ih . t y p -  the magnitude of the h-th typical harmonic current spectrum in percent of the

fundamental component at a little or nondistorted supply voltage waveform.

The variation of the attenuation factor for each harmonic order with voltage THD is 

shown in Figure 3.23. The results are obtained from the conducted measurements via 

equation (3.2). It can be noticed that the attenuation factor for the lower harmonic orders 

(dominant ones) is less than unity. However, it can be more than unity for the higher 

harmonic orders, which normally have small magnitudes. This is due to the probable 

increase in the harmonic current magnitude portion of these orders in the current 

waveform with the increase in the supply voltage distortion.
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Figure 3.23: Attenuation factor variation for PC harmonic current magnitudes with the

supply voltage THD.

3.4 Summary and Conclusions

The attenuation and the diversity o f harmonic currents produced from a PC load were 

investigated. The PC load is one o f the most commonly used single-phase power 

electronic loads in commercial systems. Extensive measurements showed how the PC 

harmonic currents are susceptible to the supply voltage waveform and the current 

spectrum can no longer be the same as the one obtained with little distorted supply 

voltage. Therefore, the assumption o f fixed harmonic current injection using the typical 

spectrum will not provide accurate results for harmonic analysis with considerably 

distorted supply voltage.

The conducted measurements revealed that the supply voltage waveform could be 

used to characterize the PC harmonic current magnitudes and phase angles. Hence, the 

current spectrum can be made adaptive to the variation of the supply voltage waveform 

reflecting the effect o f the supply impedance and the background voltage distortion. It 

was concluded that both voltage THD and CF indices had a good correlation with the 

harmonic current magnitudes and phase angles.
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However, further investigation was made to determine which index could be counted 

upon to serve for conducting harmonic analysis while considering the harmonics 

attenuation and diversity. By examining the system voltage response to the PC current 

distortion to determine the system voltage characteristic, the voltage THD was found as 

the appropriate index that should be used for this purpose. According to the findings in 

this chapter, harmonic analysis will be proposed in the next chapter with the capability to 

handle the attenuation and diversity effects for more accurate and reliable results.
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Chapter 4

An Iterative Method for Harmonic Distortion 

Assessment with Distributed PC Loads

The previous chapter showed that the harmonic current magnitudes and phase angles of 

the PC load are not constant and change with the supply voltage distortion. Therefore, the 

traditional harmonic analysis method that implements the typical current spectrum will 

not provide reliable results since it overlooks the variation o f harmonic currents. This 

chapter, based on the results obtained in the previous chapter, proposes an iterative 

harmonic analysis method for harmonic distortion assessment for systems with 

distributed harmonic sources while considering the harmonic currents attenuation and 

diversity. The difference between the proposed method and the traditional one is 

discussed. Case studies for systems with distributed PC loads are performed and 

harmonic measurements are carried out to verify the proposed method. Sensitivity studies 

are conducted to evaluate the performance of the method and the extension possibility to 

other harmonic source loads.

4.1 Introduction

The most common technique for harmonic calculation o f power electronic devices is to 

treat the devices as known sources of harmonic currents with or without including phase 

angle information. This is due to the fact that the device rectifier circuit acts as an 

injection current source to the system [21]. The assumption that permits this

69
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representation is that the system voltage distortion is not considerable. This 

representation, for most nonlinear devices, is quite accurate up to harmonic voltage 

distortion level o f 10% [7].

The advantages of the harmonic current injection method are that the solution can 

always be obtained directly and it is computationally efficient so that it is capable of 

accommodating large size distribution systems. Ideally, this method is able to handle 

several harmonic sources simultaneously. The drawback of this traditional method is that 

the typical spectrum is often used to represent the harmonic currents generated by the 

nonlinear loads, which ignores the interaction between the network and the loads. This 

prevents an adequate harmonic source current assessment o f cases involving excessive 

harmonic voltage distortion. When the harmonic source voltage THD is on the order of 

10% or more, modeling the nonlinear elements as constant harmonic current sources 

introduces inaccuracies, which may be significant and consequently this current injection 

model should be used carefully [21]. To improve the harmonic analysis accuracy, the 

phase angles o f the harmonic current produced by a nonlinear element should be fairly 

characterized. Correct representation o f the phase angles is important in the presence o f a 

considerable number o f harmonic sources to take care o f the diversity effect. On the other 

side, accurate assessment o f the harmonic current magnitudes is o f a great concern to 

account for the attenuation effect.

In [53], the impact o f the supply voltage distortion is ignored although the distortion 

level is considerable and can affect the harmonic current spectra o f the harmonic sources. 

In [32], the phase angle diversity among different loads is just investigated without 

addressing the effect of the supply voltage waveform. The influence of the voltage 

waveform on harmonic currents injected from multiple single-phase harmonic sources 

using an analytical time domain based model is examined in [17,33,35] to show the 

harmonics attenuation and diversity. However, no research work has been reported on 

how to utilize the findings o f the attenuation and diversity studies in harmonic analysis 

using the common frequency domain based methods to predict the resultant distortion 

level for systems with distributed harmonic sources.
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In this chapter, an iterative frequency domain based harmonic analysis method is 

proposed to deal with distributed single-phase harmonic source loads. The proposed 

method is motivated by the mentioned considerations to include the attenuation and 

diversity o f harmonic currents. The method considers the voltage THD as the unique 

index that can characterize the degree o f harmonics attenuation and diversity as 

concluded in Chapter 3. Using this index in an iterative process, the current spectrum of 

the system harmonic sources can be modified for reliable system distortion level 

assessment. Different case studies with distributed PC loads are conducted in order to 

verify the proposed method and show its advantage over the traditional one. In addition, 

sensitivity studies are performed to explore the performance o f the method.

4.2 Traditional Harmonic Analysis Method

Basically, there is a need to solve the fundamental frequency load flow when 

implementing the traditional harmonic analysis method. Load flow provides the 

fundamental current o f harmonic sources, which affects the magnitudes and phase angles 

o f the injected harmonics. The magnitude o f the A-th harmonic current injected into any 

bus k  is determined from the typical spectrum and fundamental load current of the 

harmonic source according to the following equation [20]:

(4.1)
1 ,spect-k

where //.* and Ih-k are the calculated magnitudes o f the fundamental and A-th harmonic 

current components, and IitSpect-k and h ,Spect-k are the magnitudes o f the fundamental and A- 

th harmonic components o f the typical current spectrum of the harmonic source.

From the load flow solution, the fundamental frequency phase angle of the harmonic 

source current is provided, then the phase angle of the A-th harmonic current injected into 

bus k  is determined by [20]:

Qh-h = 0hjpect-k + -k ~ Q\,spect-k ) ( 4 -2 )
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where 0[.k and Oh-k are the calculated phase angles o f the fundamental and h-th harmonic 

current components, and 0 i t S p e c t . k  and 0 h , s p e c t - k  are the phase angles o f the fundamental and 

h-th harmonic components o f the typical current spectrum of the harmonic source. The 

frequency domain nodal equations for each harmonic order are then used to compute the 

network harmonic voltages by knowing the system harmonic admittance matrix.

For harmonic studies involving one harmonic source, the harmonic current phase 

angles can be ignored and only the magnitudes are used in the harmonic calculation. 

However, harmonic phase angles need to be included when multiple harmonic sources 

are considered simultaneously in order to take the harmonic cancellation effect into 

account. Considering two loads connected at buses k  and k+ 1 and having the same typical 

harmonic current spectrum, the phase angle difference between the h-th harmonic current 

components o f the two loads, using equation (4.2), can be obtained by.

A0m *,*+o = ^ i- * - 0 iW  (4-3)

The fundamental current phase angle of the harmonic sources depends on the phase 

angle o f the fundamental voltage at the buses where the harmonic sources are connected. 

Assuming the loads are identical, the phase angle difference between the fundamental 

current components is equal to the phase angle difference between the associated 

fundamental voltage components, therefore, equation (4.3) can be written as follows:

1) = —0l-(£+l)) = hA<f>i„(k,k+l) (4-4)

where and <j)i-(k+i) are the phase angles o f the fundamental voltages at buses k  and k+ 1 

and A <f>i-(k'k+i) is the phase angle difference between these two components. This shows 

how the diversity among the harmonic source currents is determined only by the diversity 

among the fundamental voltage phase angles at the respective buses.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4. An Iterative Method fo r  Harmonic Distortion Assessment with Distributed PC Loads 73

4.3 Proposed Iterative Harmonic Analysis Method

From the extensive measurements conducted to the PC load, it is found that the harmonic 

current spectrum is highly affected by the supply voltage distortion. Figure 4.1 depicts 

the measured PC harmonic current magnitudes in percent o f the fundamental component 

and the harmonic current phase angles with respect to the corresponding fundamental 

component phase angle o f the supply voltage under two different distortion levels of the 

supply voltage (1.77% and 4.23%). It is obvious how the harmonic current spectra are not 

the same. The dominant harmonic currents have less magnitude with the higher voltage 

distortion case, which accounts for the attenuation effect. Besides, the harmonic current 

phase angles exhibit sensible difference in the two cases, which accounts for the phase 

angle diversity among distributed harmonic sources having different bus voltage 

distortion levels.

Based on the above findings, the individual harmonic current components are 

considered dependent on the voltage total harmonic distortion at the associated bus. 

Therefore, an iterative procedure can be proposed to assess the distortion level for 

systems with distributed harmonic sources taking into account the attenuation and 

diversity o f the generated harmonic current spectrum. From the PC load experiments 

described in Chapter 3, the individual harmonic current magnitudes and phase angles are 

characterized using curve fitting as a function of the supply voltage THD as shown in 

Figures 4.2 and 4.3. These curves can be used to get the harmonic current spectrum at a 

specified voltage THD.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4. An Iterative Method fo r  Harmonic Distortion Assessment with Distributed PC Loads 74

90

80

70

' 60

50
&
CO

E 40

Lower voltage distortion 
Higher voltage distortion

n ■
7 9 11

Harmonic order

JZL
13 15

-50

IT -100

<2 -200

-300

-350

Lower voltage distortion 
I I Higher voltage distortion

7 9 11
Harmonic order

Figure 4.1: Measured harmonic current spectra for a PC load under different supply

voltage distortion levels.
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Figure 4.2: Variation o f PC individual harmonic current magnitudes as a function of

supply voltage distortion.
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Figure 4.3: Variation of PC individual harmonic current phase angles as a function of

supply voltage distortion.

According to the PC load measurements, the harmonic current spectrum is expressed 

as a function o f the voltage THD using the following equations:
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I h = cch (VTHD) (4.5)

-  fihiVTHD) (4.6)

where ah (VTHD) denotes the magnitude o f the /7-th harmonic current in percent o f the 

fundamental component as a function o f the voltage THD. f3h (VTHD) denotes the phase 

angle o f the h-th harmonic current with respect to the fundamental voltage phase angle as 

a function o f the voltage THD.

In order to implement the proposed method for harmonic analysis, initial values of the 

voltage THD should be assumed to start the iterative process. This is because the 

harmonic voltages at different locations are not known yet to determine the harmonic 

current spectrum of each harmonic source. One possible way for initializing the voltage 

THD is by utilizing the harmonic power flow results obtained from the traditional method 

employing the typical harmonic current spectrum. In addition, the fundamental frequency 

load flow provides the fundamental voltage and current components o f the different 

harmonic sources.

Using the voltage THD results, the harmonic current spectrum of the harmonic 

source at bus k  is adjusted, with the help o f the developed relationships, as follows:

This adjustment considers the attenuation and diversity of harmonic currents. Then, the 

adjusted harmonics are re-injected into the system to get the new and improved system 

harmonic voltages using the harmonic nodal equations and the voltage THD can be 

calculated. Since the harmonic currents are influenced by the new system voltage 

distortion, new adjusted harmonic currents are obtained and the process is sequentially 

repeated until convergence in the voltage THD at all system buses is reached. As a result,

a h (VTHD k) (4.7)

@h,adj-k = Ph (VTHDk ) + h(j>x_k (4.8)
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the interaction between the harmonic-producing loads and system voltage is taken care o f 

to yield more precise and reliable results.

According to equation (4.8), the phase angle difference between the h-th harmonic 

current components for two loads connected at buses k  and k+l is obtained by:

SB , = A  (VTHD, ) -  A  (VTHD^ ) + *(*_, -  )

= A  (VTHDt ) -  A  (IH D ,.,) + fcV w u .,,

It can be inferred that by implementing the proposed method, the phase angle 

difference between the injected harmonic source currents at different locations is 

determined by the phase angle difference between the fundamental voltages and also by 

the effect o f the voltage distortion at the harmonic source buses. However, by using the 

traditional method, the phase angle difference between the harmonic currents is 

determined only by the phase angle difference between the fundamental voltages as 

implied in equation (4.4). This reflects how the supply voltage waveform can contribute 

to the harmonic current phase angle diversity among distributed harmonic sources and 

consequently can affect the degree o f harmonic cancellation. Regarding the magnitude of 

the harmonic current spectrum, its adjustment using equation (4.7) reflects the attenuation 

impact, while the traditional method uses fixed harmonic current magnitude determined 

from the typical spectrum.

With small values o f the voltage THD, it is not expected to have considerable 

attenuation and diversity effects. Therefore, the traditional harmonic analysis method 

should give close results to those obtained using the proposed method. This is due to the 

insignificant impact o f the small values o f the supply voltage distortion on the 

magnitudes and the phase angles of the injected harmonic current spectrum. With 

significant harmonic voltage distortion levels, the iterative algorithm is mandatory to get 

the resultant system distortion. The flow chart in Figure 4.4 shows how the proposed 

iterative harmonic analysis method can be implemented for harmonic distortion 

assessment for distribution systems with distributed harmonic sources.
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Figure 4.4: Flow chart o f the proposed iterative method for harmonic distortion 

assessment for systems with distributed harmonic sources.
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4.4 Case Studies for Distributed PC Loads

In order to verify the proposed iterative method, harmonic measurements are conducted 

on two PC systems with multiple PC loads in the power laboratory in the Electrical and 

Computer Engineering Research Facility at the University o f Alberta. The two PC 

systems shown in Figure 4.5 are constructed such that they have different configurations 

and number o f PC units in order to determine the general applicability o f the proposed 

method. The magnitude o f the supply impedance “Z /’ is increased in many steps to vary 

the system distortion level and voltage and current measurements are performed. 

Calculations are carried out for harmonic analysis using the traditional and iterative 

methods. The results are compared with the measurements to verify the proposed method 

and clarify the inaccuracy introduced in system distortion evaluation when the traditional 

method is applied.

Vs

-br5-br2 br4•brl br3

'5-6'2-3

PCI PC2 PC3 PC4 PC5

(a) PC system 1 

PC8 PC7 PC6

-br7 -br6•br8
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br5br4-b rl -br2 br3

'4-7

'5 -6'2 -3 '3 -4 '4 -5

PCI PC2 PC3 PC4 PC5

(b) PC system 2

Figure 4.5: Single-line diagram of the two PC systems under study.
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4.4.1 Measurement and Calculation Results for PC system 1

The size o f the supply impedance is increased in seven steps for PC system 1. The study 

cases have resistance values o f 0.5, 1.25, 1.75, 2.5, 3, 3.75, and 4.25 ohm respectively 

with X/R ratio o f 0.754. The voltage and PC current are measured at nodes 2 and 3 in 

addition to the current through branches 1 and 2. The convergence criterion o f the 

iterative method is set at 0.05% of the maximum absolute difference o f the voltage THD 

at all nodes between two successive iterations. Figure 4.6 depicts the voltage and current 

THD results obtained from the measurements and the results obtained by the proposed 

iterative method and the traditional method that employs the typical harmonic current 

spectra o f the PC loads. The results are presented for different study cases o f the supply 

impedance magnitude in ascending order and the following conclusions can be drawn:

1) The calculation using the typical harmonic current spectra by injecting fixed 

harmonic currents would give voltage distortions that are not accurate and far from 

the measurements. As the system distortion level increases, the difference becomes 

significant. This ensures that using the typical harmonic current spectrum can lead to 

considerable overestimation o f system distortion due to ignoring the attenuation and 

diversity o f harmonic currents.

2) The measured current THD through different branches decreases when the supply 

impedance increases. This is due to the impact o f the voltage waveform distortion at 

each node on the spectrum of the harmonic current injected from the associated PC. 

Due to the attenuation and diversity effects, the resultant current THD is highly 

reduced compared with the case when the typical harmonic current spectrum is used.

3) The calculation using the iterative method predicts the distortion level reasonably 

well and the results are generally in a good agreement with the measurements. This 

shows how the proposed method can consider the influence o f the supply voltage 

waveform on the harmonic currents by taking into account both the attenuation and 

diversity effects, thus providing reliable harmonic distortion for systems with 

distributed harmonic sources.
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Figure 4.6: Measurement and calculation results o f the voltage and current THD for PC

system 1.

In order to assert the validity o f the proposed iterative method, a comparison 

between the measurements and calculation results is made for the individual harmonic 

source voltage and current magnitudes in percent o f the fundamental component. A 

comparison is also made for the individual harmonic voltage and current phase angles 

with respect to the fundamental voltage phase angle at the corresponding node. Figure 4.7 

shows the results o f the harmonic voltages at nodes 2 and 3 and Figure 4.8 shows the 

results o f the harmonic currents produced from the PCs at the same nodes. It can be 

inferred that using the traditional method gives inaccurate harmonic voltage and current 

components. On the contrary, the iterative method has the capability o f adjusting the 

harmonic current spectrum according to the voltage distortion and, therefore, is an 

improved and more accurate method to assess the system distortion level.
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Figure 4.7: Measurement and calculation results o f the individual harmonic magnitudes 

and phase angles o f system node voltages (PC system 1).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4. An Iterative Method for Harmonic Distortion Assessment with Distributed PC Loads 84

PC  a t  n o d e  2 fo r  s tu d y  e a s e  1
100

□  M ea su rem en ts  

■  Iterative m ethod

□  Traditional m ethod
a>
■o
3

C
o>

E
c
o

3
o

3 5 7 9 11

PC a t n o d e  2  fo r  s tu d y  c a s e  1

H a rm o n ic  o r d e r  

PC  a t  n o d e  2  fo r  s tu d y  c a s e  4
100

□  M ea su rem en ts  

■  Iterative m eth o d  

B  Traditional m eth o d
0  i  U 
■o
3 60

1 50
E 40
c
0)

3O

3 5 7 11 13 15
H a r m o n ic  o r d e r  

PC a t  n o d e  3  fo r  s tu d y  c a s e  1
100

□  M easu rem en ts  

■  Iterative m ethod

□  Traditional m ethod
o
•o
3

C
O)
A
E
c
<D

3o

i n
13

OH
3 5 7 9 11 15

H a rm o n ic  o r d e r  

PC a t n o d e  3 for study c a s e  4
100

□  M easurem ents 

■  Iterative method 

B Traditional method
<Dn
3

C
o>
a

E
c
<9

3o

133 5 7 9 11 15
Harmonic order

450

_  400

! ,  350 
o2- 300
o

?  250 

S 200
a

■§. 150

|  100 

50  

0

o

450
□  M easu rem en ts  ■  Iterative m ethod  B  Traditional m ethod I4004>

«
at 350 
«>
s  3004>

250
A
Q>
V> 200
a

JZ

co 100
3o

3 5 7 9 11 13 15
H a rm o n ic  o r d e r  

PC a t  n o d e  2 for  s tu d y  c a s e  4
450

□  M easurem ents ■  Iterative m ethod  B  Traditional m ethod
400

o> 350

300

250

200

a. 150 

o 100

3 5 7 9 11 13 15
H a rm o n ic  o rd er  

P C  a t  n o d e  3  fo r  s tu d y  c a s e  1
450

□  M ea su rem en ts  ■  Iterative m eth o d  □  Traditional m ethod!
400

s
o>
o

350

S . 300 
o

250o>
c
A
o
Ui
A

JO
Q .

C
&

200
150

100
3O

3 5 7 9 11 13 15
H a rm o n ic  o r d e r  

PC  a t  n o d e  3  fo r  s tu d y  c a s e  4

{ □ M e asu re m e n ts  ■  Iterative m ethod □  Traditional m ethod

- f l

3 5 7 9 11 13
H a rm o n ic  o rd er

Figure 4.8: Measurement and calculation results of the individual harmonic magnitudes 

and phase angles o f system harmonic source currents (PC system 1).
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4.4.2 Measurement and Calculation Results for PC system 2

The size o f the supply impedance is increased in three steps for PC system 2. The study 

cases have resistance values o f 0.5, 1.25, and 1.75 ohm respectively with X/R ratio of 

0.754. Measurements are taken for the voltage and PC current at node 2 in addition to the 

current through branch 1. The convergence criterion of the iterative method is set at 

0.05% similar to PC system 1. Figure 4.9 presents the measurement and calculation 

results o f the node voltage and branch current THD for different study cases o f the supply 

impedance magnitude. The results provide the same conclusions drawn for PC system 1. 

Figure 4.10 shows the individual harmonic voltage magnitudes and phase angles at node 

2 as well as the harmonic current spectrum of the PC at the same node.

The overestimated results o f the voltage and current THD can be noticed in case of 

applying the traditional harmonic analysis method. Also, it can be shown how the 

harmonic current spectrum using the iterative method is properly adjusted to account for 

the effect o f the supply voltage distortion. Accordingly, reasonable individual harmonic 

voltage magnitudes and phase angles are obtained. The traditional method uses the 

typical harmonic current spectrum, which is constant irrespective o f the system distortion 

level, thus producing inaccurate harmonic voltage components. The obtained results 

emphasize that the proposed iterative method should be adopted to take into account the 

interaction between the PCs and system voltage.

Voltage at node 2 Current through branch 1
25

□  M easurem ents 

■  Iteratiw method

□  Traditional method

□  M easurem ents ■  Iterative m ethod s  Traditional m ethod

Study cases Study cases

Figure 4.9: Measurement and calculation results o f the voltage and current THD for PC

system 2.
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Figure 4.10: Measurement and calculation results of the individual harmonic magnitudes 

and phase angles o f the voltage and the harmonic source current at node 2 (PC system 2).
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4.4.3 Sensitivity Studies

Sensitivity studies are conducted to examine the convergence behavior o f the iterative 

method in addition to some approximations on the assessment o f harmonic distortion as 

follows:

1) System characteristics o f the current THD and both voltage THD and voltage CF are 

extracted to show how the proposed iterative method can converge only when the 

voltage THD is considered to estimate the harmonic source current.

2) The implementation of the iterative method without considering the diversity of 

harmonic currents due to the voltage distortion is investigated, i.e., the harmonic 

current spectrum adjustment is performed only on the magnitudes while the phase 

angles are determined using the traditional method.

3) The impact o f system distortion level on solution convergence speed is determined 

with and without considering the harmonics diversity.

4) Finally, a simplified and approximate way to get a round figure o f the system 

distortion level without the need to perform the complete iterative procedure is 

investigated.

4.4.3.1 Convergence Process o f  the Iterative Method

Figure 4.11 shows the system characteristics of the current THD of the PC at node 2 in 

PC system 1 and the corresponding voltage THD and CF which are obtained for study 

case 4 o f the supply impedance magnitude. Besides, the harmonic source characteristics 

for both voltage indices are presented to clarify the iterative method. It can be seen that 

when the system voltage THD is used to determine the harmonic source current, the 

iterative method converges to the intersection point between the two curves to provide 

the resultant distortion. On the contrary, the two characteristic curves o f the current THD 

and voltage CF have no intersection, therefore, the system voltage CF can not lead to 

solution convergence. Even if theoretically the two curves are extended to have an 

intersection point, the iteration will diverge because the slope of the system characteristic
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is less than that o f the harmonic source characteristic, which provides unstable solution 

point. This clarification reinforces the conclusions drawn in Chapter 3 regarding the 

choice o f the voltage THD as the appropriate index to characterize the harmonic source 

current spectrum.
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Figure 4.11: Iterative process with voltage THD and CF indices.
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4.4.3.2 Effect o f  Ignoring the Harmonic Currents Diversity

When the complete iterative process considers the adjustment o f harmonic current 

magnitudes and phase angles, both attenuation and diversity effects are taken into 

account. In order to see how significant is the harmonics diversity introduced due to the 

voltage distortion and if  it is possible to be overlooked, the modification o f the harmonic 

current spectrum will be applied only on the magnitudes according to the voltage THD at 

each associated node using equation (4.7). As for the harmonic current phase angles, the 

adjustment is performed according to the traditional harmonic power flow method using 

equation (4.2). Following this approximation, the diversity among harmonic current 

phase angles is determined upon the fundamental voltage phase angle at harmonic source 

nodes as shown in equation (4.4) provided the harmonic sources have the same harmonic 

current spectrum. However, by using the complete iterative method, the harmonic current 

phase angles are adjusted such that their diversity is dependent on the fundamental 

voltage phase angles besides an additional component that takes into account the effect of 

the supply voltage waveform distortion as indicated in equation (4.9).

Figure 4.12 shows the calculated distortion level using the proposed iterative method 

with and without considering the harmonics diversity for both PC systems. It can be 

inferred that there is no noticeable difference between the results for the different study 

cases o f the supply impedance. This is mainly due to the small diversity that the voltage 

waveform distortion introduced among the harmonic current phase angles o f different 

PCs. Therefore, considering the attenuation effect for PC loads is the main issue and 

more vital in determining the resultant distortion level since the diversity effect is not 

pronounced.
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Figure 4.12: Comparison o f distortion results to show the impact o f ignoring the

harmonic currents diversity.
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4.4.3.3 Sensitivity o f  Solution Convergence to System Distortion Level

The sensitivity study in this part provides an idea about the number o f iterations required 

for solution convergence and how it is affected by system distortion level, i.e., with 

different sizes o f the supply impedance. Figure 4.13 presents the convergence process of 

the voltage THD at different nodes for PC system 1. Results of iteration round “0” are the 

initial values obtained from the typical harmonic current spectrum. The distortion 

oscillates during the adjustment o f the harmonic currents towards solution convergence. 

It can be inferred that with the increase in the initial distortion level, the oscillation range 

is wider and, therefore, more iterations are needed to reach the steady-state solution as 

shown for study case 4 o f the supply impedance. The variation o f the number o f iterations 

required for convergence for different study cases is depicted in Figure 4.14 with and 

without considering the diversity effect. As the system distortion level becomes higher by 

increasing the supply impedance magnitude, the number o f iterations increases 

significantly for both PC systems. It can also be noticed that the convergence is faster 

when the diversity effect is ignored.
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Figure 4.13: Convergence process o f the voltage THD for different study cases o f the

supply impdance for PC system 1.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 4. An Iterative Method for Harmonic Distortion Assessment with Distributed PC Loads 92

30
Iterative method 

Iterative (ignoring diversity)25

20

15

10

5

0
3 4 5

Study cases

PC system 1

45
a>
o

S  40  
a >

"  35 

3  30

Iterative m ethod 

Iterative (ignoring diversity)

.1  20
<o

aj 15

0  10
4)

1 5 
3z 0

Study cases

PC system 2
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4.4.3.4 A Simplified Wav to Estimate System Distortion Level

A simplification is investigated to get directly a round figure or a range o f the resultant 

distortion o f system bus voltages or harmonic source currents without resorting to the 

complete iterative process. Results o f PC systems 1 and 2 are considered for the first 

three and two study cases respectively o f the supply impedance magnitude. Two 

multiplier factors are proposed for this purpose:

1) The first multiplier factor “M F /’ is the ratio o f the final converged solution (THDCOnv) 

to the summation o f the typical distortion (THDtyp) and the distortion obtained from 

the first iteration (THDitr-i). The typical distortion is that obtained using the

traditional method with the typical harmonic current spectrum and considered as an

initial value in the iterative process. Therefore, the “M F ” can be defined by:

M R =  THD™   (4.10)
T H D ^ + T H D ^

2) The second multiplier factor “M F f  ’ is the ratio of the final converged solution to the 

typical distortion as follows:

= THD conv ( 4 n )

THD„
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where the THD can be o f system bus voltages or harmonic source currents. Figure 4.15 

shows the relationships o f the different multiplier factors with system voltage THD 

obtained using the traditional method and with typical current THD o f different harmonic 

sources. It can be shown that the range of the first multiplier factor for voltage THD is 

between 0.35 and 0.55 and the range of the second multiplier factor is between 0.35 and 

0.9. The same range of the two multiplier factors can be approximately applied to the 

harmonic source current THD. The following conclusions can be drawn:

1) The MFi depends on the typical solution and the solution o f the first iteration, which 

is obtained from the typical one using the developed harmonic source characteristic 

curves. The converged solution usually lies in the middle one third between the 

typical and first iteration values irrespective o f the typical distortion level, therefore, 

the MFi has limited variation with the change of the typical voltage and current THD 

values.

2) The MF2 depends on the typical distortion value, which has no relation with the 

harmonic source characteristics and it does not have a direct relation with the 

converged solution. Therefore, the MF2 values are more scattered with noticeable 

discrepancy according to the typical distortion level.

Hence, a simplification using the MFj is better to be selected to get an approximate 

figure o f the distortion level. This can be done using the traditional harmonic analysis 

programs to get the initial distortion values utilizing the typical harmonic source current 

spectrum. Besides, the results for only one iteration can be obtained by using the 

attenuation curves in Figure 3.23 without the need to apply the complete iterative process 

o f the proposed method. In this case, a value o f 0.5 for the first multiplier factor can be 

considered to give conservative results.
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Figure 4.15: Multiplier factors for voltage and current THD.
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4.5 Summary and Conclusions

Conventionally, the nondistorted input voltage to the harmonic sources is assumed when 

conducting harmonic analysis. Therefore, the ideal current source model is sufficient for 

the representation o f the harmonic source. However, with the distributed nature of 

harmonic sources, the system voltage distortion may arise. Consequently, the harmonic 

current spectrum will vary and more advanced models o f harmonic sources are necessary 

for accurate harmonic penetration studies. The traditional frequency domain harmonic 

analysis programs with a one-step computation using the typical current spectrum can not 

deal successfully with systems o f considerable distortion level since they do not have the 

capability to consider the harmonics attenuation and diversity.

In Chapter 3, the conducted extensive measurements for a PC load revealed that the 

supply voltage THD can fairly characterize the harmonic magnitudes and phase angles of 

the current spectrum. The obtained harmonic source characteristics paved the way to 

propose an iterative frequency domain based method for harmonic analysis to predict the 

distortion level in the presence o f distributed harmonic sources. The developed method 

takes into account the interaction between the harmonic sources and the system voltage. 

Hence, it overcomes the limitations o f the fixed current injection method used by the 

traditional harmonic analysis programs.

Official electrical systems with a considerable number o f PCs are example systems 

with distributed harmonic sources. The proposed method was verified by conducting 

measurements for PC systems. Reliable results could be obtained showing the 

effectiveness o f  the proposed method in handling the attenuation and diversity issues. 

Sensitivity studies were performed. It was concluded that the attenuation is the main 

factor contributing to distortion reduction since the diversity effect is not that significant 

for the PC systems. Multiplier factors were investigated to provide an approximate way 

to get a range o f system distortion level using the traditional harmonic analysis programs 

for only one iteration to modify the current spectrum. This can be done by utilizing the 

attenuation factor curves without turning to the complete iterative process.
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Chapter 5

Harmonics Attenuation and Diversity for Three- 
Phase Power Electronic Loads

Chapter 3 dealt with the characterization o f single-phase power electronic loads 

employing a capacitor filtered-diode bridge rectifier. This chapter extends the work to 

include three-phase power electronic loads where the rectifying topology is similar to that 

o f single-phase rectifiers but with a front end for connection of three phases. The 

application o f adjustable speed drives (ASDs) in industrial distribution systems is 

discussed. ASD modeling and harmonic characteristics are presented. The variation of 

the ASD harmonic currents with the supply voltage distortion is investigated. Choosing 

the voltage total harmonic distortion (THD) to characterize the ASD current spectrum is 

justified. The findings will serve to conduct harmonic analysis while considering the 

attenuation and diversity o f harmonic currents injected from distributed ASD loads as 

will be shown in the next chapter.

5.1 Introduction

The load history o f the industrial plants points to the fact that ASDs became highly 

proliferated in industrial facilities and they are going to be the most dominant load in the 

near future [54,55]. The interaction o f harmonic currents generated by ASDs with system 

impedance versus frequency results in the threat o f potential distortion level in a 

distribution system due to the installation o f ASD loads [56]. Thus, there is an impending 

need to quantify the distortion in voltage and current waveforms in such a system.

96
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One difficulty on evaluating harmonic voltages and currents throughout a 

distribution system is the need for accurate assessment o f the injected harmonic current 

spectra from the distributed ASD loads. These loads not only have the potential to 

produce harmonic distortion, but the amount varies with the variation o f supply voltage 

distortion and loading level. A crucial point is to address how the ASD harmonic current 

characteristics differ under these variations. This chapter deals with the variation of the 

supply voltage distortion for a constant drive load, while Chapter 7 will present the case 

when the loading level is considered varying.

Simulation studies are conducted to investigate the behavior o f harmonic currents 

produced from an ASD employing a full-wave diode bridge rectifier under different 

supply voltage distortion levels. The change of the voltage distortion is produced by two 

ways. The first way is by changing the supply impedance and the second way is by 

connecting other ASD loads to the common point to create different background voltage 

distortions. The harmonic source characteristic is compared with system characteristic to 

justify the choice o f the voltage THD as the proper voltage index that should be used to 

address the current spectrum of the ASD as a three-phase harmonic source. This assures 

the conclusion drawn in Chapter 3 for a single-phase harmonic source case. Accordingly, 

ASD modeling would be achieved taking into account the interaction with the system 

voltage when conducting harmonic analysis for distribution systems with distributed 

ASD loads.

5.2 Application of ASDs in Power Distribution Systems

ASD is becoming a significant load component for power distribution systems. It drives a 

process, whether it is fluid, gas, material or air with a variable speed induction motor. 

Modem ASDs employ power electronic devices to generate the variable frequency power 

supply for AC motor speed control. Harmonics are produced in the process. Assessment 

and mitigation o f the ASD harmonic effects on supply systems have become an important 

aspect o f power quality management [57],
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At the planning stage o f the operation o f ASDs, it is necessary to assess the level of 

harmonic current flow into the public electricity supply to ensure that no undue 

interference is experienced by other electricity consumers. If  the harmonic distortion is 

excessive, installation of harmonic filters may be required [42], It is unlikely that one 

ASD would draw enough harmonic currents to have pronounced effect on the power 

distribution system. But, if  many ASD loads are connected to a specific distribution 

feeder, it seems reasonable to expect that harmonics drawn by these loads may cause 

significant harmonic pollution.

5.2.1 Advantages of using ASDs

The application o f ASDs has recognized advantages in industrial facilities. The main 

benefit is in the economics and energy reduction savings which is typically in the 20% to 

50% range over that o f conventional motor electromechanical drive applications. Other 

typical benefits include controllability to provide smooth ramp-up and ramp-down 

acceleration transitions, optimized mechanical load characteristics, equipment reliability, 

reduced mechanical related maintenance, increased product qualities, reduced audible 

noise levels, and reduced physical space requirements [5,6]. On the other side, the 

interface o f the ASDs with the distribution system has a disadvantage o f injecting 

harmonic currents into the system, which can have detrimental effects on the system 

elements [58].

5.2.2 ASDs Structure and Classification

An ASD consists o f three key components, a rectifier, an inverter, and a DC circuit that 

connects the rectifier and the inverter as shown in Figure 5.1. The rectifier converts the 

supply AC voltage into a DC voltage. The DC circuit is called the DC link and through 

which the DC voltage is filtered. The inverter converts the DC voltage to an adjustable 

frequency, adjustable AC voltage for AC motor speed control. The rectifier (converter) 

section o f an ASD, called the front end, is typically a full-wave bridge rectifier type and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5. Harmonics Attenuation and Diversity fo r Three-Phase Power Electronic Loads 99

is the part that generates harmonic currents into the supply system through the switching 

process o f its power electronic components [57],

ASDs are normally classified into different types according to the inverter design. 

The three most common types are the pulse-width modulated inverter (PWM) type, the 

voltage source inverter (VSI) type, and the current source inverter (CSI) type. For the 

PWM and VSI types, the DC link mainly consists o f a large shunt capacitor, whereas for 

the CSI type, the DC link is made up o f a large series inductor. For VSI and CSI types, 

the rectifier DC voltage output must be adjustable in order to obtain an adjustable AC 

voltage at the motor side. This is normally achieved by using thyristor rectifiers. The 

firing angle o f the thyristors is varied to provide controlled voltage to the DC link and 

consequently the inverter will have controlled AC output voltage supplied to the motor. 

The control o f the motor frequency is performed through the inverter [26].

On the other hand, the PWM type is used with a diode bridge rectifier that puts a 

constant amplitude rectifier AC voltage on the DC link, which has a DC link capacitor. 

The frequency and the voltage magnitude supplied to the AC motor are adjusted through 

the inverter, therefore, there is no need to control the rectifier output. Among the three 

types o f ASDs, the PWM type is the most common one in the low horse power 

applications and is used for rating up to 1500 HP. Most CSI type is applied for large 

horse power AC motor drives (1500HP and above) [57].

DClink
filter

A
B
C

Variable
frequency
inverter

AC
motor

Figure 5.1: Basic structure o f an adjustable speed drive.
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5.3 ASD Modeling and Harmonic Characteristics

Computer simulation is one o f the effective ways to assess the harmonic effects of ASDs. 

The usefulness o f simulation techniques relies heavily on adequate models o f the drive 

and a good understanding o f the sensitivity o f the models with respect to the data 

available for model construction. In spite o f its importance, research on the modeling of 

ASDs for harmonic analysis is limited [57]. It has been commonly assumed that the ASD 

can be modeled as ideal harmonic current sources, which inject harmonic currents into 

the AC power system. This assumption is reasonable only for cases when the supply 

voltage waveform exhibits little or no distortion [53]. The source magnitudes are either 

calculated as the Hh-th o f the fundamental frequency current for the /j-th harmonic or 

measured from a particular drive operating condition [57,59].

5.3.1 An Equivalent Circuit Model for ASD

Harmonic currents injected by an ASD load are generated due to mainly the electronic 

switching process o f the converter operation. The inverter can introduce additional 

ripples into the DC link current. These ripples in turn can penetrate into the supply 

system side. The extent and the frequency of inverter-caused ripples are largely a 

function o f inverter design and motor parameters. An ASD can therefore be represented 

with a generic three-phase bridge converter circuit as shown in Figure 5.2. A significant 

feature o f this circuit is that the inverter and the motor are collectively modeled as a 

direct current source [57].

v„

Vc

Figure 5.2: Generic converter circuit for ASD.
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Theoretically speaking, the inverter and motor should be represented as a harmonic 

current source. The magnitudes and phase angles should be determined from the inverter 

design and motor operating conditions. Attempts were made to develop a procedure that 

automatically determines the harmonic current source. However, the complexity and 

variety o f the inverters make the work extremely difficult. Extensive sensitivity studies 

performed in [57] concluded that there is a little need to model the current source as a 

harmonic source. Namely, the inverter harmonics are negligible as seen from the 

converter AC side. This is because, in the case o f PWM and VSI type ASDs, the inverter 

harmonics are largely bypassed by the DC link capacitor before they can penetrate into 

the supply system side. In the case o f CSI type ASD, the series inductor serves as a large 

impedance to block inverter harmonics from ever getting into the converter. The direct 

current into inverter can be estimated from the motor load as:

where P  is the motor load including losses, Vl-l is the RMS line to line voltage o f the 

supply system, and a  is the firing angle in case o f using a thyristor bridge rectifier.

5.3.2 ASD Input Harmonic Current Characteristics

The characteristics o f the input current for ASDs depend on the drive type, drive loading, 

and the characteristics o f the system supplying the drive. The harmonic distortion in these 

currents can vary over a wide range. However, it is possible to identify two basic 

waveform types produced by three-phase full-wave converters for harmonic analysis 

purposes [56].

Type 1: H ish Distortion Current Waveform

A typical high distortion current waveform and the associated harmonic spectrum are 

shown in Figure 5.3. This is the characteristic of virtually all ASDs o f VSI or PWM types 

where the DC link mainly consists o f a large shunt capacitor. The shunt capacitor causes

VL_L cos a
(5.1)
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large ripples in the DC link current in the form o f two pulses in each half cycle. These 

drive types usually do not have additional choke inductance for current smoothing and, 

therefore, the input current THD is high, for instance, the total harmonic distortion for the 

selected waveform is 78.5%.

500

400
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200
100<

C
£
5 -100

-200
-300

-400

-500
188 12 14 160 2 4 6 10

Time (m s)

F un d am en ta l current=170.72A

C urrent THD=78.5%

Harmonic order

Figure 5.3: ASD high current distortion waveform and the harmonic spectrum.
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Type 2: Normal Distortion Current Waveform

A typical normal distortion current waveform and the associated harmonic spectrum are 

depicted in Figure 5.4. The waveform has two humps in each half cycle. This current 

waveform represents DC drives, large AC drives with current source inverters, and 

smaller AC drives o f VSI or PWM types and added inductance for current smoothing. 

The presented current waveform has a distortion level o f 32.3%.

300

200

100

<
cQ>
t
<3

-100

-200

-300

Time (m s)

100
90

Current THD=32.3%

40

3 5 7 9 11 13 15 17 19 21 23 251
Harmonic order

Figure 5.4: ASD normal current distortion waveform and the harmonic spectrum.
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Generally, the current flows through the rectifier diodes for the time period when the 

input voltage exceeds the DC link voltage. Peak input current into the rectifier is limited 

by the line impedance feeding the circuit and by the DC link inductance in the drive. As a 

result, inverters o f mainly capacitor in the DC link will have a current waveform of 

narrowed width and high peak pulses as shown in Figure 5.3. Figure 5.4. illustrates the 

significant reduction in the current distortion that can be obtained for PWM type ASDs 

just by adding a choke inductance in the DC link o f the drive. The same reduction benefit 

can be obtained by adding the inductance at the input AC line [56,59]. Representation of 

the DC link is essential for the correct simulation of ASDs and can affect significantly the 

ASD current waveforms and the magnitude o f the harmonic contents.

Both waveform types produce harmonic currents o f orders determined by:

h = 6 k ± l ,  k  = 1,2,3,...... (5.2)

This shows that the spectrum mainly includes odd harmonics excluding the triplen 

harmonics (multiples o f three). The use o f equation (5.2) results in harmonic orders or 

multiples o f the fundamental frequency o f the 5th, 7th, 11th, 13th, etc., which 

corresponds to 300, 420, 660 and 780 Hz respectively with 60 Hz fundamental frequency.

5.4 Characterization of Three-Phase Harmonic Sources

Harmonic studies were primarily dealing with industrial distribution systems having one 

or several ASDs [15,56,60,61], which are the most common three-phase harmonic 

sources. But now with the continuous use o f power electronic devices, distribution 

systems start to employ a large number o f these loads. A typical fully-loaded ASD 

current spectrum was adopted to model the drives as ideal harmonic current sources. The 

traditional method for harmonic analysis assumes that the supply voltage distortion has 

no impact on the current spectrum and the magnitudes and phase angles o f the harmonic 

current are automatically established using the typical spectrum according to the 

fundamental frequency load flow results.
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Information about the harmonic currents drawn by ASDs is the key to any harmonic 

analysis. This should take into account the interaction between the system and the drive 

itself to be able to consider the harmonics attenuation and diversity. Figure 5.5 depicts the 

harmonic current magnitudes in percent of the fundamental component and the harmonic 

current phase angles with respect to the corresponding fundamental component phase 

angle o f the supply voltage for an ASD load under two different distortion levels o f the 

supply voltage. It is clear that specifying the typical harmonic current spectrum, obtained 

with little voltage distortion, would exhibit inaccuracy and can not be adequate with ASD 

loads distributed across the entire distribution systems. Such systems are expected to 

have considerable voltage distortion levels and, therefore, the harmonics attenuation and 

diversity can be pronounced due to the change o f harmonic currents.
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Figure 5.5: Harmonic current spectra for an ASD load under different supply voltage

distortion levels.
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From the extensive measurements conducted to characterize the harmonic current 

magnitudes and phase angles with the supply voltage waveform for a PC load, it is 

envisioned that the same procedure can be extended and applied to an ASD load. ASD 

harmonic current characteristics will be investigated under different distorted voltage 

waveforms to find the appropriate voltage parameter that can address the harmonic 

current spectrum. Consequently, the effect of the supply voltage waveform on the 

attenuation and diversity o f the generated harmonic currents can be taken into 

consideration.

5.4.1 Effects of the Variation of Supply Impedance and Background Voltage 

Distortion

The interaction between the ASD feeding voltage waveform and the harmonic currents is 

investigated by performing simulation studies on an ASD load using PSCAD/EMTDC 

software program with its built-in libraries for the ASD model representation. PSCAD is 

a powerful graphical user interface that integrates with EMTDC, a general-purpose time 

domain program, for simulating power system transients and controls. Together they 

provide a fast, flexible, and accurate solution for the simulation o f virtually any electrical 

equipment or system. The simulation results are manipulated by MATLAB program for 

harmonic source characterization.

The voltage waveform at the ASD terminals is changed under two cases. In the first 

case, the supply impedance magnitude is increased in many steps, which affects the 

distortion o f the voltage waveform. In the second case, the background voltage distortion 

is changed by connecting other ASDs of different ratings and circuit parameters in 

sequence to the common point o f the concerned ASD. In both cases, the drawn harmonic 

current magnitudes and phase angles are changed. Simulation studies are carried out for 

150 HP ASD with a diode bridge rectifier at the front end and a shunt capacitor in the DC 

link in addition to an inductance so that the current waveform belongs to the normal 

distortion type. The voltage and current waveforms are obtained for analysis and 

exploring their interaction.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 5. Harmonics Attenuation and Diversity fo r  Three-Phase Power Electronic Loads 107

Figure 5.6 shows a comparison between the variation of the drawn current THD with 

both voltage THD and voltage crest factor (CF) due to the variation o f supply impedance 

(Zchange) and the variation o f background voltage distortion {Vbackground)- The impedance, 

which is dominantly inductive, is changed from 0.015 ohm to 0.36 ohm corresponding to 

a voltage drop variation from 0.85% to 20.4%. The following conclusions can be drawn:

1) There is no noticeable difference in the results for the two cases and similar 

characteristics are obtained.

2) With the decrease in the current THD values till 25% (12% voltage THD), the current 

THD and voltage CF have negative correlation where the reduction in the current 

THD is associated with more peaked voltage waveform in the form of higher CF. 

This trend is reversed with the continuous decrease in the current THD. Therefore, 

the voltage CF does not have a fixed influence on the harmonic current distortion for 

ASD loads.

3) The obtained non-steady relationship between the ASD current THD and voltage CF 

is opposite to the constant trend found in the case o f PC loads in which the voltage 

waveform always gets flattened (lower CF) with the decrease in the current THD. On 

the other side, the ASD current THD and voltage THD have negative correlation and 

similar trend to that obtained for the PC load and there is a steady relationship 

between both parameters.

In Chapter 3, an investigation was conducted to choose the voltage THD as the 

proper indicator o f the PC harmonic current magnitudes and phase angles. As a result, 

harmonic analysis could be performed in Chapter 4 leading to a reliable and converged 

solution while taking into account the harmonics attenuation and diversity. The same 

investigation will be conducted in this chapter clarifying the justification on choosing the 

proper voltage index for the characterization o f ASD harmonic currents.
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Figure 5.6: Variation o f ASD current THD with voltage THD and CF due to the change 

o f supply impedance and background voltage distortion.

Figure 5.7 presents the variation of the individual harmonic current magnitudes, in 

percent o f the fundamental component, with the voltage THD due to the change o f supply 

impedance magnitude and background voltage distortion. The dominant harmonic current 

magnitudes are attenuated with the increase in the voltage THD. Hence, the current THD 

is reduced as shown in Figure 5.6. Figure 5.8 depicts the corresponding variation o f the 

individual harmonic current phase angles with respect to the fundamental voltage phase 

angle. It can be shown that the current o f different harmonic orders is subjected to more 

delay with the increase in the voltage distortion. This clarifies how system buses having 

different voltage distortion levels could contribute to the phase angle diversity among 

distributed harmonic sources and consequently lower distortion level can be attained.
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Figure 5.7: Variation o f ASD individual harmonic current magnitudes with voltage THD 

due to the change of supply impedance and background voltage distortion.
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Figure 5.8: Variation o f ASD individual harmonic current phase angles with voltage 

THD due to the change o f supply impedance and background voltage distortion.
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The simulation results o f the harmonic currents obtained with the variation of the 

supply impedance magnitude and background voltage distortion are comparable. They 

can collectively provide reliable relationships to reflect the impact o f voltage waveform 

on the current spectrum and to correlate the individual harmonic current magnitudes and 

phase angles with the voltage THD. These relationships account for the attenuation and 

diversity o f harmonic currents and should be considered in harmonic power flow 

programs to modify the harmonic current spectra injected from ASD loads under the 

influence o f the distorted voltage.

5.4.2 Results Justification

Figure 5.9 illustrates the individual harmonic voltage component waveforms and the 

accumulative ones when the supply impedance is increased from Z/ (J0.015 ohm) to Z2 

(j0.06 ohm). Both voltage THD and CF are increased and the current THD is decreased 

from 33.8% to 29.8%. Figure 5.10 presents the waveforms when the background voltage 

distortion is increased from Vtgi (3.511%) to Vbg 2 (8.769%). The voltage CF is also 

increased and the current THD is decreased from 32.5% to 27.6%.

It can be seen how the harmonic voltage phase angles o f the dominant components 

(5th and 11th) are obtained such that their negative peaks coincide with the negative peak 

o f the fundamental voltage waveform. Therefore, with the increases in the harmonic 

voltage magnitudes, the waveform CF becomes higher. This is in contrast to the case of 

PC loads where the positive peaks o f the dominant harmonic voltage components 

coincide with the negative peak o f the fundamental component to have more flat voltage 

waveform and lower CF. It is worth mentioning that as current THD values decreases 

below 25%, the voltage CF starts to reduce as in the PC load, but the CF values are still 

higher than that o f a pure sinusoidal waveform (1.414).
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Figure 5.9: Variation o f  different harmonic voltage components and accumulative

waveforms with supply impedance.
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Figure 5.10: Variation o f different harmonic voltage components and accumulative 

waveforms with background voltage distortion.
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5.4.3 Justification of the Voltage THD Choice on Characterizing the Harmonic 

Source Current Spectrum for Harmonic Analysis

As mentioned before in Chapter 3, the main goal o f the characterization o f harmonic 

source currents is to utilize the obtained relationships for harmonic analysis enhancement 

by taking into account the harmonics attenuation and diversity in the presence of 

distributed harmonic sources. In order to justify the choice o f the voltage THD index for 

this purpose, the response o f system voltage waveform to the ASD current distortion is 

investigated. This is accomplished by applying 10 ASD current waveforms o f the same 

load but with different distortion levels to an equivalent system as shown in Figure 5.11. 

The traditional harmonic analysis is performed for each case to get the voltage at the 

ASD bus in order to determine the system characteristic curves o f the current THD and 

both voltage THD and voltage CF. This is repeated for different magnitudes o f the 

dominantly inductive supply impedance where Zf>Z2 >Zi. The corresponding voltage 

drops are 2.36, 3.15, and 4% respectively with increasing the impedance magnitude.

System impedance 
(Z)

ASD loadVs

Figure 5.11: Equivalent system to investigate the voltage response to the ASD current

distortion.

Figure 5.12 presents the obtained system voltage characteristics for voltage THD and 

voltage CF in addition to the harmonic source characteristics. Figure 5.13 clarifies the 

application o f the proposed iterative method described in the previous chapter to the 

system characteristic with supply impedance Zj. It can be noticed that, although the 

system and harmonic source characteristic curves of the current THD and voltage CF has
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an intersection, this solution point is unstable and the iteration will not converge whatever 

is the initial current THD value. The reason is that the slope o f the system characteristic 

is less than that o f the harmonic source characteristic and, therefore, the criterion required 

for convergence is not satisfied. Moreover, the curves may not have any intersection at 

higher voltage distortion level, i.e., with higher impedance magnitude as shown in Figure 

5.12. Therefore, the use o f the voltage CF can not lead to solution convergence. As for 

the voltage THD, the same conclusions drawn with the PC load can be applied in this 

case. The nature o f the system and harmonic source characteristic curves always makes 

them have an intersection point, which is stable and offers a converged solution.
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Figure 5.12: System voltage response to the ASD current distortion.
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Figure 5.13: Iterative process with voltage CF and THD indices.

The same procedure followed in Chapter 3 to explain the peaked voltage waveform of 

system characteristic with increasing the harmonic source current THD is followed here 

with the ASD load. The instantaneous steady-state ASD voltage waveform is obtained by 

subtracting the voltage drop across the supply impedance from the sinusoidal supply 

voltage. A sample o f the tried ASD current waveforms and the resultant different voltage 

waveforms are shown in Figure 5.14. With increasing the current waveform distortion, 

the depth o f the two humps is increased. Hence, the negative slope o f the current during 

the waveform valley is higher. This part lies so close to the instant o f the supply voltage 

peak. By subtracting the system impedance voltage drop, which is dependent on the 

current slope, the ASD voltage would have higher CF and more distorted waveform with 

increasing the ASD current distortion.
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5.4.4 Attenuation Factor for ASD Loads Based on the Supply Voltage Distortion

With the variation o f the supply impedance and background voltage distortion, the net 

effect is to change the distortion o f the voltage supplied to the ASD load. From the 

comparable results shown in Figure 5.7, a single relationship can be extracted to address 

the variation o f the harmonic current spectrum magnitudes with the voltage THD. The 

attenuation factor, as obtained for the PC load, is derived for the ASD load using the 

simulation results by applying equation (3.2). It gives the ratio o f the magnitude o f the 

harmonic current spectrum at a specified voltage distortion to the magnitude of the 

typical spectrum when the voltage distortion is insignificant. Figure 5.15 shows the 

variation o f the attenuation factor for different harmonic orders reflecting the interaction 

between the drive and system voltage waveform distortion and how the harmonic 

currents are affected.
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Figure 5.15: Attenuation factor variation for ASD harmonic current spectrum magnitudes

with the supply voltage THD.

5.5 Summary and Conclusions

The attenuation and the diversity o f harmonic currents produced from an ASD load were 

explored. The ASD is the most dominantly used three-phase power electronic load in 

industrial systems. It was shown that the harmonic current spectrum of ASD load is not 

constant and changes with the supply voltage waveform. This concept is opposite to the
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traditional harmonic analysis where the ASD load is represented by the typical current 

spectrum determined upon little distortion o f the supply voltage. The results revealed that 

ASD harmonic current spectrum can be characterized by the voltage distortion whether it 

is caused by the supply impedance or by the connection o f other ASD loads in the 

system. Therefore, relationships can be obtained to correlate the harmonic current 

magnitudes and phase angles to the voltage distortion.

Considering the effect o f supply voltage waveform is important for systems 

employing a large number o f ASDs where the system voltage distortion level can be 

significant. A justification was made regarding the choice o f the voltage THD as a 

predictor o f the ASD harmonic current spectrum. This will be embedded in the ASD 

model to conduct harmonic analysis in the next chapter for systems with distributed ASD 

loads using the iterative method proposed in Chapter 4 that takes into account the 

harmonics attenuation and diversity.
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Chapter 6

Application of the Iterative Harmonic Analysis 

Method with Distributed ASD Loads

Based on the encouraging results in Chapter 4 with multiple PC loads, the proposed 

iterative harmonic analysis method has been chosen for ASDs. Different case studies are 

conducted where the ASD harmonic current characteristics obtained in the previous 

chapter are used for the assessment o f harmonic distortion for systems with distributed 

ASD loads. The drawback o f implementing the traditional harmonic analysis method is 

presented showing the ensuing significant error that may appear for systems with 

considerable distortion levels. Time domain simulation is used to verify the iterative 

method and show its merit on providing more accurate and reliable results. Sensitivity 

studies are carried out to investigate the performance o f the method and its 

implementation with some simplifications.

6.1 Introduction

Example systems with distributed harmonic sources are the oil field industrial 

distribution systems where ASDs are extensively used due to their high efficiency and 

flexibility. A typical application would be the operation of pump jacks distributed across 

a field. ASDs are scattered all over the distribution system and their presence contributes 

significantly to the system harmonic distortion level. Consequently, the attenuation and 

the diversity o f the produced harmonic currents are expected to be considerable.

120
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The effects o f cumulative harmonics can result in poor operating performance of the 

drives and other connected loads. They can also damage sensitive electronic equipment 

connected in the system and cause telephone interference. If  harmonics attenuation and 

diversity are ignored by using the typical current spectrum, harmonics related problems 

may be overestimated. Therefore, there is a need to quantify accurately the generated 

harmonics when distributed ASDs are in operation. Unfortunately, little work has been 

done on this subject, and no information was found that specifically dealt with the 

situation encountered in this research work.

In this chapter, the iterative frequency domain based harmonic analysis method 

proposed in Chapter 4 is applied to different distribution systems with a considerable 

number o f ASDs. The results are compared with those obtained from the traditional 

method to show the potential o f harmonic reduction due to the attenuation and diversity 

effects. Time domain simulation is conducted to verify the iterative method. Sensitivity 

studies are carried out to examine different aspects related to the method.

6.2 Case Studies for Distributed ASD Loads

Three 25 kV electrical distribution systems are used as sample systems to explore the 

effect o f the attenuation and diversity of distributed harmonic source currents on the 

system distortion levels. They represent typical oil field distribution systems with 

uniformly disseminated ASD loads across the distribution feeders. The system loads 

consist o f linear and nonlinear kVA. The three feeders have different load levels and 

topologies so that the most common oil field distribution system configurations can be 

considered for the attenuation and diversity study. The ASD loads are operating at the 

480V secondary voltage of the system transformers. The feeder loads are generally 

balanced, therefore, a single-phase system representation is adopted in the harmonic 

analysis. The supply system is modeled with its short circuit impedance at the 25kV side. 

Induction motors are modeled as loads at the fundamental frequency and as short circuit 

impedances at the harmonic frequencies. Line shunts, though small, are included in the
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network representation since they have significant impact on the network harmonic 

frequency responses. The main methodology adopted in this investigation is conducting 

case studies on the representative oil field feeders. The results are then examined using 

time domain simulation in addition to sensitivity studies to determine their general 

applicability.

6.2.1 Goose River Oil Field System

Goose River oil field system is one o f the selected systems located in Northern Alberta 

where distributed ASDs already exist and future load expansion is intended. There are 21 

ASDs installed in the low voltage side o f  the system (480V) in addition to other linear 

loads. 15 o f the ASD transformers are YY connected, while the other six transformers are 

DY connected. This contributes to a partial cancellation o f the 5th and 7th harmonic 

currents. Besides, there are nine capacitors distributed around the system for voltage 

support. Electric power is delivered to load buses mainly by overhead distribution lines at 

25 kV level. The single-line diagram of the system is depicted in Figure 6.1 showing the 

rating o f  different ASDs and linear loads. The ASDs in operation use a diode bridge 

rectifier in the front end in addition to an inductance and a capacitor in the DC link. 

Hence, the ASD current THD is not high due to the presence o f the DC link inductance 

that acts on current smoothing. The system total real and reactive power are 6.3 MW and

2.2 MVAR respectively. It is required to get the system distortion level taking into 

account the attenuation and diversity effects with the operation o f the distributed ASDs.
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Figure 6.1: Single-line diagram of Goose River oil field distribution system.
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6.2.1.1 Calculation Results

The relationships that characterize the variation o f the harmonic current magnitudes and 

phase angles with the voltage THD are determined for each individual drive o f different 

HP rating. In implementing the proposed iterative method, the initial estimate o f the 

system voltage THD is obtained using the typical harmonic current spectrum. Next, the 

current spectrum of each drive is corrected upon the associated supply voltage THD 

using the developed relationships. Subsequently, the harmonic power flow computations 

are performed via the harmonic nodal equations to get the new harmonic voltages and the 

voltage THD is calculated. The whole process is reiterated again and exit from iteration 

occurs when the steady-sate solution o f the system voltage THD is obtained. In this way, 

the interaction between the harmonic current spectra o f the ASD loads and the system 

voltage is considered. The solution is converged within 4 iterations as shown in Figure

6.2 with a convergence criterion o f 0.1% of the maximum absolute difference o f the 

system voltage THD.

Figure 6.3 shows the voltage THD at system buses as well as the current THD 

through system branches. It is clear how the proposed iterative method provides reduced 

system distortion level compared with the traditional method that uses the typical 

harmonic current spectrum. This is due to the consideration o f the attenuation and 

diversity o f ASD injected harmonic currents as a result of the distortion o f the supply 

voltage waveform, which is usually ignored by the traditional harmonic analysis 

programs. Figure 6.4 illustrates the individual harmonic components o f the voltage at 

buses L1701 and L1711 and o f the current through branches L1700-L1701 and L1704- 

L1705. There is a noticeable difference in the results due to the adjustment performed on 

the ASD harmonic currents that in turn affects the resultant system individual harmonic 

voltages and the individual harmonic currents through different branches. In the next 

section, the impact on the harmonic current spectrum o f different drives will be illustrated 

and verified by a time domain simulation program.
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Figure 6.3: System voltage and current THD using the traditional method and the

iterative method.
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Figure 6.4: Individual harmonic voltages and currents using the traditional method and

the iterative method.

6.2.1.2 Time Domain Simulation Results

In order to verify the proposed iterative method, harmonic analysis is performed on the 

Goose River system using a time domain simulation program such as PSCAD/EMTDC. 

This program models the topologies o f the harmonic-producing loads, therefore, the 

attenuation and diversity effects are naturally taken care of. To clarify how the proposed 

frequency domain iterative method could address the harmonics attenuation and 

diversity, the results o f the ASD harmonic current spectra are compared with the time 

domain simulation results. The comparison also includes the results obtained by the 

frequency domain traditional method that employs the typical current spectrum of the 

harmonic source.
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Figures 6.5 presents the individual harmonic current magnitudes in percent of the 

fundamental component for seven ASDs of different ratings (65, 90, 100, 115, 120, 130, 

and 450 HP respectively). Figure 6.6 depicts the individual harmonic current phase 

angles with respect to the corresponding fundamental voltage phase angle for the same 

drives. It can be inferred how the iterative method can give results o f a good consistency 

with those obtained by the time domain simulation. This shows its advantage on 

accommodating the ASD harmonic current magnitudes and phase angles over the 

traditional method in order to account for the harmonics attenuation and diversity.

Figure 6.7 illustrates a comparison o f the ASD supply voltage THD as well as the 

corresponding current THD obtained by different methods. It reveals that the iterative 

method can closely solve the attenuation and diversity problems associated with 

distributed harmonic sources by dealing with the effect o f the supply voltage waveform 

distortion. The figure also emphasizes the fact that the traditional method using the 

typical current spectrum would result in overestimation of the system distortion level.
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Figure 6.5: Comparison o f individual harmonic current magnitudes.
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6.2.1.3 Sensitivity Studies

Different sensitivity studies are conducted to address some approximations. The first one 

is ignoring the impact o f the voltage distortion on the harmonic current phase angles, i.e.,
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excluding the harmonics diversity. Also, the multiplier factors proposed in the case o f the 

PC loads to get an approximate range o f the distortion level without performing the 

complete iterative procedure are investigated. Finally, the results obtained when the same 

harmonic current spectrum characteristic is applied to all drives are presented.

Effect o f  Ignoring the Harmonic Currents Diversity

Figure 6.8 presents the THD o f system bus voltages and branch currents obtained by the 

iterative method with and without considering the harmonic currents diversity introduced 

by the voltage distortion. It can be observed that ignoring the diversity has approximately 

no impact on the results. This is mainly because the voltage distortion at the drive buses 

is less than 7% so that the change of the distributed ASD harmonic current phase angles 

is not considerable.
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o
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Figure 6.8: System voltage and current THD to show the impact o f ignoring the harmonic

currents diversity.

Summary o f  the Individual Harmonic Results

The results obtained by the traditional method, complete iterative method, and 

approximate iterative method that ignores the harmonics diversity are summarized in 

Figure 6.9. The results are for individual harmonic voltages at different buses and 

individual harmonic currents through different branches as well as injected harmonic 

currents from two drives at different locations. The figure shows that the implementation
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of the traditional method that uses the typical harmonic current spectrum overestimates 

the individual harmonic distortion. It can also be seen that ignoring the diversity effect 

does not have pronounced impact on the results since the system distortion level is not 

that severe.
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A Simplified Wav to Estimate System Distortion Level

As mentioned before in the PC load case studies, two multiplier factors “M F ” and 

were proposed using equations (4.10) and (4.11) to give an approximate distortion 

level by knowing the initial result obtained using the typical current spectrum and the 

result o f the first iteration. This simplification provides a preliminary range of system 

distortion, then more precise result can be obtained using the iterative method when 

needed. Figure 6.10 presents the relationships between the different multiplier factors and 

system voltage THD and harmonic source current THD.

The results show that the values o f MF2 are in the range o f 0.8 to 1, which is 

different from the range in the case o f the PC loads. This is mainly due to the difference 

in system characteristic and distortion level, which affects the relative value o f the 

converged solution to the typical solution obtained by the traditional method. However, 

the results o f the MF] are in the range o f 0.45 to 0.5, i.e., comply with the results obtained 

in the case o f the PC loads. Accordingly, a value of 0.5 for the first multiplier factor can 

be adopted to give acceptable results. Consequently, approximate distortion level can be 

obtained in a simplified way when the attenuation factor at different distortion levels is 

attainable using the attenuation factor graph shown in Figure 5.15 for ASD loads to 

modify the harmonic currents for only one iteration. This is helpful for engineers who are 

interested in conducting harmonic analysis considering the voltage distortion effect 

without resorting to the complete iterative algorithm where the traditional harmonic 

analysis software programs can still be used for this purpose.
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Figure 6.10: Different multiplier factors for voltage and current THD 

(Goose River oil field system).

Calculation Results when Apylvine the Same Harmonic Current Spectrum to All Drives

Goose River system has 21 ASDs o f the following ratings: 65, 82, 90, 100, 110, 115, 120, 

130, and 450 HP. Most o f the drives are o f comparable sizes between 90 and 150 HP. 

Therefore, when implementing the iterative method for harmonic analysis, the 

relationships o f the harmonic current spectrum of 150 HP ASD with the voltage THD can 

be adopted and applied to all other drives. Figures 6.11 and 6.12 show the resultant 

individual harmonic current magnitudes o f the spectrum in percent o f the fundamental 

component and the individual harmonic current phase angles with respect to the 

fundamental voltage phase angle for five drives o f the considered rating (150 HP). The 

figures indicate that applying the same harmonic current spectrum characteristic to all 

drives would give comparable results to the time domain simulation results.

This shows that assuming the same spectrum characteristic is permissible in the case 

under study and can be applied in similar cases. The main reason is that there is no much
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discrepancy among the harmonic current characteristics for different drives due to the 

similarity in circuit topologies. Consequently, less effort and time are needed to develop 

the relationships that correlate the harmonic current spectrum for each drive with the 

supply voltage THD in order to conduct the iterative harmonic analysis method. On the 

other side, using the traditional method gives inaccurate results due to neglecting the 

distortion impact o f the supply voltage waveform.

Figure 6.13 illustrates a comparison of the resultant ASD supply voltage THD as 

well as the corresponding current THD when each individual drive implements its own 

harmonic current spectrum characteristic and when all drives use the same spectrum 

characteristic o f 150 HP drive. It can be confirmed that using the same spectrum 

produces acceptable voltage distortion levels due to the same circuit topology for all 

ASDs.
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Figure 6.11: Individual harmonic current magnitudes (same spectrum case).
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Figure 6.13: Comparison of the ASD supply voltage and current distortion levels when 

applying the same harmonic current spectrum characteristic to all drives.
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6.2.2 Oil Field Systems F501 and F502

Systems F501 and F502 are typical oil field distribution systems in Alberta. They employ 

a large number o f ASD loads, therefore, the distortion level is expected to be significant. 

Consequently, the attenuation and the diversity o f harmonic currents will be more 

pronounced than those in the Goose River system. A 5% reactive impedance is assumed 

for all drive transformers. The transformer connections are either YY or DY randomly 

distributed across the feeders. The harmonic distortion is mainly due to the 11th and 13th 

harmonics since the 5th and 7th harmonics are partially cancelled out in the systems due 

to the mixed transformer connection scheme. Figure 6.14 shows the single-line diagram 

of the oil field systems. The main parameters o f both system feeders are summarized in 

Table 6.1.

Source

system F501

Source

system F502 25kV

480V

\  regular I  I A djustable /
\  loads s Peed /

Figure 6.14: Single-line diagram of the oil field distribution systems F501 and F502.
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Table 6.1: Technical information o f the oil field feeders

Technical Information F501 F502

Total real load (MW) 9.8 6.5

Total reactive load (MVAR) 4.2 2.1

Feeder length (mile) 28 25

Number o f adjustable speed drives 67 51

Total size o f harmonic-producing load (MW) 4.8 4.7

6.2.2.1 Damping Factor for Solution Convergence

When performing the iterative harmonic analysis method on these example systems, the 

solution is found oscillating between two values with no convergence. The reason is that 

the positive slope o f system characteristic o f voltage THD and current THD is 

approximately equal to the negative slope o f the harmonic source characteristic. In order 

to overcome this problem, a modification should be performed on the iterative procedure. 

This is achieved by inserting a damping factor (DM) to slow down the transition step in 

determining the voltage THD at harmonic source buses in each iteration. The obtained 

voltage THD in the z'-th iteration is, therefore, modified according to the following 

equation:

VTHDmod,. = VTHD mod,.., + D M  x (VTHD,. -  VTHDmod,._, ), z *  1 (6.1)

where VTHDj is the voltage distortion calculated in the z'-th iteration after getting the 

system harmonic voltages using the harmonic admittance matrices and the adjusted 

injected harmonic current spectra o f the drives. VTHDmodj.i is the voltage distortion 

modified in the (z'-f)-th iteration and then used in the z'-th iteration to adjust the associated 

drive harmonic current spectrum. The modified voltage distortion for the first iteration is 

the initial value obtained using the typical current spectrum. The criterion o f convergence 

in this case is applied to the maximum absolute difference between VTHDj and 

VTHDmodj.i at all buses. It is clear that if  the damping factor is equal unity, the method
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reverts to the normal iterative one. In the concerned study, a damping factor o f 0.55 is 

chosen and the convergence criterion is set at 0.1%.

Figure 6.15 shows the process o f implementing the iterative method with and 

without using the damping factor. The system and harmonic source characteristics are 

obtained at one o f ASDs distributed across system F502. The solution oscillation is clear 

when the damping factor is not used. On the other side, with using the damping factor, 

the iteration converges reaching to the solution point.
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No convergence
30

Q
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c
£
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20

o
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Figure 6.15: Iterative process with and without using the damping factor.
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6.2.2.2 Calculation Results

The calculation results o f the distortion o f bus voltages and branch currents using the 

traditional method and the iterative method are shown in Figure 6.16 for both systems. 

Evidently, it can be inferred how the attenuation and diversity effects have substantial 

contribution to the reduction o f the resultant distortion compared with the use o f the 

typical spectrum. This reveals the importance o f considering the voltage distortion 

influence on the injected harmonic currents. The impact can be significant with the 

increase in the number o f distributed harmonic sources and the subsequent high distortion 

level across the system.
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Figure 6.16: Results o f voltage and current THD using the traditional method and the

iterative method.
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6.2.2.3 Sensitivity Studies

The same sensitivity studies considered for the Goose River system are performed on 

systems F501 and F502. In addition, the effect o f applying different damping factors on 

the solution convergence speed is investigated in order to determine the most appropriate 

damping factor range.

Effect o f  Ignoring the Harmonic Currents Diversity

Figure 6.17 shows that implementing the iterative method without considering the 

diversity effect provides conservative voltage distortion results at most buses. The 

average o f the absolute difference o f voltage distortion with respect to the complete 

iterative method at all buses is 25.98% and 15.45% for systems F501 and F502 

respectively. The conservative voltage distortion at the ASD buses causes the injected 

harmonic current distortion have more reduction due to the increase in harmonics 

attenuation, therefore, the distortion o f most branch currents becomes lower. The average 

o f the absolute difference of current distortion through all branches with respect to the 

complete iterative method is 11.7% and 6.18% for systems F501 and F502 respectively. 

The results o f both systems in addition to the results o f the Goose River system show 

how the attenuation effect is a substantial factor that should be considered to account for 

the reduction o f the distortion level with distributed harmonic sources. The diversity 

provides an additional amount o f harmonic cancellation. The significance o f this amount 

depends on the resultant voltage distortion level.
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Figure 6.17: Results o f voltage and current THD to show the impact o f ignoring the

harmonic currents diversity.

A Simplified Wav to Estimate System Distortion Level

The typical current spectrum of the harmonic sources in the considered systems produces 

high voltage distortion level. This level exceeds the maximum limit in the harmonic 

source characteristic curves. Due to this reason combined with the implementation of the 

damping factor to perform the iterative method, the first iteration solution can not be 

determined directly from the typical one. Therefore, the MFi defined in equation (4.10) is 

not considered for these two systems. Figure 6.18 shows the results o f the MF2 obtained 

using equation (4.11). It can be seen that the MF2  values for voltage THD are 

concentrated in the range of 0.35 to 0.55 and in the range of 0.6 to 1 for harmonic source 

current THD. This highly depends on system characteristics where the results are
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different from those obtained for the PC and Goose River systems. The obvious 

discrepancy among the multiplier factor results for current THD of the harmonic sources 

is due to the considerable difference between the individual supply voltage THD. This 

shows that the MF2 is not the proper factor to be considered to get approximate results. 

On the other side, the MF; can be reasonably chosen for this purpose for systems with 

moderate distortion level as in the PC and Goose River systems or when the characteristic 

curves cover the voltage THD up to the typical results.
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Figure 6.18: Different multiplier factors for voltage and current THD 

(systems F501 and F502).

Effect o f  Damping Factor on the Speed o f  Solution Convereence

The effect o f the damping factor used in equation (6.1) during the iterative process is 

investigated to show the consequence on the convergence speed. This would provide the 

most effective range that gives faster converged solution for systems with high distortion 

level if  solution oscillation or divergence occurs. Different damping factors are assumed
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in the range o f 0.2 to 0.7 with an increment o f 0.05 and the harmonic analysis is 

performed using the complete iterative method and the approximate one that ignores the 

harmonics diversity. Figure 6.19 depicts that a damping factor range from 0.4 to 0.65 

gives the lowest number o f iterations for both systems. When the damping factor 

approaches unity or zero, the number o f iterations required for convergence might 

increase significantly. A lower number of iterations is generally needed with ignoring the 

harmonics diversity. According to the obtained results, a damping factor o f 0.55 was 

adopted in the harmonic analysis conducted for both systems.
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Figure 6.19: Effect o f damping factor on the speed of solution convergence.

Summary o f  the Results

The results are summarized and expressed in terms o f the maximum and the average of 

the individual and total harmonic distortion of system bus voltages and branch currents as 

shown in Figure 6.20. It can be emphasized that using the traditional method that 

employs the typical harmonic current spectrum would significantly overestimate the 

distortion level compared with the iterative method. This clearly happens due to ignoring 

the harmonics attenuation and diversity that occur as a result o f the system high voltage 

distortion associated with the operation o f  a considerable number o f ASDs.

Ignoring the harmonics diversity when implementing the iterative method gives 

conservative voltage distortion results. This reflects the pronounced diversity among the 

harmonic source current phase angles for systems with high distortion level. In other
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words, the adjustment o f harmonic current phase angles without considering the voltage 

distortion effect includes only a limited diversity action and can not account for the whole 

diversity impact which is adopted by the complete iterative method. Considering the 

voltage distortion effect contributes to the harmonic current cancellation and 

consequently to the reduction in system voltage distortion level.
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Figure 6.20: Summary o f the system bus voltage and branch current distortion results.

6.3 Summary and Conclusions

The majority o f industrial distribution systems in recent years is equipped with 

distributed harmonic sources and, therefore, yields considerable harmonic distortion 

levels. This entails applying harmonic analysis method that can consider the influence of 

the supply voltage waveform so that the harmonics attenuation and diversity can be taken
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into account. The iterative harmonic analysis method proposed in Chapter 4 has been 

applied to different case studies with distributed ASD loads. With such systems, the 

distortion level provided by the iterative method was appreciably less than what obtained 

using the traditional method. The results were verified by time domain simulation to 

show the benefits gained by the iterative method on dealing with the attenuation and 

diversity o f the harmonic currents.

It was found that the diversity effect for systems with considerable distortion levels 

could be significant to provide more reduction to the system distortion on top of the 

significant reduction amount that was already realized by the harmonics attenuation. As a 

result, ignoring any o f the attenuation or the diversity effects can lead to conservative 

results. The multiplier factors defined in Chapter 4 were used with ASD loads to get an 

approximate range for system distortion level by implementing the traditional method 

with one iteration for the harmonic source current adjustment. A damping factor was 

introduced to narrow the variation o f the voltage THD between successive iterations to 

overcome solution oscillation or divergence, which might occur while implementing the 

iterative method.
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Chapter 7

Probabilistic Evaluation of Harmonics with 

Randomly Varying Nonlinear Loads

In this chapter, a probabilistic method is presented for the assessment o f harmonic levels 

in distribution systems with distributed randomly varying nonlinear loads such as 

adjustable speed drives (ASDs). The drive loading impact on the produced harmonic 

current magnitudes and phase angles is illustrated. Accordingly, a probabilistic ASD 

model is developed to determine the statistical parameters o f the injected harmonic 

current as a result o f the randomness in the drive loading level. Then, the application of 

the bivariate normal distribution (BND) model using the Central Limit Theorem is 

discussed to get analytically the probability density functions (pdfs) o f the magnitude of 

system harmonic voltages and currents. Monte Carlo simulation is performed to justify 

the analytical method.

7.1 Introduction

In practice, it has been recognized that power system harmonic voltages and currents can 

be randomly varying due to stochastic changes in operating mode o f nonlinear loads such 

as electric arc furnaces and ASDs [35]. Consequently, deterministic harmonic analysis 

would lead to overdesign and excessive costs since it ignores the variability o f the 

harmonic-producing load operating conditions that cause changes in the harmonic 

currents injected by these loads into the utility network [36]. Any random variations in

145
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the harmonic injection are therefore not reflected in the harmonic current flows and 

resulting harmonic voltages which depend on the collective effect o f harmonic sources. 

Depending on the degree o f randomness, a large amount o f vectorial cancellation is 

possible. The total harmonic current magnitude can be significantly less than the 

geometric sum o f the random harmonic phasors [40]. Therefore, probabilistic techniques 

for harmonic analysis are more suitable to get realistic prediction o f harmonic levels 

taking into account the random variation of harmonic current injection and propagation. 

Such an analysis would calculate harmonic voltages and currents based not simply on the 

expected average or maximum values, but would also obtain the complete spectrum of all 

probable values together with their respective probabilities [36].

This chapter presents a probabilistic analytical solution for predicting the resultant 

harmonic levels in a distribution system employing distributed ASDs o f varying load. 

Such a system presents a potential problem in the form of excessive harmonic voltages 

and currents. The study deals with the harmonic currents generated due to the random 

variation o f the loading level o f the drives. Therefore, the drive loading level can be 

considered randomly varying to accommodate this variation.

The problem is stochastically formulated in order to reflect the randomness in the 

loading level o f the individual ASDs. A probabilistic model for ASD load is used to 

account for the discrepancy in the injected harmonic current magnitudes and phase angles 

among different drives as a result o f loading level variation. By utilizing the summation 

technique o f randomly varying harmonic vectors presented in Chapter 2, in conjunction 

with harmonic power flow, an analytical expression of the pdfs o f system bus harmonic 

voltages and branch harmonic currents can be obtained. The BND method is applied with 

the assumption o f the presence o f enough number o f independent harmonic sources in a 

system. To assess the validity o f the analytical method, a comparative study between the 

method and Monte Carlo simulation is carried out.
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7.2 Variation of ASD Input Harmonic Currents with Loading Level

The problem of forecasting o f harmonic levels in networks supplying many randomly 

varying ASD loads requires investigating the variation of the harmonic current injected 

from individual drives under different loading levels. PSCAD time domain simulation 

program is used for this purpose considering the drives employed in the Goose River 

distribution system described in Chapter 6. The input current o f the individual drives has 

a typical normal distortion waveform type at full load condition.

Figure 7.1 shows the change o f the input current waveform with loading level for 

150 HP ASD. It can be inferred that as the drive loading increases the distortion of the 

current waveform becomes lower. Figure 7.2 illustrates how the associated current THD 

changes with the loading level. The considerable variation reveals the meaningful effect 

o f ASD loading on the generated harmonic current distortion. Figure 7.3 depicts the 

corresponding variation o f the individual harmonic current magnitudes and phase angles. 

It can be shown clearly how they are sensitive to the drive loading level.

As found in Chapter 6, the voltage distortion level for all drives in the Goose River 

system is less than 7%. Therefore, the effect o f supply voltage distortion on the ASD 

harmonic currents can be considered o f a secondary concern and the harmonic currents 

are assumed independent o f the voltage waveform. Consequently, the harmonics 

attenuation and diversity are ignored and the loading level can be satisfactorily assumed 

as the main key factor upon which the ASD harmonic currents are determined in the 

proposed probabilistic study.
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7.3 Probabilistic ASD Model for Harmonics Assessment

The results o f the change o f ASD harmonic current magnitudes and phase angles with 

loading level constitute the basis to perform probabilistic harmonic analysis to account 

for the random loading variation o f ASDs. The Goose River distribution system, with 21 

ASDs distributed across the system feeder, is considered to apply the probabilistic study. 

The analysis begins by characterizing the harmonic currents for each individual drive 

with loading level. This would account for the discrepancy among the individual 

harmonic current magnitudes and phase angles o f the drives when operating with random 

loading. Therefore, a more realistic collective effect o f the harmonics can be obtained.
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7.3.1 Determination of Statistical Parameters of ASD Harmonic Currents

By considering the ASD loading level as the concerned random variable, the injected 

harmonic currents at drive buses are also random and their statistical parameters can be 

obtained. The probabilistic harmonic analysis utilizes these parameters for the individual 

drives to provide the pdfs o f the system bus harmonic voltages and branch harmonic 

currents. Accordingly, the non-exceeding probability o f a specified value o f harmonic 

voltage or current can be determined. The following assumptions will be made in 

conducting the probabilistic study:

• The ASD loads vary independently from each other. This implies that the harmonic 

current vectors injected from each individual drive are independent variables. This 

assumption eases the mathematical formulation o f the sum o f random vectors and can 

be reasonably applied with enough number o f distributed harmonic sources 

[32,35,38,39,40,48]. Hence, it can be adopted in the case under study where 21 drives 

are considered.

• The variation o f the harmonic current spectrum with the loading level for each drive 

is known where the loading is considered as the random variable with uniform 

distribution. The uniform distribution is reported as an acceptable approximation for 

most probabilistic studies [32,38,47]. Besides, with a considerable number of 

harmonic vectors, the resultant summation approaches normal pdf by virtue o f the 

Central Limit Theorem irrespective o f the pdf o f the individual components.

• The configurations o f the distribution lines as well as the linear loads are assumed to 

be non-varying.

• The distribution system is assumed balanced, consequently limiting the analysis to the 

equivalent single-phase case.

Extractins the Real and Im asinarv Components o f  the Individual Harmonic Currents

1) The variation o f the individual harmonic current magnitudes (//,) and phase angles

( fh) for each ASD with loading level is determined.
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2) The harmonic currents are decomposed into their real and imaginary components 

(1,-hJy-h) as follows:

Jx-h = h  c°s </>h, I  y_h = I h sin <t>h (7.1)

The following analysis applies to harmonics o f any order h, consequently, the 

subscript h is left out in all symbols to simplify notation.

3) Mathematical relationships between the loading level and the rectangular harmonic 

current components can be obtained by interpolating their graphs by polynomial 

curves. Thus, the x  and y  current components for each harmonic order in Amps for 

the z'-th ASD can be expressed as a function o f the drive percentage loading level “p ” 

via the following equations:

Ii-X = gi-x(p) = C5ixp 5 + C4ixp 4 + C3ixp 3 + C2!xp 2 + Clixp  + C0ix (7.2)

h - y  = g ^ , ( P )  = C5iyp 5 + C4iyp 4 + c 3. p 3 + C2)>p 2 + CUyP + C0(> (7.3)

The polynomial is chosen o f the 5th order since the obtained least square error is 

minimum with this order and the corresponding values represent well the original curves 

without any need to increase the order to get improved values.

Harmonics above the 25th order are ignored in the study since their magnitudes are 

not considerable. Figures 7.4 and 7.5 show the relationships between the real and 

imaginary parts o f the individual harmonic currents and the loading level for 150 HP 

ASD. The figures present the values obtained from the drive simulation and those 

obtained by curve fitting according to equations (7.2) and (7.3).

It can be shown that the resolved x  and y  harmonic current components are entirely 

determined by the loading level. This feature allows the deterministic ASD model to be 

easily extended to a probabilistic model by considering the loading level as a random 

variable. Therefore, the x  and y  harmonic current components become functions o f the 

loading level and are also random variables.
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Computing Harm onic Current Statistics o f  ASDs

With the assumption that the randomness o f the loading variation o f the z'-th ASD is 

subjected to a uniform distribution between two limits and p i - m a x ,  the probability 

density function o f the loading f .  (p ) can be written as:

/ , «  = ---------1 = t ~ <7-4)
Pi-max -  Pz-min APi

The statistical parameters o f the x  and y  harmonic components o f the z-th ASD load 

current can be obtained as follows:

• Mean of Ii.x component:

P i- m a x  1 P i -  max

E ( f - X )  =  M i , . ,  =  l J i - x  f i  ( P ) d P  =  T —  U t - x  ( P ) d P  ( 7 - 5 )

P i -m in  P , - m

Mean o f f.y  component:

P i - m a x  1 P i -m ax

E ( f - y )  =  M l , . y  =  \ l i - y  f i  ( P ) d P  =  T  J  S . ' - ,  i P ) d P  ( 7 - 6 )

P i - m in  P  i  P i - m in

Variance o f component:

P i -m a x  
' r 2

P i -m in

1
. ] g l x ( P ) d P ~ M l  x

A p t  A - m i n

Variance o f I}.y component:

<x,-, = E ( l l y) - E \ l i_y) = \ l l y f i  {p)dp — E 2 (Ii_y )

-m a x

1 g ly (P )d p -M l_
1  P i -m a x

P i- m a x

- y )  =

P i -m in

. 2

A P i  P i n

(1.1)

(7.8)
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Correlation coefficient of/,_x and Iuy components is given by:

(7.9)

where

P i- r a x n  1 P i -m a x

E ( I i - x I i - y )  =  \ h - J i - y  f i ( P ) d P  =  \ g i J P )  g i - y ( P ) d p (7.10)

Equations (7.5) to (7.10) give the mean values, variances, and correlation coefficient of 

the resolved harmonic current components, /,_x and generated by each individual

7.3.2 Probabilistic Bus Harmonic Voltages

Most studies in the area o f probabilistic modeling o f harmonics primarily focused on the 

summation o f harmonic currents at one point [38,46,47]. However, harmonic sources are 

virtually distributed across the entire system distribution feeder. Few publications dealt 

with such a situation where the statistical parameters of harmonic voltages can be 

handled in a way similar to that in which the harmonic sources are assumed to be 

concentrated at a point o f summation [39,40].

Previous research work has shown that for a sufficiently large number of 

independent and random nonlinear loads connected to a bus, the resolved rectangular 

components o f the total h-th harmonic current phasor injected into that bus would have a 

jointly normal probability density function (jpdf). This is irrespective o f the random 

behavior o f the individual loads. In addition, if  enough nonlinear loads are distributed 

throughout a power network, the rectangular components o f the system harmonic 

voltages approach jointly normal pdfs regardless the random characteristic o f the loads. 

With knowledge of only the marginal means, marginal variances, and correlation 

coefficient o f the rectangular components o f each injected harmonic current phasor, the 

statistical parameters o f the rectangular components, first and second order joint

ASD.
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moments, o f the harmonic voltages can be analytically determined [40,45]. These 

moments define the random behavior o f the system harmonic voltages in terms of the 

joint pdfs o f the rectangular components. Therefore, the probabilistic harmonic voltage 

magnitude at system buses can be obtained irrespective o f the joint pdfs o f the 

rectangular components o f each individual harmonic current.

Having harmonic sources distributed within the network, the system bus voltages for 

each harmonic order arising out o f the harmonic current sources can be determined by the 

nodal equations in matrix form as follows:

(7.11)

where [Z] is the system bus impedance matrix and [V\ and [7] are vectors o f random 

system bus harmonic voltage phasors and injected harmonic current phasors.

For a power network with m buses, expanding the above matrix equation yields:

Vw 7 12 ■ ^  .

1
E

N

v 2 Z 21 Z 22 V 2k • v,2m

■ 
 ̂

■

=
^£2 • Z kk ■ • z km

\
■ 

^
i V m\ Vm2 ■ Vmk

(7.12)

where Ik is the harmonic current injected at bus k  and Vk is the harmonic voltage at that 

bus. The impedance Z& is the transfer impedance between buses k  and i (k  * i) or the 

driving point impedance at bus k (k = i). With the presence o f N  harmonic sources, there 

will only be N  nonzero terms to form the harmonic voltage at each bus. The harmonic 

voltage at bus k  due to TV harmonic sources is expressed as:

Vk ~ Z klI x + Z k2I 2 + ..... + Z kkI k + ......+ Z kNI N = Vki + Vk2 + ..... Vkk + ..... + VkN (7.13)
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With the assumption o f independent harmonic sources, the harmonic voltage is a 

sum of weighted independent harmonic currents. The pdf o f each voltage component is 

equal to the pdf o f the corresponding current but scaled in magnitude and phase 

according to its transfer impedance. In this way, the probabilistic evaluation o f the 

harmonic voltage F* can be reduced to the study o f the statistical properties o f the 

resultant sum of many random vectors. Equation (7.13) can be rewritten in the following 

rectangular form:

Computing Harmonic Voltage Statistics

The contents o f the x  and y  harmonic voltage components at bus k  due to the harmonic 

current produced by the z-th ASD can be expressed as follows:

where Ru and Xki are the resistance and reactance o f Z&.

With the random variation o f the ASD loading level, the statistical parameters o f the 

harmonic current rectangular components (/,.*, Iuy) can be determined as shown in the 

previous subsection. Accordingly, the means, variances, and correlation coefficient o f the 

harmonic voltage components (Vi.x, Vuy) can be calculated based on those of the 

corresponding current rectangular components using the following equations:

• Mean o f Vki-X component:

N N

i-\ i=l

(7.15)

(7.16)

(7.17)

• Mean o f Vki-y component:

(7 .18)
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• Variance o f VkixK component:

= E (VL ) ~ E 2(Vki_x) = E( RkiI i_x - { R ut i t_x - X kiMi_y ) 2 = 

R I E V D  + X l E ( l l y ) - I K X ^ i l ^ I ^ ) - { R 2kiH l x + X 2kiju 2_y - 2 R kiX kiMi_x 

Rki W ?-x) -  M l , ) +  X l (.E ( l l y ) -  jul_y) -  2RkiX ki m , . xI t. y ) -  / v ,  M i , . y  )

Therefore, we can get the following:

= R ki°'l-x + X 2kio-2fi ) -  2RkiX kip lj L  ̂<jj <jli y

• Variance o f Vu-y component:

= - ( X m -. + x m - N  =

X 2tlE ( l l , )  + R l E ( I l , )  + l R uX llE ( I , . J , . r ) - tX l , i i l - x + « I mI ,  +

X l  m l , ) -  M l , ) + R l  m l ,  ) ~ A J *  2  v ,

So, we obtain the following:

= * > 1 ,  + R l ° L +2R

Correlation coefficient o f Ft,.* and components is calculated as follows:

™ W ki-x, Vki-y)
PvU-Nkt-y

V u .

where

cov(Vki_x, VH_y ) = E(Vki_x Vki_y ) — Hvkl_x Mvki_y ~

E\(RkJ i -x ~ X kiI i_y) ( X kiI i_x + RkJi-y )] — i RkiNii x ~ X kiNii y ) ( X kif t Ii_x + RkiMii_y ) 

E[RkiX ki(lf_x - l l y ) + { R l - X D l ^ I ^ - R . X , ^

RkiX ki[E(lf_x -  lf_y ) -  (jul_x -  r f  )] + ( R *  -  X l ) -  Hh_xM , t_y ]

Therefore, the covariance o f Vu-x and Vu-y can be obtained by:

cov(Vki~x ,  )  =  RkiXki ( < ,  -  a 2 )  +  ( R 2ki -  X 2ki ) p  < 7
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Mi-  =• lX-y
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It can be shown from equation (7.14) that the resultant a ; and y  harmonic voltage 

components are a sum of independent and random variables provided the harmonic 

currents are independent. Thus, the statistical parameters o f the resultant rectangular 

components o f the harmonic voltage at bus k  ( Vk.x, V/c-y) can be obtained using the 

following relationships:

Mrt„x HMvu_x ’ Mvk_s > (7.23)
f = l  1=1

a rt„x ~ 'Z crv^x > a vk_y ~ 'Z crvkl̂  (7.24)1= 1 1=1

In addition, the covariance o f the two sums V^x and Vt-y is equal to the sum of the 

covariances o f the corresponding components Vu-x and Vtd-y as follows:

oov(V,_„Vt_y ) = tcov(V „_x,V„_r ) (7.25)
1=1

Hence, the correlation coefficient o f Vk-X and Vk-y is given by:

IS
k i - y  k i - x  y k i - yp  = - . v t -x, . K. y, = M   {726)

In case when the number of independent random harmonic vectors N  is sufficiently 

large, the bivariate normal distribution (BND) model can be applied. By virtue o f the 

Central Limit Theorem, the sums of the rectangular components o f the harmonic voltage 

will follow a normal distribution irrespective o f the nature o f the pdfs o f the individual x  

and y  components. Therefore, the pdfs o f resultant rectangular components (Vk-X, Vk-y) can 

be given by:

(vt-,-nvk_x )2 (Vk-y-nVk_y?
*Vfc_  V k - y

f ( K - , )  = £------- 7 ^ .   J = -  (7.27)
<JV "\2,7V Cf v "sj 27V

y k - x  Vk - y
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Moreover, the resultant rectangular components are approximately jointly normal with a 

joint normal pdf as follows:

n
2(l~Pvk-xvk-y)

= --------5-------- r —  . 0 2 %)
k-x̂ k-y

where r\ can be defined as follows [18,40,41]:

„  _  Wk-x ~  / y ,  f  ^Pvk-A-y (Vk-x ~  Hvk_„ Wk-y -  Mrk, y )  | (Vk-y ~ / y , ) 2 {129)

a vk_x <JVk_s (7 Vk_y <?Vk_y

From the aforementioned, it can be inferred that the five statistical parameters that 

identify the joint pdf o f the harmonic voltage rectangular components are determined by 

the corresponding parameters o f the harmonic current rectangular components o f each 

ASD load.

Calculation o f  the Probability Density Function o f  the Harmonic Voltage Magnitude

In order to assess the pdf o f the harmonic voltage magnitude, the joint pdf is transformed 

into the polar form by expressing the harmonic voltage rectangular components through

the corresponding magnitude “ F ’ and phase angle “ <9”, where Vk_x = V co s0  and

Vk_y = V sin 0 .  The pdf o f the harmonic voltage phasor magnitude can be given by:

In
p d f  (F) = ] f{V co s0 ,V sin 0 )V d 0  (7.30)

o

This integration can be solved numerically for the evaluation o f the probability density 

function. The cumulative distribution function (cdf) can be obtained by integrating the 

voltage magnitude pdf as follows:

c d f{V )= \p d f{V )d V  (7.31)
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The cdf o f a random variable indicates the probability that the variable is less than or 

equal to a given value such as the 50% or 95% non-exceeding probability.

7.3.3 Probabilistic Branch Harmonic Currents

Due to the random characteristic o f the system bus harmonic voltages, the branch 

harmonic currents are also randomly varying. The harmonic current flowing from bus i to 

bus k  is give by:

where and Xj_* are the resistance and reactance components o f the harmonic

(7.32)

impedance o f link between buses i and k. The x  andy components o f the branch harmonic 

current can be obtained as follows:

(7.33)

(7.34)

• Mean of I ^ - x  component:

2 2
1

• Mean of I(i-k)-y component:

1
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The derivations to get the variances o f the x  and y  harmonic current components and their 

correlation coefficient are included in Appendix B and the results are given as follows:

• Variance o f Ia-kyx component:

cr
(f'-* + Xlk I'

ri-k (P V *  + a vk„x ) +  x i-k (a v, + a vk_y )

2ri-kPv,-_'  ^ V i - x V k - x  a n - x  a r k - x  2 X i ~ k  P v i - y V k - y  a V i_ y  G v k _ y  +

y ' 

y y k - y

2 ri-kx i-k
' PVi-xVi-y GV̂ x a Vi_y +  Pvk-Xvk.y a vk^x &Vk_ ^

PVj.xV^y^Vi.x^Vk.y ~PVk_xVi_ a
V

y Vk_x

Variance o f lykj-y component:

Hi-k)-
f c  + x f - k ) 2

r l k  +  a vk- y  )  +  x f-k  ( a Vi_x +  a vk- x ) 'l-x
2

2ri-k PVi-yV^y a Vi-y ̂ V^y 2X >~k PVj. xV k -
& y. & y( ri-x Yk-x

2ri-kXi-k
'  PVi-yVi-^Vi-y^Vi-X + Pvk-yVk-x^Vk-y^Vk-x 

PVi-yVk-x ° V  a Vk-x ~ PVk-yVi-x a Vk-y °K-x

(7.37)

(7.38)

Correlation coefficient o f I(i-k)-x and I(i-k)-y components:

cov(V*)-*’V *)^) (7.39)

where

c o  v(r(l.khx,i^ khy) =

( PVi-XVl-y aVi-X aV,-y +  Pvk-XVk-y ̂ k-X ̂ k-y 

kPŷ xVk-ŷ Vi-̂ Vk-y ~ PVk-xVt-ŷ Vk-x̂ Vl-y

+ ° V k - y  ~ 2 P v , - y V k - y <JV : - y (7 V k - y ^ ~ ^ 0 V ,- x  +  ° V k - x  ^ P ^ k - X ^ i-^°i'k̂ ) )

irlk-xlk) (7.40)

Calculating the variances and the correlation coefficient of the x  and y  branch harmonic 

current components implies the determination o f the variances and a combination of 

correlation coefficients o f the x  and y  harmonic voltage components. The correlation 

coefficient o f the x  and y  harmonic voltage components at the same bus (i or k) can be
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determined via equation (7.26). The correlation coefficients of the other different 

harmonic voltage components can be obtained according to the derivations shown in 

Appendix B.

Since the x and y  harmonic voltage components at system buses approach normal 

pdfs, the x and y  components o f branch harmonic currents also approach normal pdfs 

which are given by:

Vji-kyx Ml(i_kyx)
2(7̂

a ,  f l i t

C ( i - k ) - y  M l ( i_ k y y ) 

,22(7

/ ( W , ) a , f i x
h i - k ) - y  V

(7.41)

The resultant rectangular components are approximately jointly normal with the 

following joint normal pdf:

(i-k)-x’ (i-k)-y J r 2
2 7 T (Jr <7j J \ ~  p ,  ,

* ( i - k ) - x  ' ( i - k ) - y  y  '  * ( i - k ) - x * { i - k ) - y

(7.42)

where X=^1(î yx Hfc)-P , ^H-kVy My-k^
at

*(i-k)-x
CTj <7j

J(i -k ) -x  k i - k h y (i - k ) - y

(7.43)

By expressing the harmonic current rectangular components through the 

corresponding magnitude “ I  ” and phase angle “ f  ”, the pdf o f the branch harmonic 

current magnitude can be given by:

In
p d f  ( /)  = \ f  (I  cos /  sin f)Id^> (7.44)

where I (i_k)_x = /  cos0  and = /  s in^.

The cumulative distribution function (cdf) can be obtained as follows:

cd f(I)  = \p d f( l ) d l (7.45)
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Summary o f  the Main Procedure Required for Performing Probabilistic Harmonic 

Analysis

The main procedure for performing probabilistic harmonic analysis for systems with 

distributed random harmonic sources can be summarized as follows:

1) Determine the random variable that dominantly affects the harmonic source currents.

2) From the harmonic source deterministic model, the variation o f harmonic current 

magnitudes and phase angle with the considered random variable should be obtained. 

Then, the relationships between the random variable and the real and imaginary 

harmonic current components can be developed.

3) Identify the pdf nature o f the random variable. It is worth mentioning that uniform 

distribution is widely used as an acceptable approximation for most probabilistic 

studies.

4) Get the statistical parameters o f the rectangular harmonic current components 

produced from different harmonic sources using steps 2 and 3.

5) Using the harmonic nodal equations, the corresponding statistical parameters o f the 

rectangular components o f system harmonic voltages can be calculated. Then, the 

probability density and cumulative distribution functions can be obtained to provide 

the probabilistic harmonic voltage magnitude.

6) The harmonic voltage statistical parameters and branch harmonic impedances are 

used to calculate the statistical parameters o f the system branch harmonic current 

rectangular components to get the probabilistic harmonic current magnitude.

Some publications adopted the probabilistic approach considering different random 

variables that affect the generated harmonic currents. The main focus was on the 

summation o f the injected currents at one point. Few publications extended this work to 

get the probabilistic system harmonic voltage magnitude when the harmonic sources are 

in different locations across the system. The supply voltage to the nonlinear load was 

assumed 1 per unit while obtaining the harmonic currents. Therefore, the harmonic nodal 

equations are directly implemented without scaling or shifting the harmonic currents
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according to the actual supply voltage, which may be different from 1 per unit. In this 

research work, the analytical method is extended to get the probabilistic magnitude of 

branch harmonic currents. This implies deriving a combination o f different correlation 

coefficients o f the rectangular components o f the system bus harmonic voltages. Besides, 

the analytical method is improved to have more accurate results. This is achieved by 

considering the system voltage profile and its impact on the injected harmonic currents.

7.4 Results of Probabilistic Harmonic Voltage and Current Levels

The procedure in the previous section for calculating the probabilistic harmonic voltages 

and currents is applied to the Goose River system where 21 ASD loads are distributed 

across the system. A MATLAB program is written for this purpose. Four cases with 

different loading level limits are considered. The maximum loading limit for all cases is 

set at 100% for all drives. The minimum loading limit is set at 50, 60, 70, and 80% for all 

drives for the four cases respectively. However, the program is built such that it can 

handle the calculations with any specified loading limits for each drive. Considering the 

100% as the maximum limit is logical to utilize the full capacity o f the drives. Assuming 

the same minimum limit for all drives for each case would make it more obvious to 

observe the impact o f the loading variation range on the pdfs o f the harmonic levels.

Referring to the single-line diagram of the system in Chapter 6, the harmonic 

voltages at two buses, L1701 and L1711 are considered for the probabilistic study. The 

concerned harmonic currents are through two branches, L1700-L1701 and L1710-L1711. 

The means and standard deviations o f the x  and y  components as well as their correlation 

coefficients are calculated. The statistical results o f the 5th, 7th, 11th, and 13th harmonic 

voltages and currents are summarized in Tables 7.1 and 7.2 respectively. The mean 

values and standard deviations o f the harmonic voltages are in percent o f the base voltage 

and those o f the harmonic currents are in Amps. These results are then used to derive the 

pdfs o f the harmonic voltage and current magnitudes shown in Figures 7.6 and 7.7 

respectively.
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Table 7.1: Statistical parameters o f harmonic voltage rectangular components

Voltage at bus LI701 (%) Voltage at bus LI711 (%)

Case 1 (loading variation from 50-100%)

h Px Py C?x G y Pxy Px Py CJx Gy Pxy

5 0.517 -2.117 0.160 0.170 0.614 0.720 -2.852 0.217 0.229 0.616

7 0.296 0.196 0.130 0.101 0.628 0.387 0.272 0.174 0.136 0.639
11 0.716 -0.281 0.050 0.043 -0.083 0.961 -0.310 0.066 0.057 -0.025

13 0.081 0.021 0.020 0.020 0.282 0.110 0.038 0.025 0.030 0.241

Case 2 (loading variation from 60-100%)

h Px Py CTX G y Pxy Px Py G y Pxy

5 0.499 -2.220 0.133 0.130 0.603 0.697 -2.991 0.180 0.175 0.606

7 0.278 0.135 0.109 0.076 0.582 0.365 0.190 0.146 0.103 0.595

11 0.737 -0.342 0.041 0.035 -0.148 0.993 -0.388 0.054 0.045 -0.083

13 0.104 0.014 0.017 0.015 0.326 0.142 0.032 0.022 0.023 0.332

Case 3 (loading variation from 70-100%)

h Px Py crx G y Pxy Px Py C?x G y Pxy

5 0.475 -2.320 0.102 0.092 0.587 0.666 -3.126 0.139 0.125 0.589

7 0.253 0.074 0.085 0.055 0.520 0.333 0.108 0.113 0.074 0.536

11 0.748 -0.405 0.030 0.026 -0.216 1.012 -0.470 0.040 0.034 -0.151

13 0.125 0.004 0.014 0.011 0.323 0.172 0.021 0.018 0.016 0.380

Case 4 (loading variation from 80-100%)

h Px Py G y Pxy Px Py CJX G y Pxy

5 0.444 -2.416 0.070 0.059 0.564 0.625 -3.256 0.095 0.080 0.566

7 0.222 0.013 0.058 0.035 0.443 0.293 0.026 0.077 0.047 0.461

11 0.749 -0.466 0.020 0.018 -0.277 1.018 -0.550 0.027 0.023 -0.222

13 0.144 -0.008 0.010 0.006 0.263 0.199 0.006 0.013 0.010 0.376
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Table 7.2: Statistical parameters o f harmonic current rectangular components

Current through branch L1700-L1701 (A) Current through branch L1710-L1711 (A)

Case 1 (loading variation from 50-100%)

h Px Py ax ay Pxy Px Py Ox CTy Pxy

5 5.962 2.172 0.525 0.432 -0.596 3.943 2.821 0.434 0.301 -0.547

7 -0.454 0.581 0.223 0.260 -0.647 -0.514 0.106 0.199 0.135 -0.615

11 0.319 0.953 0.056 0.066 0.068 -0.812 0.591 0.099 0.080 -0.105

13 -0.026 0.088 0.022 0.021 -0.279 -0.150 0.091 0.064 0.054 0.306

Case 2 (loading variation from 60-100%)

h Px Py CA c y Pxy Px Py ox ay Pxy

5 6.265 2.154 0.402 0.361 -0.597 4.162 2.874 0.335 0.253 -0.569

7 -0.324 0.553 0.169 0.219 -0.613 -0.432 0.130 0.154 0.118 -0.639

11 0.398 0.984 0.045 0.054 0.131 -0.812 0.671 0.080 0.065 -0.193

13 -0.020 0.113 0.017 0.018 -0.333 -0.179 0.127 0.055 0.039 0.245

Case 3 (loading variation from 70-100%)

h Px Py crx ay Pxy Px Py o x C T y Pxy

5 6.563 2.114 0.288 0.280 -0.593 4.383 2.912 0.241 0.199 -0.582

7 -0.194 0.512 0.122 0.171 -0.564 -0.347 0.147 0.112 0.096 -0.640

11 0.479 1.002 0.034 0.040 0.201 -0.799 0.748 0.059 0.050 -0.276

13 -0.010 0.137 0.012 0.015 -0.342 -0.200 0.165 0.043 0.027 0 . 1 1 1

Case 4 (loading variation from 80-100%)

h Px Py ay Pxy Px Py o x C T y Pxy

5 6.851 2.056 0.185 0.192 -0.579 4.602 2.935 0.155 0.138 -0.582

7 -0.063 0.458 0.077 0.117 -0.502 -0.258 0.157 0.071 0.068 -0.639

11 0.559 1.008 0.023 0.026 0.268 -0.776 0.819 0.038 0.035 -0.343

13 0.002 0.158 0.007 0.010 -0.295 -0.214 0.203 0.030 0.017 -0.066
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Figure 7.6: Probability density function curves o f the harmonic voltage magnitudes.
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Figure 7.7: Probability density function curves o f the harmonic current magnitudes.
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The figures reveal that the harmonic magnitudes are highly affected by the loading 

variation range. When the minimum loading limit increases, the harmonic voltages and 

currents increase except for the 7th harmonic order whose values decrease. Thus, 

reflecting the influence o f the drive loading level on the input harmonic current 

magnitudes illustrated in Figure 7.3. Also, with the increase in the minimum loading 

limit, the spread o f the results around the mean values becomes less as can be inferred 

from the standard deviations in Tables 7.1 and 7.2. This shows that in order to get 

accurate pdfs o f the resultant harmonic voltage and current magnitudes produced by 

distributed varying load harmonic sources, care must be taken while identifying the 

interval o f loading variation.

Accurate prediction o f power system harmonic levels will provide important 

information to electric utility engineers and equipment designers. With random harmonic 

currents, assuming worst case situations when designing equipment may be too 

conservative and more costly. One o f the potential applications o f the probabilistic model 

o f harmonic current injection and propagation is to set limitations o f harmonic levels 

[35]. With the widespread use o f distributed harmonic sources, harmonic levels are 

expected to increase to intolerable levels. Existing regulations generally do not reflect 

harmonic variations and their randomness in power systems. For example, the 

recommended IEEE Std. 519-1992 harmonic voltage and current limits are static and do 

not take into account the random behavior. Universal limits will be accepted after 

harmonic effects on equipment are quantified and well documented [36]. Further work on 

this subject is recommended.

7.5 Comparison with Monte Carlo Simulation

In order to assess the reliability o f the presented analytical method using the BND model, 

the results are compared with the Monte Carlo simulation. The Monte Carlo simulation is 

simply a repeated process o f  generating deterministic solutions to the problem, with each 

solution corresponding to a set o f deterministic values o f the random variables. It can
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handle practically any statistical problem. A MATLAB computer program using the 

Monte Carlo simulation technique has been written to simulate the considered four cases 

o f the drives loading variation for the Goose River system. All simulation runs have been 

made using 3,000 trials. The cumulative distribution functions (cdfs) o f the harmonic 

voltage and current magnitudes calculated analytically by the BND model are shown in 

Figures 7.8 and 7.9 for cases 1 and 4 where the minimum loading limit is 50% and 80% 

respectively. In these figures, the cdfs obtained by the Monte Carlo simulation are also 

shown for comparison. It can be inferred that the two methods yield results that agree 

closely. This makes the analytical method a feasible approach to evaluate the 

probabilistic harmonic levels with randomly varying injected harmonic currents.

It is worth mentioning that the analytical results are obtained by employing the nodal 

equation (7.12) to calculate the harmonic voltages. The harmonic currents used in this 

equation are those obtained directly from the simulation for each individual drive at the 

nominal supply voltage, i.e., 1 per unit. Based on this voltage the statistical parameters of 

the drive harmonic currents are determined when performing the analytical method. 

Therefore, the Monte Carlo simulation is carried out using equation (7.12) in order to be 

able to compare the results with those obtained from the analytical method for 

verification, which is the main goal o f the conducted analysis.

However, the obtained harmonic levels in this case can be considered approximated 

ones since it does not reflect the actual fundamental voltage level at each bus, which 

might be slightly different from 1 per unit when solving for the power flow. Figure 7.10 

shows a comparison for case 1 when the Monte Carlo simulation is performed including 

the fundamental frequency power low that provides the system fundamental voltages 

upon which the drive load fundamental current is determined. Consequently the harmonic 

currents are adjusted (rescaled and shifted) using equations (4.1) and (4.2). The 

difference in the results for some harmonics is clear. This is mainly due to the 

implementation o f the analytical method assuming 1 per unit supply voltage. Therefore, 

for more accurate results, the analytical method should be improved by trying to include 

the system voltage profile effect into the probabilistic calculations.
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Figure 7.8: The cdfs o f harmonic magnitudes obtained from the analytical method and 

Monte Carlo simulation using the nodal equation with loading variation from 50-100%.
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Figure 7.9: The cdfs o f harmonic magnitudes obtained from the analytical method and 

Monte Carlo simulation using the nodal equation with loading variation from 80-100%.
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Figure 7.10: The cdfs o f harmonic magnitudes obtained from the analytical method using 

the nodal equation and from the Monte Carlo simulation including the power flow 

analysis with loading variation from 50-100%.
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Improving the Analytical M ethod

In order to improve the implementation o f the analytical method to provide more 

accurate results, the harmonic current characteristics should be determined with the use 

of the power flow analysis to reflect the impact o f the system voltage profile. This can be 

reasonably achieved by performing the fundamental and harmonic power flow assuming 

all drives are operating at the same loading level. This is repeated for different loading 

levels. The obtained harmonic currents are adjusted (rescaled and shifted) according to 

the results o f the fundamental current o f each individual drive using the harmonic current 

spectrum. This would constitute the modified harmonic currents at each loading level. It 

means the supply voltage o f each drive at different loading is considered, so that more 

accurate ASD harmonic currents can be obtained, upon which the statistical parameters 

of the analytical method are calculated. In this way, the probabilistic program operates in 

conjunction with the power flow program. Therefore, the probabilistic harmonics 

calculated by the analytical method can be comparable to the results obtained by the 

Monte Carlo simulation including the power flow analysis.

This process involves some dependency among the harmonic currents for different 

drives since they are adjusted according to the respective fundamental current that is 

affected by the corresponding fundamental voltage. However, the assumption of 

independent harmonic currents that permits the application o f the Central Limit Theorem 

is acceptable with the presence o f enough number o f harmonic sources and also because 

the dependency is o f a minor effect on the harmonic current characteristics for each drive. 

The cdf curves o f the harmonic voltage and current magnitudes for cases 1 and 4 are 

shown in Figures 7.11 and 7.12 respectively. It can be seen how the results obtained by 

the improved analytical method are close to those obtained by the Monte Carlo 

simulation. This affirms the validity o f the analytical method. Besides, it shows how its 

improvement could lead to more accurate results. A comparison o f simulated values and 

those calculated by the improved analytical method for the important points such as the 

50% and 95% non-exceeding probability levels o f the harmonic voltage and current 

magnitudes is given in Tables 7.3 and 7.4 respectively.
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Figure 7.11: The cdfs o f harmonic magnitudes obtained from the improved analytical 

method and Monte Carlo simulation including the power flow (loading 50-100%).
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Figure 7.12: The cdfs o f harmonic magnitudes obtained from the improved analytical 

method and Monte Carlo simulation including the power flow (loading 80-100%).
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Table 7.3: Comparison o f the 50% and 95% non-exceeding probability o f the harmonic 

voltage magnitudes obtained by the Monte Carlo simulation and the improved analytical

solution including the power flow analysis

Voltage at bus LI701 (%) Voltage at bus LI711 (%)

Monte Carlo Analytical Monte Carlo Analytical

50% 95% 50% 95% 50% 95% 50% 95%

h Case 1 (loading variation from 50-100%)

5 2.068 2.337 2.055 2.291 2.793 3.152 2.776 3.093

7 0.352 0.614 0.336 0.566 0.469 0.821 0.450 0.758

11 0.700 0.788 0.695 0.784 0.919 1.033 0.916 1.030

13 0.070 0.107 0.070 0.107 0.098 0.146 0.099 0.147

h Case 2 (loading variation from 60-100%)

5 2.162 2.376 2.147 2.330 2.918 3.204 2.901 3.145

7 0.299 0.518 0.292 0.478 0.398 0.693 0.391 0.641

11 0.739 0.816 0.736 0.810 0.971 1.069 0.970 1.065

13 0.088 0.121 0.089 0.120 0.123 0.166 0.124 0.165

h Case 3 (loading variation from 70-100%)

5 2.252 2.412 2.238 2.370 3.041 3.255 3.023 3.200

7 0.253 0.430 0.249 0.390 0.335 0.574 0.332 0.522

11 0.774 0.838 0.773 0.829 1.018 1.100 1.018 1.091

13 0.105 0.132 0.107 0.131 0.147 0.182 0.148 0.181

h Case 4 (loading variation from 80-100%)

5 2.339 2.453 2.325 2.412 3.157 3.310 3.141 3.257

7 0.214 0.342 0.209 0.303 0.284 0.455 0.278 0.404

11 0.808 0.856 0.805 0.843 1.062 1.124 1.059 1.109

13 0.124 0.144 0.124 0.141 0.171 0.199 0.172 0.194
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Table 7.4: Comparison of the 50% and 95% non-exceeding probability o f the harmonic 

current magnitudes obtained by the Monte Carlo simulation and the improved analytical

solution including the power flow analysis

Current through branch L1700-L1701 (A) Current through branch L1710-L1711 (A)

Monte Carlo Analytical Monte Carlo Analytical

50% 95% 50% 95% 50% 95% 50% 95%

h Case 1 (loading variation from 50-100%)

5 6.022 6.806 5.987 6.674 4.604 5.154 4.583 5.068

7 0.731 1.274 0.697 1.174 0.517 0.884 0.492 0.818

11 0.914 1.030 0.903 1.018 0.909 1.079 0.905 1.076

13 0.077 0.117 0.076 0.116 0.159 0.248 0.159 0.247

h Case 2 (loading variation from 60-100%)

5 6.296 6.920 6.256 6.787 4.808 5.247 4.785 5.159

7 0.622 1.077 0.606 0.992 0.438 0.734 0.421 0.686

11 0.965 1.066 0.957 1.054 0.957 1.110 0.952 1.094

13 0.096 0.132 0.096 0.130 0.190 0.275 0.190 0.268

h Case 3 (loading variation from 70-100%)

5 6.557 7.025 6.520 6.904 5.000 5.333 4.984 5.256

7 0.525 0.893 0.515 0.808 0.358 0.610 0.349 0.550

11 1.011 1.094 1.005 1.079 0.996 1.118 0.992 1.102

13 0.115 0.145 0.116 0.143 0.222 0.293 0.222 0.285

h Case 4 (loading variation from 80-100%)

5 6.810 7.143 6.774 7.027 5.197 5.442 5.177 5.356

7 0.445 0.710 0.433 0.627 0.288 0.471 0.276 0.412

11 1.055 1.119 1.046 1.098 1.031 1.122 1.025 1.101

13 0.135 0.158 0.135 0.154 0.253 0.307 0.252 0.297
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7.6 Summary and Conclusions

In this chapter, an analytical method was presented for predicting the probabilistic 

harmonic voltage and current magnitudes for systems with randomly varying harmonic 

source loads. The method was applied for a typical distribution system in the presence of 

distributed ASDs. The BND model was employed to obtain analytically the system 

probabilistic harmonic levels. This utilized one o f the most important theorems in 

probability theory, which pertains to the limiting distribution o f the sum o f independent 

random variables. This is known as the Central Limit Theorem, which states that the 

probability density function o f the sum approaches a normal distribution regardless o f the 

distributions o f the individual variables as long as the number o f variables is sufficiently 

large. This could be applied to the sums o f the rectangular harmonic components. Hence, 

the probability density function o f the system harmonic levels could be obtained.

Different cases o f loading level variation range were conducted. A comparison o f the 

cumulative distribution functions o f the harmonic voltage and current magnitudes 

obtained analytically from the BND model and those obtained from the Monte Carlo 

simulation was made to verify the analytical method. It was found that the two methods 

yield close results. However, the analytical method can give more explanation and 

understanding to the probabilistic solution by knowing the statistical parameters o f the 

individual harmonic voltage and current components that lead to and affect the final 

result. An improvement o f the analytical method was made to reflect the system voltage 

profile. The presented formulation procedure to conduct the probabilistic analysis can 

also be applied to other types o f nonlinear loads with any concerned random variable 

provided that the relationships between this variable and the injected harmonic currents 

can be obtained using the load deterministic harmonic model.
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Chapter 8

Conclusions

Harmonic analysis methods have been focused on systems with one or several harmonic 

sources. They use typical harmonic current source model determined with nondistorted 

supply voltage. However, the situation is different with distributed harmonic sources and 

this deterministic traditional technique is not the best candidate for harmonic analysis for 

two reasons. The first one is that the voltage supplied to each harmonic source can have 

significant distortion, therefore, the current spectrum would be different from the typical 

one. The second reason is that the randomness o f harmonic currents produced from 

randomly varying loads can not be handled by the deterministic technique, which would 

give overestimated harmonic levels. In view o f the importance o f the mentioned 

concerns, there was a need to have more advanced harmonic analysis methods to provide 

reliable prediction o f harmonic levels in the presence o f distributed harmonic sources.

8.1 Thesis Contributions

This thesis dealt with the limitations o f the traditional harmonic analysis methods. The 

objective o f the conducted work was to develop a reliable frequency domain based 

harmonic analysis method for the assessment o f harmonic levels in distribution systems 

with distributed PC and ASD loads. The main contributions o f this thesis are summarized 

as follows:

181
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•  Two experiments with extensive measurements were conducted on a personal 

computer (PC) load as one o f the most common single-phase harmonic sources to 

determine the interaction with system voltage. The variation o f harmonic current 

spectrum with the supply voltage distortion was realized. It was found that the total 

harmonic distortion o f the supply voltage is the best index that can be used for 

harmonic analysis to account for the harmonics attenuation and diversity.

• Extensive simulations were conducted for an adjustable speed drive (ASD) load, 

which is widely used in industrial distribution systems. The characterization o f the 

harmonic source current spectrum with the voltage distortion was developed. It was 

confirmed that the voltage total harmonic distortion could also be considered for 

predicting harmonic currents o f such three-phase harmonic source considering the 

attenuation and diversity effects.

•  Based on the harmonic source and the system characteristics, an iterative frequency 

domain based harmonic analysis method was developed for the assessment of 

harmonic distortion levels for systems with distributed harmonic sources. The major 

emphasis was given to the fact that the proposed iterative method could consider the 

interaction between the system and the harmonic sources by taking into account the 

harmonics attenuation and diversity.

• A MATLAB program was written to implement the developed method and conduct 

case studies for different systems with distributed PC and ASD loads. Measurements 

and time domain simulation were carried out to verify the proposed method and show 

its reliability. The proposed method has many advantages over the time domain based 

harmonic analysis methods as follows:

□  It can be implemented using the common frequency domain harmonic 

analysis tools where the adjustment o f the harmonic source current spectrum 

is based on the associated voltage THD.

□  It can adequately model the harmonic source for harmonic analysis 

considering the attenuation and diversity effects. For time domain, the device
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model can be detailed as necessary, however, the solution time and 

engineering effort increase significantly. Moreover, time domain simulation 

is practically limited to the study of small systems and few number o f case 

studies.

□  It is time efficient where it can easily handle a large number o f harmonic 

sources and is computationally efficient. On the other hand, using time 

domain simulations is not an easy task and is computationally demanding, 

time consuming and an exhaustive process for large size network.

• It was revealed that that the attenuation effect o f harmonic currents is the main factor 

responsible for harmonics reduction in distribution systems. The harmonics diversity 

might have an additional effect depending on the severity o f the system distortion 

level.

•  An analytical technique was proposed to deal with the generation o f random 

harmonic currents. The method was implemented in a program written for MATLAB 

considering a typical distribution system with distributed ASD loads working 

randomly between different loading levels, thus producing random harmonic currents.

• An improvement for implementing the analytical technique is made by considering 

the impact o f system voltage profile. Monte Carlo simulation o f probabilistic 

harmonic power flow was conducted. There was a close agreement between the 

results obtained by the two methods. However, the analytical method had the 

advantage o f being useful to the interpretation of the obtained results and to the 

understanding o f the variation o f the statistical parameters o f the individual harmonic 

source currents due to the loading variation, yet could provide accurate results.

8.2 Suggestions for Future Work

As with any work o f research, there is always more that can be done. Based on what was

achieved in this thesis, several extensions and modifications can be explored as follows:
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□  In this thesis, the developed methods for harmonic analysis considered separately two 

main issues; 1) harmonics attenuation and diversity; and 2) random variation of 

harmonic currents. So, future work is suggested to consider simultaneously the two 

problems to solve a general case; systems with distributed random loads while the 

attenuation and diversity effects are included.

□  Most harmonic standards are deterministic and, therefore, they can not be applied 

directly to harmonics o f random nature or their implementation would be 

conservative. Future work is recommended on the development o f the existing 

standards and setting new limitations for randomly varying harmonics.

□  In the presence o f distributed harmonic sources there is no specific rule can be 

followed to provide cost-effective filtering scheme. It means determining the best 

locations, types, and number o f harmonic filters to get the required filtering 

performance with minimum cost. This challenging task is recommended for future 

research work investigating the impact o f the attenuation and diversity o f harmonic 

currents.
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Appendix A

Experiments Set Up
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Figure A. 1 Main set up o f the conducted experiments for the PC load harmonic

measurements.
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> Nicolet Transient Recorder for Data Acquisition: Model “BE256-LE”

1) 4-Channel Single Ended Input Card

• Model: 672

• 16 bit resolution (0.015%)

• Sampling rate:

Maximum sampling rate: lOOKsamples/second 

Minimum sampling rate: 1 sample/second

• Ranges (Full Scale): Four programmable ranges: ± 1.25 V, ± 2.5 V, ± 5 V, ± 10 V

• DC Inaccuracy: 0.01 % o f Full Scale

• Bandwidth: > 50 kHz @ -  3 dB

2) 4-Channel Differential Input Card

• Model: 672 CB

• 16 bit resolution

• Sampling rate:

Maximum sampling rate: lOOKsamples/second 

Minimum sampling rate: 1 sample/second

• Ranges (Full Scale): ±100  mV to ± 100 V in 28 steps

• DC Inaccuracy: 0.02 % of Full Scale

• Bandwidth: > 50 kHz @ -  3 dB

> Fluke AC/DC Current Probe: Model 80i-110s

• Current Ranges:

0 to 10A DC or AC peak 

0 to 100A DC or AC peak

• Output Signals:

10A range: 100 mV/A

100A range: 10 mV/A
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• Accuracy (DC to 1kHz):

3% o f reading + 50 mA for 10 A range.

3, 4, 12, and 15% o f reading + 50 mA for 100 A range with input current ranges 

o f 10, 40, 80, and 100 A respectively.

• Useful Bandwidth (-3 dB): 0 to 100 kHz

^  SI-9000 Differential Voltage Probe

• Attenuation ratio: 1/50 and 1/500

• Voltage Ranges:

1/50 attenuation, ranges are 70 V DC, 50 V RMS 

1/500 attenuation, ranges are 700 V DC, 500 V RMS

• Accuracy: 2%

• Bandwidth: DC to 25 MHz

Table A. 1: List o f chosen supply impedance parameters with different X/R ratios for the

case o f imedance change

X/R = 0.2 X/R = 0.5 X R =  1 X/R= 2 X/R = 5

Step Xs Rs Xs Rs Xs Rs Xs Rs Xs Rs

1 0.377 1.885 0.377 0.754 0.377 0.377 0.377 0.188 0.377 0.075

2 0.565 2.827 0.942 1.885 0.942 0.942 0.942 0.471 0.942 0.188

3 0.754 3.77 1.32 2.639 1.319 1.319 1.32 0.66 1.32 0.264

4 0.942 4.712 1.508 3.016 1.508 1.508 1.885 0.942 1.885 0.377

5 1.131 5.655 1.885 3.77 1.885 1.885 2.262 1.131 2.262 0.452

6 1.32 6.597 2.262 4.524 2.261 2.261 2.827 1.414 2.827 0.566

7 1.508 7.54 2.827 5.655 2.827 2.827 3.204 1.602 3.204 0.64

8 1.696 8.482 3.204 6.409 3.204 3.204 3.77 1.885 3.77 0.754

9 1.885 9.425 3.393 6.786 3.392 3.392 4.147 2.073 4.147 0.83

10 2.073 10.36 3.77 7.54 3.77 3.77 4.712 2.356 4.712 0.94

* X and R values are in ohm.
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Table A.2: Chosen supply impedances for different X/R ratios for the case o f background

voltage distortion change

X/R = 0.2 X/R = 0.5 X/R= 1 X/R = 2

Xs Rs Xs Rs Xs Rs Xs Rs

0.377 1.885 0.754 1.508 0.754 0.754 0.754 0.377

0.754 3.77 1.508 3.016 1.508 1.508 1.508 0.754

1.131 5.655 2.262 4.524 2.262 2.262 2.262 1.131

1.508 7.54 3 6 3 3 3 1.508

* X and R values are in ohm.
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Appendix B

Branch Current Statistical Parameters

Derivation of the statistical parameters of branch harmonic currents;

• Variance o f I(t-k)-x component:

_v

+VL +Ky  - 2  K X J +  _
2 r ^ A W - y + v k_xvk_y- v i_xvk_y - v k_xv ^ )

+^ k-x ) + ^ ( / ^  + / ^  _ 2/V A * -P  +

+Vv>-Ak-y -  tf? A ,  ~ ^ - A j

ri - k ( <yvl_x + a vk^ )  + x i - k ( <Tyl_), +<Jvk„y ) 2 r (_k ( E ( y t_x V k_x ) f i v^ / J Vy^ ) -  

^ E t y i - x V t - y )  ~  fI vi_x Mvi_y + E ( V k - x ^ k - y )  ~  P v k_x Mvk_y ~

te(Vt_xVk_y) -  Mri_xftv. ) -  {E(Vk„xVi_y) -  Mvk_x»  )2ri-kx t-k

< r , w J

Ti-k +  ) +  Xi~k +  ^Vh-y ) '

2ri-kPvt Vt, ^  V- ^  Vl. ^^i-h Pv• Vl. ^  Vi ^  Vi\ ~xy k~x y i - x  y k - x  1 K ‘ v i - y r k - y  r i - y  y k - y

2 r , . k x , . k
Pvt-xVx- a '' l - x  a Vi +  P V k- x r k - y <T Vk _ x <7 Vt _ y

y P V i - XVk . y < J Vi- X a Vk - y  P v k„xV,-y a Vk _ x G  Vi. y V
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• Variance o f I(U)-y component:

yy =E(hi-k)-y)~E (I{i-k)-y)~

t 2  1 2 \2 [ ^ i - k i V i - y - V k_x) f  -lfu (M r,_ , - V v k _ ) - h - k ( P v , _ x  ~ P v k _ ) } ]=
V i - k  + X i - k )

+ V l , - W ' - M + x U m ,  +VL - 2 T M -
-  V,_y V ^  -  Vk_yV,_x)

r i - k ( M v , „ y  + P v k _y  - 2 p v ^ p V k > ) + X i _ k ( p V y  + M v k _ x  ~ 2 P v , _ x M v k . x )

^ i - k X i - k ( M v t _ y M v , _ x  + P v k . y P v k _ x  ~ P v , _ y P v k _ x  ~ M v k  M v , . x )

(ri-k + x h f

f c  + xl k f

+  ° V t _ , )  +  ■*/-* ( ° V , _ ,  + < T vk, x )  2 r l_k (jE (V j_ y V k_) l )

i x i X w ^ v ^ - p Vl_xp Vk_ y
' E ( V l- y V , . x ) - P v,.f P v l.,  + E { V k_y Vk„x ) - p V i y p Vk̂  - N 

(e ( K - A - x ) -  Mv._, P v k_, ) -  )  -  P v k_y Mr,. .  I
2r,-kx ,-k

f c  + xl k f
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Correlation coefficient o f I(i-k)-x and I(i-k)-y components:

_  COv ( I (i- k h x , I (i - k ) - y )  ^  2 )

l ( i - k ) - x I ( i - k ) - y  a  a
‘ ( i - k ) - x  ' ( i - k ) - y
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ft-**,-* i f e , )  +  £ ( £ , ) -  ) ) - ( / ? ( £ , )  +  E(Vki x) -  lE iV ^ V ^ l-

( r i - k  ~ x i - k ) { P r l_ , P v ^ y +  P v k_xP v t . y ~ P v l_xP v k, y ~ P v k_xM v,.y ')~

( r i~ k X i - k  ){(Mv.„y +  P v k. y ~  ^ P v ^ y P v k_y )  ~  (/V,_t +  Mvk_, ~  ^‘P v i_xMvk^x ) )

P r ^ v ^ v ^ v , ^  +  P v k_xvk_y a vk_ ° v k_t  -

P r l-krk-y(Tr ,- ,<Trt -y ~  P v k-Xr,_y a vk_xa v,_y JOf-k ~xlk)
(B.4)

Correlation coefficients of the harmonic voltage components:

• Correlation coefficient o f Vj.x and Vk-y components:

p^  Vi-xVk-y
COviV̂  , vk_y ) '£p rlSkj-y °V* °V,

^Vi-^Vk-y <Tvi_x a vk_y

yv-’y*-y ay. a vyij-x vkj-y

(B.5)

(B.6)

where

CO V( V , j - X » V kj - y  )  =  W i j - * V k j-y  )  "  M v ,„  P v k,_y =

m * tlI j - x - X 9 I J_y X X li I J_x + R li I J_y ) \ - ( R ' l M tj_, - X i j M l j > ) ( X k jMl j :  + R kjp IjJ -  

R ^ k j i W U ) -  M l ,  ] -  R v X 9 [ E ( l ] _ y ) -  P l _ y ] +
W W j - J j - y  )  -  ] -  X y X kj [E(Ij_xIj_y )  -  Mlj p I j y  ] =

R , X ,  ( f r ^  ) -  R V X ,  ( < , )  + ( R y R ,  -  X. J f ,  )

(B.7)

The correlation coefficient o f Vk-X and Vt.y components can be obtained similarly to the 

correlation coefficient o f V,-.x and Vk-y components by exchanging the subscripts i and k.
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Correlation coefficient o f Vt.x and Vk.x components:

N

C°v(V-_x , Vk. x ) _  vV-Mi-* ° V J: ° 'v»-x

Tn-x c

P Vj-xVV-x (J (J
yij-x ykj-x

where

C 0 V ( ' 7 ,/ - ,  - V k j-x  )  =  E ( V i J - x  K j - x  ) - M v , . . M v IJ. , =

E [(E i j I j - X ~ X  i j l  j - y ) ( R k j I  j -x  -  ^ k j l  j -y  )] ~ ( R g M l j . ,  - X i j M l j r ) ( R kjM^  - X k j M l j ) :

R i j R k j [ E ( I 2j - x ) -  M l ,  1 + X tjX kj[ E { l ) _ y ) -  p ) t > ] -

R tjX k) [ E { I h x I h y  ) -  Ml j_x M h _y ] -  R kJX tj [ E ( I j _ x I j _ y ) -  Ml j_, M , , f ] =

R .R , {* 1 ,)  + X VX V( * l r ) -  (RtjX k. + RkjX tj ){Pl)_xlt_y a h_y )

•  Correlation coefficient o f V^y and V^y components:

P ,
COv(Vi_y , V k_y )  rtj-yvkj-y CTyli-y °  vkj-y

r , .yy„.y a  _  a  _
vt-y vk-y ri-y vk-y

vtJ-y kj-y

where

C 0 V ( V .J-y  • V k j-y  )  =  W i J - y V kj- y  )  -  M y ,. ,  M vtl_y =

E & X {lI J_x + R tlI ] _y K X l t I J_x + R kj I l _y ) ] - ( X i j M l i i  + R i j M l j ) ( X k j M l j x  +  R klM ,  

X 9 X V [ E ( I j _ x )  -  j u j j  x ]  +  R tJR k j[ E ( l _ y )  -  M i , . ,  ]  +

R y X kj [ E ( I j _ x I j _ y  )  -  M f j _, M,,., ]  +  R k)X v  [ E ( ! j . x I j - y )  ~  M ,,_ ,  M , , . y ]  =

X UX » ( < • )  + RaRkj ( < , )  + (R»x»  + V *  X / V . v , CTv , )

(B.8)

(B.9)

(B.10)

(B .ll)

(B12)

(B.13)
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Appendix C

Data for Study Systems

There are many case studies presented in this dissertation. The extensively tested systems 

are PC systems 1 and 2 for single-phase loads and Goose River system for three-phase

loads. The data o f these systems are listed in this appendix.

• PC system 2

PC system 2 is an extension of PC system 1, therefore, the data o f PC system 2 will only

be presented as it includes implicitly the data o f PC system 1.

* Source Data (Bus #11 

Voltage Setting (pu) = 1.0411 

Base Voltage (V) =120

Table C .l : Bus Load Data Table C.2: Branch System Data
Bus
#

Nominal 
voltage (V)

P
(W)

Q
(VAR)

2 120 31.34 -0.91
3 120 32.93 -1.87
4 120 33.17 -0.59
5 120 31.20 -2.64
6 120 38.83 -4.77
7 120 27.25 -1.74
8 120 45.45 -3.35
9 120 31.50 -0.95

Impedance From
Bus

To
Bus

R
(ohm)

L
(mH)

z s 1 2 0.5 1
Z 2 - 3 2 3 1 1
Z3-4 3 4 1 1
Z4-5 4 5 1 1
Z5-6 5 6 1 1
Z 4 - 7 4 7 1 2.5

Z 7 - 8 7 8 1 2.5

0
\

00
N

8 9 1 2.5

200
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• Goose River System

Table C.3: Equivalent Source Data
Bus

#
Voltage 

Setting (pu)
R, (pu) X, (pu) Ro(pu) Xo(pu)

1 1.00 0.1309 0.77399 0.02633 0.34151

Base MVA = 100 
Base voltage (kV) = 25

Table C.4: System Bus Load Data

Bus
name

Bus
#

Nominal
voltage

(kV)

P
(kW)

Q
(kVAR)

Bus
name

Bus # Nominal
voltage

(kV)

P
(kW)

Q
(kVAR)

GRSRC 1 25 0 0 L211X' 45 0.48 394.7 104.66
25KKVB 2 25 0 0 L112X* 46 0.48 136 23.34

174-10 3 25 0 0 L212X' 47 0.48 134.78 26.66
L1700 4 25 0 0 L113X* 49 0.48 74.85 9.58
L1701 5 25 0 0 L114X' 50 0.48 82.21 9.64
L1702 6 25 0 0 L214X* 51 0.48 81.9 11.33
LI 703 7 25 0 0 L414X' 53 0.48 81.9 11.33
L1704 8 25 0 0 L514X' 54 0.48 74.74 9.6
LI 705 9 25 0 0 L116X' 55 0.48 103.91 17.11
LI 707 10 25 0 0 L117X' 57 0.48 108.2 18.44
L1708 11 25 0 0 L118X' 58 0.48 90.87 11.88
L1709 12 25 0 0 L218X' 59 0.48 59.07 6.11
L1710 13 25 0 0 L318X' 60 0.48 385 117.15
L1711 14 25 0 0 L119X' 61 0.48 133.44 26.37
L1713 15 25 0 0 L120X* 62 0.48 133.3 26.36
L1714 16 25 0 0 L121X* 63 0.48 117.68 16.2
L1712 17 25 0 0 L122X* 64 0.48 103.05 16.89
L1716 18 25 0 0 L103X 33 0.48 153.75 76.87
L1717 19 25 0 0 L105X 35 0.48 300 150
L1718 20 25 0 0 L205X 36 0.48 300 150
L1719 21 25 0 0 L305X 37 0.48 300 150
LI 720 22 25 0 0 L308X 40 0.48 153.75 76.875
L1721 23 25 0 0 L209X 42 0.48 153.75 76.875
L1722 24 25 0 0 L110X 43 0.48 153.75 76.875

L104X’ 34 0.48 137.63 23.51 L111X 44 4.16 675 337.5
L108X* 38 0.48 92.22 12 L312X 48 0.48 153.75 76.875
L208X' 39 0.48 135.82 26.5 L314X 52 0.48 153.75 76.875
L109X’ 41 0.48 105.63 15.26 L216X 56 0.48 153.75 76.875

* ASD load
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Table C.5: System Branch Data
From
Bus

To
Bus

Length Ri (pu/pu 
length)

X! (pu/pu 
length)

B! (pu/pu 
length) 106

Ro (pu/pu 
length)

X0 (pu/pu 
length)

B0 (pu/pu 
length) 106

2 3 3 0.142080 0.116960 38.6 0.187840 0.500800 17.388
3 4 1.2 0.142080 0.116960 38.6 0.187840 0.500800 17.388
4 5 2.24 0.056000 0.100480 42.317 0.101760 0.484320 18.284
6 7 0.5 0.056000 0.100480 42.317 0.101760 0.484320 18.284
7 8 2 0.056000 0.100480 42.317 0.101760 0.484320 18.284
8 9 0.2 0.142080 0.116960 38.6 0.187840 0.500800 17.388
8 10 0.5 0.142080 0.116960 38.6 0.187840 0.500800 17.388
10 11 0.5 0.569600 0.128960 34.047 0.615360 0.512800 16.376
11 12 0.74 0.569600 0.128960 34.047 0.615360 0.512800 16.376
10 13 0.5 0.142080 0.116960 38.6 0.187840 0.500800 17.388
13 14 0.5 0.142080 0.116960 38.6 0.187840 0.500800 17.388
14 15 0.5 0.569600 0.128960 34.047 0.615360 0.512800 16.376
15 16 0.5 0.569600 0.128960 34.047 0.615360 0.512800 16.376
14 17 1.1 0.358400 0.123840 41.5 0.404100 0.507600 17.460
14 18 0.5 0.569600 0.128960 34.047 0.615360 0.512800 16.376
18 19 1 0.569600 0.128960 34.047 0.615360 0.512800 16.376
18 20 0.7 0.569600 0.128960 34.047 0.615360 0.512800 16.376
20 21 0.675 0.569600 0.128960 34.047 0.615360 0.512800 16.376
21 22 0.5 0.569600 0.128960 34.047 0.615360 0.512800 16.376
22 23 0.375 0.569600 0.128960 34.047 0.615360 0.512800 16.376
22 24 0.313 0.569600 0.128960 34.047 0.615360 0.512800 16.376

Table C.6: Capacitor and Load Impedance Data

Bus R (pu) X (pu) B (pu)

35 0.0005
36 0.0005
37 0.0005
40 0.0004
42 0.0003
43 0.0004
48 0.0004
52 0.0004
56 0.0004
45 2244.7900
45 4634.5033
45 320.74650 155.44324
60 4357.2000
60 8996.4086
60 622.82986 301.72371

For a specific bus, elements in the same row are in series and elements in different rows are in parallel.
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Table C.7: Transformer Data

From
Bus

To
Bus

Rated
kVA

Tap (pu) R (%) X(%)

1 2 5001 0.9639 0 0.1
5 6 8661 0.909 0 0.29
8 34 500 1 0 5
11 38 300 1 0 5
11 39 300 1 0 5
12 41 300 1 0 5
14 45 1000 1 0 5
17 46 300 1 0 5
17 47 300 1 0 5
15 49 300 1 0 5
16 50 500 1 0 5
16 51 300 1 0 5
16 53 300 1 0 5
16 54 300 1 0 5
18 55 300 1 0 5
19 57 300 1 0 5
20 58 300 1 0 5
20 59 300 1 0 5
20 60 750 1 0 5
21 61 300 1 0 5
22 62 300 1 0 5
23 63 500 1 0 5
24 64 300 1 0 5
7 33 300 1 0 5
9 35 500 1 0 5
9 36 500 1 0 5
9 37 500 1 0 5
11 40 300 1 0 5
12 42 300 1 0 5
13 43 300 0 5
14 44 1500 1 0 5
17 48 300 1 0 5
16 52 300 1 0 5
18 56 300 1 0 5

Transformer tap (pu): Vfr0mbuS/Vtobus
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