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Abstract

The proliferation of non-linear and electronically switched devices has increased the
presence of nonsinusoidal currents and voltages in electrical distribution systems. The
analysis of harmonics on the distribution systems has been described as being essential
to understanding the nature of harmonic performance. One of the basic rezsons for
conducting a harmonic study is to analyze the effectiveness of proposed remedies to any
existing harmonic problem. The analysis and design of any mitigation equipment requires
precise calculation of both voltage and current waveforms. Moreover, the parameters that
affect the harmonic performance have to be accurately identified and examined.

This thesis offers a new time-domain based approach for the determination of both
voltage and current waveforms in non-linear distribution systems taking into account the
interaction between both voltage and current harmonics (attenuation effect). In addition,
the parameters that control the generation and propagation of harmonics into the distri-
bution systems have been identified and investigated. A simple but efficient time-domain |
based technique has been developed and employed in order to estimate the combined
non-linear load susceptance at different harmonic frequencies based on the previously
calculated voltage and current waveforms and with the attenuation phenomenon consid-
ered. A novel design and implementation of reactance one-port compensators has been
applied to reduce both voltage and current harmonic distortion levels in non-linear dis-
tribution systems. This application represents a significant contribution to distribution
systems analysis as it successfully limits the system distortion. The performance of the

proposed compensator is assessed by both simulation and experimental testing.
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Chapter 1

Introduction

Power quality has become an important concern for utility, facility and electric engineers
in recent years. Power quality variations fall into two basic categories: the first is dis-
turbances that include transient voltages, voltage sags and interruptions; the second is
the steady state variations which include voltage variations and harmonics. To some,
harmonic distortion is still considered to be the most significant power quality problem.

Harmonic studies have become an important component of distribution systems anal-
ysis and design [1], given the ever-growing presence of harmonic producing devices. These
studies are used to quantify the distortion levels in voltage and current waveforms at var-
ious points within distribution systems and to study how these levels might be reduced.
The current emphasis on power quality [2] has reinforced the need for harmonic studies
as a standard component of distribution systems analysis.

Supply authorities, who are responsible for the integrity of the supply, are concerned
with this harmonic distortion, and have developed various harmonic standards (3, 4] to
limit the distortion at the point of common coupling PCC between the load and the
supply system. If both voltage and current harmonic distortion levels are not within

these limits, the system performance can be improved by installing harmonic filters.
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Until recently, electrical engineers involved in research on distribution systems har-
monic analysis have differed substantionally in their approach to the evaluation of the
system harmonic distortion levels. The difficulties in performing this task include the non-
linearity of harmonics (5], the voltage and frequency dependency of distribution system
loads [6,7] and the diversity between harmonic currents injected by different non-linear
loads [8]. The assessment of harmonic distortion in any system requires the identification
of the major harmonic producing devices in that system, the accurate determination of
both the magnitudes and phase angles of the injected harmonic currents and the analysis
of the harmonic propagation in the system [9, 10].

Most harmonic analysis are performed using steady state, linear circuit solution tech-
niques. The harmonic current produced by non-linear components are normally derived
on the assumption of a strong (or perfect) sinusoidal voltage supply [11]. These nominal
harmonic currents are then injected (injection sources) into an AC linear network to deter-
mine the level of voltage distortion. This procedure implies that the interaction between
voltage and current harmonics (attenuation effect) is neglected. Unfortunately, this is not
a valid assumption in most distribution systems. When the amount of harmonic currents
injected into the system is high and the AC system harmonic impedances are large, the
load voltage waveform will not be perfectly sinusoidal. Therefore, the derivation of the
injected harmonic currents requires an iterative algorithm.

Adding filters for harmonic distortion reduction is a common way to cut harmonic-
related losses, protect the system and enhance the performance of the distribution system.
However, the filter type, the installation location and the load and source characteris-
tics are all critical to the achievement of the desired performance [12]. Although several
passive and active filters have been proposed in the literature for the purpose of improv-
ing distribution system performance [13-15], the reactance one-port compensator has

attracted much attention for its effectiveness and low cost [16]. To date, however, this
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compensation technique has only been applied to linear circuits fed from a periodical non
sinusoidal voltage supply.

This thesis is divided into two main parts: determining the accurate voltage and
current waveforms in distribution systems with differing types of non-linear loads, while
taking into account the attenuation effect, constitute the first part of this thesis; the
second part deals with the utilization of the obtained voltage and current waveforms to
design a reactance one-port compensator capable of reducing the harmonic distortion

levels of both voltage and current in non-linear distribution systems.

1.1 Thesis layout

Chapter 2 presents an extensive survey on harmonics, its sources, effects and methods of
analysis. In Chapter 3 the different techniques utilized in defining the powers under non
sinusoidal conditions are reviewed. Moreover, a survey of different methods that mitigate
harmonic distortion are presented. Chapter 4 describes the technique that is utilized
in acquiring the voltage and current waveforms while considering the attenuation effect.
Simulation and experimental verification are also presented here. The parameters that
affect the harmonic performance of distribution system loads are examined in Chapter 5
while in Chapter 6 the neutral current generation and control in balanced and unbalanced
three-phase four-wire distribution systems is investigated. Chapter 7 presents the design
algorithm for the reactance one-port compensator along with experimental results aimed
to support the simulation outcome. Finally, Chapter 8 offers the main conclusions of this

work and suggests subjects for future research.



Chapter 2

Background

In this chapter, the theoretical aspects of distribution system harmonic generation and
its effects are discussed. Different system components and load models are presented and
various techniques for analyzing harmonics on distribution system are reviewed. Some
basic concepts are introduced in Section 2.1 while Section 2.2 presents the basics of
Fourier analysis. Section 2.3 highlights the different harmonic indices used to reflect
the harmonic distortion levels. The main sources of harmonic distortion in distribution
systems are surveyed in Section 2.4. The effect of harmonics are listed in Section 2.5
and Section 2.6 describes the recommended procedure for the analysis of distribution
system harmonics along with the typical models of system components and the different

methodologies for harmonic analysis. Finally, this chapter is summarized in Section 2.7.
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2.1 Basic concepts

2.1.1 Periodic functions

A function z(t) is called periodic if it is defined for all real ¢ and if there is some positive
number T such that

z(t+T) = z(t), v ot (2.1)

where T is called the period of the function.

2.1.2 Orthogonal functions

Two non-zero functions z;(t) and z,(t) are considered orthogonal over an interval T} — T

if

T2
/ z1(8)za2(t)dt = 0. (2.2)
T,

Furthermore, a set of r functions {z;(t), z2(t), ..., z-(t)} form an orthogonal set over

the interval T} — T, if

Ty
/ zi(t)zj(t)dt = 0, for i=1ltor, j=1ltor, i#j. (2.3)
T,

|3

2.2 Fourier series

The Fourier expansion of a signal generates the best fit to that signal in terms of the

selected fundamental frequency (lowest frequency of the expansion) and integer multi-

ples (harmonics) of that frequency. Under steady state conditions, periodically distorted

waveforms can be expressed in the form of Fourier series. The Fourier series of a pe-
2%

riodic function z(t), with fundamental frequency w and periodic time T' = =¥, has the
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expression:

z(t) = e, + i(ancos(nwt) + b, sin(nwt)). (2.4)

n=1

In this expression, a, is the average value of the function z(t) ,where,

a, = %/_; 2(t) dt. (2.5)

The series coefficients, a,, and b,, are the rectangular components of the nt? harmonic.

The corresponding n** harmonic vector is:

An é¢n = a, + jbn, (26)

with a magnitude of

4 = \Jlaz + 82). (2.7)

and a phase angle ¢,, where,

_ an-ibn
¢ = tan (an). (2.8)

The RMS value of the function z(t) is defined as:

RMS = Jao + i%Aﬁ (2.9)
n=1

In distribution systems, devices that produce distortion exhibit a non-linear relation-
ship between voltage and current. Such non-linear relationship may lead to the following

forms of distortion [17]:
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1. A periodic steady state exists while the distorted waveform can be expressed as a
Fourier series with a fundamental frequency equal to the power frequency. This is
the common case in distribution system harmonic studies. There are several ad-
vantages gained by decomposing the distorted waveform in terms of its harmonic
contents. The frequency domain can be used to study the propagation of each har-
monic independently. Consequences, such as losses, can be related to the harmonic
components and measures of waveform quality can be developed in terms of the

harmonic amplitudes.

2. A periodic steady state exists and the distorted waveforms can be expressed as
Fourier series with a fundamental frequency that is sub-multiples or sub-harmonics
(of the base frequency) as long as they are less than the base frequency. In case
they are above the base frequency, the fundamental frequency will be fractional
multiples or inter-harmonics. Some types of pulsed or modulated loads and integral

cycle controllers can create waveforms that correspond to this category.

3. The waveform is non-periodic or is not related to the power system frequency.

2.3 Harmonic distortion indices

There are several measures available for indicating the harmonic contents of a waveform
with a single number. The most common measure of deviation of a periodic waveform
from a sinusoidal wave is called Total Harmonic Distortion (T'H D). It can be calculated

for either voltage or current. The THD is given as:

VI, M2
THD = 100 Y—/="_" (2.10)

M,
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where M, is the RMS value of harmonic components n of the quantity M, and M, is the
RMS value of the fundamental component. The THD is a measure of the effective value
of the harmonic components of a distorted waveform, that is, the potential heating value
of the harmonic relative to the fundamental. IEEE standard 519 (3] specifies limits on
voltage and current TH D for low, medium and high voltage.

Several other distortion indices are defined in [3], each intended to capture a specific
impact of harmonics. The Telephone Influence Factor (TIF), the C-message weighted
indices, the V.T product and the I.T product are used to measure telephone interference.
The K-factor index is used to describe the impact of harmonics on losses and is useful in

derating equipment such as transformers [18].

2.4 Harmonic sources

There are two main sources of harmonics in a conventional distribution system. The first
source include devices that exhibit a non-linear relationship between voltage and current;

and the second source includes those devices which involve electronic switching.

2.4.1 Devices with non-linear voltage and current relationship

Iron-core reactors are typical example of such devices. The most common sources in
this category are transformers (due to their non-linear magnetization characteristics and
overexcitation), fluorescent and other gas discharge (Neon, Mercury, Sodium,..,etc.) light-
ing and arc-furnaces. In all cases, there exists a non-linear relationship between voltage
and current. In devices such as core and coil ballasted fluorescent lights, the voltage-
current relationship can be relatively constant over some range of excitation. On the
other hand, in the case of transformers, this relationship is demonstrated to be much

more complex once the hysteresis characteristics of the magnetic material are considered.
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The harmonic currents generated by these devices are greatly affected by the waveform
and the peak value of supply voltages. It is, therefore, desirable to represent these devices
with their actual non-linear V-I characteristics in harmonic studies, instead of voltage

independent harmonic current sources [19].

2.4.2 Devices involving electronic switching

Static power converters are typical examples of such devices. They synchronize their
switching to zero-crossing of the AC voltage or its fundamental component. Generally, a
periodic steady state exists. Under ideal conditions, devices switch in an identical manner
in the positive and negative half cycles and thus, only odd-harmonic components exist.
Compared to the non-linear V-I devices, harmonic currents generated from converters are
less sensitive to supply voltage distortion. However, the phase angles of the generated
currents are functions of the supply voltage phase angle. Typical devices utilizing line-
commutated solid state converters include static VAR compensator, adjustable speed

drives and DC drives.

Single-phase static power converter

Direct current power for modern electronic and microprocessor-based equipment is com-
monly derived from a single-phase full-wave diode bridge rectifier which is shown in Fig-
ure 2.1. The input AC current to the power supply comes in very short pulses as the
capacitor, C, regains its charge on each half cycle. The spectrum consists of all odd-
harmonics with magnitudes depending on the shape of the pulse [20,21]. These devices
exist in large numbers in typical distribution systems and therefore, the collective effect

of such devices is of great interest [22,23].
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Figure 2.1: Single-phase power converter equivalent circuit

Three-phase static power converter

The most common form of three-phase static power converters is the six-pulse bridge
rectifier. It is widely used in adjustable speed drives and DC drives. The nature of the
bridge connection precludes the generation of zero sequence harmonics (triplen harmonics)
from the converter, even when the supply voltage is unbalanced or distorted. Although the
DC drives and the adjustable speed drives are equipped with a similar bridge converter
front-end, the harmonic currents generated by these devices differ significantly due to
the variation of the DC link designs [24]. In the case of DC drives, the DC motor
inductance is used for current smoothing [25]. While, most adjustable speed drives have
a large capacitor in the DC link [26]. This capacitor amplifies the DC link current ripples
resulting in a higher harmonic levels. The circuit diagram for this converter is given in

Figure 2.2.
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Figure 2.2: Three-phase power converter equivalent circuit
2.5 Harmonic effects
Harmonic distortion has several detrimental effects [27-32], including:

1. Overheating of conductors due to skin and proximity effects;

2. Prolonged circuit breaker interruption that leads to delayed fault current dissipation

and causes re-ignition after fast re-closure;
3. Capacitor bank failure due to dielectric breakdown or reactive power overload;

4. Excessive heating and mechanical insulation stresses in transformers due to the

frequency dependent core;
5. Overheating, pulsating torque and noise in electrical machines;
6. Unpredictable behavior of relays and other protection devices;

7. Over-voltages and excessive currents on the system from resonance to harmonic

voltages or currents on the network;
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8. Errors in meter readings;
9. Dielectric breakdown in insulated cables resulting from harmonic over-voltages;

10. Abnormally high currents on the neutral conductor of three-phase four-wire systems

feeding single-phase non-linear loads;
11. Elevating the neutral to earth voltage and the electro-magnetic forces;
12. Interference with large motor controllers and power plant excitation system,;
13. Unstable operation of firing circuits based on zero crossing detecting;
14. Interference with ripple control and power-line carrier system, and

15. Inductive interference with communication systems.

2.6 Harmonic distortion evaluation

Harmonic studies have become an important component of power system analysis and
design. They are used to quantify the distortion in voltage and current waveforms at
various points in a power system and to determine whether dangerous resonant conditions
exist and how they might be mitigated. The current emphasis on power quality [2]
has reinforced the need for harmonic studies as a standard component of power system
analysis.

A general harmonic analysis procedure should be adopted whenever large harmonic
sources exist in a system or when future harmonic pollution is expected out of further
system expansion. The harmonic analysis procedure is becoming an increasingly impor-
tant part of the general design process due to the growing level of harmonic generation

associated with normal system loads.
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The following is a proposal for a comprehensive procedure for performing a power

system harmonic study.

I. Determination of harmonic analysis goals: This is important to keep the inves-

tigation on track. Some possible objectives:

1. Characterizing existing harmonic levels;

2. Identifying and evaluating the case of an existing problem that might be related

to harmonic distortion;

3. Evaluating the impact of new harmonic producing loads, devices or dispersed

generators on the system, and

4. Designing harmonic mitigation equipment.

II. Developing loads and system models: Modelling power system components in a
fashion suitable for handling waveform characteristics of switched loads, impulses,
notches and other high frequency phenomenon is the key for any successful power
system harmonic study. The main tradeoff is computational complexity versus

details and accuracy.

The models should be developed in either the time-domain or the frequency-domain
in order to study the harmonic effects on these components or to include these

components as harmonic sources in harmonic studies.

ITII. Performing pre-measurement simulations: Measurements are expensive in terms
of time, equipment and possible disruption of plant operations. It is economically
useful to have a good idea about what to look for and where to look for it before
entering the facility. Simulations can be developed based on the best information

available.
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IV. Performing harmonic measurements: Often measurements will be needed for

one of the following reasons:

1. To characterize sources of harmonics and system bus distortion; or

2. To validate simulation models.

V. Performing detailed simulation: Detailed simulationsshould utilize any measure-
ment results for model validation and then should expand beyond the specific system
conditions associated with the field test. All possible system configurations and load
conditions can thus be studied and evaluated. The simulations should expand on

the measurements in several ways:

1. Analyzing different system conditions;
2. Determining the effect of new harmonic sources on the system; and

3. Simulating equipment parameters and operating procedures for harmonic con-

trol.

VI. Developing solutions to harmonic problems: Simulations are used to develop
solutions for any potential harmonic problems and to investigate possible adverse

system interactions. The sensitivity of the results to important variables are also

checked.

VII. Verification of system performance: After the installation of the proposed so-

lution, monitoring can be carried out to verify the correct operation of the system.

Admittedly, it is not always possible to perform each of these steps to the ideal extent.
The most frequently omitted steps are measurement steps due to the high cost involved.
Since modelling different system components is the core of any harmonic study, more

light will be shed on this phase in the next subsection.
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2.6.1 Models for network components

In performing distribution system harmonic analysis, models must be developed for all
pertinent system components, including overhead lines, underground cables, distribu-
tion transformers and load devices. Over the last three decades, much research has
been focusing on the subject of system components modelling [33—48]. This subsection
will summarize the typical representations of common network components for harmonic

analysis.

Load model

There are two basic approaches to obtaining data on composite load characteristics. The
first is to directly measure the voltage and frequency sensitivity of the load P and @Q at
representative substations and feeders [41]. The second is to build up a composite load
model from the mix of load classes served by a substation, the composition of each class
and the typical characteristics of each load component [48]. Ideally, since these techniques
are complementary, both should be used in order to better understand and predict the

load characteristics under varying conditions.

1. Measurement-based data

Data for modelling can be obtained by installing measurement and data acquisition
devices at the points where the bus load is to be represented. These devices must
measure voltage, frequency variations and the corresponding variation in active and
reactive power. The advantage of this approach is that it allows the researcher to
obtain data directly from the actual system. Unfortunately, the data gathered at
one location might not be applicable to other locations therefore, assigning the

characteristics over a wide range of voltages and frequencies may be impractical.
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2. Component-based data

In this approach, the load model is developed by aggregating models of the individ-
ual components forming the load. This method has the advantages of not requiring
field measurements and of being adaptive to different systems and conditions. Its
main drawback, though, is the need to gather load class mix and perhaps load com-
position data, neither of which are always readily available. A general model for

passive loads is given in Figure 2.3.

Transformer

—0- 00

Load —— Static i Rotating
Capacitance —— part

Figure 2.3: General passive load mode!

Rotating machines model

In synchronous and induction machines, the rotating magnetic field, created by stator
harmonics, has a speed significantly higher than the rotor magnetic field which rotates
with the synchronous speed. Therefore, at harmonic frequencies, the stator impedance
approaches the negative sequence impedance. In the case of synchronous machines, the
inductance is usually taken to be either the negative sequence impedance or the average
of the direct and quadrature subtransient impedances. For induction machines, the in-

ductance is taken to be the locked-rotor inductance. In each case the significance of the
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frequency dependency of the resistance is due to the skin effect and the eddy current. An

accurate machine model has been proposed in [43].

Transformer model

A general model for a transformer that is adequate for harmonic analysis is shown in
Figure 2.4. R,, is a constant resistance that accounts for the core losses. R; and L;
represent the winding resistance and leakage reactance, respectively. Resistance R,; is
used to represent the frequency dependent characteristics of short circuit resistance and
inductance. The current source is used to represent the harmonic generating effects of
the magnetizing branch and its value is determined from the flux—current curve and the
supply voltage.

Short circuit impedance, magnetizing characteristics and winding connections are
some characteristics of transformers that affect harmonic flows. Although both the re-
sistance and inductance of the transformer short circuit impedance are frequency depen-
dent, modelling them as constant R and L is generally acceptable for a typical harmonic
study. This is acceptable because the frequency-dependent effects are insignificant for the
harmonic frequencies of common interest and including the saturation characteristics is
important only when the harmonics generated by the transformer is of primary concern.

Since transformers can give a +£30 degree phase shift to harmonic voltages and cur-
rents, modelling phase-shifting effects is essential especially if there is more than one
harmonic source in the system. Three-phase representation automatically includes phase-
shifting effects. but, for single-phase, a phase-shifter model should be used to represent
this effect.

Other factors such as the non-linear resistance characteristics of the magnetization
branch and the winding stray capacitance may also affect the harmonic performance of

a transformer. Though for most transformers the effects of stray capacitance become
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noticeable only for frequencies higher than 4kH z.
RP) RP,

/ //
| _W_/V N1:N2 __(0’01%4/\___.

Ly R ¢ ¢ Ly Ry

v, Rm < () L, v,

Figure 2.4: General transformer model for harmonic studies
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-

Overhead lines and underground cables model

The modelling of transmission lines over a wide range of frequencies is relatively well
documented [34]. Typical overhead lines can be modeled by a multi-phase coupled equiv-
alent pi-circuit, as shown in Figure 2.5. For balanced harmonic analysis, the model can
be further simplified into a single-phase pi-circuit determined from the positive-sequence

impedance data of the line. The main concerns for modelling overhead lines are:

1. The frequency-dependency of the unit-length series impedance; and

2. Thedistributed-parameter nature (long-line effect) of the unit-length series impedance

and shunt capacitance.

The first step in constructing the model is to compute the unit-length series impedance

and shunt admittance parameters. After obtaining these parameters, matrices [Z] and
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Figure 2.5: Overhead and underground lines model

[Y] can be calculated by including (or not including) the long-line effects. If these effects
are ignored, which is only applicable to short lines or low order harmonics, the [Z] and
[Y] matrices are the unit-length parameters multiplied by the line length. Underground
cable models are very similar to overhead line models. The difficulty for cable modelling
is how to determine the unit-length parameters for a cable. Detailed description of the

calculation of cable parameters is provided in [44].

2.6.2 Techniques for harmonic analysis

Harmonic analysis is used to quantify the distortion in voltage and current waveforms at
various points in a distribution system and to determine whether dangerous resonance
conditions exist and how they might be mitigated. These methods can be grouped in two

general categories:

1. Frequency-domain methods; or

2. Time-domain methods.

This subsection reviews the techniques currently used for distribution system har-

monic analysis. These techniques vary in terms of their data requirement, complexity,
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problem formulation and solution algorithms.

1- Frequency-domain methods

The frequency-domain analysis methods are divided into two groups. The first group deals
with linear methods. These include the frequency scan and the current injection methods.
The second group, that is, the non-linear methods, include the harmonic iteration and

the harmonic power flow methods.

Frequency scan method

This method calculates the frequency response of a network as seen at a particular bus
or node. The input data requirements are minimized. Typically, a one-per-unit sinu-
soidal 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 through-
out the frequency range of interest. Mathematically, the process is to solve the following

equation:

[YallVa] = (L, (2.11)

where [I,,] is the known current vector (from current injection), [V;] is the nodal voltage
to be solved and [Y;] is the system admittance matrix. The results are the positive or
zero sequence driving-point impedance of the network. Frequency scan analysis is the

most effective tool to detect harmonic resonance in a system.

Current injection method

This method is an expansion of the frequency scan method. Here, if more data are

available on harmonic source characteristics, the one per unit injection current can be
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replaced by a specific harmonic current. The current has a magnitude determined from
the typical harmonic spectrum and rated load current of the harmonic-producing device
under study.

Equation 2.11 is then solved only at harmonic frequencies of interest. The results are
the harmonic voltages created by the harmonic producing equipment. This approach has
been extended to cases with multiple harmonic sources, however, the results are approx-
imate because the phase angles of the injection currents are set arbitrarily. Depending
on the phase angles used, the effect of two harmonic sources seen at a particular bus can
either add or cancel.

Due to its computational efficiency, this method can accommodate large power sys-
tems, unfortunately, modelling non-linear loads as constant harmonic current sources (un-
der the assumption that the harmonic currents generated are independent of the voltage

waveform and the system impedance) introduces inaccuracies that might be substantial.

Harmonic iteration method

In order to overcome the current injection method limitations, the harmonic-producing
device is modeled as a supply voltage dependent current source. This method couples
the non-linear load model with a linear model of the power system. The solution of the
system is found using the coordinate method (Gauss method) [24, 49].

Harmonic voltage values are assumed at the interface bus between the power system
and the load. Given these voltages and considering the load control variables, non-
linear algebraic equations involving the load currents are formulated. The solution of
these equations provides the electric current waveforms in an analytical form which are,
then subjected to Fourier transform to drive the harmonic current phasors. Then these
harmonic currents are multiplied with the power system harmonic impedances to obtain

new harmonic voltages at the interface bus which are, in turn, considered for the next
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iteration. The procedure is repeated until a pre-specified convergence criterion is satisfied.

The poor convergence characteristics of this method, though, is a definite shortcoming.

Harmonic power flow method

Another method that takes into account the voltage-dependent nature of non-linear de-
vices is to solve the system (Equation 2.11) and the device equation simultaneously using
Newton-type algorithms [50-52]. This method generally requires the availability of the
device model in a closed form or in a form in which derivatives can be efliciently com-
puted. In theory, the convergence of this method is better than that of the harmonic

iteration scheme if the iteration starting point is close to the solution point.

2- Time-domain method

Aside from the frequency-domain methods described above, some techniques have also
been developed for harmonic analysis in the time-domain [53]. In the time-domain meth-
ods, the system model takes the form of differential equations. A solution is obtained
by assuming a set of initial conditions and integrating the system equations over time.
After the system has reached a steady state, the voltage and current waveforms of in-
terest are subjected to Fourier analysis in order to derive the harmonic spectrum. This
method is capable of simulating harmonic instability, voltage dependency and power sys-
tem non-linearities. However, it is computationally demanding and practically limited to
the study of small systems. Moreover, among the main disadvantages of the time-domain
based approaches is the lack of load-flow constraints (such as the constant power specifi-
cation at load buses) at the fundamental frequency. Electro-Magnetic Transient Program
EMTP [54] has been used as such a tool. Complex techniques, such as the shooting

method [55], have been proposed to accelerate the convergence to a steady state.



CHAPTER 2. BACKGROUND 23

2.7 Summary

In this chapter, the basic mechanisms for generating periodic distorted waveforms from
the major distribution system harmonic sources were surveyed and the different measures
and indices for harmonic distortion evaluation were reviewed. Also, the detrimental ef-
fects of power system harmonics on equipment and loads were discussed and a general
harmonic analysis procedure to evaluate the harmonic distortion in distribution systems
was suggested. This procedure highlights the importance of accurate load modelling,
harmonic measurement and detailed computer simulations in detecting the propagation
of harmonics in distribution systems. Different system components and loads were pre-
sented and the various techniques currently used for power system harmonic analysis were
reviewed.

Along with the customary power factor correction, voltage and current distortion
compensation has become highly desirable by most utilities and customers. Therefore,
the electrical quantities relevant to compensation should be clearly defined in order to
make accurate measurements and manage both power quality and compensation in actual
distribution networks under non-sinusoidal conditions. In the next chapter, the practical
definitions for different power quantities in systems with non-sinusoidal waveforms are
covered. The different techniques utilized to mitigate the distribution system harmonics

and improve the power quality will also be presented.
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Power Definitions and Harmonic

Mitigation

In this chapter, the different power definitions under non-sinusoidal conditions are dis-
cussed and the advantages and drawbacks of each are pointed out. Furthermore, the
different techniques that are utilized to mitigate the harmonic distortion and improve the

system power factor are reviewed.

3.1 Preamble

The real, reactive and apparent powers are the notations that are particularly well known
to electrical engineers involved in the generation, transmission, distribution and utiliza-
tion of electrical energy. Power properties and definitions in electrical circuits and power
systems are generally settled down in situations where both voltage and current wave-
forms are pure sinusoidal [56]. As these waveforms differ from sinusoidal conditions, these
notations become more and more blurred. Therefore, before discussing power properties

in non-sinusoidal situations, it may be profitable to compile the essential properties of

24



CHAPTER 3. POWER DEFINITIONS AND HARMONIC MITIGATION 25

the apparent, real and reactive powers for a sinusoidal waveform.

3.2 Powers in sinusoidal situations

When sinusoidal conditions prevail, the instantaneous values of both voltage and current

in a single-phase circuit containing a linear RL load can be written as

v(t) = V2V coswyt, and  i(t) = V21 cos (wyt — ). (3.1)

where, V and I are the rms values of both voltage and current, respectively, w; is the
frequency and ¢ is the angle between voltage and current waveforms.

The quantity defined, according to the physical definition of power, as the rate of
change of energy flow W (t), which flows from the source to the load, is known as the

instantaneous power and is given by

%W(t) = p(t) = w(B)i(t). (3.2)

However, this power, being a function of time, is not a convenient measure for the
description of energy flow. The decomposition of the current into real (in-phase) and re-
active (quadrature) components will lead to distinctive instantaneous power components
as given in (Appendix A).

The apparent power S is defined as the product of the rms voltage and the rms
current at the circuit terminals. Its maximum value specifies the supply rating. The

apparent power is given by

W
Il

VI (3.3)

From Equations A.5 and A.7,
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5?2 = P? + @ (3.4)

If a linear circuit consists of k parallel paths and fed from a sinusoidal supply, the

total real and reactive powers (P and Q) will be given by

P= > P, Q = Z_:Qn. (3.5)

Combining Equation 3.4 and Equation 3.5 gives:

' = (LR + (X Qa2 (3.6)
k k

It is important to note that in general,

n=1
S? # ZSi,and (3.7)
k
n=1
$* # [3Sal% (3.8)
K

It should be noted, however, that the apparent power does not have any physical
meaning and it can not be measured by direct instrumentation. The most common way
to measure the apparent power is through the measurement of both real and reactive

powers.

3.3 Powers under non-sinusoidal conditions

Power properties of electrical circuits are generally clear in situations when both voltage
and current waveforms are sinusoidal. As they lose their sinusoidal shape, these notations

become more ambiguous [57-62].
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Although, voltage and current waveforms may differ from the sinusoidal shape for
several different reasons [63,64], the most common is the supply of different types of
non-linear loads. Since these loads, and their resultant harmonics, form an increasing
segment of the electric power load base, the operation under non-sinusoidal voltage and
current conditions becomes a real practice.

There are many detrimental effects to injecting harmonics into the distribution system.
In order to minimize these effects on the system, some form of distortion compensation is
necessary where non-linear loads are coupled to the network. The control philosophy of
this compensating system is still a major unsolved problem. A proper control philosophy
can only be achieved if the definitions of all the components of electric power, under these
non-sinusoidal conditions, prove to be accurate and have interpretation in terms of the
connected load.

Electrical engineers involved in research on non-sinusoidal systems differ substantially
in their approaches to defining the power quantities [65~76]. Expressing them as function
of time (in the time-domain) or as function of frequency (in the frequency-domain) is the
most remarkable difference. In the coming subsections, some of the most common power

definitions are reviewed.

3.3.1 Frequency-domain approach

The frequency-domain approach has been widely utilized in defining the power properiies
in non-sinusoidal situations [65-72]. The main outline of some concepts that are used for

this purpose are presented below.

Budeanu’s concept

The power equation as suggested by Budeanu [65] in 1927 is the most widely recognized

decomposition of apparent power. Budeanu generalized the power equation of source
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in the linear circuit with sinusoidal voltage and current such that it can be applied to

circuits with periodical non-sinusoidal waveform. His power equation has the form:

S* = P? + Q} + D%, (3.9)

with a reactive power defined as:

s
QB = ZVnInSin¢ny (310)
n=1
and distortion power defined as
Dp = \/S?-P? - Q3. (3.11)

While the reactive power Qp is interpreted as the source useless loading due to the
reciprocating flow of energy, the distortion power Dp is interpreted as the loading due to
the waveform distortion. However, the reciprocating flow of energy may exist in the circuit
even if Budeanu's reactive power is equal to zero [77]. Moreover, it is found [77] that the
distortion power is equal to zero if the waveform is sinusoidal (which is acceptable) but
is also equal to zero if both voltage and current are distorted with identical waveforms.
This means that the distortion power may be considered to be a measure of the current
waveform distortion with respect to the voltage, but not a measure of the distortion of
the waveform itself.

In summary, the Budeanu reactive and distortion powers do not possess the attributes
that could be related to the power definitions in circuits with non-sinusoidal conditions.
Their values do not provide the necessary information for compensator design required

to improve the system supply quality.
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Shephared & Zakikhani’s concept

The power equation suggested by Shephared and Zakikhani {66] is based on the source
current decomposition into a current i, which is in-phase with the supply voltage and a

current i, which is shifted by 3, as follows:

o ]
i, = \/52 I, cos ¢, cos (nwyt + an),and (3.12)
n=1
ip = V2 ILising,sin(nut + ag). (3.13)
n=1

Since these currents are mutually orthogonal, then, multiplying by the square of the

voltage will result in the power equation that can be written as:

§* = S + Q2 (3.14)

This power equation was strongly criticized because it did not contain the real power P.
However, it did enable one to solve, for the first time, the problem of the source apparent
power minimization by means of reactive compensator. The power S, is not affected by
such a compensator, so that any reduction of Q, reduces the apparent power S. This
is true only, however, at an ideal voltage source. But when the source has an internal

inductive impedance, a series resonance may occur.
Czarnecki’s concept

I. Linear circuits

Czarnecki stated that in linear circuits, the current may be nonsinusoidal only if the
applied voltage is nonsinusoidal. The supply current is, hence, decomposed into three

components namely real, reactive and scattered [67-70]. These currents are given as
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is = V2Re Y  G.V,e™t, (3.15)
n=1
ir = V2Re Y jBaV,e™t and (3.16)
n=1
i, = V2Re Y (Gn — Gc)Vae™t. (3.17)
n=1

where G,, is the non-linear load conductance, B,, is the non-linear load susceptance and
G, is the conductance of a fictitious resistive load that when supplied from the same
supply, it absorbs the same real power as the actual load.

These three current components are mutually orthogonal, and multiplying them by

the square of the voltage rms value will result in Czarnecki’s power equation, that is:

S? = P2 + Q? + D2 (3.18)

From the above power equation, it can be concluded [67,68] that the only two reasons
for the source current rms value to increase above the value of the active current (which
is necessary for the real power transmission) in circuits with non-sinusoidal waveforms

are:

1. The reciprocating flow of energy for individual harmonics. The rms value of the

current %, is the only measure of this increase; and

2. The variance with frequency of the load conductance G, around the equivalent

conductance G,., which is represented with the scattered current i,.
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II. Non-linear circuits

In non-linear circuits, the waveforms will be distorted under the influence of two sets of
harmonics, one from the supply-voltage harmonics and the other is generated due to the
non-linearity of the load. When this occurs, the source current will be decomposed into
four components. While the first three components ¢,, i, and i, preserve their meaning
(as in linear circuits), the fourth component i; can be interpreted as the current resulting
from the presence of different harmonics in both current and voltage due to the load
non-linearity.

If N, and N; denote the harmonic contents in both voltage and current, respectively,

and M denotes the difference of the sets N, and N;, then:

iy = V2Re Y IL,e™t. (3.19)
neM

The power equation can be written as:

2 _ 2 2 2
5 = P2 + Q2 + D} + Di. (3.20)

3.3.2 Time-domain approach

The second approach used in defining the power properties in non-sinusoidal situations is
the time-domain approach [73-76]. Below is a brief review of some concepts that utilize

the time-domain approach.

Fryze’s concept

The power equation as suggested by Fryze [73], early in 1931, was based on the supply
current decomposition into two orthogonal components in the time-domain. The two

current components are defined as an active current i, that has the same waveform as
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the voltage while the other component is the remaining part of the total current, that
represents the useless current loading of the supply. The power equation obtained by

Fryze is in the form:

S? = pP? + Qi. (3.21)

Although Fryze defined the power quantities without using harmonic components,
which is very advantageous for the purpose of instrumentation, his definition dces not
relate the reactive power to the load properties. Fryze's reactive power does not provide

any information or data for the purpose of reactive power compensator design.

Kuster & Moore’s concept

Kuster and Moore [74] used the time-domain approach to decompose the supply current
into three components namely, active, inductive or capacitive reactive, and residual re-
active component. The active current component ¢, has the same waveform and phase
as the supply voltage. On the other hand, the inductive or capacitive reactive compo-
nent (ig,%q) has the same waveform and phase as that of the current in an inductor
or capacitor with the same voltage across it. The residual reactive current (g, %gcr),
either inductive or capacitive, is what remains from the total current after the active and
respective reactive current are subtracted. For inductive loads, capacitive improvement
is possible and the power equation will be based on the current decomposition given as

follows:

i = ig + ige + iger- (3.22)

The power equation is given by:
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§? = P2 + Q + Q%. (3.23)

The residual reactive component of the current is always positive and can not be
compensated by means of passive components. On the other hand, the capacitive reactive
component of the current is negative, and can be completely compensated by a shunt
capacitor. However, it is shown in [78] that the capacitive reactive power Q. is equal to
the maximum value of the reactive power that is reducible by a shunt capacitor, only if
the source impedance is equal to zero, otherwise it may only approximate this maximum
power value. If the source has an inductive impedance, the use of this quantity to itnprove

the system power factor may lead to wrong decisions concerning optimal capacitance level.

3.3.3 Discussion

In Section 3.3, the several concepts used in defining the power quantities under non-
sinusoidal conditions were reviewed. The advantages and drawbacks of each were also dis-
cussed . Two of these methods have found international recognition, namely, Budeanu'’s
concept [65] and Kuster & Moore’s [74], however, it was later found [77,78] that even
these definitions have some essential flaws.

There are two main approaches in defining the power quantities. The first is the
frequency-domain approach that is based on the Fourier analysis and provides deep insight
into the power properties of the non-sinusoidal power systems. It also fits very well the
methods of reactance compensator and harmonic filter design.

The second approach is the time-domain which is simpler and more convenient for
measurements. However, the possibility that the parameters of a shunt reactance com-
pensator can be determined in the time-domain approach is not evident.

Among the different techniques utilizing the frequency-domain approach, Czarnecki’s
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concept proved to be the most suitable for defining the power components and it also
provides enough information for reactance compensator design [16,79]. Thus, this concept
will be adopted through out the rest of this work.

Since improving the system power quality through voltage and current harmonic com-
pensation is one of the main goals of this study, it will be beneficial to review the common

methods utilized in harmonic suppression. This will be the subject of the next section.

3.4 Harmonic mitigation

In an ideal AC power system, the voltage and frequency at the supply terminals should
be constant and free from harmonics. However, due to the ever-increasing harmonic
pollution in electrical power systems, this situation varies and the power transmitted
with distorted waveforms reaches hundred of megawatts. Voltage and current distortion
compensation is now required not only to increase the power transmission efficiency, but
also to improve the power system quality [80, 81].

Power quality refers to the measure, analysis and improvement of the bus voltage,
usually a load bus voltage, to maintain that voltage to be sinusoidal at rated voltage
and frequency. Load compensation is the management of reactive power to improve the

quality of the supply in AC systems. In load compensation, the main objectives are:

1. Power factor correction; and

2. Improvement of voltage regulation.

Power factor correction is achieved by generating reactive power as close as possible
to the load that requires it, rather than supplying it from the source. Most industrial
loads have lagging power factor, or in other words, they absorb reactive power. The load

current therefore, tends to be larger than is required to supply the real power alone. Since
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the real power is the only useful power for energy conversion, then the excess load current
represents a waste and minimizing it is therefore a necessity.

Compensation of the inactive power and minimization of the supply current while
improving both supply power factor and system power quality can be broadly classified
according to their nature in one of the two categories to be discussed in the following

subsections:

3.4.1 Power electronic solutions

The most common devices in this category are active filters [82], adaptive VAR compen-
sator [83], electronic voltage regulators and frequency discriminators. In addition to these
devices, methods such as phase multiplication [84] have been used to achieve the same

ends. In all cases, a switching operation of a controlled semiconductor device exists.

Active filters

Active filters are relatively new types of devices for eliminating harmonics. They are based
on sophisticated power electronics devices and are much more expensive than passive
filters though they can address more than one harmonic at a time. They are based on the
basic idea of replacing the portion of the sinusoidal wave that is missing in the current of
a non-linear load. Figure 3.1 illustrates the active filter operation concept. An electronic
control monitors the line voltage and/or current, switching the power electronics very

precisely to track the load current or voltage and force it to be sinusoidal.

Phase multiplication

Half-wave rectification produces even-harmonics that have a DC component that satu-

rates transformers. While, full-wave rectifiers produce only odd-harmonics. The most



CHAPTER 3. POWER DEFINITIONS AND HARMONIC MITIGATION 36

/\\/
o2 —g
Uy 17 e

OR ”—

Figure 3.1: Application of an active filter at a non-linear load

common full-wave rectifiers are six-pulse converters. Harmonics can be reduced by con-

verter phase multiplication if m six-pulse rectifier sections:

1.

Have the same transformer ratio;

. Have transformers with identical impedances;
. Phase shifted exa.ctly degrees from each other;
. Are controlled at exactly the same delay angle; and

. Share the DC load current equally.

The only harmonics present will be of the order of, 6mk+1 , the characteristics harmonics.

For a 12-pulse converter unit, the only harmonics present will be 11,13,23,25,...etc.

Further pulse multiplication will reduce other harmonic currents.

3.4.2 Passive solutions

Passive filters are made of inductive, capacitive and resistive elements. They are relatively

inexpensive compared to other means for eliminating harmonic distortion. They are
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employed either to shunt the harmonic currents off the line or to block their flow between
parts of the system. Different techniques utilizing passive solutions to improve the system
power factor and reduce the harmonic levels have been suggested in the literature [12,16,
53,79,85-87]. These methods range from the simple shunt capacitor to the rigorous one-
port reactance network. Descriptions of the most commonly used methods are described

below.

Shunt capacitors

Compensating the reactive power in the case of linear systems is very simple and effective
using shunt capacitors. The situation becomes more complicated, however, in the presence
of harmonic distortion. If the supply is non-sinusoidal, but ideal (having no internal
impedance), then the minimization of the source current rms value is usually realized by
a capacitor connected in parallel to the load [74,88] and having the optimal value given
by:

o nBLV?2

n=l
Copt = -

w1 Yoaey n2V2 , (3:24)

where B, and V,, are the load susceptance and voltage at harmonic frequencies n, re-
spectively. However, this equation holds true only if the load current and voltage do not
depend on the connected capacitance, i.e., if the source impedance is equal to zero. Oth-
erwise, Equation 3.24 does not determine the capacitance that results in the maximum
value of the source power factor. When the supply has an internal inductive impedance,
as in most distribution systems, resonance may occur between the source inductance and
the compensating capacitance resulting in a capacitor value that differs substationally

from the one calculated by Equation 3.24.
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Tuned passive filter

If significant harmonic currents are generated locally by a non-linear load, tuned filters
may be installed to prevent these currents from being injected into the system. Figure 3.2

illustrates the most common tuned filter arrangements.

—-l—-
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Figure 3.2: Common tuned passive filter configurations

The most common type of tuned passive filters is the single-tuned “notch” filter [53].
The notch filter is series-tuned to prevent a low impedance path to a particular harmonic
current. It is connected in shunt with the power system, thus, harmonic currents are
diverted from their normal flow path on the line into the filter. Notch filters can also
provide power factor correction along with harmonic suppression. One important side
effect of adding such a filter is that it creates a sharp parallel resonance point at frequency
below the notch frequency. The resonant frequency must be safely far away from any

significant harmonic frequency.

Two-element series LC compensator (TESLC)

When the harmonics are mainly caused by source distortion, they can be reduced by
using a Two Element Series LC' compensator. Such a compensator may actually have a

lower total volt-ampere rating than that of a pure capacitive compensator to achieve the
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same power factor [87]. The design procedure of such a compensator is widely available in
the literature {79, 89]. Despite a higher power factor value, the source current harmonics
in a circuit with TESLC compensator are higher than they are in the non-compensated
circuit. Only the fundamental current is reduced, and this comes at the expense of
increasing the remaining harmonic currents. Even the fundamental reactive current will

not be totally compensated.

Reactance one-port compensator

Current harmonics have a minimum value and the reactive power is totally compen-

sated [67] if, for each harmonic n,

Ben = — B (3.25)

where B., denotes the compensator susceptance for different harmonic frequencies n
and B,, represents the load susceptances at those frequencies. This condition can not
be fulfilled by a TESLC compensator but require a more complex reactance one-port
circuit. According to [90], the compensating one-port for M harmonics has a complexity
N = M(2M —1), however, it has been shown in [79], that the required complexity is much
lower, not higher than M < N < 2M - 1. Different forms of compensator susceptances
as well as structure, parameters calculation and compensator circuit design are found

in [91-93].

3.4.3 Discussion

Minimization of the supply current while improving the supply quality and power factor
for linear loads fed from non-sinusoidal supply can be achieved through different tech-

niques. In this section the different methods used in improving the supply power quality
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by means of either passive solutions or power electronic based solutions are reviewed.

Power electronic based equipment is composed of elements that deal with the control
and restriction of electrical energy using power semiconductor devices. Thus, this equip-
ment can either cause power quality problems or help solve them, if applied correctly.
Power electronics can cause problems due to the inherent non-linearity associated with
the semiconductor elements and the switching operations involved in their use. Power
electronics can also provide solutions for power quality since they can be configured and
controlled very precisely to mitigate voltage and current harmonics.

For passive solutions, it was shown that the shunt capacitor on its own can not
perform well in the presence of distorted waveforms because of problems with resonance.
The TESLC compensator improves the power factor greatly, but only at the expense of
increasing the current distortion even more than the un-compensated case.

Finally, the reactance one-port compensator succeeded in improving both the power
factor and the current distortion level, but it was only applied to linear circuits fed from
distorted supply. Furthermore, its use as a compensator may be discouraged or limited

because of its complexity.

3.5 Assessment

The recent development and increasing use of power semiconductor switching devices have
increased the harmonic pollution in electric distribution systems. As a result, the voltage
and current waveforms have become distorted to the point where the apparent power is
larger than the real power. The definition of the inactive powers under non-sinusoidal
situations was discussed in this chapter using two different approaches, namely, time-
domain and frequency-domain. The different techniques that are utilized to compensate

the reactive power and improve the system quality under the same conditions ware also



CHAPTER 3. POWER DEFINITIONS AND HARMONIC MITIGATION 41

reviewed.

The assumption of ideality with respect to the supply (that is, neglecting the source
internal impedance) has lead to the faulty design of harmonic suppression devices. While
it may be justifiable to overlook the variations in the fundamental bus’ voltage, the failure
to take note of the variations in the harmonic voltages, especially in highly distorted
systems, will result in inaccuracies and a distorted view of the situation. Therefore, the
variation of bus voltages and the corresponding variations in supply current harmonics
should be taken into account when designing any harmonic mitigation device.

One of the salient effects of introducing the supply internal inductive impedance is the
change in the shape of both load voltage and current waveforms due to the interactions
between voltage and current harmonics. Thus, the thorough study of these interactions is
important before it is possible to achieve any reliable compensator design. An investiga-
tion into the important parameters involved in the distribution system harmonic analysis

commences in the next chapter and is continued in the subsequent chapters.



Chapter 4

Attenuation Phenomenon

This chapter discusses the proposed methodology to solve the problem at hand. An itera-
tive technique has been developed to account for the interaction between the voltage and
current harmonic. Section 4.1 will introduce the chapter. Section 4.2 describes the moti-
vation behind the work done while Section 4.3 illustrates the proposed methodology. The
working strategy employed to achieve the required results will be discussed in Section 4.4.
Section 4.5 sheds some light on the non-linear load models to be utilized in this study.
Section 4.6 describes the method of analysis used in this study and the simulation results
are described in Section 4.7. The experimental work done to support the simulations is
summarized in Section 4.8. Finally, the chapter’s conclusions and summary are presented

in Section 4.9.

4.1 Introduction

Both electric power utilities and end users are becoming increasingly concerned with the
quality of electric power. A power quality problem, is any power problem manifested in

voltage, current or frequency deviations that results in the failure or the misoperation

42
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of customer equipment. Among the different factors that control the quality of electric
power are voltage flickers, surges, transients, impulses, sags and most importantly, har-
monic distortion. The assessment of the harmonic distortion in any distribution system
requires the identification of the major harmonic producing loads, the determination of
the magnitudes and phase angles of the injected current harmonics and the analysis of
the harmonic propagation into the system. Serious concerns have been raised over the
suitability and the accuracy of the available harmonic analysis methods for studying the

generation and propagation of harmonic currents generated by different non-linear loads.

4.2 Motivation

Many distribution-system harmonic studies have focused on large non-linear loads, such
as variable-frequency motor speed controllers, induction furnaces, railway traction and
electro-platers, as the main contributors to distribution system harmonics. Recently, the
proliferation of small non-linear loads within the distribution system has placed more
emphasis on the effects of these loads. These small non-linear loads share some common
characteristics, the most important of which are the dependency of their harmonic cur-
rents on the supply voltage waveform and the sensitivity of their generated harmonics to
the distribution system configuration.

Harmonic currents generated by loads such as light dimmers, compact fluorescent
lamps, computers, television sets, video recorders, battery chargers and adjustable speed
drives are, individually, too small to cause any appreciable distortion in distribution
feeders. As the number of these loads increase, however, the cumulative harmonics will
be capable of boosting the distribution system distortion levels.

Distributed single-phase non-linear loads are usually treated as fixed harmonic-current

injectors in distribution system studies [94-96]. These studies are based on the assumption
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that current harmonics are a function of the fundamental current in both magnitude and
phase angle, and are therefore independent of the voltage waveform and system harmonic
impedance. This assumption, though, only works when the supply voltage waveform
is reasonably sinusoidal. Therefore, this method will be inappropriate for non-linear
loads where the harmonic currents are a strong function of harmonic voltages, since it
would lead to the overestimation of the resultant harmonic distortion due to the fact that
it neglects the phase angle dispersicn of the individual current harmonics and fails to
account for the cross-coupling between harmonics.

In an effort to overcome the limitations of the current-injection method, non-linear
frequency-domain methods have been introduced. Two methods in particular have been
suggested. The first couples the non-linear load model with the admittance matrix of the
system to find an iterative solution. This may be referred to as the extended current-
injection method or harmonic iterative method [97,98]. The second method is the har-
monic power flow technique [50,51,99,100], which combines the non-linear load model
with the power and volt-ampere equations of the system to find the harmonic performance
in terms of specified power flows.

Although both techniques appear to be capable of incorporating general non-linear
load models and take into account the effect of harmonic voltages on the generated current
waveform, they each suffer from a major drawback in that they deal with each harmonic
frequency independently. Consequently, the network solution is performed sequentially,
for one harmonic at a time, which implies that the cross-coupling between harmonics is
neglected. This results in a significant savings in computational effort, but at the expense
of solution accuracy.

The dramatic increase of non-linear and electronically-switched loads has made har-
monic studies more complicated. These non-linearities cause a coupling between the

fundamental and harmonics so that, generally, the superposition principle can not be
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applied. Therefore, using the recognized harmonic analysis methods such as the current-
injection or the harmonic-iterative method, will not be general enough to accurately
capture all the non-linear load characteristics. It is evident that there is a great need
for a rigorous harmonic analysis method that can accurately account for both system
non-linearity and voltage dependency while also addressing the cross-coupling between
different harmonics. Also the analysis method should scrupulously address the variation
of the parameters involved in the computation of the distribution system harmonics gen-
erated by large numbers of small non-linear loads. The development of such a method

constitutes one of the major contributions of this research.

4.3 Proposed methodology

For the analysis of the system, the methodology chosen is based on the non-linear
time-domain analysis. This methodology will avoid many of the approximations of the
frequency-domain methods, since it will exhibit cross-coupling between harmonics. In
ordinary time-domain analysis, the system and load models are written in ordinary dif-
ferential equation form. The solution will be obtained by specifying a set of initial con-
ditions for the states of the system then integrating the system equations over time. The
results will include the full transient performance of the system from the initial point
to the steady state. A major advantage of this is that the waveshapes and, hence an
understanding of the distortion, are automatically calculated for all parts of the system.

The aforementioned algorithm, however, does not account for the interaction between
the distribution system and the non-linear loads. The non-linear load, by virtue of its
demand of current waveform, injects current harmonics into the distribution system.
Thus, given the knowledge of the current harmonics of a non-linear load, simply solving

the system equations should yield the harmonic voltage profile of the system. A flaw



CHAPTER 4. ATTENUATION PHENOMENON 46

in this argument, however, is that the amplitude of the current harmonics generated by
non-linear loads are influenced by the AC terminal voltage. In other words, there is a
strong interaction between the non-linear loads and the distribution system voltage pro-
file. While in an ordinary time-domain method the boundary conditions are specified
once and then the solution is obtained, our method proposes that an update for these
boundary conditions be implemented. A one-step calculation may give approximate re-
sults, but a repetitive implementation of the algorithm, for which the interaction between
the distribution system and the harmonic injecting sources is accounted for, would yield
a more precise result.

The next subsection illustrates the procedure for applying the proposed iterative tech-

nique.

4.3.1 Approach

In practical distribution systems, the load voltage is not a pure sinusoid, but rather
is distorted. This is due to the fact that the source inductive impedance can not be
neglected. Therefore, the harmonic currents injected by different non-linear loads will
create a harmonic voltage drop which will distort the load voltage. In order to account
for the interactions between the continuously changing current harmonics injected by
different non-linear loads and the resulting variations in the load voltage, an iterative
approach is employed. This approach differs from the regular iterative approaches [97,100]
in the sense that it accounts for the cross-coupling between harmonics by solving for all
harmonics simultaneously. This approach is outlined in the flowchart given in Figure 4.2

and can be described by the following steps and referring to the circuit given in Figure 4.1.

Step #1 Assume an initial estimate for the load voltage at bus #2. Usually this initial

assumption is set equal to the supply voltage at bus #1.
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Figure 4.1: Different linear and non-linear loads sharing the same supply impedance

Step #2 Calculate the individual loads currents as well as the total supply current using
the models (differential equations) built in the EMTP. The supply current will be
the result of the vector summation of all the harmonic currents produced by the

individual loads.

Isn = i‘ 3 Iin (4.1)
n=1L=1
k = Total number of loads
n = Harmonic order
In = Supply current
I tn = Load current

Step #3 Draw the initial load voltage and supply current waveforms. These waveforms

represent the case without the voltage and current interactions.
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Step #4 Using the Fast Fourier Transform FFT, calculate the harmonic contents (both
magnitude and phase) of the total supply current (I,) flowing through the source

impedance (fm, n=123,.,n).

Step #5 Calculate the harmonic voltage drop on the supply inductive impedance.
Y Vin = > InZum (4.2)
n=1 n=1

Step #6 Calculate the new load voltage by subtracting the harmonic voltage drop on

the supply impedance from the original supply voltage.

n n n
z [load'. = Z Vaupplyn - Z Vdn (43)
n=1 n=1 n=1
Step #7 Obtain a new estimate of the supply current waveform from the new bus

voltage, including the harmonic voltages. Also calculate the FFT of the new supply

current.

Step #8 Check the convergence of the iterative approach. The above cycle is repeated
until convergence in the magnitude of the harmonic voltages on all nodes in the
distribution system is obtained. The convergence criterion is based on the change

in harmonic bus voltages with each step of calculation.

Step #9 Draw the resultant waveforms of both load voltage and supply current and ob-

tain the harmonics contents of each waveform utilizing the Fast Fourier Transform.
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4.4 'Work strategy

In order to achieve the first goal of this research (obtaining the accurate waveforms of both
load voltage and supply current while taking into account the harmonic interactions), the

following working strategy, consisting of three phases, will be adopted.

Phase I

The first phase deals with the identification and modelling of different non-linear loads
that are needed for this study. The participating non-linear loads are chosen based on

the following criteria:

1. The load type exists in large numbers in the electric power distribution system and,
due to its growing popularity, is expected to proliferate through out the system;

and

2. The load has been witnessed to inject a considerable amount of harmonic currents
into the distribution system due to either its non-linear characteristics or its switch-

ing operation behavior.

After identifying the non-linear loads that have the most significant share in polluting
the electrical distribution system, detailed models for these loads will be developed in the

time-domain utilizing the electro-magnetic transient program.

Phase II

In order to apply any of the harmonic suppression techniques effectively, the load voltage
and current waveforms should be accurately determined, therefore, the effect of the atten-
uation (the interaction of voltage and current harmonics) should be taken into account.

The developed iterative approach was used to solve the load models under different modes
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of operation. The load current was analyzed to determine the harmonic contents and to
examine the effect of attenuation on the waveform distortion of both load voltage and
supply current. Additionally, the effect of this phenomenon, on the distribution system

distortion level, was investigated.

Phase II1

In order to validate the simulation results, physical experiments were conducted on some
of the study cases. A comparison between the simulation and the laboratory results were

offered to reflect the agreement.

4.5 Harmonic sources models

In order to examine the effects of the interaction between the voltage and current har-
monics on the harmonic performance of an electrical distribution system, detailed models
for the harmonic producing loads under study were developed in the time-domain. Using
the time-domain offers the advantage of considering the system non-linearity and voltage
dependency. The Electro-Magnetic Transient Program EMTP [54] will be utilized in
developing these models as well as the overall system model. The chosen non-linear loads
were placed into three groups based on the common features in the waveforms of their
current. It should be also maintained that the studied loads represent samples of the

loads commonly utilized in distribution systems.

4.5.1 Group #1 load model

The loads of this group are mainly the iron-core reactors. A typical example of this group
is the magnetic ballast compact fluorescent lamps (CFL) and other gas discharge lighting.

With their significant energy saving over incandescent lighting, CFLs are being promoted
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as part of the energy conservation programs by many electric utilities. As a result, more
and more of these lamps are expected to be installed over time. The magnetic ballast
CFL used in this study consumes 40W when energized from a 120v (RM S) power supply.
For this study, the CFL load voltage and current characteristics (result of experiment)
that is given in Figure 4.3, were utilized to construct a tentative model for the lamp. The
CFL load model is formed from two parallel switched non-linear resistors. Each resistor
has a V-I characteristics of one half of the CFL load characteristics. The CFL load model
is shown in Figure 4.4. The current waveform and its harmonic contents are given in

Figures 4.5 and 4.6, respectively.

Voltage Vol

Current [Amper]

Figure 4.3: Voltage-Current characteristics for CFL load

4.5.2 Group #2 load model

This group contains those loads that employ different versions of the single-phase capac-
itively filtered diode bridge rectifiers (DBR). These single-phase rectifiers are the most

popular choice in low-power applications due to the fact that they are economical in design
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Figure 4.4: Single-phase, magnetic ballast CFL load model
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Figure 4.5: The current waveform for CFL load
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Figure 4.6: The harmonic contents for CFL load
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and are not affected by minor variations in the supply voltage. Computers and color tele-
vision sets head the list of loads utilizing the DBR, which also includes electronic ballasts
for gas discharge lamps, battery chargers and small adjustable speed drives (ASD) for
heat pumps. Their input current waveform is discontinuous since the current is drawn
only when the capacitor is charging. The pulsed current waveform generated by this
group of loads is rich in harmonics and the current total harmonic distortion (THDI) is
normally near 100%.

The circuit diagram of the DBR load is illustrated in Figure 4.7. In this study we
choose a DBR unit that has a resistance equal to 202 on its DC side to represent full load
condition. The unit absorbs 0.9kW when supplied from a 120v (RMS) voltage power
supply that has a fundamental frequency equal to 60H 2. The snubber circuit mounted
in parallel with each diode consists of a series RC circuit, where R = 1Q2 and C = 33uF.
The smoothing capacitor connected in parallel with the load is equal to 1000uF. The
pulsed current waveform generated by this load when energized from a sinusoidal voltage
supply and the harmonic spectrum associated with this waveform are shown in Figures 4.8

and 4.9, respectively.

4.5.3 Group #3 load model

The single-phase; phase-angle voltage controllers (PAVC) represent the main element of
this group. This device controls the input AC voltage and power to the load utilizing
the phase control of thyristors. The major loads in this group are heaters, light dimmers
and single-phase induction motor control circuits. These controllers produce waveforms
with substantial harmonic contents. For the simulation purpose we choose a unit which is
rated at 0.9kW and 120v (RMS). The PAVC unit consists of two back-to-back thyristors
with a snubber circuit has R = 1Q and C = 20uF. The equivalent circuit of this load is

shown in Figure 4.10. The load current as well as the harmonic content of the current
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waveform are given in Figures 4.11 and 4.12, respectively.

4.6 Method of analysis

The objective of this study is to investigate the effect of voltage and current harmonic
interactions and how this phenomenon can affect the harmonic distortion level of electrical
distribution systems [101]. Additionally, the determination of an accurate voltage and
current waveforms that are used in the design of the suppression equipment will be
studied.

To achieve the goals of this study, an analysis of the distorted waveforms of the cur-
rents drawn by the loads under study was performed. The main assumption made through
out this analysis was that the loads are supplied from a practical voltage source (hav-
ing internal inductive impedance). The study of the harmonic performance of different

non-linear loads was carried out according to the following steps:

Step #1 Detailed models for the harmonic producing loads under study were developed
in the time-domain utilizing the EMTP program. The circuit diagrams used for
these models are given in Figures 4.4, 4.7 and 4.10, respectively. For the analysis,
a long simulation time was employed to ensure that all the voltage and current
transients had died away and the steady state had been reached. Also, the integra-
tion time step chosen was small enough to increase the solution accuracy since the

solution involved repeated switching.

Step #2 To observe attenuation due to the load voltage and current harmonics inter-
action, a source inductive impedance was introduced. The simulation ran twice for
each harmonic producing load. The first time was to consider the source impedance

to allow for the interaction and the other time neglecting the source impedance. The
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developed iterative technique was utilized for this study. The variation of the load
voltage and supply current waveforms due to the interactions between the voltage
and current harmonics was the main contribution of this step and will be discussed

in the next section. The system used for this study is outlined in Figure 4.1.

4.7 Simulation results

In this section, the results for the outlined two-step analysis method are presented. In
order to visualize the attenuation phenomenon and to illustrate its dramatic effect on
the distribution system distortion levels, the variation of the different harmonic current
components as produced by different types of non-linear loads, were calculated as a per-
centage of the fundamental current. The variation of the waveshape of both load voltage
and supply current as affected by this phenomenon was also demonstrated. Further, the
supply current total harmonic distortion (THDI) for each load type was calculated with
and without the attenuation effect. The results are presented in the following sequence:

Figures 4.13 and 4.14 show the voltage and current waveforms with and without the
attenuation effect for the CFL load. Figure 4.15 gives the variation of the percentage
harmonic currents of this load type. Figures 4.16. 4.17 and 4.18 illustrate the same
results for the DBR load and in similar fashion, Figures 4.19, 4.20 and 4.21 are for the
PAVC load. The THDI for these loads before and after considering the interaction effect
are listed in Table 4.1.

It is evident, from the results presented in Figures 4.13 through 4.21, and given
in Table 4.1, that the interaction between the voltage and current harmonics led to a
reduction in the distribution system harmonic levels. These interactions tended to bring
the supply current more towards the sinusoidal form while increasing the load voltage

distortion.
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Table 5.4: Current harmonics variation as affected by constant loading level DBR units

# ofunits Percentage of fundamental current THDI | THDV
I3 I5 17 19 | I11 | 13 | 115
1 64.36 | 21.06 | 4.2 | 5.36 | 1.74 | 2.29 | 1.08 | 68.16 | 10.55
3 48.23 | 596 [ 6.29 | 2.6 | 195 | 1.7 | 1.01 | 49.18 | 20.76
5 39.18| 6.3 |3.84|301 176 | 1.2 | 1.18 | 40.01 | 27.46
10 26.27 | 796 {3.04| 1.8 |1.53|1.57 | 1.45| 28.31 | 40.91

1. The source impedance X/R ratio will remain constant at 3.65;

2. The percentage sharing of each load type in the total demand will remain un-

changed; and

3. The position of the individual loads will remain unchanged.

The results of this study are given in Table 5.6, where the supply current harmonic
contents are given in percentage of the fundamental component.
The results presented in Figures 5.12 and 5.13 and listed in Tables 5.4 through 5.6

reveal the following conclusions:

1. All the harmonics under study demonstrated a tendency to decrease with the in-

crease of the number of loads supplied from the same source;

2. For the case of increasing the number of DBR units that have the same loading
level, the main source of harmonic reduction was the attenuation effect. This is

attributable to the fact that the loads were energized from the same supply and
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Table 5.5: Current harmonics variation as affected by variable loading level DBR units

# ofunits Percentage of fundamental current THDI | THDV
I3 I5 I7 19 111 | 113 | I15

1 64.36 | 21.06 | 4.2 | 5.36 [ 1.74 | 2.29 | 1.08 | 68.16 | 10.55

3 4298 | 6.32 | 5.09 323|142 1.6 | 1.1 | 43.95 | 19.09

5 36.02} 747 | 3.2 {271 | 2.0 | 1.18 | 1.0 | 37.15 | 25.94

10 23.32 | 7.48 | 3.27|1.94 |1.45|1.38| 1.24 | 2497 | 36.45

had the same parameters, thus all loads generated identical harmonic currents in
both magnitude and phase angles. Therefore, the diversity phenomenon was not

effective in this case;

3. When the energized loads have different loading levels, the generated harmonic cur-
rents differed in both magnitudes and phase angles. Therefore, harmonic cancella-
tion due both to the dispersion in the generated harmonic current phase angles and
to attenuation due to voltage and current harmonics interactions were experienced;

and

4. In the case of the secondary distribution feeder loaded with different non-linear load
types, the harmonic cancellation were attributed to both diversity and attenuation.
Phase angle dispersion in this case was not only a result of varying the power
level, but was also due to utilizing different non-linear load types that have varying

characteristics.
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Table 5.6: Current harmonics variation as affected by constant loading level DBR units

Load % Percentage of fundamental current THDI

I3 I5 17 I9 | I11 | 113 | I15

100 2162 | 42 |[155|151/0.88(0.34|0.03]| 22.18

83 23.76 | 529 [ 1.79] 1.98 | 0.68 | 0.75 | 0.61 | 24.53

59 2692 | 768 | 26 | 2.6 | 0.251.25 | 0.3 | 28.28

44 29.36 | 10.32 { 3.75| 2.7 | 1.23 | 1.13 | 0.7 | 31.54

29 31.44 | 13.55 | 6.01 | 1.92 | 2.53 | 0.13 | 1.4 | 34.97

5.4.4 Effect of load combination

Combining different non-linear loads may result in improving the system total harmonic
distortion, while the variation of the load sharing percentage among a specific combi-
nation may lead to either increasing or decreasing these harmonic distortions. In order
to investigate this effect, some DBR and CFL loads were combined together and the
load sharing among this combination were varied. The supply current and the source
impedance X/R ratio remained constant during this study. The results of this study are
shown in Table 5.7, where the harmonic currents as a percentage of the fundamental
component are given. Also, Figure 5.14 illustrates the variation in the current THD due
to the different sharing percentages.

These results clearly demonstrate that some sort of harmonic reduction can be achieved
by combining different non-linear loads. This is rationalized since the harmonic current
phase angles were scattered because of the different load characteristics. Moreover, the

attenuation effect contributed to the harmonic reduction in this case due to the presence



CHAPTER 5. EFFECT OF SYSTEM PARAMETERS ON HARMONIC LEVELS 86

Table 5.7: Current harmonics variation as affected by variable loading level DBR units

Load type % sharing Percentage of fundamental current THDI | THDV
I3 I5 I7 I9 I11 | 13 | I15
DBR only | DBR=100% || 45.24 | 6.12 | 5.65 | 3.17 | 1.8 | 1.71 | 1.31 | 46.24 | 23.68
DBR&CFL | DBR=65.% | 32.18 | 4.84 | 4.67 | 1.62 | 1.23 | 0.87 | 0.23 | 32.94 | 16.87
DBR&CFL | DBR=33.5% || 19.82 | 4.51 | 3.14 | 0.86 | 0.95 | 0.6 | 0.36 | 20.63 | 10.94
DBR&CFL | DBR=10.% || 13.97 | 3.77 | 2.46 { 1.13 | 0.77 | 0.1 [ 0.12 | 14.75 8.63
s0 - — - -
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Figure 5.14: Current and voltage total harmonic distortion factors as affected by com-
bining different loads
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of the source internal impedance which allowed for the interactions between the voltage

and current harmonics to take place.

5.4.5 Effect of changing the load position

The intention of this study is to show the effect of interchanging the non-linear load

position on the system distortion level. The distribution feeder described in Figure 5.1 was

adopted for this study. The position of the loads were interchanged according to Table 5.8

and with reference to Figure 5.1. The loads remained at their full capacity and the load

sharing percentage were unchanged at; DBR = 40%, PAVC = 20%,CFL = 20% and

the remaining 20% were linear loads. The supply impedance X/R ratio was constant at

3.65. The results are presented in Table 5.9 .

Table 5.8: Different system configuration for load position interchanging study

Conf- Connected loads

ig. # || Bus #1 Bus #2 Bus #3 Bus #4
1 DBR, | R,,CFL,, PAVC, R,, CFL,, PAVC, R;, DBR,, DBR3
2 R; Ry, Ry, CFL, DBR,, DBR,, CFL, | PAVC,, PAVC,, DBR;
3 Rs Ry, Ry, CFL, PAVC,,CFL,, DBR, | DBR,, DBR3, PAVC,
4 R3 Ry, R;, CFL PAVC,, CFL,, PAVC,; | DBR,, DBR,, DBR3
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Table 5.9: Effect of interchanging load position on the distribution system distortion level

Configuration # Percentage of fundamental current THDI
I3 I5 I7 I9 | It1 | I13 | I15

1 21.2} 42 {155} 1.51]0.88|0.34|0.59 | 22.18

2 20.0 1 3.65)1.48 | 1.45|0.87 | 0.30 | 0.58 | 20.51

3 198} 3.5 | 143|142 0.85|0.29 | 0.57 | 20.25

4 1951331 (142(1.39|{0.85|0.270.57 | 19.89

The results demonstrate that the level of each harmonic component changes with the
interchange of the position of harmonic producing devices along the feeder. It is important
to note that the feeder loading level and the supplied load types remained the same, the
only difference being that their positions had been changed. The clear conclusion of the
presented results is that the interaction between voltage and current harmonics can take
the form of either harmonic cancellation or addition, depending on the magnitudes and
phase differences of each harmonic component. Since the phase angles of the generated
harmonic currents from each load depended mainly on the applied voltage magnitude and
phase angle, then changing the load position might lead to the change in the voltages
phase angles which in return will affect the amount of cancellation experienced due to

the diversity effect.

5.5 Physical experiment

In order to support the computer simulation findings presented in section 5.4, some

laboratory experiments were conducted for some of the case studies. These tests were
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performed on two types of loads namely, CFL and DBR. The experimental work was

conducted according to the following scenarios:

1. Verifying the simulation results obtained for the case of multi units having the same
loading level as described in subsection 5.4.3. The effect of changing the load power
was also be examined for the CFL load. This was achieved by varying the CFL
load from 320W to 640W; and

2. Investigating the effect of combining two different loads on the system distortion
level. How changing the percentage of the load sharing among certain combination

can affect the system distortion will also be illustrated.

5.5.1 Loading level effect

Increasing the number of energized DBR units was done experimentally and it was found
that the simulation outputs are in agreement with the laboratory results. A comparison
between the two sets of results, simulation and experimental, is found in Table 5.10. The
same conclusion holds true for the CFL load, where the load was energized once at full
load and another time at half load. The load voltage and current waveforms for both
loading conditions are given in Figures 5.15 and 5.16. The net current harmonics flowing

through the supply impedance for both CFL load percentages is shown in Figure 5.17.

5.5.2 Combination effect

To illustrate the effect of combining different load types on reducing the overall current
harmonics, combination # A, which consists of a 624W CFL load and a DBR unit having
a load resistance equal to 682 on its DC side was compared with a single DBR unit having
load resistance equal to 2092 on its DC side. These two loads forced the same RMS current

to flow through the supply impedance. The results show that the THDI is decreased from
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Table 5.10: Simulation and experimental net harmonic currents generated by DBR loads

Time [sec]

{— Wolt & Full L.oad

Vvolt @ 0.5 Load)

# of Percentage of fundamental current (simulation/experimental) THDI
units I3 I5 I7 Ta I11 n3 I15
1 || 64.4/66.2 | 21.1/22.1 | 4.2/3.8 | 5.4/5.1 | 1.7/1.8 | 2.3/2.7 | 1.1/1.2 | 68.1/70.2
3 48.2/50.8| 5.9/6.5 | 6.3/6.9 | 2.6/2.8|1.9/2.7|1.7/2.1]1.0/1.5| 49.2/51.9
5 | 39.2/41.3| 6.3/6.7 | 3.8/4.1|3.0/3.4 | 1.8/2.0 | 1.2/1.4 | 1.2/1.5 | 40.1/42.23
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Figure 5.15: Voltage waveform for different CFL load percentage obtained experimentally
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Figure 5.17: Reduction in current harmonics due to varying the loading level of CFL
load; experimental results
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53% (DBR unit alone) to 24.8% (combination #A4). The current harmonics for the two
cases are given in Figure 5.18.

This test demonstrate that lower current distortion can be obtained by combining two
or more different non-linear loads. The reduction is attributed to both the attenuation
and diversity effects. Furthermore, the experimental results showed that varying the
respective percentage sharing of the loads in a certain combination may lead to either
more reduction or increase in the system distortion. This result can be visualized utilizing
Figure 5.19 in which the harmonic current of the previous combination (combination
#A) is compared with another combination (combination #B). The latter combination
consists of a DBR unit having resistance equal to 32Q2 combined in parallel with a 320W
CFL load. While combination #A current total harmonic distortion (THDI) was 24.7%,
combination # B has THDI equal to 36.8%. The working assumption during the test was
that both combinations draw the same RMS current from the supply. This test indicates

that an optimal combination of loads to reach minimum THDI may exist.

5.6 Assessment

In this chapter, a comprehensive study was performed to evaluate the harmonic perfor-
mance of different types of non-linear loads and to identify the parameters that affect
the generation and propagation of different current harmonics. The loads under study
were modeled in the time-domain to allow for a precise representation of the loads’ non-
linearity and voltage dependency. An iterative approach was employed to permit the
interactions between voltage and current harmonics to take place.

To investigate the cumulative harmonic current characteristics of different non-linear
and electronically switched loads, the effects of shared source impedance were examined as

well as the variations in the source impedance X /R ratio, loading level, load combination
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Figure 5.18: Reduction in the system THDI due to combining different loads; experimen-
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Figure 5.19: Reduction in current harmonics due to changing the percentage sharing
among load combination; experimental result
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and load position interchanging. The results here are valid for the types of loads under
study, however, similar conclusions are likely for other types of loads. The results show

that:

1. Harmonic phase cancellation (diversity) can be experienced even if identical loads
are operating together. This is due to individual and/or composite variations in

power level and source impedance X /R ratio;

2. The harmonic characteristics of the supply current are dependent not only upon the
magnitudes of the load voltage harmonics, but also on their phase angles. These

phase angles are affected by the source impedance X/R ratio;

3. The reduction in harmonic currents due to phase angle dispersion is relatively inde-
pendent of the system loading level, whereas reduction due to attenuation increases

significantly with the system loading;

4. Combining different non-linear loads can lead to significant harmonic cancellation.
This fact is mainly due to the diversity among phase angles of current harmonics

produced by different load types; and

5. The level of each harmonic component changes with the interchange of the position
of the harmonic producing device along the feeder. This is due to both diversity

and attenuation effects.

In general, attenuation and diversity are very important factors in predicting the
harmonic behavior of distributed non-linear loads. Thus, ignoring these two phenomena
may lead to the overestimation of any harmonic-related problem. This overestimation
might be unimportant when dealing with a single small load, however, when dealing with
a group of non-linear loads, these effects may be very significant. In order to complete the

picture of the harmonic performance of different harmonic producing loads, the effects



CHAPTER 5. EFFECT OF SYSTEM PARAMETERS ON HARMONIC LEVELS 95

of different system parameters on the propagation and generation of neutral currents in

three-phase four-wire distribution circuits will be highlighted in the next chapter.



Chapter 6

Neutral Current Harmonics in
Three-Phase Four-Wire

Distribution System

6.1 Introduction

A typical low voltage electrical distribution system consists of a 208/120 volt three-phase
four-wire system. This system is widely utilized to supply electricity to most commercial
and residential areas. In three-phase four-wire systems, the neutral current is the vector
sum of the three line-to-neutral currents. For balanced, three-phase, linear circuits, this
sum at any instant is zero and no neutral current exists. In most three-phase systems
supplying single-phase loads, there will be some phase current imbalance and perhaps a
small amount of neutral current may exist. However, small neutral currents do not cause
significant problems to the distribution system. When the system becomes non-linear,

even perfectly balanced single-phase loads can result in significant neutral currents since

96
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the vector sum of balanced, nonsinusoidal, three-phase currents is not equal to zero.

In view of the recent significant increase in the use of advanced power conversion
technologies, neutral currents are expected to increase drastically. Typical loads con-
nected to a low voltage three-phase four-wire distribution system include: television sets,
personal computers, adjustable speed drives for heat pumps and air conditioning, flu-
orescent lighting with either magnetic or electronic ballasts, light dimmers and motor
controls. All these non-linear loads draw currents that are rich in harmonics of which a
significant portion is the third and other triplen harmonic components [21-23, 104, 105].

Triplen harmonics have frequencies that are 3n times the fundamental power frequency
(n € 1,3,5, ..etc.), therefore, these currents are in-phase with each other (zero sequence
currents) and add in the neutral instead of cancelling each other. Moreover, the diversity
(the partial cancellation due to current harmonic phase angle dispersion) among the third
harmonic currents produced by different non-linear loads and all other triplen harmonics
(9h, 15th, .. etc.), is very small and can be neglected [106]. Therefore, these currents add
together in a cumulative manner resulting in excessive neutral currents in three-phase
four-wire distribution systems.

Recent trends in computer systems have increased the likelihood of significant neutral
currents. Instead of utilizing three-phase power supplies that only generate harmonics
of order (6n + 1), single-phase power supplies are increasing in number. These single-
phase switched-mode power supplies generate a good deal of triplen harmonics and are
connected directly to the line-to-neutral voltage. A recent survey conducted by Liebert
Customer Service Engineering in 146 computer sites across the United States revealed
that 22.6% of the sites had neutral currents in excess of 100% of the phase current [107].
Potential problems directly related to excessive harmonic currents in the neutral conduc-

tor include:
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1. Neutral wire damage due to improper sizing;
2. Overheating of transformers that may result in insulation failure;
3. Increasing the electro-magnetic force (EMF) levels; and

4. Excessive neutral-to-earth voltage (NEV) due to the voltage drop caused by neutral

current.

Electric shock sensation occurs when humans contact two conductive objects at dif-
ferent voltage levels. The current passing through their body causes the shock sensation.
This condition is commonly referred to as stray voltage. Since stray voltage can be caused
by the voltage on the neutral conductor, the neutral voltage should also stay low, typi-
cally less than four volts AC (RMS) [108]. Neutral-to-earth voltage (NEV) is the voltage
measured between the system neutral and a remote earth. The voltage depends on the
neutral current flowing between the neutral and the earth. It also depends on both neu-
tral and earth impedances. Larger neutral currents generally increase the NEV and this
is why the increased neutral currents from triplen harmonics is a concern.

The effects of different system parameters on the net harmonic currents generated by
different harmonic producing devices are well investigated in Chapter 5. The previous
study, however, was limited to only single-phase loads and loads connected in three-phase
three-wire configuration. In this chapter, the investigations will be extended to include
the effect of these parameters on both neutral current harmonics and neutral-to-earth
voltage in three-phase four-wire systems. Additionally the effect of the phase imbalance
will be considered in this study. The detailed description of the studied three-phase

system is given in the next section.
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6.2 Three-phase four-wire system

In order to investigate the effect of different system parameters on both neutral current
and neutral to earth voltage, the simple system shown in Figure 6.1 was employed. This
system supplies residential and commercial customers with the non-linear loads previously
described in section 4.5. The non-linear loads were of the single-phase type and will be
distributed among the three phases. The supply consisted of a three-phase star-connected
transformer whose secondary line-to-line voltage was adjusted to 208 volt (RMS). The
internal impedance of the supply and the impedance of the line connecting the transformer
to the distribution panel was combined together and given by Z, = R, + jX,, which was
equal to 0.84+70.943 2, with the X /R ratio to be 1.2 to represent a low-voltage transformer.
The neutral conductor, which is usually sized the same as the phase conductor, has an

impedance equal to Zny = Ry + jXn, which was equal to 0.05 + j0.192.

Figure 6.1: Three-phase four-wire balanced system

In grounded distribution systems, the neutral current returns to the source via two

paths. Some portion of the neutral current returns on the neutral wire and the remaining
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portion flows through the earth. The division of the neutral current depends on load loca-
tion, neutral impedance, ground impedance and the grid impedance. Since the grounded
distribution system is too complex to model, the neutral to earth voltage (NEV) will be

deemed to equal the neutral current multiplied by the neutral impedance, that is:

NEV = In*ZNn (6.1)

6.3 Simulation method

This study examines the performance of the proposed three-phase four-wire system with

regards to several mission critical operational parameters:

1. Voltage and current harmonic interactions;
2. System loading level,;
3. Different load combinations; and

4. System unbalance.

To achieve the goals of this study, the distorted waveforms of the currents drawn by
the loads under study for different modes of operation and circuit parameters must be
analyzed. Once the effect of both voltage and current harmonic interactions were studied,
the rest of the analysis was carried out with the assumption that the attenuation effect
has been taken into consideration. To justify this assumption, the iterative technique
described in section 4.3 was utilized. The results obtained from this study are presented

in section 6.4.
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6.4 Simulation results

The first simulation covers the effect of attenuation due to voltage and current harmonic
interactions and does not consider any variations in the system parameters. After demon-
strating the importance of considering the attenuation effect, the analysis was carried

further to include different system parameters and operational modes.

6.4.1 Attenuation effect

In order to demonstrate how the voltage and current harmonic interactions can signifi-
cantly affect the system distortion and neutral current magnitude, simulations were per-
formed while including the supply internal inductive impedance. This impedance refers
to the secondary distribution transformer impedance as well as the impedance of the line
connecting the transformer to the distribution panel. For this study, the balanced three-
phase four-wire system were loaded with single-phase diode bridge rectifier loads. Each
DBR load had a load resistance equal to 1092 to represent the full load capacity of the unit.
The smoothing capacitor connected in parallel with the load was equal to 1000uF. The
snubber circuit connected across each diode was composed of series R-C circuit, where
R =1Q and C = 33uF. The neutral conductor impedance was equal to 0.05 + j0.1992.
The simulation was carried out twice, once considering the source impedance and the
second time neglecting it. Tables 6.1 and 6.2 contain the harmonic contents of the phase
current, neutral current as percentage of phase current and the neutral to earth voltage.

An examination of Tables 6.1 and 6.2 reveals that including the source impedance in
the simulation decreases the estimated system current distortion as well as the neutral cur-
rent and the NEV magnitudes. It might be noted that as the current distortion is reduced,
the voltage distortion is increased. The latter is attributed to the harmonic voltage drop

created on the supply impedance by the harmonic currents generated by non-linear loads.
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Table 6.1: Phase and neutral current harmonics without attenuation effect
Percentage of fundamental? RMS | THD | % of phase
3rd 5th | 7R | oth | 11k | 13th | 15¢h current
Ion 59.6 1468 | 5 1235} 6.1 | 3.7 | 0.7 | 19.77 | 62.08 100.0
Ven 14.08 — | — {15 — — | 0.7 | 120 14.2 —
Iy || 1.4+10* | 59 | 29 | 537 | 9.5 | 7.4 | 140 | 30.0 | 1.4%10* 151.7
NEV || 1.4«10* | 59 | 29 | 537 | 9.5 | 7.4 | 140 | 5.89 | 1.4%10* —
* I,h is based on its own fundamental.
In is based on its own fundamental which is very small.
Table 6.2: Phase and neutral current harmonics with attenuation effect
Percentage of fundamental? RMS THD | % of phase
grd | 5th i qth | gth ) 11tk | 13tk | 15tk current
Ipn 37.8 79141 24 (195 1.0 | 0.7 | 15.57 | 39.07 100.0
Von 22.1 45 (28| 3.3 1.7 | 09 | 1.4 | 114.07 | 23.15 —_
I || 1.6+10* | 72 | 22 | 1021 | 35 | 21 | 297 | 16.57 | 1.6«10* 106.4
NEV || 1.6+10* | 72 | 22 | 1021 | 35 | 21 | 297 | 3.26 | 1.6«10* —

? I,h is based on its own fundamental.

Iy is based on its own fundamental which is very small.

It is worth noting that the dominant harmonics presented in the neutral current are

the triplen harmonics. All other harmonics, including the fundamental, are of negligible
value due to the fact that the system is balanced and loaded with similar loads in each
phase. Therefore, the summation of any of the positive or negative sequence harmonics

will be equal to zero.
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The main reason behind the decrease of the neutral current is the attenuation effect.
This can be explained based on the fact that the voltage and current harmonics inter-
actions are translated into a decrease in the harmonic contents of the phase currents.
Since the phase current harmonics (specially the triplen) are the main contributors to
the neutral current, then a decrease in the phase current harmonics will consequently
result in a reduction in the neutral current. Figure 6.2 demonstrates the reduction in the
system neutral current due to the attenuation effect.

10
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Neutral Cument [Amp]

-30

Time [Scc]

, — Neutral Current w/ [nter. Ncuwtral Current w/o Inter. ]

Figure 6.2: Neutral current waveform with and without attenuation effect

6.4.2 Effect of loading level

The loading level of the secondary distribution system is not fixed, but rather, is variable.
The variation in the loading level may be due to either a variance in the percentage loading

of a certain unit or a variance in the number of units connected to the system by simply

switching some loads on or off.
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Varying the percentage loading

The three-phase four-wire system was loaded with single-phase DBR units, that were
equally distributed on the three phases. The percentage loading of the three phases was
gradually increased from 18% till the full load capacity of all units was reached. This
scenario had to be done without violating the balancing condition. The results obtained
from this test are given in Table 6.3. The variation in the neutral current magnitude as

a percentage of the phase current vs. the percentage load change is shown in Figure 6.3.

180 - ———- S - = m— e + 1RO

160 160
= 140 130
=
D
5 120 ¢ 120
b —1 H
=]
“« 100 100
S : =
&b =
=
[—3
v
=4
=
=

.
20 - - 20
(o] [e)
Y 31 a6 62 76 100

Loading percentage

I f
| =— In as % of fundamental —— Phase THDI -o— Nutral THDI =~ lOO[
L

Figure 6.3: Variation of neutral current magnitude with the change in the DBR unit
loadirg level

Effect of changing the number of units

To shed more light on how changing the feeder loading may affect the magnitude and dis-
tortion level of both phase and neutral currents, the number of DBR units supplied by each

phase was increased by one unit at a time until the maximum number of units per phase
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Table 6.3: Effect of changing the loading level of DBR units arranged in three-phase balanced

configuration on neutral current

load Percentage of fundamental? RMS | THDI % of

level% 3rd 5th | 7th | gth | 11th | 13th | 15tk Lon

18 ILon 78.06 439 136} 5.9 79 | 3.2 | 23 | 2.82 91.31 100.0

Iy | 1.7«10% | 73.8 | 47 | 1230 | 4.3 | 20.9 | 514 | 4.88 | 1.7+10* | 173.05

31 Lo 68.3 272 | 4.9 6.3 3.2 | 28 13 | 486 74.2 100.0

Iy | 1.55%10% | 79 56 | 1413 | 14 17 | 309 | 8.03 | 1.56«10* | 165.23

46 Ipn 59.5 15.7 ) 7.3 3.4 38 {16 | 1.5 | 7.15 62.27 100.0

Iy | 1.54#10* | 71 53 913 | 14.5| 27 | 395 | 10.9 | 1.54%10% | 152.03

62 Inn 51.9 9 7.8 2 295 | 1.25| 1.0 | 9.63 53.46 100.0

In | 1.48+10% | 61.2 | 37.3 | 572 [ 19.7 | 26.9 | 294 | 13.3 | 1.48+10% | 138.11

76 Iph 46.4 7 685 | 238 {194 | 1.7 | 0.67 | 11.8 47.6 100.0

In | 1.51+10% | 66 17 | 767 | 29 7 | 214 | 14.9 | 1.52«10* | 126.46

100 Ion 37.8 79 | 4.1 24 195 1.0 | 0.7 | 15.6 39.07 100.0

In | 1.62«10% | 72 22 | 1021 | 35 21 | 297 | 16.6 | 1.63+10% | 106.4

% Iy is based on its own fundamental.

In is based on its own fundamental which is very small.

(which were limited by the feeder capacity) was reached. It has to be mentioned that
the three-phase system remained balanced during this test. Table 6.4 describes the effect
of varying the number of energized units on the neutral current, NEV and the system
THDI. Figures 6.4 and 6.5 show the variation of the phase current harmonic contents with

varying the number of units. The neutral to earth voltage variation is given in Figure 6.6.
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Table 6.4: Effect of varying the number of DBR units on the neutral current, NEV and
phase current harmonic contents

# of || Phase current harmonics as % of fundamental | THDI | NEV | Iy as %
units || 37 | 5th | 7th | gth | 11th ) 13th | 15th of In
1 4521 95| 78| 19 | 23 ) 14 0.5 47 2.06 123.5
2 29.219.01481}| 16 | 2.2 {1.33 0.48 32.2 2.36 84.8
3 22.3 1821411108 20 {1.25 04 26.16 | 2.44 64.9
5 150 75(3.8]|1.08| 16 [1.18 0.35 19.26 | 2.4 447
10 81 6636|096 ]1.34|1.04 0.26 13.36 | 2.03 24.7

Tables 6.3 and 6.4 reveal considerable insight into the effects of changing the loading

level on both neutral and phase currents harmonics. It becomes apparent that the third

harmonic component represents the most considerable portion of the neutral current. As

the load increases whether by increasing the unit loading or the number of units, the third

harmonic component in phase currents decreases due to the attenuation effect. This will

be translated into a reduction in the neutral current magnitude as a percentage of the

phase current. While the phase current THD decreases as the loading level increases, the

neutral current THD remains almost constant since it is mainly composed of the third

harmonic component.
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6.4.3 Effect of load combination

Currents generated from electronic equipment utilizing an input rectifier supplying ripple-
smoothing capacitor are very rich in harmonics, especially triplens. These harmonic
currents do not upset the end users, but they load neutral conductors. Feeders supplying
computer systems alone have experienced high levels of neutral currents that may reach
1.73 times the phase current. However, combining different types of non-linear loads
together may result in phase current harmonic cancellation that could end up decreasing
the neutral current as well as the system total harmonic distortion.

The variation of the load sharing percentages among a specific load combination may
lead to further reductions to neutral currents. In order to study this effect, the three-
phase four-wire balanced system described in Figure 6.1 was utilized. The system was
loaded with a combination of DBR and magnetic-ballast CFL loads and the load sharing

percentage was changed. The system was analyzed under the following constraints:

1. The three-phase system was balanced for all load sharing percentages;
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2. The phase currents was constant for all load sharing percentages;

3. The source impedance X/R. ratio remained constant; and

4. The load distribution was similar in all phases.

109

The results are shown in Table 6.5, where the phase current harmonics, neutral current

and the system THDI are given for different load sharing percentages. The harmonic

contents of the phase current are given in Figures 6.7 and 6.8 respectively.

Table 6.5: Effect of combining different loads on both neutral current and system THD

load Percentage of fundamental? RMS | THDI | Iy as %

sharing % 3rd 5th | 7th | gth | 11th | 13th | 15tk of In
DBR=100 || Ipa 61.9 177 133(285| 6.3 | 45 | 0.6 | 18.34 | 65.1 —
CFL=0.0 || Iny | 1.4«10*| 58 | 30 | 664 | 10 7 | 100 | 28.57 | 1.4«10* | 155.7
DBR=48 | I,n 23.8 14 {26 1.1 | 0.7 | 0.1 | 0.5 [ 18.15| 24.05 —
CFL=52 || Iy | 1090 34 | 27 | 52 12 8 6 |1239 | 1093 68.26
DBR=25 | I,p | 1735 |{285|29109 | 11 | 09 | 04 | 184 17.93 —
CFL=75 || Iy 702 51 | 21| 37 | 3.5 [10.3| 21 9.9 706 52.8

t I,h is based on its own fundamental.

In is based on its own fundamental which is very small.

It is apparent from Table 6.5 that, as the percentage sharing of the CFL load increases,

the neutral current decreases. This is attributed to the lower triplen harmonic currents

generated by this type of load. This result suggests that wherever a high concentration

of line-to-neutral power supplies exists, a separate feeder phase is not recommended to

supply these loads. Every distribution point might supply one load type, however, the
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phase should supply a mixture of load types. Using more than one feeder to supply a
mixture of different load types will help to reduce the system distortion as well as the

neutral current magnitude.

6.4.4 Effect of system unbalance

In most three-phase system supplying single-phase loads, there will be some phase imbal-
ance. This will result in some neutral current in addition to the base neutral current that
is created by the triplen harmonic generated by different types of non-linear loads. To
examine the effect of phase imbalance on the net neutral current generated in three-phase
four-wire system, the system described in Figure 6.1 was loaded with fifteen DBR units
distributed symmetrically in the three phases to create a balanced system. The neutral
current was then calculated and analyzed in order to distinguish its harmonic contents.
The next step was to redistribute the same fifteen units in the three phases so as to

create some phase imbalance. The neutral current was then recalculated and the effect
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of phase imbalances was studied by calculating the ratio of the neutral triplen harmonic
currents to both the total neutral current and the average phase current. These ratios
are of interest because they illustrate the extent of the harmonic neutral current loading
resulting from simple phase current imbalance. It is worth noting that all the fifteen DBR
units were fully loaded and remained at the same loading level throughout the two tests.
The results are summarized in Table 6.6.

To evaluate the effect of the phase imbalance on the total neutral current magnitude,
the share of both triplen and non-triplen harmonic currents in the neutral current has to

be determined. The share of the triplen harmonic currents will be given by:

3.74

=0
Irp = =2 , (n€3,9,15,...etc.) (6-2)
I
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Table 6.6: Phase and neutral current harmonics in balanced and unbalanced three-phase four-wire
system
Cond- Percentage of fundamental? RMS | THDI | Iy as%
ition 3rd sth | 7th | gth | q1th | 13th | 15t of In
Bal. I4 20.72 1045 {428 | 1.36 [1.36 [ 1.26 | 0.6 |31.96; 23.75
Ig 20.80 1045 | 4.27 | 1.36 | 1.381.27| 0.6 | 31.87 24.0
Ic 20.70 1045 ] 427 ; 1.36 | 1.38|1.27| 0.6 | 31.95| 23.64
Iy | 4.66x10% | 306 179 | 2948 | 26 36 | 1224 | 19.48 | 4.67+104 61.0
Unbal. {[ I4 21.11 9.3 4.7 1.8 {06 | 1.2 { 1.04 |31.52 | 23.73
Ig 28.1 11.7 | 266 | 3.27 [ 1.65 | 1.47 | 0.8 | 22.57 30.9
Ic 17.94 8.04 | 4.2 25 [ 09 |09 | 067 |39.82| 20.34
Iy 126.7 16.98 | 5.3 3.2 | 596 | 0.7 0.3 | 23.49 128 74.5
¢ ph is based on its own fundamental.
Iy is based on its own fundamental which is very small.
and the share of the non-triplen harmonic currents will be given by:
>k
INTR = ’°=11§r , (k€1,57,11,...etc.) (6.3)

where:

ITr

INTR =
In =

I, =

RMS value of the total neutral current;

RMS value of the triplen harmonic components; and

I = RMS value of the non-triplen harmonic components.

= Share of the triplen harmonics in the total neutral current;

Share of the non-triplen harmonics in the total neutral current;
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Table 6.7 illustrates the share of both triplen and non-triplen harmonic currents in
the total neutral current. The ratio of both neutral triplen and non-triplen harmonic
currents to the average phase current is also given. The contributions of each harmonic
component in the neutral current magnitude in both balanced and unbalanced cases are

shown in Figure 6.9.

Table 6.7: Neutral triplen and non-triplen harmonic currents share in the total neutral
current in balanced and unbalanced cases

Condition || % share in neutral current | as % of average phase current
Triplen | Non-triplen Triplen Non-triplen
Balanced 100.0 0.0 61.02 0.0
Unbalanced 60.8 39.2 45.34 29.23

Tables 6.6 and 6.7 show that since neutral current portion which results from phase
imbalance will vanish as the loads are better balanced, then the total neutral current
will be minimized. The system neutral to earth voltage is also decreased slightly with

balancing the system.

6.5 Assessment

In this chapter, a rigorous investigation was carried out to examine the effects of different
system parameters on the generation of neutral current in three-phase four-wire distri-
bution circuits. The iterative approach described in Chapter 4 was employed to account
for the voltage and current harmonics interactions (attenuation effect).

The neutral current in three-phase distribution system is often thought to be the result
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Figure 6.9: Different harmonic currents contribution to the neutral current in both bal-
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of an imbalance in the phase currents. However, with high concentrations of non-linear
loads which inject currents that are very rich in triplen harmonics, even perfectly balanced
systems will have significant neutral currents. The percentage sharing of different har-
monic currents in the neutral current shows that the triplen harmonic currents have the
highest share. This is true even in unbalanced systems where the non-triplen harmonics
contribute not more than 40% of the total neutral current. It is strongly recommended
that the loading on the three phases should be kept as balanced as possible, and in this
way, the neutral current in excess of the triplen harmonic current is minimized.

It was found that the loading level of the three-phase system is one of the major factors
that affects the neutral current level and, hence, the neutral to earth voltage. Although
increasing the system loading level will help reduce the neutral current magnitude as a
percentage of the phase current, systems consisting mainly of non-linear loads should not
be loaded to their full load capacity since this may cause overheating of transformers and

excessive voltage distortion. Combining different types of non-linear loads is important
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for enhancing system quality and controlling both neutral current and neutral to earth
voltage magnitudes. It is strongly recommended to avoid concentrating load types that
utilize the single-phase line-to-neutral electronic power supplies in only one feeder. Mixing
these loads with other load types such as magnetic ballast CFL loads will help bring the
system distortion, neutral current magnitude and neutral-to-earth voltage to acceptable
levels.

Modern distribution systems are drifting towards the use of different non-linear and
electronically switched loads. This trend has led to a tremendous increase in the har-
monics propagating throughout the systems, resulting in severe power quality problems.
Having demonstrated the effects that different system parameters have on the generation
and propagation of distribution system harmonics, it becomes apparent that there is a
need for a method that can improve system power quality. The following chapter will
concentrate on the investigation and analysis of a comprehensive design algorithm of pas-
sive filters that are capable of improving the distribution system quality by decreasing

system harmonic levels.



Chapter 7

Harmonic Mitigation Using

Reactance One-Port Networks

In the previous three chapters, the system harmonic performance as affected by different
parameters, was investigated. This chapter will be directed towards designing a reliable
and efficient compensator in order to improve the system power quality. The previously
investigated parameters, including both attenuation and diversity effects, will be con-
sidered in the design of this compensator. Se-tion 7.1 offers a brief introduction to the
different methods utilized for harmonic distortion suppression. A detailed description of
the algorithm employed in the estimation of the non-linear load susceptance is presented
in Section 7.2. Section 7.3 presents the reactance one-port synthesis procedure. The
obtained simulation results are presented and discussed in Section 7.4. Section 7.5 offers
some experimental results aimed to support the simulation findings. In Section 7.6, the
designed compensator sensitivity to both compensator parameter’s values and system

load variation are examined. Finally, Section 7.7 offers a brief assessment.

116
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7.1 Introduction

Harmonic distortion in power systems has escalated in recent years due to the large
amount of electrical energy that is conditioned by power electronic devices as well as other
non-linear loads. Devices such as rectifiers, inverters and fluorescent lamps lead to non-
linear current waveforms that are fed into the supply system. The effect of harmonics in
the supply lines is an increase in the distribution system losses and a general degradation
of the quality of the supply. Harmonics have been also shown to have deleterious effects
on equipment including transformers, rotating machines, switchgears, capacitor banks,
fuses and protective relays [31, 32].

In order to maintain the supply quality at an acceptable level, national standards such
as I[EC 1000-3-2 (Europe) and IEEE-519 (USA) recommend limits for harmonic levels at
various points within the system. IEEE-519 (Appendix C) limits harmonics primarily at
the service entrance while IEC 1000-3-2 is applied at the terminals of end-user equipment.
Therefore, IEC limits will tend to reduce harmonic related losses in building wiring, while
IEEE harmonic limits are designed to prevent interactions between neighbors and power
systems. These differences have been described and analyzed in [109]. To comply with
these harmonic standards, systems utilizing power electronic and non-linear loads must
either add substantial hardware or undergo redesign. The additional hardware is a passive
or active line-current shaping circuit which is inserted in parallel between the line and
the rest of the equipment (point of common coupling PCC).

The most popular single-phase active line-current shaping circuit is the boost recti-
fier [110] which can provide an essentially harmonic free line current waveform. Other
active electronic devices such as active filters [15,82,111,112], electronic voltage regula-
tors and adaptive VAR compensators can be utilized in the harmonic suppression process.

Because power-electronic based equipment is composed of elements that control electrical
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energy using power semiconductor devices, these equipment can cause further distor-
tion to the distribution system because of the inherent nonlinearity associated with the
semiconductor elements and the switching operations involved in their use. Additional
drawbacks are the high cost, reduced reliability and injection of high frequency noise into
the line.

In passive solutions, the undesired harmonic currents may be prevented from flowing

into the power system by one of the following two methods:
1. Using a high series impedance to block them; or
2. Diverting them by means of a low impedance shunt path.

Series filters must carry full load current and be insulated for full line voltage. In
contrast, shunt filters carry only a fraction of the current that a series filter must carry.
The series filter also causes high voltage distortion due to the harmonic voltage drop
created by the line current and the system series impedances. Given the greater expense
of a series filter, and the fact that shunt filters may supply reactive power at fundamental
frequency, it becomes apparent that the most practical approach is to install shunt filters.

The shunt passive circuits that are used to reduce the distribution system current and
voltage harmonics can be divided into four types. The first is to use shunt capacitors [66,
74,113,114] which can effectively reduce the harmonic levels, but sacrifices the 60Hz
performance. Moreover, shunt capacitors may generate unexpected harmonic voltages
due to the series resonance between the capacitor and the inductive source impedance
at some harmonic frequencies. This resonance will provide a low impedance path for the
harmonic currents injected by loads at neighboring buses.

The second method is to use a shunt Two Element Series LC compensator TESLC [87,
89]. The main function of the TESLC compensator is to compensate for the harmonic re-

active power and thus improve the system power factor and reduce the voltage harmonic.
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However, since the susceptance of the load and of the TESLC compensator are increasing
functions of frequency, then only one frequency exists for which both susceptances mutu-
ally compensate. This frequency should be in the vicinity of the fundamental frequency.
Therefore, despite the higher power factor value gained by TESLC compensators, the
source current harmonics in the circuit having such a compensator are higher than they
are in the non-compensated circuit. Only the fundamental is reduced, but at the expense
of increasing the remaining harmonics.

The third method to reduce system harmonics is to employ a single-tuned or notch
filter. This filter is one of the most popular shunt filters and is dependent on the provision
of a low impedance path to the current at the frequency for which it is tuned [115]. A
common method of reducing harmonic currents is to install banks of individually tuned
filters at the power supply terminals, one filter per phase for each harmonic to be attenu-
ated. The main drawback of this solution, however, is the cost associated with installing
banks of tuned filters. Such expense is only justifiable when it is necessary to compensate
large amounts of reactive power. Another disadvantage of the notch filter is the creation
6f parallel resonance peaks which result from the interaction between the filters and the
inductive source impedance. These resonance peaks always occur at frequencies lower
than the frequencies for which the filters are tuned.

Another tuned filter is the high-pass filter that has a characteristically low impedance
above some corner frequency. This filter can shunt a large percentage of all harmonics at
or above the corner frequency. An obvious solution to the harmonic problem is to employ
one high-pass filter whose corner frequency is located at the lowest harmonic which is to

be eliminated. Unfortunately, two factors may discourage such an application:

1. The minimum impedance of the high-pass filter in its passband never achieves a

value comparable to that of the single-tuned filter at its notch frequency; and
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2. The shunting of a large percentage of all system harmonics through one filter may
require that filter to be vastly overrated from the fundamental frequency point of

view.

The fourth method of compensating harmonic reactive power and reducing harmonic
distortion is to utilize a reactance one-port network. This method can provide total com-
pensation of harmonic reactive power and minimize both current and voltage distortion
for different harmonic frequencies simultaneously. The main drawbacks of this method
is its complexity and difficulty in determining the necessary number N of reactance el-
ements. According to [90], the compensating one-port for M harmonics has complexity
N = M(2M -1). Though it is hard to expect that at such a high complexity this compen-
sator could have a practical meaning, in [79] it was shown that the required complexity

is much lower, not higher than:

M<N<2M -1 (7.1)

Thus, such a compensation can be taken into account. In [16,79] a reactance one-port
compensator has been employed successfully to reduce the current harmonics generated
in circuits having linear loads and feed from a source of periodic nonsinusoidal voltage
supply having zero internal impedance. Although this method gave a total compensation
of the reactive power and improves the system power factor greatly, it did not address

two crucial concerns:
1. The distribution system is heavily loaded with different non-linear loads; and

2. The source inductive impedance can not be neglected in any practical system. The
presence of such impedance will allow for the voltage and current harmonic inter-

action to be accounted for.
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The goal of this chapter is to design reactance one-port compensators capable of
reducing the voltage and current harmonics generated in circuits having different types
of non-linear loads and are being supplied from a voltage source that has internal inductive
impedance. In order to accomplish this task, two important issues have to be resolved.
The first is the determination of the accurate voltage and current waveforms and the
second is the calculation of the non-linear load susceptances that are needed for the
compensator design. Both issues have to take into account both the attenuation and
diversity phenomena. While the first issue was thoroughly investigated in the previous
three chapters, the calculation of the non-linear load susceptances will be the aim of the

next section.

7.2 Equivalent load susceptance calculation

One of the important quantities in the design and testing of a harmonic filter is the
impedance of the system at the harmonic frequencies as seen at the harmonic filter’s bus.
This impedance can cause resonance with the harmonic filter. The value of this impedance
at a given time depends on the configuration, load level and operating condition of the
system at that time. In the case of linear loads, the load impedance at different harmonic
frequencies can easily be calculated using the superposition principle, however, in circuits
with non-linear loads, the situation is more complicated. In [116,117] it was assumed
that if the bus bar voltage is purely sinusoidal, then the AC network harmonic impedance
can be evaluated by the ratio between the harmonic voltage and the harmonic current.
However, this method suffers from two major drawbacks. The first is that superposition
is not applicable in non-linear circuits, and the second is the assumption that the non-
linear loads are represented by constant magnitude harmonic current injection sources.

This latter assumption implies that the voltage and current harmonic interactions are
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neglected.

In order to account for the attenuation effect while calculating the non-linear load
susceptance at different harmonic frequencies, a time-domain approach was utilized. This
approach was used to estimate a single-phase as well as balanced three-phase susceptances
for the load-side network seen at a bus. The employed procedure can be described as

follows:

Step I From the voltage and current waveforms obtained in Chapter 5, observe whether
the current leads or lags the voltage. This will give an indication of whether the

equivalent load is inductive or capacitive.

Step II Depending on the load impedance type, insert either an inductor or a capacitor
in parallel at the point of common coupling. For capacitive loads, an inductor will

be inserted.

Step III For a capacitive load, change the inserted parallel inductor value in steps. For

each step calculate the supply current by running the EMTP program.

Step IV Perform Fast Fourier Transform FFT on the total supply current in order to

obtain its harmonic contents.

Step V Keep changing the inserted coil value and observe the harmonic contents for each
variation until a minimum current at a specified harmonic frequency n is reached.
In this case the value of the coil susceptance at that frequency n will be equal to

the negative of the load susceptance at that frequency.

Step VI Tune the coil again until a minimum current at a different harmonic frequency

is reached.

Step VII Repeat for all harmonics of interest.
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This procedure is summarized by the flow chart given in Figure 7.1. Having calculated
the non-linear load susceptances at the required harmonic frequencies, the subsequent

section will focus on the design procedure of a reactance one-port network.

7.3 Reactive power compensation

In order to achieve the minimum voltage and current distortion, the current harmonics
should have minimum values and their reactive components should be compensated. To

accomplish this task, the proposed filter should have for each harmonic n :

Bcn = - Bpn. (7.2)

Where,
Bcn = Reactance one-port compensator susceptance at harmonic n.
B, = Load susceptance at harmonic n.

This condition cannot be fulfilled, in general, by a TESLC compensator, so a more
complex one-port is required. According to [79], for M harmonics, it has been proven
that the necessary number of reactance elements N is given by: M < N <2M -1. If
an inductive behavior of the compensator is desired, an additional reactance element is

required. In such a case, the compensator complexity will be:

N = 2M. (7.3)

The compensator complex admittance Y.(S) or complex impedance Z.(S), where S
is the complex variable, is determined by the number of parameters equal to its com-
plexity, or, 2M. However, according to Equation 7.2 there are only M equations. Thus

the remaining M parameters may be chosen arbitrarily by assuming the values of the
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Figure 7.1: Flow chart describing the non-linear load susceptance calculation
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compensator poles.

7.3.1 One-port network synthesis

In order to illustrate the reactance one-port compensator synthesis procedure [91}, a

compensator will be assumed, having a complex admittance in the form:

(s* + Zf)(s2 + Z2)

) = A e B )

Where

‘A’ is the gain, and A>0.

Zy and Z, are the compensator’s zeros and P, P, and P; are the compensator’s poles.
If the one-port compensator is to be designed to compensate for n harmonics, where

n € {1,3,5}, the compensator locus will be the line joining the negative of the load

susceptances at these frequencies. The compensator susceptance function B¢(w) should

has the locus given in Figure 7.2 and the compensator poles and zeros should satisfy the

following equation:

1<P <2 <3
3<P<Z;<5 (7.5)
5< P,

The numerator of Equation 7.4 can be expressed in the form:

As(s* + Z2) (s> + 22) = ass® + a3zs® + azs. (7.6)

The coefficients a,, asz and as can be determined using Equation 7.2, and substituting
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Figure 7.2: Plot of the compensator susceptance locus for 1%, 3¢ and 5** harmonic
reactive power compensation

for s = jn, where n € {1, 3,5}. The equation:

Im{Y.(jn)} = - Bia, (7.7)

results in

asn® — aszn® + ajn = — Bp,(P? - n?)(P? - n?)(P} - n?). (7.8)

If the load susceptances at different harmonic frequencies are known, Equation 7.8 can
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be solved for the values of the coefficients a;, a3 and as which will reveal the compensator
admittance. By using the partial fractions method, the compensator admittance can be

simplified to the following form:

As Bs Cs

Ye(s) = E+pP) T Erpy TP

(7.9)

Where A, B and C are known constants. Finally, the compensator will be constructed

according to the form illustrated in Figure 7.3, where:

L = %,and
C = ;2-. (7.10)
A
Ly L L3
Y. (w)
(nl =377 rad/s ﬁ: Cy =, T C3
B

Figure 7.3: One-port compensator for inductive loads harmonic reactive power compen-
sation

The compensator with the configuration given in Figure 7.3 is normally used to reduce
the harmonic reactive power in the case of non-linear loads that have inductive behav-

ior. However, in the case of non-linear loads that behave capacitively, the compensator
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function should be expressed as an impedance function rather than an admittance func-

tion. The same synthesis procedure should be utilized in obtaining such a filter. The

impedance function will be in the form:

(s? + Z})(s* + Z2)

Z(s) = AS(32+P3)(32+P22)(32+P32)'

The equation:

Im{Z.(jn)} = - BLLn-

results in
1
asn® — azn® + ayn = — ——(P? - n?)(P? - n?)(P? - n?).
BLn
The compensator complex impedance will be in the form:

Z.(s) = As + Bs + Cs
T (s2+ PR (24P (P4 PR

Finally, the compensator will has the construction given in Figure 7.4, where:

> '-"'g|;h.

C =

(7.11)

(7.12)

(7.13)

(7.14)

(7.15)

It is important to note that despite the same structure, the compensator considered

here is not a ‘harmonic filter’ in the sense of it being used in distribution systems. Notch

harmonic filters are in voltage resonance for some harmonic frequencies. These harmonics

are part of the frequencies generated by the non-linear loads, so, the notch filter forms for
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Figure 7.4: One-port compensator for capacitive loads harmonic reactive power compen-
sation

them a low impedance path. In contrast to a normal harmonic filter, the compensator
being considered is in current resonance with the load and this resonance appears simul-
taneously for all harmonics of order from the set M that the compensator is designed
for. This will result in a maximum impedance for these harmonics at the point of com-
mon coupling. Thus, the source current harmonics will have the minimum rms current
and consequently the load voltage distortion will be minimized. Due to its complexity,
this compensator is only recommended in cases of strongly distorted voltage with small
numbers of harmonics. Moreover, it is also recommended for high demands as to current

harmonic reduction.

7.4 Simulation results

Some previous studies of distribution system harmonic performance [118,119] have in-
vestigated the nature of small, widely distributed harmonic sources. In [106,118], it was
shown that these loads will generate smaller currents at higher frequencies. Moreover,
the phase angles of these currents are widely distributed, resulting in a high degree of

cancellation. At the lower harmonic frequencies, especially the third and the fifth har-
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monics, the cancellation will be insignificant so, there will be harmonic excitation at these
frequencies.

More recently, measurements of harmonic levels on distribution systems have been
performed [120-123]). These measurements show a dominance of the lower order harmon-
ics for a majority of cases including many large industrial sites. Accordingly, the reactance
one-port compensators utilized in this study were designed in order to compensate for
both the third and the fifth harmonic reactive powers. Although this compensator is
only designed to suppress the 3¢ and the 5'* harmonics, it can be designed to cancel
more harmonics. The next subsection will illustrate the compensator design through a
numerical example and the subsequent subsections will show the simulation results for

the different case studies.

7.4.1 Numerical example

In order to illustrate how the reactance one-port compensator can reduce the harmonic
reactive power of a circuit having a non-linear load while, consequently, reducing the
current total harmonic distortion THDI, let us consider the following example [124]:

A 0.34 Kw DBR load that is supplied from a 110V (RM S) sinusoidal source is considered.
The voltage source has an internal inductive impedance that is equal to 0.8 +3;0.94 Q. The
DBR load has a smoothing capacitor of 1000 F and the DC load resistance is equal to
2092. Since this load behaves capacitively due to the presence of the smoothing capacitor,
a tuned inductor is to be utilized in order to estimate the equivalent load susceptance at
different harmonic frequencies n, where n € {1, 3,5}. The procedure previously described
in section 7.2 will be utilized in order to accomplish this task. The non-linear load
susceptances were found to be: B; = 0.044S, B; = 27.8S and Bs = 8.55. The plot of
the required susceptance function Y, (w) is given in Figure 7.2. The compensator will have

such a susceptance if its impedance is in the form given in Equation 7.11. The values of the
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compensator poles and zeros should be governed by Equation 7.5. Assuming, for example,
the values of the required compensator poles are: P, = 1.2, P, = 4.0 and P; = 8.0,
substituting in Equation 7.13 and solving these equations will result in the compensator
impedance given as:

50.9s° + 1695.0s® + 11050s

Z(s) = @ r1)(e 1 400 (2 +807) (7.16)

This equation can be further simplified, resulting in:

9.566s 4.37s 36.96s

Ze = ;
) = r129) T F1a0d T 71809

(7.17)

Utilizing Equation 7.15, the compensator elements can be determined. The resulting
compensator will has the structure shown in Figure 7.5.

Inserting this compensator in parallel with the DBR load will reduce the THDI from
58.9% to 8.6%. Also the load voltage total harmonic distortion THDV will be reduced
from 14.57% to 5.09%. The waveforms of the supply current and the load voltage, before
and after inserting the compensator, are given in Figures 7.6 and 7.7 respectively. The
change in the supply current harmonic contents due to the insertion of the reactance

one-port compensator is illustrated in Figure 7.8.

7.4.2 PAVC load

The same design procedure described in subsection 7.4.1 will be followed to design a
reactance one-port compensator capable of reducing both current and voltage harmonic
distortion in a circuit having a PAVC load [125]. The thyristors were supplied from a
110V (RMS) source that has an internal inductive impedance. The load resistance is
taken equal to 10Q2 and the thyristors firing angles are adjusted to 45°. For harmonic

frequencies n, where n € {1, 3,5}, the non-linear load susceptances were found to be:



CHAPTER 7. HARMONIC MITIGATION 132

17.6 mH 0.724 mH 1.5 mH

—0— 00— 00—

|| i ||
Z (0) L N |
. 2TTuF 607uF TL84F
0, =377 ads
B

Figure 7.5: One-port compensator for DBR load reactive power compensation
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Figure 7.6: Supply current of circuit having DBR load before and after compensation
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B; = 0.014S, B3 = 6.31S and Bs = 2.52S. The compensator will has an impedance

function given as:

30.3s + 13.97s + 113.69s
(s* +1.22) (s? +4.0%) (s? +8.0%)°

Z.(s) = (7.18)

The designed compensator structure and parameters are shown in Figure 7.9, where
the inductive and capacitive elements are obtained according to Equation 7.15. Applying
this compensator will result in the improvement of the THDI from 16.63% to 5.32% and
the THDV from 26.3% to 11.2%. The waveforms of both supply current and load voltage,
with and without the compensator, are presented in Figures 7.10 and 7.11 respectively.
Figure 7.12 illustrates the reduction in the supply current harmonic contents due to the

insertion of the compensator.

7.4.3 Three-phase four-wire circuit

In order to further demonstrate the capability of the proposed reactance one-port com-
pensator, simulations were performed on a three-phase four-wire system tilat was loaded
with a combination of DBR and CFL loads [126]. The DBR sharing in the phase cur-
rent was kept at 50%. On four-wire balanced systems loaded with non-linear loads, the
neutral current constitutes a major problem and hence, the proposed filter should be
capable of reducing the neutral current to the lowest level. A reactance one-port network
was designed for this purpose following the previously outlined procedure. Utilizing the
non-linear load susceptance calculation algorithm described in section 7.2, the equivalent
load susceptances were found to be: B; = 0.033S, B3 = 16.08S and Bs = 5.31S. The

compensator impedance function was found to be given as:

12.76s 5.86s 97.97s

Z.(s) = :
O =it @ram T iy

(7.19)
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Figure 7.9: One-port compensator for PAVC load reactive power compensation
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Figure 7.10: Supply current of circuit having PAVC load before and after compensation
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The compensator had the structure and parameters shown in Figure 7.13. The appli-
cation of this filter in parallel with the load in each phase resulted in the reduction of the
THDI from 19.62% to 3.51% as well as the reduction of the THDV from 19.42% to 4.18%.
The system neutral current magnitude was reduced from 9.08 Amp. to 0.954 Amp. as
a result of the filter application. The RMS and THD values for the phase currents, the
phase voltages and the neutral current are given in Table 7.1. The waveforms of the
supply current, load voltage and neutral current, before and after inserting the filter, are
given in Figures 7.14, 7.15 and 7.16 respectively. The harmonic content of the supply

current (phase A), before and after the compensation, is presented in Figure 7.17.

7.4.4 Test distribution system

The reactance one-port compensator was further examined utilizing a more complex
distribution system [127] that is given in Figure 7.18. The distribution system feeder
section data are listed in Table 5.1. The proposed three-phase secondary distribution
system supplied a mixture of non-linear and linear loads and the system was loaded until
it reaches its rated capacity. The load sharing percentages will be equal to: DBR=40%,
PAVC=20%, CFL=20% and the remaining 20% is three-phase, star-connected linear
loads that have 90% power factor lagging.

The supply impedance which is equal to the secondary distribution transformer imped-
ance plus the impedance of the line connecting the transformer to the distribution panel,
was equal to 0.032+j0.11692, with the X/R ratio equal to 3.65.

For harmonic frequencies n, where n € {1, 3,5} and utilizing the non-linear suscep-
tance calculation procedure described in section 7.2, it was found that the equivalent load
susceptances seen at the point of common coupling PCC were equal to: B; = 0.0285,
B3 = 125.015 and Bs = 75.76S. The reactance one-port compensator was found to have

an impedance equal to:
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Figure 7.13: One-port compensator for three-phase four-wire system loaded with DBR
and CFL load combination reactive power compensation

Table 7.1: RMS and THD values for phase voltage, phase current and neutral current in
3-phase system having DBR and CFL load combination before and after compensation

Without compensator | With compensator

RMS THD RMS THD
Va 105.06 19.4 101.7 4.18
Vs 105.4 18.8 102.2 6.21
Ve 105.9 19.7 102.9 5.31
I4 16.63 19.6 17.13 3.51
Ip 17.08 18.4 18.02 3.42
Ic 16.27 204 16.7 4.81
In 9.073 1168 0.954 360
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before and after compensation
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Figure 7.16: Neutral current of 3-phase system having DBR and CFL load combination
before and after compensation
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Figure 7.17: Phase current harmonic contents for 3-phase system having DBR and CFL
load combination with and without reactance one-port compensator
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Figure 7.18: Test secondary distribution system to examine the reactance one-port com-
pensator performance
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14.318s 6.608s . 52.423s

Zal) = i) T a0y T (s* +8.0%)

(7.20)

The filter had the structure and parameters given in Figure 7.19. Inserting this filter
at the point of common coupling succeeded in reducing the total harmonic distortion of
both the supply current and the load voltage. The THDI was reduced from 30.18% to
18.51% and the THDV was reduced from 19.9% to 13.19%. However, these distortion
levels violate the recommended values [3], thus another filter stage had to be designed
in conjunction with the first stage to further reduce the harmonic distortion levels to
acceptable levels. The susceptances of the equivalent load (including the first compensator
stage) was recalculated and was found to be equal to: By = 0.279S, B3 = 88.49S and
Bs = 0.885S. The impedance function of the second stage filter was obtained following

the same design procedure and was found to be:

26.37mH 1.095 mH 217 mH

—0— 00— 00—

Ar———
|| .y ||
Z(0) I 1 |
I 185.34F 1014pF 50.61 kF
@ =377 rads
B

Figure 7.19: 1* stage One-port compensator for test system reactive power compensation

1.385s 0.1s 11.215s

= (S?'+1,22) + (32+4.02) + (Sz+8.02)' (721)

ZCZ(S)

The second filter stage had the structure and parameters shown in Figure 7.20. Apply-

ing the second filter stage in parallel with the first stage resulted in a further reduction in
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the system harmonic distortion. The THDI was further reduced to 8.66% and the THDV
was reduced to 8.01%. These results indicate that the non-linear susceptance calculation
was not too accurate, leading to an un-optimum filter design. This can be attributed
to the system complexity, since the voltages across different loads connected at different

buses are different due to the presence of the feeder section impedance.

255mH 0.017mH 0.465 mH

Ae—

Z(o) I [
-, 915 pF 265250F 236.5uF

ml =377 rad/s

B

Figure 7.20: ond stage One-port compensator for test system reactive power compensation

In order to minimize the filter complexity and cost, the two reactance one-port stages

were combined together leading to the combined compensator transfer function given as:

7 1.283s 0.582s 4.805s

Ctat (5) = (sz+1.22) + (82+4.02) + (S?' +802) (722)

The parameters and structure of the combined filter is given in Figure 7.21. Examining
the performance of this combined filter results in a great reduction in the system distortion
levels. The THDI was reduced to 2.35% and the THDV was reduced to 3.87% which
comply with the recommended standards. The supply current and the voltage at the point
of common coupling after inserting the combined filter are given in Figures 7.22 and 7.23,
respectively. The harmonic contents of both current and voltage before and after inserting

the filter are presented in Figures 7.24 and 7.25, respectively.
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Figure 7.21: Combined reactance one-port compensator for test system reactive power
compensation

7.5 Experimental verification

To support the computer simulation results, some laboratory experiments have been con-
ducted. These tests were performed for two load cases: the first was the DBR load; the
second was the three-phase four-wire balanced system supplying DBR and CFL load com-
bination. The ratings of the capacitors and the inductors used in building the proposed
filters are listed in Appendix D. The equipment utilized in carrying out these experi-
ments and recording both voltage and current magnitudes and waveforms are described
in Appendix B. For the DBR load case, the current total harmonic distortion THDI
was reduced from 58.9% to 23.5% and the voltage total harmonic distortion THDV was
reduced from 14.35% to 5.35%. Figures 7.26 and 7.27 show the experimental current and
voltage waveforms before and after inserting the compensator.

For the three-phase four-wire system loaded with a combination of DBR and CFL
loads, the supply current THD was reduced from 19.62% to 8.2%, the phase voltage
THD was reduced from 19.42% to 6.54%, and the neutral current magnitude was reduced
from 9.08 Amp to 1.86 Amp. Figures 7.28, 7.29 and 7.30 show the experimental phase

current, the phase voltage and the neutral current before and after the compensator
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Figure 7.22: Supply current of the test distribution system before and after compensation
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Figure 7.23: Load voltage of the test distribution system before and after compensation



CHAPTER 7. HARMONIC MITIGATION 146

30

{8 w/o filter O w/ ﬁlter] '

Supply current harmonics as % of fundamental

Harmonic order
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Figure 7.25: Test distribution system point of common coupling voltage harmonic con-
tents before and after compensation
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insertion.

These experimental results reveal complete agreement with the simulation output.
The main observation to note is that the current and voltage distortion attenuation in
both simulation and experimental results differ slightly. It is evident, however, that these
differences are only attributable to the fact that the components that were used in the
laboratory did not have exactly the same values and characteristics as those designed
and used in the simulation. The reason for this is that the available component ratings
in the market did not match the values used in the simulator. Also, the manufacturing
tolerance may affect the performance of the designed filter. Another important factor
that may affect the laboratory results is the different characteristics associated with the
semiconductor elements. Since the simulation dealt with the diodes as ideal switches,
these elements’ non-linear characteristics were not considered in the simulation which led
to different results.

Loading level variation and components manufacturing tolerance are two important
factors that must be considered in a complete analysis of a filter design and installation
problem. A sensitivity analysis should be carried out to give more insight on how these two

parameters can affect the effectiveness of the proposed reactance one-port compensator.

7.6 Sensitivity analysis

In selecting a particular network from the many available, different criteria may be used.
Usually, the selection is based on the economics of the construction of the filter circuit,
though sometimes even these economic factors are not the most important considera-
tion. The final decision may be entirely subjective. For example, the size and type of
components happen to be in stock may dictate which network to choose.

Another factor that may determine which of the circuits to use is the sensitivity. When
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Figure 7.26: Supply current of circuit having DBR load before and after compensation,
as obtained experimentally
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Figure 7.27: Load voltage of circuit having DBR load before and after compensation, as
obtained experimentally
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Figure 7.28: Phase current of three-phase circuit having DBR and CFL combination
before and after compensation, as obtained experimentally
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Figure 7.29: Phase voltage of three-phase circuit having DBR and CFL combination
before and after compensation, as obtained experimentally
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Figure 7.30: Neutral current of three-phase circuit having DBR and CFL combination
before and after compensation, as obtained experimentally

a network is synthesized, its nominal component values can be obtained. If all compo-
nents are not only accurate, but also remain constant under different ambient conditions
throughout their lifetime, then there will be little difference in the filter performance.
However, in practice, real components do deviate from their nominal values due to initial
inaccuracy in fabrication, environmental factors such as temperature and humidity, and
chemical and mechanical changes due to aging. The effect of component values deviation
from their nominal values is an alteration of the filter performance. There are two differ-
ent approaches to reduce this undesirable effect. One is to make the initial component
values very accurate and subsequently endeavor to keep these values from fluctuating,
but this approach is not only unnecessarily costly, but also impractical. The other ap-
proach is to select a network whose performance is least affected by the changes in its
element values. Since distribution systems are dynamic in nature, the loading level and

operating point variations can cause differences in the filter performance in addition to
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the element values deviation. Therefore, checking the filter sensitivity to both elements’
values variation and loading condition variation is one of the most important factors in
selecting the desired filter.
The sensitivity of some performance measure y with respect to a network element
value z is defined as:
>, d

y — 2 )
Sz y*d:c

(7.23)
If y is a function of several variables [y = f(z1, Z2, ..., Zn)], then the sensitivity of y with
respect to z; is:

Ty ay

§Y. = = ,
= y *azi

=1,2,...,n (7.24)

The definition given in 7.23 is known as the differential, first-order, classical or relative

sensitivity.

7.6.1 Sensitivity to filter elements variation

The first sensitivity study investigates how the deviation from nominal values of the
compensator elements can affect the filter performance. To accomplish this task, all
inductive and capacitive elements included in the compensator are allowed to vary within
a certain tolerance. This tolerance is assumed to be either 3% or 5% depending on the
economic considerations. In this study, the distribution system described in Figure 7.18
and its designed filter shown in Figure 7.21 were utilized. The variation of both THDI
and THDYV as a result of the 3% or 5% deviation of the compensator elements are given
in Tables 7.2 and 7.3, respectively.

It is apparent from Tables 7.2 and 7.3 that, when all elements are allowed to deviate

by 3% at the same time, both THDI and THDV remain within acceptable levels. The
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Table 7.2: Current and voltage THD values corresponding to compensator inductive and
capacitive elements variation of 3%.

Condition LimH | LymH | LysmH |C, uF | Ca uF | Cy uF | THDI | THDV
Original 2.363 0.0965 0.199 2067. 4557. 552. 2.32 4.01
Lt Ct 2.434 0.0994 0.205 2129. | 4694. | 568.6 6.17 6.19
Ly Cl 2.292 0.0936 0.193 2005. 4420. | 535.4 8.39 7.35
Lt Cl 2.434 0.0994 0.205 2005. | 4420. | 5354 2.38 4.06
Ly Ct 2.292 0.0936 0.193 2129. 4694. | 568.6 2.25 3.94
L1, C = const 2.434 0.0994 0.205 2067. | 4557. 552. 4.31 5.04
Ll C = const 2.292 0.0936 0.193 2067. 4557. 552. 437 4.87
L =const, C1? 2.363 0.0965 0.199 2129. 4694. | 568.6 4.21 498
L =const, C} 2.363 0.0965 0.199 2005. 4420. | 535.4 4.58 4.99

only exception is the worst case, where both inductive and capacitive elements increase

or decrease together. In contrast, when all elements are allowed to deviate by 5%, a

violation of the voltage total harmonic distortion resulted, except in cases with different

direction of change for both inductors and capacitors (inductors increase and capacitors

decrease or vice versa). These results reveal that for the cases studied, even if all the

compensator elements deviate within the 3% tolerance range, both THDI and THDV

will remain within acceptable standards. However, if the deviation exceeds the 3% limit,

then, with the exception of few cases, both THDI and THDV will violate the limits. It

is worth noting that if all the elements are not allowed to change at the same time, then

the 5% range may be employed without violating the distortion levels.
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Table 7.3: Current and voltage THD values corresponding to compensator inductive and
capacitive elements variation of 5%.

Condition LimH | LymH | LymH | Cy pF | Co uF | C3 uF | THDI | THDV
Original 2.363 | 0.0965 | 0.199 | 2067. | 4557. 552. 2.32 4.01
Lt Ct 2.481 0.101 0.209 2170. | 4785. 579.6 7.16 7.13
Ll Cl 2.245 0.0917 0.189 1964. | 4329. 524.4 12.5 10.8
Lt Cl 2.481 0.101 0.209 1964. | 4329. 524 .4 2.49 4.09
Ll Ct 2.245 0.0917 0.189 2170. | 4785. 579.6 2.19 3.89

Lt, C = const 2.481 0.121 0.209 2067. | 4557. 552. 5.67 5.86
L] C =const 2.245 0.0917 0.189 2067. | 4557. 552. 6.86 6.3
L=const, Ct| 2363 | 0.0965 | 0.199 | 2170. | 4785. | 579.6 | 5.45 5.7
L =const, C 2.363 0.0965 0.199 1964. | 4329. 524 .4 7.32 6.62

7.6.2 Sensitivity to load level variation

The second sensitivity study investigated how deviating system operating points or load-

ing conditions, from their nominal values, can affect the filter performance. The distri-

bution system described in Figure 7.18 and its designed filter shown in Figure 7.21 were

employed for this study. During this study the compensator elements remained constant

at their nominal values and the only variable was the system loading level. Two fac-

tors are considered important in this investigation: the first is the percentage loading of

the system; the second is the percentage sharing of each load type in the total system

loading. The sharing of each load type is expressed as a percentage of its own nominal

value. Starting with a system loading level equal to 100% and a specific load sharing,
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each load type is assumed to be 100% of its own share. Increasing or decreasing a spe-
cific type of load will always be referred to its original share. The system loading will
be allowed to decrease bellow or increase above its rated capacity. The change in both
THDI and THDYV in accordance with these loading level variations are listed in Table 7.4.
The results presented in Table 7.4 show that the compensator performance will still be
acceptable and the distortion levels for both voltage and current will remain within the

acceptable levels, even if the loading level varies within £20% of its rated value.

Table 7.4: Current and voltage THD values corresponding to loading level variation

System Irpms | DBR load CFL load PAVC load | Linear load | THDI | THDV
loading(%) % |Amp.| % |Amp.| % | Amp.| % | Amp.
117.8 241.7 | 116 | 1345 | 96 37.3 | 164 | 65.3 97 39 1.87 4.1
107.5 220.5 | 119 | 137.4 | 98.5| 38.2 | 100 | 399 | 99 | 39.7 | 2.26 4.1
100t 205.2 { 100 | 115.8 { 100 | 38.8 | 100 | 39.9 | 100 | 40.2 | 2.32 4.01
91.8 188.3 | 79 91.5 | 100 | 38.8 | 100 40. 100 | 40.2 2.67 4.27
88.7 182 1 71.1 8235 100 | 38.9 | 100 { 40.1 | 100 | 40.3 2.74 4.21
87.05 178.6 | 70.5 | 81.6 | 100 | 38.8 | 100 | 39.9 | 110 | 44.2 2.75 4.13
84.4 173.2 | 71.7 { 83.1 | 102 | 39.5 | 76.7{ 30.6 | 101 | 40.7 2.98 4.2
83.4 171.2 | 56.8 | 65.8 | 102 | 39.5 | 101 | 40.4 | 101 | 40.7 2.9 4.13
83.5 171.3 [ 71.6 | 82.9 | 102 | 39.5 | 101 | 40.6 | 74 | 29.7 | 2.84 4.1
79.25 162.6 | 714 | 826 | 765 | 29.6 | 101 | 406 | 74.5 | 29.9 3.2 4.29

t Full load condition.

Table 7.4 reveals that the reactance one-port compensator utilized is characterized by
relatively low sensitivity to load variation. One of the reasons for this low sensitivity to

load variation is that, as a rule, all elements in a passive filter circuit have comparable
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effects on the network performance. Hence, the burden of accomplishing the filtering task

is shared by all elements.

7.7 Assessment

In this chapter, a comprehensive study was performed to design and test a reactance
one-port compensator capable of reducing both voltage and current harmonic distortions
in systems loaded with different non-linear loads. In order to evaluate the effectiveness of
such a compensator, different configurations ranging from simple single-phase circuits and
ending up with some complex secondary distribution feeders were utilized. The results

show that:

1. The reactance one-port compensators are capable of improving the distribution
systems power quality by decreasing both voltage and current harmonic distortion

levels, even if the system is heavily loaded with different non-linear loads.

2. The reactance one-port compensator is characterized by a relatively low sensitivity
to the change in the loading levels and can tolerate changes up to +£20% of the

nominal load.

3. The reactance one-port compensator can tolerate changes in its elements’ values up

to £3% without damaging the compensation performance.



Chapter 8

Conclusions and Future Research

In this thesis, harmonic generation and propagation in distribution systems was thor-
oughly studied. The effects of both attenuation and the diversity phenomenon on dis-
tribution systems were investigated analytically as well as experimentally. This precise
study led to more accurate information about the distribution systems behavior.

When it comes to reducing the distribution system harmonics, the active filtering,
though characterized with the higher expense, is preferable to passive filtering since a
lack of information can lead to inaccurate passive filter design. After the in-depth study
carried out in this thesis, it becomes apparent that accurate system information can allow
for the design of passive filters which can be utilized in achieving results comparable to
those of the active filters.

A hybrid method was developed and tested for the use of reactance one-port compen-
sators to improve distribution system power quality. This methodology was tailored to be
applied both to non-linear and linear distribution systems. The proposed methodology
was conducted according to a four-phase approach. The first phase, in this approach
as presented in Chapter 4, identified the non-linear loads commonly used in distribution

systems. These loads were grouped into three different categories depending on the com-
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mon features in their current waveforms. The second phase, which was introduced in
Chapter 4, investigated the effect of the load voltage and current harmonic interactions.
These interactions, referred to the attenuation effect, were considered to be one of the
crucial factors in obtaining accurate waveforms for both the supply current and the load
voltage. The third phase, which was presented in Chapters 5 and 6, dealt with the inves-
tigation of the main system and load parameters that affect the harmonic performance
of the non-linear loads identified in the first phase. The collective harmonic performance
of these loads when connected in both single-phase and three-phase four-wire configura-
tions were studied. Moreover, the dependence of the net harmonic currents produced by
different load groups on those parameters were examined. The fourth phase, as presented
in Chapter 7, introduced a new time-domain based technique to estimate the non-linear
load susceptance at different harmonic frequencies. This was followed by the rigorous
design and testing of the proposed reactance one-port compensator needed to decrease
both voltage and current distortion levels. Finally, experimental verification was demon-
strated in Chapters 4, 5, 6 and 7 as validation of the simulation results. The conclusions

derived from the analysis conducted throughout this research are as follows:

1. The interaction between the load voltage and current harmonics (attenuation phe-
nomenon) can not be neglected in any practical distribution system. These interac-
tions lead to a reduction in the supply current distortion level, and neglecting this
phenomenon could result in a significant overestimation of the system distortion

levels.

2. The reduction in harmonic currents due to the attenuation effect increases signifi-

cantly with the system loading.

3. Harmonic phase cancellation (diversity phenomenon) reduces the levels of net har-

monic currents injected into the distribution systems. This phenomenon can be
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10.

11.

experienced even if only identical loads are operating together.

Harmonic current magnitudes demonstrate a tendency to decrease with the increase
of either the loading level of a single non-linear load or the number of loads connected

to the same distribution feeder.

. Harmonic current magnitudes are inversely proportional to the X/R ratio of the

supply internal inductive impedance.

. Harmonic reduction can be achieved by combining different types of non-linear loads

together.

. The level of each harmonic component changes with the interchange of the position

of the harmonic producing device along the distribution feeder.

. In balanced three-phase four-wire distribution feeders, the neutral current is com-

posed of only triplen harmonics. Moreover, in unbalanced systems, the non-triplen

harmonics contribute by not more than 40% of the neutral current.

Reactance one-port compensators can be implemented successfully in order to de-

crease the net harmonic distortion of both load voltage and supply current.

The compensator sensitivity to elements’ values deviation can allow for at least
+3% tolerance if all compensator elements are to change simultaneously or £5% if

only some of these elements are changing.

The compensator sensitivity to loading level can tolerate changes in the operating

point up to +20%.
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8.1 Contributions
The original contributions of the work done in this thesis can be summarized as follows:

1. An often-overlooked phenomenon, attenuation, was advanced as a major factor to
be considered when estimating distortion levels or in the determination of voltage
and current waveforms in any practical non-linear distribution system. Neglecting
this phenomenon will result in a significant overestimation of the system distortion

levels, and was therefore thoroughly investigated;

2. A time-domain based iterative approach capable of producing accurate voltage and
current waveforms in systems loaded with different types of non-linear loads was
developed. The proposed approach is proven to be superior to other non-linear
frequency-domain approaches because it accurately accounts for the harmonic cou-

pling as well as the system non-linearity and voltage dependency;

3. A time-domain based approach for estimating the non-linear load susceptances at
different harmonic frequencies was developed. This approach is considered as a

milestone for any passive filter design; and

4. This thesis implemented an innovative design for reactance one-port compensators
in non-linear distribution systems. This filter prototype was developed and tested
rigorously. It was found to satisfy the design criteria, that is, it reduced both current
and voltage harmonic distortion levels to meet the recommended standreds. This is
a significant contribution because comparable results were achieved with a relatively
inexpensive passive filter as with a more expensive active filter. This represents a

potential for a significant savings.
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8.2 Future investigations

The research results presented in this thesis point to several issues where future investi-

gation may be considered. Some of these issues are:

1. This research should be extended to include the effect of the daily load variation of
the distribution system upon the filter performance. Different compensator stages
should be designed to match these variations and an automated procedure should

be utilized to achieve a proper switching process between different filter stages;

2. The designed compensator should be optimized to find the best available perfor-

mance with the least cost and sensitivity; and

3. The effect of both magnitude and location of power factor capacitors upon the
harmonic generation and the compensator design and performance should be inves-

tigated.
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Instantaneous Power Components

Decomposition of source current into two components (in-phase and quadrature) will

result in two components of instantaneous power as given in Figures A.1 and A.2.

p(t) = v(t)*=i(t), (A.1)
p(t) = VIcose [l — cos(2unt)] + VIsin¢ sin(2w;t), (A.2)
p(t) = B, + P, (A.3)
where
P, = P(1 — cos(2wt)), (A.4)
P = Vlcosg, (A.5)
P, = @Qsin(2w,t),and (A.6)
Q = VlIsing. (A.7)

The components P, has an average value P and it is a unidirectional power fluctuating
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between zero and 2P. Where P is known as the real power, also called active or average
power. The component P, is an oscillation of power at double the supply frequency. This
component transfers energy back and forth between the source and the linear load, what
is called reciprocating flow of energy. The amplitude of this component is known as the
reactive power @ and it is considered a useless loading of the source, which increases
the source current rms value. In sinusoidal systems, the reactive power Q is an additive
quantity which is not only considered to be a measure of the uselessly transmitted power,
but it is also directly related to the compensating equipment ratings that can improve

the source power factor.



APPENDIX A. INSTANTANEOUS POWER COMPONENTS 163

200 v v Y u — T

100

volt-current
(@]

-100

o

-200 p
o}

rad/sec

10000 T T T

8000

T

6000

power

4000

2000

T

o i 1 I B
0 1 2 3 4
rad/sec

Figure A.1: In-phase current and the unidirectional power P,

200 T T T T T T

100

volt-current
o

-100

-200 1 Il —_— ) S I I

5000 T v

-5000 1 A S A 1 /1
0 3 4 5 6

rad/sec

power
o

Figure A.2: Reactive current and the double frequency power oscillations



Appendix B

Experimental Setup

The equipment utilized in the laboratory in order to perform the experimental verifica-

tions are described as follows:

Digital Oscilloscope

Model: Tektronix TDS 644A.

e Bandwidth selection: 20 MHz, 100 MHz, and Full (500 MHz).
e Input impedance selection: 1 M.

e Range, sensitivity: 1 mv/div to 10 v/div.

e Accuracy: 1%.

e Range, sample-rate: 10 sample/sec to 2 Gsample/sec.

e Input voltage: + 400 volts (DC + peak AC).

e Lower frequency: < 10HZ when AC-1M(Q coupled.
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Waveform Analyzer

o Model: Dranetz 658-406.

e Range: 0-600 v (RMS), 6120 volt-peak, 0-1000 Amp (RMS), 6000 Amp-peak.
e Frequency: 45-65 Hz, 310-445 Hz.

e Accuracy: Voltage +1%, current +2%.

Multimeter

e Model: Fluke 25 Digital electronic multimeter

Voltage Range: 0.001 volt — 1000 volt.

e Current Range: 0.1uA — 10 Amp. (10A continuous or 20A for 30 sec. max.)

Resistance Range: 0.1Q — 32M(Q.

Accuracy: V: £(0.1%+1), I: £(0.75%+2).

Computer

e Model: Pantium

e Frequency: 133 MHz.

Printer

e Model: HP Lazer jet III

e Memory: 4 MB
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Diodes

e Model: 1IN1206A.

e Rating: 12 Amp, 600 volt-DC
Fluorescent Lamps

e Type: General Electric.

e Model: F40CW-EX

e Power: 40 Watt.

Ballast

e Type: Philips.

e Model: R2540-TPC-MARK III.

e Volt: 120 volts.

Frequency: 60 Hz.
e Current: 0.73 Ampere.
e Sound Rated: A.

e P.F.. Above 0.9.



Appendix C

IEEE Recommended Standreds
(IEEEstd-519)

The philosophy of developing harmonic limits is to:

1. Limit the harmonic injection from individual customers so that they will not cause

unacceptable voltage distortion levels for normal system characteristics; and

2. Limit the overall harmonic distortion of the system voltage supplied by the utility.

Table C.1: Basis for harmonic current limits

SCR at || Maximum Individual Frequency (%) Related Assumption
PCC Voltage Harmonic (%)
10 2.5-3.0% Dedicated system
20 2.0-2.5% 1-2 large customers
50 1.0-1.5% A few relatively large customers
100 0.5-1.0% 5-20 medium customers
1000 0.05-0.1% Many small customers
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C.1 Current distortion limits

168

Table C.2: Current distortion limits for general distribution systems (120 V — 69 KV)

Maximum harmonic current distortion in percent of I
Individual harmonic order (odd harmonics)
Io/Ir || <11 | 11<h<17 | 17<h<23 | 23<h<35 | 35<h | TDD
<20 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 35 2.5 1.0 0.5 8.0
50<100 || 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 j| 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 | 20.0
Where:
I, = mazimum short circuit current at PCC.
I, = mazimum demand load current (fundamental frequency component) at PCC.
TDD = Total Demand Distortion (harmonic current distortion in % of mazimum

demand load current.

Even harmonics are limited to 25% of the odd harmonic above and current distortion

that result in a dc offset, e.g., half-wave converters, are not allowed.

C.2 Limits on commutation notches

The notch depth, the total harmonic distortion factor (THD) and the notch area of the

line-to-line voltage at PCC should be limited as shown in Table C.3.
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Table C.3: Low-Voltage system classification and distortion limits

Special Applications

General Systems

Dedicated Systems$

Notch depth 10% 20% 50%
THD (Voltage) 3% 5% 10%
Notch areal(Ay)? 16400 22800 36500

§ A dedicated system is exclusively dedicated to the converter load.

+4

The value Ay for other than 480 V systems should be multiplied by V/480.

! The value of Ay is in volt-microseconds at rated voltage and current.

C.3 Voltage distortion limits

169

The limits listed in Table C.4 should be used as system design values for the ‘worst case’

of normal operation (conditions lasting longer than one hour). For shorter periods, during

start-ups or unusual conditions, the limits may be exceeded by 50%.

Table C.4: Voltage distortion limits

Bus voltage

Individual voltage

Total voltage

at PCC Distortion % distortion TH D(%)
69 KV and bellow 3.0 5.0
69 KV—161 KV 1.5 2.5
161 KV and above 1.0 1.5
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FILTER COMPONENTS

Table D.1: Components ratings and manufacturer

(a)Filter chocks
Model # || Manufacture | Inductance mH | Current Amp || Resistance Q2 | Weight Lb

195G20 Hammond 5.0 20.0 0.03 9.3
195SE20 Hammond 2.5 20.0 0.025 5.7
195C20 Hammond 1.0 20.0 0.013 2.5
195320 Hammond 10.0 20.0 0.053 17.0
195M10 Hammond 20.0 10.0 0.13 10.0
159ZL Hammond 2.5 10.0 0.044 2.75

157D Hammond 1.0 10.0 0.038 1.0
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(b)Filter capacitors

Model # || Manufacturer | Capacitance puF | voltage v
PSUS4015B Mallory 540648 110/125
PSU40015 Mallory 400480 110/125
PSU24315A Mallory 2435292 110/125
PSU18915A Mallory 189227 110/125
PSU5315 Mallory 6477 110/125
PSU6415 Mallory 5364 110/125
Z97F9037 GE 15uF +6% 440
Z97F9039 GE 20uF +6% 440
Z97F9608 GE 30uF +6% 440
RP3304 Mallory 4uF +4% 330
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