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Abstract

The proliferation of energy-efficient appliances and modern consumer electronics
has resulted in numerous power-electronic-based harmonic sources penetrating
into residential households. Due to the huge number and wide adoption of these
new harmonic sources, techniques for determining the cumulative harmonic

impact of them are urgently needed.

A probabilistic bottom-up technique is proposed in this thesis to model
aggregated harmonic sources and other linear loads. This technique not only takes
into account appliances’ daily usage pattern as well as household activities, but
also provides the flexibility to represent future market trends and policy changes.
By modeling the residentia distribution systems with this technique, one can
estimate how serious the harmonic impacts become when more harmonic-

producing appliances penetrate into the residential loads.

The proposed technique has also been applied to evaluate the power quality
impact of charging plug-in hybrid electric vehicles (PHEVS) on residential

distribution systems.
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Chapter 1

| ntroduction

As apower quality concern, the harmonics problem is a familiar issue in the study
of power systems. Over the past two decades, because of the advent and
development of power electronic technology, the electric power industry has been
revolutionized. Power e ectronic-based devices are normally the main sources of
power system harmonics, and significant efforts have been made in the field of
harmonic analysis. A major concern about harmonic voltage and current
distortion levels in urban distribution systems, which have the potential to exceed
today’s harmonic limits, is to continue to improve due to the increasing
penetration of both energy-efficient and consumer electronic devices into
residential loads. Therefore, a model is needed to represent these developments
and to evaluate their impact. In this introductory chapter, the fundamentals of
harmonics and the challenge of harmonic source evolution for harmonic analysis
will be presented. At the end of this chapter, the thesis scope and outline will be

provided.

1.1 The Fundamentals of Power System Harmonics

Normally, ac electric power system and its apparatuses are designed to operate
with pure sinusoidal altering voltages and currents. In this ideal situation, power
system will provide to the end customer a pure €electricity supply with 50/60 Hz

1



voltage and current waveforms of the same sinusoidal shape. Hence, for most
kinds of analysis, the power system is modeled as a linear system with passive
elements excited by voltage sources, which are constant both in magnitude and
frequency [1]. However, due to the existence of nonlinear and electronically
switched loads in redlity [2], the steady state ac voltage and current waveforms
are no longer pure sinusoidal but distorted. These periodic distortions can be
decomposed into a series of sinusoidal components called harmonics, which are
with frequencies multiple times of fundamental [3]. Harmonics have existed since
the adoption of ac for electricity transmission, but did not become a mgor
concern until the widespread use of power electronic devices. As a result,
harmonic studies have become an important component of power system analysis

and design [4].
1.1.1 The Definition and Mathematical Basis of Har monics

Harmonics are a mathematical expression of steady state and periodic distorted

voltage or current waveforms. According to the Fourier theory, a periodic
function f (t) with a fundamental angular frequency W, can be represented by a

trigonometric seriesas [5]:

f(t) =6+ coshwt +f,) (11)

h=1
where the angular frequency isw,=2p /T, and T is the period of f(t). The

coefficients ¢, , f,, and ¢, are defined as:
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Since the function f(t) has been decomposed into a series of sinusoidal
components with different frequencies, hwis called the h-th harmonic of f(t). c,
is the magnitude of the dc component, while ¢, and f , are the h-th order

harmonic magnitude and phase angle, respectively. Under the above definition,

the root mean value (RMS) of f (t) isasfollows:

Y 2
RMS= [c2+8 &5 0 14
\/C° =Ny 4

When harmonics combine, they cause the voltage or current waveforms to
become distorted. Figure 1.1 shows an example of a distorted current waveform
and its harmonic components generated by a non-linear load. In order to provide a
clear understanding of this phenomenon, the decomposed fundamental and the 5™

harmonic components are also shown in the waveform.
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Figure 1.1 Typical distorted current waveform and its harmonic spectrum.



1.1.2 Harmonic Indices

When describing the main harmonic feature of a distorted waveform, it is
inconvenient to use the coefficient series ¢, defined in equation (1.2). In order to

give an overall expression of the significance of the harmonic distortion in voltage

or current waveform, a group of harmonic indices have been devel oped.

The most commonly used index to characterize the level of harmonic distortion is
called the total harmonic distortion (THD), or the distortion factor [2]. The THD
index is normally expressed as a percentage, and measures the relative magnitude
of al harmonic components compared to that of fundamental. According to |IEEE

standards [6], the voltage and current THD can be determined as follows:

Jarv
THD, (%) === 100

1

NG
THD, (%) :I—““ 100

1

(1.5)

(1.6)

where V, and |, are the fundamental components of the measured voltage and

current,and V,, and |, arethe corresponding h-th harmonic components.

However, applying the THD index to characterize harmonic current can be
inappropriate in some cases, especially when fundamental current approaches

zero. In this case, the resulting THD could be quite high but would not truly



represent the harmonic level of the measured point. Therefore, the total demand

distortion (TDD) is used specifically for harmonic currents, and is defined as [6]:

EE
TDD = Y=zl

L

(1.7)

where || is the peak or maximum demand load current at the fundamental

frequency.

According to IEEE Std 519 [6], harmonic voltage distortion in power systems
with a voltage level of 69 kV or less is limited to 5% of the THD. The current
TDD limits vary based on the short circuit strength of the system injected into; the
higher the ratio of the short circuit current level to the maximum load current, the
more harmonic currents the system can handle. Generally, the TDD limitation

varies between 5% and 20%.

The transformer K-factor is the weighting of the harmonic load currents according
to their effects on transformer heating, and is based on the assumption that
transformer high-frequency harmonic winding losses are proportional to the
square of the frequency. A K-factor of 1.0 indicates a linear load (no harmonics).
The higher the K-factor, the higher is the harmonic tolerance level of the
transformer needed to supply such a load. K-factor can be calculated from
expression below [6]:

ALy
o H
a. h:l(lh / |l)2

(1.8)



In some cases such as those involving harmonic telephone interference, instead of

the THD or the TDD, the actual harmonic level is normaly more useful for

analysis. As a result, VX or | X' products are introduced as a measure of

harmonic interference audio circuits and are defined as follows [6]:

VT = /g(whvh)2 or I X = /g(whlh)2 (1.9)
h=1 h=1

where w,, is a weighting factor accounting for the audio and inductive coupling

effects at the h-th harmonic frequency. In addition, other indices such as the

Telephone Interference Factor (TIF) have also been proposed for the same

purpose as that of VX and | X' products[6].
1.1.3 Techniques for Harmonic Modeling and Analysis

To evaluate the harmonic distortion levels at any location of a power system,
certain techniques are essential. First, adequate models need to be built for the
power system components, which should consider the component response
characteristics at the harmonic frequency. The modeling techniques for the
overhead lines, underground cables, transformers, rotating machines, and the
aggregated loads are well summarized in [7]. Additionally, the modeling of
residential loads for harmonic analysis will be discussed in the following chapter,

as one focus of thisthesis.



After models of the power system components have been built, the next step isto
develop a network solution for harmonic analysis. The harmonic power flow is
the appropriate solution for determining the harmonic distortion levels and
checking the compliance with harmonic limits. Over the past twenty years,
considerable progress has been made in conducting the harmonic power flow for a
power system, and several sound techniques have been proposed in [8], [9]. A

general non-iterative harmonic power flow solution is summarized as follows [7]:

Step 1: Conduct the network fundamental frequency power flow, and model the

harmonic sources as constant PQ loads.

Step 2: Determine the harmonic current source models for harmonic sources
based on the result of the fundamental power flow. The magnitude and phase
angle of the harmonic current source can be determined by using the following

formulas, respectively:

|, =1, Srseium (1.10)
Il— spectrum
Q, =Qp. spectrum + h(ql - Q. spectrum) (111)

Step 3: Calculate the network harmonic voltages and currents by solving network

nodal equations corresponding to harmonic order h:

[Y][va]=[1] (1.12)



Equation (1.12) needs to be solved for all the harmonics of interest.

Step 4: The results of Step 1 and Step 3 jointly provide the harmonic power flow
solution for the system of interest. Harmonic indices could be conducted, and the

distortion levels could be evaluated based on the above results.

However, in some non-typical conditions, advanced solution algorithms for the
harmonic power flow, such as the iterative harmonic method [8] or the Newton-
Paphson based method [9], are necessary in order to give adequate results.
Additionally, all of the solution methods mentioned above have been extended to
unbalanced three-phase systems by rebuilding the system and component
eguations in the multi-phase domain [10]. In this thesis, a multi-phase harmonic
load flow method (MHLF) will be adopted in most of the analysis, due to its
ability to handle a typica North American multi-phase distribution system

including neutral wire with unbalanced operating conditions.

1.2 Harmonic Source Evolution and the Challenge to Harmonic

Analysis

As mentioned in the previous section, researchers have been interested in
harmonic problems since amost the early 1900s. In order to meet the
requirements of High Voltage Direct Current (HVDC) systems and Static Var

Compensators (SVC), harmonic modeling and analysis techniques were



specialized for these applications. Since the early 1970s, researchers have been
increasingly interested in power system harmonics due to the widespread use of
static power converters [2]. Generally, this interest has reflected the fact that
power system harmonics are produced mainly from loads which are large and
concentrated in a few determined locations. Therefore, within this period, the
focus has been on the network-wide harmonic power flow analysis with dominant

harmonic sources.

However, harmonic sources are currently evolving from concentrated to
distributed, and aso from industry loads to residential loads. These distributed
harmonic sources include both energy-efficient and consumer electronics devices,
which are massively penetrating into residential households. Although these
power-electronic-based appliances are small individually, together, they produce
significant harmonics. Additionally, plug-in electric vehicles, especially plug-in
hybrid electric vehicles (PHEV s), have the potential to be another main harmonic-
producing load in residential households. These vehicles are normally charged by
charger systems with the power-switching circuit topology shown in Figure 1.2.
The typical power level of one charger system could reach up to 3.3 kW, with a

THD current of around 10%.
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Figure 1.2 General Overview of PHEV Charger System.

The evolution of harmonic sources may create many problems and challenges for
harmonic analysis, mainly due to the nature of these new sources. As mentioned
in the last paragraph, the first problem results from the distributed nature of
harmonic sources. Since residential harmonic sources are distributed al over an
electric network, traditional harmonic analysis techniques generally have
difficulty in determining the collective impact of these sources [7]. Moreover, the
randomness of harmonic sources aso needs to be considered and could make
analysis more complicated. This complexity can be illustrated by the following
scenario: humerous harmonic-producing loads are distributed at every location of
a distribution system, so that, at any time instant, the harmonic summation of the
system could be very different due to the random operation of the harmonic

Sources.

Some work has been done on using statistical methods to determine the
summation impact of distributed random harmonic sources [11], [12].
Researchers agree that if a sufficiently large number of harmonic sources are

present in a system, the summation of the harmonic current phasors should follow
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the normal distribution, regardless of the distributions of individual harmonic
phasors. However, what we are interested is the magnitudes of the current or
voltage as well as the THD, which are functions of the harmonic current phasors.
In this case, the distributions of these indices cannot necessarily be characterized
by the norma distribution or any known simple distribution. Another
disadvantage of these statistical methods is that their results lack time information,
yet understanding the time trends of some harmonic indices in such harmonic

analysisisessential.

In this thesis, a bottom-up approach is selected to model aggregated harmonic
sources and other linear loads. Basically, we develop individual models for each
component of an actual electric system, and every distributed harmonic source
and its location are modeled. The random operation of each component including
the harmonic source is modeled by the daily time of use probability functions, and
will be further discussed in following chapters. By this method, we aim to build
an appropriate harmonic model for residential loads and to provide a framework
to evaluate the impact of al kinds of harmonic sources on residential distribution

systems.

1.3 Thesis Scope and Outline

This thesis develops a method to model the residential harmonic loads, and then

evaluates the impact of these harmonic sources on residential distribution
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networks. Most of the past research on harmonic modeling and analysis has
focused on a few large dominant harmonic sources, which are normally industrial
loads. Currently, however, the mass penetration of both energy-efficient and
consumer electronic devices is resulting in significant distortions to the voltage
and current waveforms in residential distribution systems. The waveform
distortions in urban distribution systems are also increasingly being dominated by
the harmonics from distributed residential loads. For example, the 3 harmonic
has become a main contributor to the feeder voltage distortion, and the 9"

harmonic has caused telephone interference in a number of cases.

The utilities and researchers are extremely concerned about this situation. Two
key questions are
Is the current distribution system capable of accepting more nonlinear
loads?

What could be the consequences of excessive harmonic |oads?

A fundamental step towards answering these questions is to develop a tool that
can assess and predict harmonic distortion levels for the current and future power
distribution systems. In this context, the final objective of this thesisis to provide
our study results and a basic understanding of the potential problems caused by
the modern nonlinear residential loads. More specifically, this thesis will try to

answer the following questions:
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What are the potential power quality impacts of mass distributed nonlinear
loads on residential distribution systems? Sample impacts include voltage
distortion, zero sequence harmonics, neutral voltage/current rise,
harmonic-caused stray voltages, metering error, increased losses, and
overloading of distribution transformers.

How serious will the impacts become when more and more energy-
efficient appliances and consumer el ectronics penetrate into the residential

|loads?

What are the technical and economic implications for utilities?

Thisthesisisorganized in six chapters as follows:

Chapter 2 presents the customer trends and electrical characteristics of common
home appliances. By surveying and analyzing various consumer market research
data, the adoption or usage trends of key home appliances have been established.
Based on the findings of previous and additional research, harmonic models have

been developed for home appliances.

A bottom-up harmonic probabilistic model for residential houses based on the
information associated with the individual appliances is presented in Chapter 3.
The proposed house model takes into account appliances’ usage patterns as well

as the number of occupants and their activities. Finally, by combining the
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residential house harmonic model, a service transformer model is aso derived.

These models are verified by comparing their results with measurements.

Chapter 4 presents the modeling of residential distribution systems to evaluate the
impact of the distributed nonlinear residential 1oads on the secondary distribution
system. Next, the procedure to carry out the harmonic power flow simulations is
developed. The simulation results are depicted for different study scenarios. First,
a base case is evaluated to verify if the proposed modeling approaches give
adequate results. Then, aload growth scenario based on the appliance penetration
trends established in Chapter 2 is evaluated in order to determine how serious the
impacts become when more appliances penetrate into the residential loads. Findly,
a sengitivity study is carried out to evaluate the impact of the system parameters

variation on the harmonic levels.

Chapter 5 is mainly about the harmonic as well as other power quality impacts of
charging plug-in hybrid vehicles (PHEV) on residential distribution networks.
First, the modeling of PHEV charging loads is developed based on the charging
characteristics. Similar as in Chapter 3, PHEV daily charging pattern will be
considered in the model. Then, the procedure to integrate the PHEV charging
loads into the residential distribution network used in Chapter 4 is provided.
Finally, the ssmulation results are conducted at different vehicle penetration levels
with various charger types under different charging strategies, and conclusions are

drawn.
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The main concluson from this thesis, suggestions for future studies and

improvements are presented in Chapter 6.
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Chapter 2
Evolution of Residential Loads and Their Electrical

M odels

In order to develop a tool that can evaluate the impact of distributed nonlinear
residential loads on primary and secondary power distribution systems, the initial
step is to develop adequate models for those residential loads. In this chapter, we
will divide such models into two aspects. One is the usage trend model and the
other is the electrical model. The first model helps to predict the extent of home
appliance adoptions in the future, while the second one is essential for

representing the appliance in typical harmonic power flow study.

2.1 Customer Trendsfor Home Appliances

As many countries have placed lighting and appliance standards at a very high
priority of energy policy, more and more replacement of such appliances into
energy-efficient ones will happen in the next few years. Although these
appliances consume considerably less power than their old counterpart, they inject
relatively large amount of harmonics into the distribution feeders. In the
meantime, more and more consumer electronics will be also added into household

as another harmonic producing source. Due to above reasons, we need to consider
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the impact of appliances replacement or increasing adoption on the residential

loads harmonic penetration.

Therefore, in the following subsections, a study is conducted to estimate the usage
or consumer trends of harmonic-producing home appliances, which is important
for the utilities to understand how the harmonic voltage/current levels will evolve
in the next 5 or 10 years. By analyzing the market survey data for key consumer

el ectronics and home appliances, their trend models will be established.

However, since it is impossible to predict the future situation exactly based on
past information, our trends models are mainly used to demonstrate the usefulness

of the bottom-up modeling technique proposed later.

2.1.1 Lighting Appliances

According to areport published by IEA [13], in the year of 2002, households had
an average of 1 CFL and 36 Incandescent bulbs. In 2007, a large survey
comprising 34,750 households found an average of 3.37 CFLs per household [14].
Using these two data points, it is possible to estimate the past trend of CFLs
penetration. Assuming that the total number of bulbs per household remains
constant, one can keep track of the remaining incandescent lamps to be replaced

in every year of the forecast, which is shown in Figure 2.1(a) ([15]). According to
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the estimation, nowadays, 13.5% of the residential installed lamps are CFLs while

incandescent lamps will disappear by 2020.

However, according to a report by Lawrence Berkeley National Laboratory, a hill
mandating the phase out of incandescent lighting has been passed by U.S.
Congress in 2007 as part of the Energy Independence and Security Act (EISA)
[15]. As aresult, incandescent bulbs will vanish more quickly in U.S. than above
estimated. Figure 2.1(b) below indicates that part of the market of incandescent
lights will be phased out each year between 2012 and 2014, until their complete
ban in 2014. When CFL bulbs completely replace the incandescent bulbs, the

associated lighting consumption can be reduced by 70%.
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Figure 2.1 Market projection of lighting bulbs by technology type.

In thisthesis, the trend of CFL adoption by homesis built from the trend shown in
Figure 2.1(a) and the data from references [13], [14]. In the next 10 years, the
average number of CFLs and incandescent bulbs is given by Figure 2.2 and
Figure 2.3, respectively. These trends are used to represent the lighting appliance
situation of atypical Canadian household.
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Figure 2.2 Trend of CFLs per household.
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Figure 2.3 Trend of incandescent light bulbs per household.

2.1.2 Televisions

Televisions have been changing rapidly in recent years as the transition from
analog broadcasting to digital broadcasting accelerates. As a result, CRTS’ share
has been getting smaller and replaced by LCD (including LED-backlit) and
Plasma (PDP) displays, which have the nature advantage of providing digital

media. As shown in Figure 2.4, in the year of 2007, half of the market was
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dominated by CRT and half by LCD and Plasma [16]. Moreover, one can observe

that CRT TV will be eliminated by year 2014.
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Figure 2.4 Worldwide TV market share by technology type.

The average number of TV sets in US household is 2.24, which is also the
situation in Canada. The typical lifespan of television is 5 to 6 years. Assuming
people would change their TV set every 6 years, the different types of TVS
penetration in one year will only be affected by the TV sales of the past 6 years.
Information about the annual sales of each TV can be found on Figure 2.4. For the
years after 2014, it was assumed the sales are the same as the year 2014, as
predictions after this year were not found in the literature. Therefore, for each

type, the number of TV per household, for year i, can be calculated as follows:

P (- 5)” TS(i - 5) +...+ P (i) TS(i).

TS(i - 5) +...+TS(i) NTV 21)

TVHY™ (i) =

where,

TVH "™ i the number of TVs of type Y per household.
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NTV isthe average number of TVs, including all types, per household.

SDWPGY . .
is the ratio between sales of TVs of type Y and the total sales of
al typesof TV, whichisgivenby TS.

Therefore, according to the above equation and assuming the average number of
TVs per household (NTV) is fixed during the next 10 years, the number of LCD

and CRT per household can be estimated and is shown in Figure 2.5 and Figure

2.6, respectively.
LCD TV per Household vear L:ci;/oﬁ)g
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Figure 2.5 Trend of the number of LCD TV per household.
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Figure 2.6 Trend on the number of CRT TV per household.
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According to the measurement results, discussed in the next section, the current of
CRT TV contains much more harmonics than that of LCD. Hence if the CRT TV
isreplaced by the LCD TV, the collective harmonic impact from TV appliancesis
expected to decrease. It is worth noting that the LCD TV also consumes less

power which will also be considered in the simulation studies.

2.1.3 Personal Computers

Industry practice uses the indicator of Computer Ownership per Person (CP) [17],
[18], instead of Computers per Household (CH). So in order to determine CH, the
following equation can be used:

CH=CP" APH (2.2)

in which, APH isthe Average Population per Household.

The Economist does a lot of marketing research over the world and its annual
publication “Pocket World in Figures” [17] has a worldwide survey on computer
ownership. In order to estimate the future trend of computers per household, the

data from years 2006 and 2010 were sampled from [17], which gives:

Year 2006: Computers per Person (CP) for North America= 0.773

Average population per household (APH) for North America= 2.72

CH= CP, APH = 0773, 272=210 (Computerslhousehol d)

Year 2010: CPfor North America= 0.98
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APH for North America= 2.72
CH :CP, APH=098, 2.72: 267 (Computerslhousehd d)
The above will yield an estimated annual growth rate of computers per household

of 5.95%. With this rate, CH can be estimated for the next 10 years and it is

illustrated at Figure 2.7.

Computers per Household Year C°,TO‘;“;;I;§H
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> — 2013 317
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2020 475

Figure 2.7 Trend on the number of computers per household.

Regarding laptop ownership, a research done by Ipsos Reid [19] showed that
Canadian laptop ownership jumped from 0.43 in 2007 to 0.59 per person in 2010,

which means Laptop per Household (LH) in 2007 was (APH in Canadais 2.5):
LH=LP" APH=043" 25=1075 (japtops/household)
LH in 2010 was:

LH=LP" APH=0.59" 25=1475 (|aptops/household)

The corresponding annual growth rate is 11.1%. Based on this rate, the LH index

can be estimated for the next 10 years and it is shown in Figure 2.8.
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Figure 2.8 Trend on the number of laptops per household.

To calculate the number of desktops per household, the curve of Figure 2.8 is

subtracted from the curve of Figure 2.7. The result is shown in Figure 2.9.

Desktops per Household Year D;‘if,ﬁé’é’%?f
1.35 2010 119
2011 122
1.30 2012 124
e P ~ 2013 126
. /,/ 2014 1.28
120 A 2015 129
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1.15 2017 1.30
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1.10 2019 1.28
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2020 1.26

Figure 2.9 Trend on the number of desktops per household.

This indicates that desktops ownership will change dightly at around 1 per
household. This result is consistent with other findings. According to an article

from ‘Ars Technica’ [20], industry analysts predicted that notebooks sales would
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exceed desktop sales for the first time in 2008. By 2011, it expected laptops to
represent 66% of corporate purchases, with 71% of consumers opting for a
notebook instead of a desktop. The increasing demand of laptops is also fuelled
by the education market — an increasingly large number of educational
institutions are stimulating students to buy laptop since its cost has been

decreasing significantly in the last years.

2.1.4 HomePrinters

Printer ownership data has not been found on the literature. However, literature
search showed that printer sales in the 2" quarter of 2006 in US were 1,763,201.
Meanwhile, the US PC sales in the 4" quarter of 2006 were 15,866,000 [21].
Hence, printersinstalled per computer (PPC) are:

Printer Shipment _ 1763201
PC Shipment 15866000

PPC = =0.111 (printers per PC)

The above data presents a possible estimate of the printer use in homes. It is noted
that printers’ growth rate could be higher than PC as the above rate includes
printers used for business and home. Assuming that the printers’ ownership is
associated with the PC ownership, the trend index Printers per Household (PH) is
given by:

PH=0.111 CH (2.3)
The resulting estimation of printers per household for the next several years is

illustrated in Figure 2.10.
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Figure 2.10 Trend on the number of printers per household.

2.1.5Major Appliances

In this thesis, major appliances stand for fridge, freezer, clothes washer, electric
cloth dryer and electric range. In Canada, these appliances are under
governmental regulation, and the information regarding each appliance
penetration per household can be obtained from NRCan (Nature Resources
Canada) [22]. According to its report, the biggest change of maor appliances
between 1990 and 2006 is the significant improvement towards energy efficiency.
In this thesis, electric dryer and range are treated as linear impedance load, so
their replacement has no impact on the harmonic current penetration. However, if
the motor based appliances, such as washers, fridges and freezers, are changed to
newer models, an impact on harmonic levels is expected. Figure 2.11 shows the
average number of fridges and washers per household, which is quite constant for

both.
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Figure 2.11 Trends on the number of fridges and washers per household.

Figure 2.12 indicates that refrigerators are tending to perform better at power
consumption. In 1990, no refrigerator consumed less than 30 kWh/cu.ft. per year.
By 2006, 88.6 percent of fridges consumed less than 30 kWh/cu.ft. per year and
97.1 percent consumed less than 40 kWh/cu.ft. [22]. Based on previous data,
estimation for future trend is made and shown in Figure 2.13. For example, in

2008, almost all fridges on market consumed less than 30 kWh/cu.ft. per year.

Model Year kWh/cu. ft. per year

<30 30-39.9 40-49.9 50-59.9 60-69.9 70-79.9 80-89.9 =90

(%) (%) (%) (%) (%6) (%) (%) (%)
1990 0.0 1.5 3.9 15.3 60.2 15.4 3.0 0.7
1991 0.0 2.9 107 26.9 413 12.2 36 24
1992 0.0 4.8 269 332 16.0 10.4 4.0 48
1993 0.1 51.0 297 9.1 1.4 4.2 D 26
1994 0.4 709 224 4.0 0.0 0.0 i 06
1995 28 63.3 29.3 1.6 0.0 0.1 25 0.5
1996 6.6 60.0 31.2 0.9 01 0.0 0.7 04
1997 69 60.4 314 0.9 01 0.0 02 0.1
1998 5.9 62.4 271 0.8 0.0 0.6 29 02
1999 8.4 61.2 25.0 0.6 02 0.7 34 0.6
2000 122 57.4 236 0.9 04 0.7 36 12
2001 445 345 12.7 13 08 4.0 0.7 1.5
2002 643 266 31 0.2 0.0 39 0.2 1.7
2003 784 155 1.6 0.2 0.2 28 0.2 1.0
2004 826 11.0 13 0.2 0.2 1.2 3.0 07
2005 86.7 6.5 0.2 0.2 0.6 33 18 0.7

2006 88.6

o

Figure 2.12 Average annual unit energy consumption per cubic foot of fridges.
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Canadian Fridge Market Share by Energy Consumption
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Figure 2.13 Canadian fridge market share by energy consumption.

With the increased usage of ASD-based (Adjustable Speed Drive) fridges, there
will be a significant change in harmonic current producing due to the power
electronic based drive. According to [23], the THD of current can reach as high as
136% when operated at reduced speed. If ASD-based fridge is replaced, it is
expected that significant incremental harmonic currents will be injected into the

distribution system.

The typical lifespan of fridge is 15 years, which means that the different types of

fridges’ penetration in household in a certain year is related to the last 15 years:

P (i - 15)” TS(i - 15) +...+ P (i)” TS(i),
TS(i - 15) +...+TS(i)

FRIHY (i) = NFRI (2.9)

where,

FRIH "™ s the number of fridges of type Y per household.
NFRIjs the average number of fridges, including all types, per household

28



P s the ratio between sales of fridges of type Y and the total sales of
all types of fridges, whichisgiven by TS

It is assumed that the total fridge sales every year is fixed. If fridges with energy
consumption less than 30 kwh/cu.ft. per year are categorized as energy
conservation type, the estimated fridge household penetration for energy

conservation ones and regular ones is shown in Figure 2.14 and Figure 2.15,

respectively.
. . Energy Cons. Fridges
Energy Conservation Fridge per Household Year ver Household

14 2010 0.66
1.2 2011 0.74
1 _— 2012 0.82
08 2013 0.90
' 4}/4'/ 2014 0.98
06 ' 2015 1.06
0.4 2016 113
02 2017 118
. 2018 121

02010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2019 123
2020 124

Figure 2.14 Trend on the number of energy conservation fridges per household.

Regular Fridges

Regular Fridge per Household Year | per Household
07 2010 0.61
06 2011 0.53
. \,\ 2012 0.45

. AN 2013 037
4 N 2014 0.29
03

2015 021
02 I 2016 0.14
2017 0.09

0.1 | | | ’\
—~— 2018 0.06
02010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2019 0.04
2020 0.03

Figure 2.15 Trend on the number of regular fridges per household.
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Currently there are two types of washers available in Canada, front-loading and
top-loading. In 2006, 46.9% of the clothes washers shipped in Canada were front-
loading units, and they are generally more efficient. The shipment-weighted
average annual unit energy consumption (UEC) of front-loading clothes washers
was 203 kilowatt hours (kWh), compared with 555 kWh for top-loading ones.
Figure 2.16 ([22]) illustrates the increase in popularity of front-loading models
versus top-loading ones since 2001, and the annual growth rate for front-loading
is around 6.3%. Based on the trend of Figure 2.16, the future market is estimated
and shown in Figure 2.17. In this figure, it is possible to observe that the front-

loading clothes washer dominated the market from 2007.

Model Year Clothes Washer Type
Front-Loading Top-Loading

Clothes Wa 5her§ Clothes Washers

2001 15.7 B4.3
2002 16.8 83.2
2003 L 78.5
2004 29.2 70.8
2005 42.3 57.7
2006 46.9 53.1

Total
Enange Gzl

Figure 2.16 Distribution of clothes washer by type.

Canadian Washers' Market Share by Type

——?

=&—Front-loading
- Top-loading

Per centage
(o)
o

Figure 2.17 Canadian washer market share by type.
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Assuming the lifespan of washer is 10 years, which means that the different types

of washers’ penetration in household in a certain year is related to the last 10

years:
SPP(i- 10) TY(i- 10) +...+ SP™(i)” TYi)
WASH"(i) = : —— " NWASH
TYi-10)+..+TYi)
(2.5)
where,

WASH "™ is the number of washers of type Y per household.

NWASH s the average number of washers, including all types, per
household

P s the ratio between sales of washers of type Y and the total sales
of all types of washers, whichisgiven by TS

From equation (2.5), it is possible to estimate for the coming years the number of
washers of each type per household. The results for front-loading and top-loading

washers are shown in Figure 2.18 and Figure 2.19, respectively.

Front-loadingWasher per Household Year Egﬁggﬁgﬁ
09 2010 0.40
08 2011 0.45
07 2012 0.50
06 et 2013 055
05 2014 0.60
04 2015 0.63
82 2016 0.67
o1 2017 0.70
K 2018 0.73
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2019 0.75
2020 0.77

Figure 2.18 Trend on the number of front-loading washers per househol d.
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Top Washers

Top-loadingWasher per Household Yer | e Household

2010 0.60

— 2011 0.55
2012 0.50

2013 045

2014 0.40

— = 2015 0.37

2016 0.33

2017 0.30

2018 0.27

2019 0.25

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2020 0.23

216

There are many other harmonic producing appliances in homes, such as
microwave ovens and electronic gadgets. Due to the lack of market data, the

usage trend of these appliances is assumed to be constant over the next several

Figure 2.19 Trend on the number of top-loading washers per household.

Other Appliances

years. A list of appliances considered in thisthesisis shownin Table 2.1.

The residential load model adopted by this thesis is based on the situation in
Alberta, Canada. In Alberta, three types of electric loads, air-conditioning units,

electric furnaces and electric space heating are not present. However, these

appliances can be included using the techniques devel oped by thisthesis.
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2.2 Characteristics of Current Residential L oads

This section presents the characteristics of currents drawn by common home
appliances obtained from measurements conducted in Alberta, Canada. Air-
conditioner and electric heater are not included since they are quite rare in this
province. The measured appliances are listed in Table 2.1. Codes are assigned to
them for easy identification in the figures and tables shown later. This table also
identifies the number of measured appliances of each type. In total, 31 types of
common appliances are measured and listed. Some appliances have different
operating cycles that exhibit different power consumption and harmonic current
characteristics. For example, a washing machine can have washing, rinsing and
spinning cycles. Other appliances, such as TVs, exhibit ailmost constant power
consumption. In order to provide representative results, various operating cycles

were measured. Detailed data about each appliance are shown in Appendix A.

Table 2.1 Measured home appliances.

Group Code Appliance Type Number Tested
CFL Compact Fluorescent Lamp 12
N EBL Electric-Ballast Fluorescent Lamp 3

Lighting

MBL Magnetic-Ballast Fluorescent Lamp 1
INC Incandescent Lamp 1
PC Desktop PC 3
LCD LCD Computer Monitor 3
Entertai nment LAP Laptop 3
LCD TV LCD Television 3
CRT TV CRT Television 2
RFR Regular Fridge 2
) ASD FR ASD-based Fridge 3
Apl\[/)ll?azz:es FRE Freezer 1
WSH ASD-based Washer 1
DRY Regular Dryer 1
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Mai ASD DRY ASD-based Dryer 1
ajor :

Appliances RAN Electric Range 3

OVE Electric Oven 1

MW Microwave Oven 3

TOA Toaster 1

COF Coffee Maker 1

Kitchen GRI Griddle 1

WAF Waffle Iron 1

BRE Bread Maker 1

BLE Blender 2

FOO Food Processor 1

Office PRIN Printer 1

cop Copier 1

KET Electric Kettle 2

Others FUR Furnace 1

GAR Garage Door 1

VAC Vacuum Cleaner 2

2.2.1 Linear and Nonlinear Appliances

Thefirst step to develop an adequate model for each appliance isto verify if itisa
linear or nonlinear load. In general, power e ectronic-based home appliances are
nonlinear harmonic sources while resistive or motive appliances are linear |oads.
However, it is not a ssimple task to determine if an appliance is linear or not by
only checking the current harmonic spectrum. In a distorted supply voltage
scenario, even a resistive appliance could have distorted current waveform,
appearing as a nonlinear source. In this thesis, we use the correlation of the
current and voltage waveforms of an appliance to determine its linear or nonlinear

characteristics. The method is illustrated in Figure 2.20 and Figure 2.21. If an



appliance is linear, the voltage versus current plot is shaped either as a straight

line (resistive load) or as aring (reactive load).

The V x | plot for al appliances under analysis in this thesis is shown in

Appendix B. Based on this analysis, each appliance is categorized as linear or

nonlinear load, as shown in Table 2.2.
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Figure 2.20 Correlation between V and | of linear appliances.
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Figure 2.21 Correlation between V and | of nonlinear appliances.

Table 2.2 Linear and nonlinear appliances.

Appliance Name Characteristic of Appliance
Compact Fluorescent Lamp Non-linear
Electric-Ballast Fluorescent Lamp Non-linear

Magnetic-Ballast Fluorescent Lamp
Incandescent Lamp

Desktop PC Non-linear
LCD Computer Monitor Non-linear
Laptop Non-linear
LCD Television Non-linear
CRT Television Non-linear
Fridge Non-linear
Freezer Non-linear
Washer Non-linear
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Dryer

Electric Range

Electric Oven
Microwave Oven Non-linear
Toaster
Coffee Maker
Griddle
Weffle Iron
Bread Maker Non-linear
Blender Non-linear
Food Processor Non-linear
Printer Non-linear
Copier Non-linear
Electric Kettle
Furnace Non-linear
Garage Door Non-linear
Vacuum Cleaner Non-linear

2.2.2 Harmonic Magnitude Char acteristics of Nonlinear Appliances

Table 2.3 shows the main electric results obtained for some of the main home
appliances. Those results include the fundamental current Total Harmonic

Distortion (THD,), power factor (FPF) and total power factor (PF) and, which

were calculated by using the |EEE definition [24].

Table 2.3 Harmonic magnitude characteristics of home appliances.

Appliance | THD, [%] PF F?oﬁ’/ve;at['\;‘v% Lme[A] | 11[A]
CFL 120 09 | 06 15 024 | 015
EBL 140 0.96* | 056 15 024 | 0.4
MBL 8 038 | 0.38 33 073 | 073

PC 112 1 | 069 100 130 | 088
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LCD 110 0.96* | 0.64 40 0.48 0.34
LAP 130 0.96* | 0.58 75 114 0.68
LCDTV 10 0.99* | 0.98 300 2.59 2.58
CRTTV 145 1 0.56 70 1.00 0.57
MW 41 0.99* 0.9 1200 11.08 10.49
ASD FR 7 092 | 091 170 1.6 16
RFR 16 094 | 093 150 1.30 1.27
WSH 75 045 | 0.35 180 4.20 3.36
ASD DRY 55 098 | 0.86 1000 4.90 4.30
FUR 11 084 | 0.84 500 4.85 4.82

In order to compare the harmonic impact of various home appliances, an index
called Equivalent-CFL is proposed. This index quantifies each appliance in terms
of its harmonic impact expressed as the number of CFLs it is equivalent to. This
index is defined as follows. For each harmonic order h, the ratio of the appliance’s
current to that of the representative CFL current is determined by using the
following equation:

-
Ratio, ypiance = — o (2.6)

IthFL
where I appliance 1S the appliance’s harmonic current at order h, and Ip_cr. is the
representative CFL harmonic current at order h. For example, a Ration appliance Of 2
implies that the appliance generates twice as much harmonic current at order h as
the representative CFL. In order to obtain a single index and compare the
appliance with a representative CFL, the ratios of different harmonic orders are

aggregated into one value by using a weighted average as follows:

H
o
2
h=

a Ih2 Appliance
I _App
Equivalent-CFL e :\/é (W, Ratio, spiame) = = (2.7)
= alic
h=3
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The weighting factor wj, is the individual harmonic distortion of the CFL current.
This weighting factor is used because if a CFL produces more harmonic at h, the
harmonics from other appliances will also be treated with more significance at the

same order.

The results obtained from the calculated individual Equivalent-CFL index of all
appliances are presented in Table 2.4. The results are arranged in the ascending
order of the index. This table shows that a desktop PC is equivalent to 7 CFLs in
terms of harmonic current injection. A microwave oven has a harmonic impact
equivalent to 26.4 CFLs, and a laundry washer has a harmonic impact equivalent
to 16 CFLs. The table also lists the power ratios with respect to the CFL and the

harmonic current ratios from the 3™ to the 9" harmonics.

Table 2.4 Comparing the harmonic impact of one unit of home appliances.

Apr)I;sgce %gigt'[%] F;?;’,llieor Eq lé\léil ent Ratio; | Ratios | Ratio; | Ratiog
MBL 30 2 0.42 0.56 0.02 0.11 0.08
CFL 15 1 1.00 1.00 1.00 1.00 1.00

ASD FR 170 113 1.14 1.03 0.28 2.74 1.23
EBL 18 12 1.15 0.99 1.39 1.69 0.60
LCD TV 300 20 1.32 1.34 1.56 0.88 0.89
RFR 150 10 1.35 1.22 1.33 1.44 1.92
LCD 40 2.67 2.35 2.04 3.30 1.24 0.23
FUR 500 33.33 2.53 2.68 2.72 171 1.26
CRTTV 70 4.67 5.81 4.93 6.77 7.02 7.37
LAP 75 5 6.15 5.37 5.66 5.57 7.97
PC 100 6.67 7.05 7.32 8.02 5.47 243

ASD DRY 1000 66.67 12.58 1523 | 8.26 590 | 10.85
WSH 180 12 16.09 12.80 | 17.83 | 20.16 | 22.74
MW 1200 80 26.42 33.09 | 16.72 | 9.14 7.20
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2.2.3 Harmonic Phase Characteristics of Nonlinear Appliances

The appliances’ current phasors at harmonic orders 3°-13" are shown in Figure
2.22([25]). The phasors use the supply voltage angle as a reference, setting the
phase angle of the fundamental frequency voltage to zero. The currents are
normalized to emphasize the current harmonic angles and to improve
visualization. This figure reveals the potential harmonic cancellation that might
occur when 2 or more appliances are operated together. For example, the 3rd
harmonic current of the LCD monitor is about 180° out of phase with that of the
furnace. Conversely, the 3rd harmonic of the desktop PC is aimost in phase (0°)

with that of the CRT TV.

th :
5" harmonic

120 572~
/

1553{
Vi S

13" harmonic| ——— E5L

90 SR
‘%-"7._: T*;% ASD DRY]|
g 7,
i ’

I - R FR
15 | | i CRTTV
{ i -

Figure 2.22 Harmonic phase characteristics of home appliances.
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An index called harmonic compatibility index (Cly) is proposed to characterize
the angle diversity of home appliances. The harmonic current phase angles are
important because they indicate how the harmonics from various home appliances
will either add to or cancel out each other. Thisindex also used the CFL harmonic
current as a reference. For each harmonic order h, the phasor relationship of the
appliance’s current to that of the representative CFL current is determined by

using the following equation:

| h_appliance+ I h_CFL_eq

Cly sopace =1 . I’ ;2' " cos(q) :|cos(q5h) 2.8)
| n_apptiance| +{ I h_crL_eq
where
In_cri_eq = In_crt” RALO, e (2.9)
and
0, =|ang(I h_sppince) - ANG(1 n_ce) (2.10)

Figure 2.23 explains the meaning of the above index. Assume the CFL is being
compared with Appliance 1, Appliance 2, Appliance 3 and Appliance 4. Figure
2.23(a) revedls that the index calculated for Appliance 1 means solely harmonic
addition, resulting in Clp_appiiancer = 1 because both components are in phase; i.e.,
0 = 0° Conversely, the index calculated for Appliance 2 (Figure 2.23(b)) is
Cly_appliancez = 1N2 because § = 90° The index calculated for Appliance 3

(Figure 2.23(c)) is found to be Cly agpiiances = 1/2 because the value of Cly, is the
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same of that of the magnitudes of the individual phasors; i.e., & = 120°. Finally,
the index calculated for Appliance 4 (Figure 2.23(d)) is Cln appliances = O because

both components are in opposite phase angles; i.e., & = 180°.

'g‘ 120

h_ Appliancé3
15

&

0h7AppIianoe‘L

&

h_CFL_eq

18

21

24

60
Sy 30 15
ds :':‘I.ZO0 &7Appliance4
: 0 18|

&

h_CFL_eq
30 21

cl, =12

241

c. d.

Figure 2.23 Phasor diagram to illustrate the compatibility index.

An aggregation similar to that proposed for the magnitude-based Equivalent-CFL
index is used for the harmonic compatibility indices, also by using the same

weighting factor, which results in the following aggregated index:

CI appliance = \/é (Wh ’ CI h_appliance)2 (211)

The phase angle-based harmonic compatibility index can reflect the degree of
harmonic cancellation between two appliances should there be no difference in
magnitude. In other words, if both appliances’ current harmonics were of the

same magnitude, the index Clp_appliance Would reflect the amount of harmonic
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cancellation. Suppose the cases (1) 6n = 0, resulting in Cly appliance = 100%. This
result means zero harmonic cancellation, and (2) 6, = 7/2 and Cly,_appliance = 71%.
This result means 29% harmonic cancellation as compared to the first case. The
results for the compatibility index for al appliances are calculated and presented

in Table 2.5, in ascending order of Cl appiiance-

Table 2.5 Harmonic compatibility index results using CFL as atemplate.

Appliance Cl appliance Cls Cls Cl; Clg | Cly | Clys
ASD FR 0.27 003 | 031 | 023 | 0.07 | 099 | 0.79
ASD DRY 0.35 029 | 034 | 032 | 0.75 | 053 | 0.15
R FR 0.61 027 | 098 | 014 | 053 | 064 | 0.7
CRT TV 0.63 082 | 039 | 022 | 03 | 0.72 | 056
WSH 0.64 074 | 04 | 061 | 07 | 093 | 053
PC 0.64 082 | 039 | 012 | 033 | 0.89 | 094
FUR 0.65 0.5 08 | 071 | 0.76 | 066 | 0.54
MW 0.74 094 | 034 | 073 | 0.010 | 013 | 0.87
LCD 0.81 093 | 0.73 | 054 | 0.82 | 0.65 | 0.63
LCDTV 0.88 089 | 086 | 1.00 | 0.72 | 053 | 0.99
MBL 0.89 085 | 097 | 1.00 | 0.84 | 0.07 | 0.27
EBL 0.92 097 | 092 | 086 | 098 | 0.3 0.08
LAP 0.93 098 | 091 | 0.87 | 1.00 | 0.16 | 0.88
CFL 1.00 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00

2.3 Electrical Modeling of Home Appliances

As discussed earlier, home appliances are classified as two types, linear and
nonlinear. In this thesis, the linear loads are modeled as constant power loads at
the fundamental frequency (60Hz) and as impedance at harmonic frequencies, as

shown in Figure 2.24([2]).
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P+Q

(8) Model at fundamental frequency (b) Model at harmonic frequency
Figure 2.24 Model for linear appliances.

The parameters for the model of each linear appliance can be obtained from the

measurements according to the following equations:

P+jQ=V," conj(l,)

Q (2.12)
Table 2.6 presents the active and reactive power consumed by different linear
appliances. Asit can be seen, the appliances are mainly resistive (excluding dryer
and magnetic-ballast fluorescent lamp). The symbol “*’ means that the appliance

issupplied by 240V.

Table 2.6 Fundamental active and reactive power of the linear appliances.

Device Brands P (W) Q (var)
M agnetic-ballast Fluorescent 1 33.69 80.96
Incandescent Lamp 1 59.28 0.05
Dryer* 1 1262.70 257.15
Range* 1 993.06 6.84
Oven* 1 38175 1.82
Toaster 1 902.68 11.31
Coffee Maker 1 919.39 11.74




Griddle 1 1384.60 7.98

Waffle Iron 1 972.27 6.56

. 1 1518.80 16.02
Electric Kettle

2 1490.50 15.43

The nonlinear loads are modeled as constant power loads at the fundamental
frequency (60Hz) and as current sources at harmonic freguencies, as shown in
Figure 2.25([2]). The magnitude and phase of the source is calculated from the

harmonic current spectrum of the appliance using the following procedure:

]
P+jQ In

(a) Model at fundamental frequency (b) Model at harmonic frequency
Figure 2.25 Model for nonlinear appliances.

1) The harmonic-producing load is treated as a constant power load at the
fundamental frequency, and the fundamental frequency power flow of the
systemis solved

2) The current injected from the load to the system is then calculated and is

denoted as In = 1,:P0;
3) The magnitude and phase angle of the harmonic current source
representing the load are determined as follows:

+ " h- spectrum
I 1
I

1- spectrum
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dn =0 spectrum +h’ (ql - Q. spectrum) (213)

where subscript "spectrum” stands for the typical harmonic current spectrum of
the load, which can be found in Appendix A. The meaning of the magnitude
formula is to scale up the typical harmonic current spectrum to match the
fundamental frequency power flow result (I;). The phase formula shifts the
spectrum waveform to match the phase angle of g;. Since the h-th harmonic has h-
times higher frequency, its phase angle is shifted by h times of the fundamental
frequency shift. This spectrum-based current source model is the most common
one used in commercial power system harmonic analysis programs. The input

data requirement is minimal.

24 Summary

The objective of this chapter has been to investigate the main characteristics of
typical residential home appliances so that a proper modeling method for
harmonic analysis could be developed. In summary, the following studies have

been conducted in this chapter:
1) In Section 2.1, the customer trend of home appliances usage was

investigated and the results provide estimation about the number of

appliances adoption per household in the future.
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2) In Section 2.2, it was discussed the main electrical characteristics of each
appliance. Severa indices, such as THD,, operating power, FPF, PF, Eqg-
CFL, CI were employed to compare different appliances.

3) From the main electrical characteristics, two approaches were presented in
Section 2.3 to model linear and nonlinear appliances for harmonic

analysis.

So far, we have an approach to model each appliance individually. The next step
consists in developing an aggregated house model so it can be connected to the
service transformer and primary distribution system and the harmonic analysis

can be conducted.
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Chapter 3

M odeling of Residential Houses'

Load modeling plays a critical role on power systems operation and studies, since
the results of important analysis functions are strongly dependent on the models
assumed. Basically, there are two main approaches in load modeling: the bottom-
up and the top-down approaches [26]. In this thesis, the modeling of residential
houses is done through the bottom-up approach, which, basicaly, builds up the
load model based on on the operating conditions (On and Off) of each home
appliance, which in turn is a function of the habits and population of a household.
In order to assess the harmonic impact of various home appliances adequately, it
is very important to establish the model of appliance operating activities in a

home.
3.1 Introduction

In a general way, the bottom-up approach is based on the determination of
individual models for each component of the actual system. In this thesis, the
model uses the appliance as the basic building block, where “appliance” refers to
any individual domestic electricity load, such as a television, washing machine or
vacuum cleaner. The individual appliances are aggregated so as to produce an

individual household harmonic profile [27], [28].

L A version of this chapter has been submitted for publication: D. Sales, C. Jiang, W. Xu etc. “Assessing the
Collective Harmonic Impact of Modern Residential Loads — Part I: Method”, IEEE Transactions on Power
Delivery.
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The structure of the bottom-up model is shown in Figure 3.1([28]). On the left of
the diagram, there is a set of daily activity profiles, which represent the likelihood
of people performing different activities at different times during a day; these
profiles are the same for all households. To the right of the diagram is an
individual household. The household is assigned an active occupancy data series
and a set of installed appliances. The actual operating status of each appliance is
determined from its corresponding daily activity profiles. When an appliance
switch-on occurs, it will be included as an operating load. The whole household
load is arandom collection of operating loads, linear or nonlinear, as a function of
time. For the purpose of studying the impact on the secondary distribution
systems, the loads are grouped according to the phases they are connected: phase

A (120 V), phase B (120 V) and phase-to-phase (240 V).

For each

Daily Activity household Generate the list of
Profiles installed appliances

'

Active occupancy

‘ Laundry data series
House Clean For each appliance:
| Lighting
‘ Cooking o Switch-on evenmA
® Fundamental active power
[ v > el
® Impedance (if linear)
Others . o . )
o Current Sources (if nonlinear)
An activity profile is

assigned to each

appliance. Example:
the laundry activity A
profile to the washer

Household profile

Figure 3.1 Structure of the bottom-up model for aresidential house.

In the next subsections, the steps to obtain the appliances profile, the final model

for single house and multiple houses is presented along with validation results.
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3.2 Home L oad Profile Modeling

Considerable research efforts have been made in the past on the subject of
developing detailed residential electrical load profiles from limited sources of data,
which normally reconstruct the expected daily electrical loads of a household
based on appliance sets, occupancy patterns, and statistical data. Based on the
published works [27], [28], the basic idea of home load profile modeling is to
address three factors: 1) When an appliance will be turned on. This can be
simulated using the Daily Time of Use Probability Profiles of the appliances, 2)
How long an appliance will stay on. The duration is determined from measured
data and other information collected. 3) How to include the impact of the habits
and population of a household. A load profile is created by combining these

factors according to established theories devel oped by load researchers.

3.2.1 Daily Time of Use Probability Profiles

In 1985, Walker and Pokoski [29] constructed electric load profiles from
individual appliances by introducing the concept of ‘proclivity’ functions. The
idea is predict the tendency of the occupants to switch on an appliance at any
given time. Since then many researchers have investigated how to quantify the
probability of the specified activity being undertaken as a function of time-of-day,
which is termed as the Time of Use Probability Profiles. It represents the

probability of a household performing a specific activity during a 24 hour period.
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For example, the reference UK 2000 Time Use Survey [30] finds that the number
of dwellings that have one active occupant between 08:00 and 08:10 is 2082. The
number of dwellings where the occupant is performing a cooking related activity
is 288. The probability of cooking event occurs at the time between 08:00 and
08:10 is 288/2082 = 0.138. In this thesis, the profile data are collected from the
UK 2000 Time Use Survey (TUS) [30] and the Building America Research

Benchmark Definition [31].

3.2.1.1 Cooking Activity Profile

Most of the kitchen appliances are related to cooking events. They share the same
probability of switching on at a given time. As shown in Figure 3.2, the curves are
applied to predict the occupants’ cooking related actions and to establish the
probability of an event occurring, such as using microwave, blender and griddle
etc [32]. The probability profile is on 1-min resolution and the higher the value in
the profile, the higher the probability that the event occurs. For example, a
microwave event would be far more likely to occur at 17:00 than at 4:00. The
profile on weekend is more flattened than that on weekday because people are

cooking more randomly on weekends.
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Figure 3.2 Time of use probability profile for cooking activity.

Additionally, people are more likely to use toaster and waffle iron in the morning,

and range at noon and in the evening. Specific profiles for these appliances, like

the ones shown in Figure 3.3, are also utilized in this thesis.
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(a) Breakfast profile
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(b) Range profile

Figure 3.3 Time of use probability profile for two specific cooking activities.

3.2.1.2 Laundry Activity Profile

Washer event is determined by laundry activity profile, however, since the time of

use profiles for the dryer was the same shape and offset from the time of use
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profile for the washer, dryer events were coupled to washer operation [32]. Dryer

cycles were allowed to trigger between 10 and 30 minutes following the end of

the washer cycle.

3.2.
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S
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%
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Figure 3.4 Time of use probability profile for laundry activity.

1.3 TV and PC Profile

The probability profiles of TV and PC are shown in Figure 3.5.
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(a) Television profile (b) PC profile

Figure 3.5 Time of use probability profile for television and PC.
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3.2.1.4 Lighting Profile

Lighting can be divided into three basic categories: living room and bedroom
lighting, kitchen lighting and bathroom lighting. Living room and bedroom
lighting is associated with people’s occupancy, while kitchen lighting is related to
cooking activity (the kitchen lighting turns on with the beginning of cooking and
it turns off after some time of the ending of cooking). Bathroom lighting can also
be determined from people’s occupancy; however it is more random if compared

to living and bedroom lighting profiles. Bathroom lighting profile is given in

Figure 3.6.
02—
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Figure 3.6 Time of use probability profile for bathroom lighting.

3.2.1.5 House Cleaning

The time of use probability profile of house cleaning devices such as vacuum
cleaners can be determined from Figure 3.7. Normally, the house cleaning activity

is carried out from 8:00 a.m. to 6:00 p.m.
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Figure 3.7 Time of use probability profile for house clean activity.

3.2.1.6 Occasional Event Profile

The occasional event time of use profile establishes the probability of a number of
appliances which activate occasionally. The operating of electric kettle, motor of

garage door and furnace etc. are defined as occasional event.
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Figure 3.8 Time of use probability profile for occasional events.

55



3.2.2 Appliance Duration Characteristics

For major appliances, the cycle duration can be established according to the

measurement data from Canadian Center for Housing Technology (CCHT) [33].

At the CCHT, a simulated occupancy system triggers daily lighting and appliance

eventsin areal single detached home. The average cycles per year is derived from

standard appliance test methods of the Canadian Standards Association

(CAN/CSA-C373-92, CAN/CSA-C361-92 and CAN/CSA-C360 - 98) [33], [34],

[35]. Details of appliance loads and cycles are presented in Table 3.1.

Table 3.1 Appliance usage pattern for major appliances.

Appliance Power Cycle Duration Cycles per Annual Consumption
bp (W) (min) year (kWh/year)
200 (low) 58 (low)
Dishwasher 467 30to 45 322 (medium) 94 (medium)
418 (high) 122 (high)
30 242 (low) 61 (low)
Washer 505 (two 15-minute 392 (medium) 99 (medium)
cycles) 601 (high) 152 (high)
192 (low) 593 (low)
Dryer 4115 30to 60 416 (medium) 1284 (medium)
640 (high) 1976 (high)
678 (low) 769 (low)
Range 1600 15t0 70 678 (medium) 769 (medium)
950 (high) 1077 (high)
801 (low), 801
Refrigerator | 265 (peak) - (medium)
1602 (high: 2 fridges)
202 (peak) 0 (low), 614 (medium)
Freezer | 263 (peak) - - 798 (high)

Information regarding the other appliances analyzed in this thesis was extracted

from a series of buyers guides published by Natural Resources Canada [36], [37].

56




Thislist of appliances with their power rating and expected hours of operation per

month is presented in Table 3.2.

Table 3.2 Average appliance usage pattern for other appliances.

Appliances Power Rating (W) | Average Hours per month

Kitchen Blender 350 3
Coffee Maker 900 12

Deep Fryer 1500 8

Exhaust fan 250 30

Electric kettle 1500 15

Hot plate (one burner) 1250 14

Microwave oven 1500 10

Mixer 175 6

Toaster 1200 4

Laundry Iron 1000 12
Comfort & Health | Electric blanket 180 180
Fan 120 6

Hair dryer 1000 5

Entertainment Computer (desktop) 250 240
Computer (laptop) 30 240

Laptop charger 100 240

Radio 5 120

Stereo 120 120

Television 100 125

VCR 40 100

Outdoors Lawn mower 1000 10
Tools Drill 250 4
Circular saw 1000 6

Table saw 1000 4

Lathe 460 2

Other Sewing Machine 100 10
Vacuum cleaner 800 10

The above data only includes the total working hours per month. The duration and
the number of operations per day are determined as follow. The average working

hours for electric kettle is 15 per month per the above table. If its duration is 3

57



min per operation, one can get m = (15x60)/(30x3) = 10 operations per day. Most
of the operating durations of appliances are based on measurements obtained from

previous project [25].

3.2.3 Size and Occupancy Pattern of Household

The size of household has a significant impact on daily €electricity demand. The
appliance usage characteristics described in the previous section are tested and
derived based on average household size. According to the 2006 census data of
Statistics Canada [38], the average number of people per household is 2.5, and the

composition of householdsin Canadaislisted in Table 3.3.

Table 3.3 Composition of Households in Canada (2006 Census).

6 or

Number of people in the household 1 2 3 4 5
more

Proportion of households with the specified

27% | 33% | 16% | 15% | 6% 3%
number of people

In order to include the impact of different household sizes, a household size factor
k isintroduced here. When modeling a residential house with specified number of
n occupants, k is equal to the ratio between n and the average number of people
per household (assumed to be 2.5 in this study). The value of average hours per
month for each appliance provided in Table 3.2 cannot be used directly for
different household sizes since, for example, a house with more people will lead
to an increase in the appliance usage. In order to take this into account, the usage

times provided in Table 3.2 will be multiplied by the household size factor k.
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Appliance usage within aresidential house is also naturaly related to the number
of occupants who are at home and awake, or called occupied period. For example,
most of the appliances will not be used when people are not at home. This
occupancy pattern is associated with persona life style, which is a random factor.

However, the common factors influencing the occupancy pattern are as follows:

1. Thetime of first person getting up in the morning and last person go to

seep.

2. The period of the house unoccupied during working hours.

In view of lacking of information about house occupancy pattern, we propose 5

most typical scenarios of household occupancy pattern in Canada. Table 3.4 lists

these possible scenarios.

Table 3.4 Occupancy pattern for atypical household.

Type of Day | No. Work Ti me of Wo_rki ng Time of
Type Waking up Time Going to Bed
1 Full-time 6:00- 7:30 | 8:00 - 17:00 | 22:00 - 00:00
Weskday 2 Part-time Morning | 6:00-7:30 | 8:00-12:00 | 22:00 - 00:00
3 | Part-time Afternoon | 6:00- 8:00 | 13:00- 17:00 | 22:00 - 00:00
4 No Working 6:00 - 8:00 N/A 22:00 - 00:00
Weekend 5 N/A 7:00 - 9:00 N/A 22:00 - 00:00
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3.2.4 Probabilistic Modeling of Switch-on Event of Appliances

Based on the usage pattern of appliances discussed in the previous sections and
the method of [28], a procedure to determine appliance switch-on events at a
given time of a day (which is aso caled a smulation step) has been established
by this thesis. The procedure is a form of Monte Carlo smulation and
implemented in a computer program. At each simulation step, a list of appliances
that are in operation is generated, which forms the load profile at that step. The

simulation procedure is shown Figure 3.10 and explained below:

The time of use probability profile is selected according to chosen
appliance and whether it is a weekend or not; the occupancy pattern is also
selected according to the working type and whether it is aweekend or not.
When the simulation starts, the probability of appliance activation (P;) can
be read from its activity profile.

The number of appliance switch-on (m) are modified by considering
household size, m* = m x k, where k is the household size factor discussed
in the previous section.

The probability of appliance switch-on at current instant (P) is equal to the
previous probability P, multiplied by the modified number of appliance
switch-on in simulation time period (m*) and calibration scalar (c), P= P
x m* x c. A discussion of how the calibration scalar is derived is presented

below.
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The result of previous step is compared to a random number (n) between 0
and 1.

If P is larger than n, then a switch-on event occurs and that appliance
would not switch on again during its operation cycle, directly go to the
appliance end time step and go back to step 2.

If P is smaller than n, the appliance remains off, go to next step and go

back to step 2.

In step 4, the calibration scalar (¢) is introduced to reflect the influence of
household occupancy pattern [28]. This thesis uses occupancy function, as

follows, to represent occupancy pattern.

OF (n) = i1 L.L whenhouseisoccupied (e.g., early in the morning, evening)
- % 0 L.Lwhen houseis unoccupied (e.g., daytime, midnight)

If OF(n) = O, the calibration scalar ¢ is also made O for most appliances, which
makes the probability of certain appliance switch-on to be zero when nobody is at
home or awake. If OF(n) = 1, the calibration scalar c isintroduced so asto make
the mean probability of an activity taking place, when multiplied by the
calibration scalar, equal the mean probability of an appliance switch-on event. As

shown in Figure 3.9, before calibration, we have:

aPr(n)=1 (3.1)

n=1
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Figure 3.9 Time of use probability profile calibration with occupancy function.
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Figure 3.10 Procedure to determine switch-on events of appliances.
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The ssimulation of microwave usage is used as an example to illustrate the above
procedure (Figure 3.11). The simulated household is set to have an average size
and is full-time work type. The day of interest is weekday. The ssimulation
resolution is 1-min, which means 1440 steps in one day. As we can see from
Figure 3.11(a), the time of first person waking up is 05:40, unoccupied period
during work is 7:28-16:58, and the time of last person going to bed is 22:36 for
this randomly generated instance. If the simulation runs to the first step (00:01),
the value of occupancy function is 0 and calibration scalar ¢c=0, the resulting
probability of microwave switch-on (P) at this time step is 0, which means the
microwave has no chance to switch on. However, if the time step is equal to 1200

(20:00), the value of occupancy functionis 1, and calibration scalar is

c= 1 =1 =233

éN_ Pr(n)” OF(n)

n=1

The probability of microwave read from time of use profile at this step is P, =
0.0552%. According to appliance usage characteristic, the average operation
duration and the average working hours per month of a microwave are equal to 4
minutes and 10 hours (Table 3.2). So the number of operations per day of the
microwave is equal to m = (10x60)/(30x4) = 5 operations per day. Hence, P= P,
xm* xc=PxmxKkxc=0.0552% x 5 x 1 x 2.33 = 0.64% which means
probability of microwave switch-on at current time step is 0.64%. When the

simulation finishes the 1440 steps, i.e. covering the 24 hour period, results like



those shown in Figure 3.11(b) will be obtained. For this day of simulation,

microwave is used for 5 times, 2 usages are at around 17:00, and 2 at around

20:00. The usage duration for one time is 4 to 5 min, and total usage time is 21

min per day, which is roughly equal to the characteristic average usage time (10

hours per month = 20 min per day), listed in Table 3.2.

Occupied or Not

Microwave

| | |

0:00

4:00

3:00 12:00 16:00
Time (Hour)

(a) The household occupancy function

20:00 0:00

N N N

0:00

4:00

8:00 12:00 16:00
Time (Hour)

(b) Microwave usage time

20:00 0:00

Figure 3.11 Time of use probability profile for microwave.

The same procedure is conducted for each installed appliances at each simulation

step. An example use pattern of some appliances as simulated by the procedure is

showed in Figure 3.12. One can observe that the PC is used between 17:00 and

24:00 and washer and dryer are not used throughout the day. In the bottom of
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Figure 3.12, the fridge and freezer are activated periodically throughout the whole
day and not associated with household occupancy pattern. The simulated power

demand in the form of current drawn by a house is shown in Figure 3.13.

Simulated Appliance Usage Time
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Figure 3.12 The simulated multiple-appliances usage time.
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Figure 3.13 The simulated household power demand.
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3.3 SingleHouse Harmonic L oad M odel

Once the multiple-appliances usage time information is derived, the next step isto
connect corresponding appliance models to the house circuit. In North America,
residential and commercial customers are usually supplied through three-wire
single-phase distribution transformers. Loads are supplied with a neutral and two

hot phases carrying 120V with respect to the neutral and 240V with respect to

themselves, as shown in Figure 3.14.

Figure 3.14 Power distribution system for three-wire single-phase feeding systems.

The appliances are essentialy connected in a random fashion in the circuits, and
this arrangement makes it difficult to model a house. Since this thesis is interested
in the impact of appliance on utility systems, an equivalent circuit can be

developed for a house. Based on the theoretical analysis shown in Appendix C,
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the model of Figure 3.15 has been established.
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Figure 3.15 Equivalent circuit model to represent aresidential house.

In each simulation step, the impedance Zyiy(h) and current source Iy (h) are
established randomly based on the procedure described early. Impedance Zigia(h)
represents the linear loads in a house and current source Iy (h) represents the

nonlinear loads. An example simulation output is shown in Figure 3.16.

Additionally, the result of seven days simulation, which contains 5 weekdays and
2 weekends is shown in Table 3.5. In order to validate the simulation results, field
measurements were conducted for a typical residential house and the results are
shown in Table 3.6. Both the tables list the mean value and standard deviation of
the data on each day. The measured sample house has some occupants that do not
need to go to work, so “no working” type occupancy pattern is chosen for
simulation. Comparing Table 3.5 against Table 3.6, the mean vaues of

fundamental and each harmonic current matched quite well.
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Figure 3.16 The simulation output I (h) of house during one day.
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Table 3.5 Simulation results of aresidential house.

Fundamental 3rd 5th
Mean Std. Mean Std. Mean Std.

Cases

Casel | 7.4255 | 8.4936 | 1.4206 | 0.9767 | 1.1325 | 0.4134

Case2 | 12.0936 | 14.1378 | 0.9727 | 0.5012 | 1.0008 | 0.2513

Weekday Case3 | 6.3924 | 7.5214 | 1.3608 | 0.7513 | 1.0672 | 0.2648

Case4 | 59725 | 7.6786 | 1.0318 | 0.7756 | 0.9515 | 0.3326

Case5 | 9.6551 | 13.6628 | 1.0408 | 0.7182 | 0.9447 | 0.2982

10.7166

Case6 | 7.2618 | 9.5808 | 1.2442 | 0.8669 | 1.047 | 0.3285

Weekend ™~ o7 | 82197 | 9.7457 | 1.5898 | 0.8434 | 1.0189 | 0.2168

Average 7.7408 9.6636 1417 08552 1.033 0.2783

Table 3.6 Measured results of aresidential house.

Fundamental 3rd 5th
Date
Mean Std. M ean Std. Mean Std.
Aprl, 022010 | 5 o035 | 61043 | 1.4647 | 0.6793 | 1.0056 | 0.281
Friday
April, 05 2010
Monday | 76898 | 48839 | 13404 | 06299 | 0.9733 | 0.2486
Weekday .
April, 06 2010 | 1) 3660 | 133124 | 1195 | 0555 | 0.9467 | 0.2483
Tuesday
April, 07 2010
Wedneday | 7-7067 | 68004 | 10466 | 05225 | 0.9215 | 0.1896
Average 85959 84348 12617 05998 09618 0.2441
Aprl, 032010 | 5 geaq | 404092 | 1.2367 | 0.5807 | 0.9793 | 0.2302
Saturday
Weekend .
April, 042010 | g ooac | 84477 | 15668 | 0.772 | 1.072 | 0.2744
Sunday

Average 84137 6.9231 14018 0.6831 1.0257 0.2574
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Figure 3.17 shows the impedance Zua(h=1) obtained for the simulated house. In
this figure, the impedance is not shown if linear loads are not in operation. From
the profile, the operation of several significant appliances can be identified. Since
the impedance represents the harmonic absorption capability of a house, it is
examined in more detail. Figure 3.18 shows the cumulative distribution function
of the parallel impedance during one month. The results show that the impedance

islower than 40 ohms for around 39% of the time.
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Figure 3.17 Parallel impedance of the house model.
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Figure 3.18 Cumulative distribution of the parallel impedance (30 days).
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3.4 Multi-House Har monic Load M odéel

As shown in Figure 3.19, residential houses are supplied through single-phase
service transformers connecting the primary to the secondary system. The
secondary is a 120/240 V three-wire service. Each distribution transformer
normally supplies ten to twenty houses. The loads are modeled collectively as one
load connected to the secondary side of the service transformer, the result is called
service transformer model. This model will be used for studying the harmonic
impact on primary distribution systems. The steps for conducting such model are

asfollows:

Harmonic models of 10-20 house are randomly generated;
Connect the house models into the circuit shown in Figure 3.20;

The circuit is equivalenced into the form shown in Figure 3.21.

Single-phase
Distribution
Transformer a

. n
C :

N o— 1+ o—— 1+

9 House 1 House N

®

Figure 3.19 Typical service transformer connected to N houses.
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Figure 3.20 Multi-house equivalent model.
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Figure 3.21 The multi-house load model.

The above multi-house or service transformer model was verified by comparing
its results against those from field measurements. Load and harmonic current data
of some service transformers were collected in Edmonton in winter 2008. All
transformers are mainly supplying residential loads, and there are totally 55 days
measurement data of 10 different transformers (Some measurement results are
presented in Appendix D). The current variation of each transformer is unique, so
it is not easy to compare the results with those obtained from simulation which
also exhibit random characteristics. The approach adopted by this thesis is to

extract and compare the principal components of the current profiles.
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Figure 3.22 Example simulation output of transformer current during one
weekday.
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The Principal Component Analysis (PCA) involves a mathematical procedure that
transforms a number of possibly correlated variables into a smaller number of
uncorrelated variables called principal components. The first principal component
accounts for as much of the variability in the data as possible, and each
succeeding component accounts for as much of the remaining variability as

possible. 1t’s mathematically defined as follows:

X(m'n):T(m’m),V(m’n)
é,,u é,, U & mU
e u e u e u.
Xirm =& 0 ViaVin)t o g MVoaoVon) ot g g MnaVoa)  (33)
gm,lH gm,ZH gm,mH

where X isamatrix, which consists of m variables and n set of observation values.
The above PCA formula splits the original data into several components, which is
represented by V. T is the coordinate of the origina data in the new frame
composed by n components. Normally, the first principal component contains

much of the information in original data [39].

The variance given by the corresponding principal component is used to estimate
how much variance has been included by principle components. Table 3.7 lists the
variance given by the first principa components for the magnitudes of measured
transformers. Data are grouped into weekday and weekend. As it can be seen, for
fundamental and 3™ harmonic current, first principal components can represent

amost 60% of the original data; however, for higher harmonics these percentages
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drop to 20-30%. The reason is that higher harmonics are more random and seem

not show similar trend.

Table 3.7 Percentage of variance of the first principal component of transformer
current.

3rd 5th 7th 9th

Data Group | Fundamental Harmonic Harmonic Harmonic Harmonic

Mixed Data 53.60 50.90 32,68

Weekend 60.03 62.15 3201
Data

Weekday 54.87 60.76 36.21
Data

Based on the above analysis, two methods are adopted for the transformer model

verification:

1. For fundamental and 3" harmonic current, the verification method is to
extract the first principal components from the measurement data and the
simulation results respectively. The components are then correlated to

verify their consistency.

2. For higher order harmonic currents, the verification is to compare the
normalized probability distribution of the measured and calcul ated data.

Figure 3.23 shows the daily variation of the first components of the fundamental

and 3™ harmonic currents from both measurement and simulation on weekdays.

The first component of simulated fundamental current fits quite well with that of

measured one. The correlation factor is 0.94. There is an acceptable difference

between the first components of 3 harmonic current from simulation and

measurements. The correlation factor is0.7.
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Figure 3.23 Comparison of thefirst principal components (weekdays).

The remaining part of the fundamental and 3™ harmonic components contains
almost 40% of the original data. A comparison is made in the form of statistical

distributions in Figure 3.24. The distributions exhibit similar characteristics.

Measured Fundamental Residue Simulated Fundamental Residue
200 200
150 150
100 100
50 50
0 . — - . 0 . "
-200 -100 0 100 200 300 -200 -100 0 100 200 300
Measured 3rd Harmonic Residue Simulated 3rd Harmonic Residue
600 400
300
400
200
200
100
0 0
-20 20 -20

Current (A) Current (A)

Figure 3.24 Probability distribution of measured and simulated residue part on
weekday.
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For higher order harmonics, the principal components are lot more random and

comparison using the principal components cannot be made. Therefore,

normalized harmonic distributions are used for comparison. Figure 3.25 shows the

results. Table 3.8 shows the standard deviation of the harmonics. The results show

some form of consistency. Based these analysis, we conclude that the proposed

residential house and service transformer model is generally acceptable.

Measured 5th Harmonic Weekday

400

Simulated 5th Harmonic Weekday

200

200

100

200

2

Simulated 5th Harmonic Weekday

2.5

100

Figure 3.25 Probability distribution curves of higher harmonics.

0.5 1

Current (p.u.)

05 1

1.5 2
Current (p.u.)

2.5

Table 3.8 The standard deviation of higher order harmonic currents.

5th Harmonic 7th Harmonic 9th Harmonic
Data Group ] ] ] ] ] -
measurements | simulation | measurements | simulation | measurements | simulation
Weekend Data 0.22 0.26 0.31 0.27 0.30 0.39
Weekday Data 0.21 0.24 0.30 0.28 0.28 0.35
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3.5 Summary

This chapter presented a bottom-up harmonic model for residential houses based

on the information associated to the individual appliances.

In Section 3.2, the modeling of the operating condition of each appliance was
developed, considering the appliances usage pattern as well as the number of
occupants and their activities. The results allows to determine what appliances are
in operation, how long it will last and how many times on average it will be use in

the simulation period

Then, in Section 3.3, individual appliances were aggregated so as to produce an
individual residential house harmonic profile during a certain time. The single
house model was validated by comparing its output current against real field

measurements.

Finally, by combining residential house harmonic model, a service transformer

model was derived in Section 3.4. This transformer model has been verified with

the field measurement data using PCA and statistical analysis.
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Chapter 4
Harmonic M odeling and Simulation of Secondary

Distribution Systems”

A typical distribution substation will serve one or more feeder circuits, while a
typical feeder circuit may serve numerous loads of all types. Industrial customer
may take service directly from the distribution feeder circuit primary and all other
customers, including residential and commercial, are typicaly served from the

secondary of service transformers that are connected to the feeder.

As one can observe in Figure 4.1, distribution power networks are composed of
the primary system and the secondary system. Depending on the type of study and
on the location of interest, each system can be modeled differently. Since our
concerned nonlinear residential loads are distributed all over the secondary system,
it isanatural need for us to evaluate thisimpact on secondary distribution system.
For the study in that purpose, the primary system will be modeled as an
equivalent circuit. The service transformer will be modeled explicitly and the
loads (individual houses) will be modeled as equivalent circuits in the form of one

house per equivalent circuit.

2 A version of this chapter has been submitted for publication: C. Jiang, D. Sales, W. Xu etc. “Assessing the
Collective Harmonic Impact of Modern Residential Loads — Part I1: Applications”’, IEEE Transactions on
Power Delivery.
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Figure 4.1 Secondary distribution network with its supply system.

4.1 The Modeling Approach for Distribution System

In this section, the modeling approach for three components of typical distribution
system will be introduced and studied, which are primary system model, service

transformer model and secondary system model.

4.1.1 Primary System Model

The primary system is a four-wire multi-grounded neutral (MGN) system in
North America. A general layout of a MGN distribution system is shown in
Figure 4.2(a). The neutral of the primary feeder is grounded at regular intervals

with identical resistances. For this reason, the system is called the multi-grounded
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neutral (MGN) system. In order to reduce the complexity of the harmonic power
flow ssimulations, an equivalent circuit model for the primary system is adopted,
as shown in Figure 4.2(b). Because of the phase-to-neutral connection of the
service transformer, the supply system (substation) and the primary distribution
feeder are modeled as a single-phase Thevenin circuit which consists of voltage
source behind a series (RL) system impedance. The neutral is modeled as
equivalent neutral impedance. Based on the theory represented in [40], the neutral

impedance can be estimated using equation (4.1) and (4.2):

Source \ ZTH
) — ]
&l y 1 R, i 2 1 Lo

(a) Multi-grounded (MGN) primary system (b) Equivalent primary system
Figure 4.2 Layout of aMGN distribution system.

1
ZMGN » Zladlll ZIadZ = E Znn Rgns (41)

Z|ad » v\ ZngnS (4.2)

where z,, is the self impedance of the neutral wire (€2/km), Ry, is the neutral
grounding resistance and s is the distance (km) between the grounding resistance

(Rgn), as shown in Figure 4.3.
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Figure 4.3 Multi-grounded neutral ladder network.

The parallel of Zjaq1 with Zjp is due to the fact that there is an upstream and a

downstream ladder at the point of the service transformer.

4.1.2 Service Transformer Model

The standard secondary load service is a 120/240 V three-wire service in North
America. This is accomplished with a single-phase, three-winding service
transformers connecting the primary to the secondary system [41]. The model for

this transformer is shown in Figure 4.4.

+120V  Phase |

Secondary
System

-120v  Phase 2

Y
——H

Figure 4.4 Single-phase service transformer.

Normally, the nameplate impedance of a single-phase transformer is the full-

winding impedance, the impedance seen from the primary when the full
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secondary winding is shorted from Phase 1 to Phase 2. If the full-winding
nameplate impedance for the transformer is R + jX, the primary (Z») and
secondary impedances (Z; and Z,), as shown in Figure 4.5, can be obtained

through equation (4.3) ([41], [42]):

Zp Zy

- § g -
-
§ ‘Z'2
—_—_— M—ooT—

Figure 4.5 Model of a 120/240-V secondary winding with all impedances.

Z, =05R+ j0.8X
Z,=Z, =R+ j0.4X

4.3
It is common practice to interconnect the primary and secondary neutrals and to
use a single ground for these neutrals, which provides lower grounding resistance
for both the primary and secondary systems as well as surge protection. A
disadvantage of this practice is the occurrence of stray voltage on the secondary
system, emanating from the high neutral-to-earth voltage (NEV) of the primary

system [43].

4.1.3 Secondary System Model



The secondary system of the power distribution networks consists of several
houses (and other low voltage loads) connected to the secondary of the service
transformer. The houses contain multiple appliances that are linear or nonlinear.
In Chapter 2 and 3, a probabilistic bottom-up technique has been developed to
model typical appliances of a house, which led to an aggregated harmonic model
for each house. Important parameters were taken into account to determine the
type and number of appliances in operation at a given time, such as daily time of
use probability profiles and appliance usage characteristics. The technique
developed to build the harmonic aggregated house model and the secondary
system is summarized as follows:

Determine the type appliances per household

From the load trend data, determine the number of appliances per
household

Build the model for linear and nonlinear |oads

Obtain the daily usage pattern for each appliance

Model the single harmonic house aggregated model (Z,, 1a, Zb, 1 and Zap),
as shown in Figure 4.6

Connect each house model to the secondary side of the service transformer

Figure 4.6 Single house model.
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As mentioned in Chapter 3, only linear appliances are connected to both phases

(240 V) so that, in thisthesis, there are no nonlinear 240 V |oads.

4.2 Technique and Model Parameters Used for Simulation Studies

A Multiphase Harmonic Power Flow program is used for simulation studies [10].

The system must be modeled in multiphases due to the inclusion of the neutral

conductor, grounding points and two-phase conductors. The procedure to perform

the harmonic power flow simulations is shown in Figure 4.7 and is summarized as

follows:

1) Determine the type of appliances per household

2) From the load trend data, determine the number of appliances per
household

3) Generate the model for the linear and nonlinear appliances

4) Determine each appliance daily usage pattern and build the harmonic
houses model

5) For time snapshot T1, connect the fundamental frequency component of
the houses model to the service transformer and the primary system and
run power flow

6) Set up the harmonic current source models for the nonlinear loads based
on the load flow results

7) Connect the harmonic current sources into the study system and run
harmonic power flow. Save the results

8) Go back to Step 5, and repeat it for another time snapshot (T2), until last
snapshot

9) Go back to Step 2 for another load penetration level (load growth)
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House Model Generation Fundamecental and Harmonic Power Flow

R
auimer |

Attime T

Connect the fundamental frequency
component of the houses model to
the service transformer and the
primary system

Determine the
appliance types per {L ﬂ

Model for linear and
nonlinear appliances

household
. . Shitt the angle of each house
{L @ Appliance daily usage harmonic current spectrum to
pattern match the fundamental frequency
Determine the power flow result
penetration of each @

appliance per
household

Build aggregated
harmonic house model Connect the shifted harmonic components
to the transformer
Run Harmonic Power Flow

Figure 4.7 Harmonic power flow simulation procedure for the secondary system.

Figure 4.8 shows the secondary distribution network employed for case studies.

Parameters of this study are summarized in Table 4.1.
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Figure 4.8 Distribution network model for secondary system analysis.
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Table 4.1 Base case system parameters.

Base Case System Parameters Values
MGN grounding resistance (Rgn) 15 ohms
Primary System Grounding span of the MGN neutral (s) _75 m
Impedance of MGN neutra (z,) 0.397 +j0.912 ohm/km
Voltage Source (V1) 14400V (@ 60 Hz)
Voltage (Vu/V ) rating 14400/120 V
KVA rating 37.5kVA
Service Transfor mer Impedance 2%
Resistance 1.293 %
Grounding resistance (Ry) 12 ohms
Customer grounding resistance (R¢) 1 ohm
Neutral impedance (Zy) 0.55 + j0.365 ohm/km
Secondary System Phase impedance (Z, and Zg) 0.21 +j0.094 ohm/km
Number of houses (N) 10
Typical house load 1kw
Distance between houses 20m

4.3 Simulation Study Scenarios

As the goal of thisthesisis to determine the impact of nonlinear home appliances
into the future, the studies are conducted for each year over the next several years
considering the market trends established in Chapter 2. The following study

scenarios are evaluated:

Base Case: The base case scenario uses a current year nonlinear load
penetration sSituation. Its results are used to check if there are any
inconsistencies in the simulation results and to serve as the baseline results

for comparative studies.
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Load Evolution Cases. The appliance loads are “evolved” or “grown”

according to the market data. Four load evolution cases are studied:

Case 1: Natural Load Evolution. This case considers the evolution or
change of all home appliances per the market trend.

Case 2 CFL Load Evolution. This case considers the replacement of
lighting loads by the CFL only. The other loads remain the same as the
base case. This is a hypothetical case that helps to understand the impact
of CFL.

Case 3: PC Load Evolution. This case considers the situation where only
PC related appliances are changed. Again thisis a hypothetical case useful
to understand the specific impact of PC loads.

Case 4: TV Load Evolution. This case considers the situation where only
TVsare changed. The results help to understand the specific impact of TV
loads.

It shall be noted that the same distribution network is used for all case
studies. The number of customers remains the same as in the base case.
Only thing that is changed is the appliances under study. The appliances
are changed according to the market trend. A sensitivity study is aso
conducted to verify the impact of different market trends on load evolution

study results, which is shown in Appendix E.

System Parameters Sensitivity Study: The objective is to evaluate what
is the impact of changing the system parameters on the secondary system
harmonic distortion levels. The following system parameters are

considered for the sensitivity analysis:

Customer house grounding
Distance between houses
Houses distribution (parallel and series)

MGN primary system neutral grounding resistance

o O O O O

Distorted supply system
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4.4 Secondary System Harmonic Simulation Results

The harmonic power flow simulations yield massive amount of results for each
time snapshot, feeder location, and power quality indices. For secondary system

analysis, the following results are analyzed by thisthesis:

1 Voltage and current distortions in the secondary system:
A Harmonic spectrum
A Individual Harmonic Voltage Distortion (IHDy)
A Tota Harmonic Voltage Distortion (THDy):
Thisindex can be calculated from equation (1.5)

A Individual Demand Distortion of Current (IDD):

IDD(%)::—“' 100 (4.4)

L
A Tota Demand Distortion of Current (TDD):
Thisindex can be calculated from equation (1.7)
1 Neutral conductor current/voltage rise:
A Neutral current and voltage harmonic spectrum

A Neutral voltage RMS:

[H

o]

Vavs =4/A th (4.5)
h=1

1 Impact of harmonics on the secondary system losses:
A Fundamental and harmonic power losses at phases, neutral and

grounding circuits
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R =R(h)" Iy (4.6)
1 Impact of harmonics on revenue meter errors
A Harmonic influence on the accuracy of residential revenue meter. This
study is based on reference [44].
1 Overloading of the distribution transformer:
A Didribution transformer windings I?’R losses for fundamental and
harmonics
A K-Factor: this index is a weighting of the harmonic load currents
according to their effects on transformer heating. A K-factor of 1.0
indicates a linear load (no harmonics). The higher the K-factor, the
greater the harmonic heating effects. It can be calculated from equation

(19).

The above results can be quite different at different times of a day due to the
random nature of the loads. Therefore massive amount of results are available for
anaysis. In order to facilitate the interpretation of results, further processing is
needed to produce summary information. The time variation of the results can be
condensed using histograms and cumulative distribution curves. For example,
instead of providing the 24 hours profile of a harmonic result, a single index
showing the average value or the value that is not exceeded by 95% of the time
(called the “95% index) can be more useful. The results obtained at different
locations can aso be condensed through averaging. In this thesis, the “95% index”

is adopted. This index is explained using Figure 4.9. In this case, the simulation
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studies will yield the 3 harmonic voltage profiles for different houses (i.e. nodes
in the simulation model) over a 24 hour period. These profiles are averaged over
houses first to create a 3 harmonic voltage profile representing the secondary
system. The average profile is then transformed into an accumulative probability
curve. This curve helps to identify a 3" harmonic voltage value that will not be
exceeded by 95% of the time. This value (showed as 0.81V in the Figure) is the

“05% index” value of interest.
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Figure 4.9 Definition of and procedure to determine the “95% index”.

Based on the simulation scenarios defined in Section 4.3, the following
subsections present the results for the base case, load growth and system

sensitivity studies.
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4.4.1 Base Case Reaults

4.4.1.1 Voltage and Current Distortionsin the Secondary System

The harmonic phase-to-neutral voltages for all houses connected to Phase A of the
secondary system are obtained. For simplicity, phase-to-neutral voltage will be
referred to as phase voltage. The daly average profile include THDy is
determined and shown in Figure 4.10(a). The “95% index” of the phase voltage is
shown in Figure 4.10(b). The results associated to Phase B are not shown because

they are similar to Phase A.
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(a) Daily average profile (b) 95% index
Figure 4.10 Average harmonic phase voltages of all houses.
Likewise, the harmonic phase A currents between the houses are obtained. Then,
the daily average profile is determined and shown in Figure 4.11(a). The daily
average profile of the TDD is shown as well. Finally, from Figure 4.11(a), the 95%
index of the individual demand distortion (IDD) and TDD are be determined and

are shown in Figure 4.11(b).
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Figure 4.11 Average harmonic phase current of all houses.

The results show that the 3 harmonic is the most dominant component, which is
then followed by the 5" and 7" components. This is consistent with the field
measurement results. The period at which the harmonic levels are the highest is
between 18:00 and 24:00 since most nonlinear appliance usage is observed during
this time, such as PC, TV and CFL etc. During the period between 00:00 and
05:00, residential loads are dominated by other nonlinear appliances, such as

fridge, freezer and furnace.

From Figure 4.10(b), one can observe that the voltage total harmonic distortion
(THDy) is below the limits defined by the IEEE Standard 519-1992 [6]. This
standard also recommends limits related to the total demand distortion (TDD),
which is defined by equation (1.7). Figure 4.11(b) show that the TDD remained

below the strictest limit (TDD < 5%) defined by the standard.
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4.4.1.2 Neutral Conductor Current & Voltage Rise

Figure 4.12(a) shows the daily profile of the neutral to ground harmonic voltage
averaged over all the secondary system houses. Figure 4.12 (b) shows the 95%
index of the neutral harmonic voltage and its RMS value. Figure 4.13(a) shows
the daily profile of the average harmonic neutral current circulating between the
houses of the secondary system. Figure 4.13(b) shows the 95% index of the

harmonic neutral current. The fundamental component daily profile is not shown

so that the figures do not become too crowded.
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Figure 4.12 Average neutral to ground voltage.
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Figure 4.13 Average neutral current circulating between the houses.

(a) Daily average profile

The results show that the neutral voltage is still dominated by the fundamental
frequency component. These are caused by the load imbalance between the two
phases. The implication is that the harmonics produced by nonlinear loads don’t
have a major impact on neutral-to-earth voltage rise (a major component of stray
voltage). The results also show that the neutral current contains more 3™ harmonic

components.

4.4.1.3 Impact of Harmonics on the Secondary System L osses

Figure 4.14 shows the daily total fundamental and harmonic losses of the phase
and neutral circuits of the secondary distribution system. The 95% index over the
daily phase and neutral losses is also provided. The main finding is that the
majority of losses are caused by the fundamental frequency component and they
occur at the phase conductors. The conclusion is that harmonic caused losses in

the secondary system shall not be a concern to utility companies.
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Figure 4.14 Secondary system power |0sses.

4.4.1.4 Overloading of Distribution Transformers

Losses in transformers are due to stray magnetic losses in the core, and eddy
current and resistive losses in the windings. Of these, eddy current losses are of
most concern when harmonics are present, because they increase approximately
with the square of the frequency. One approach to account for this increased eddy
current loss in selecting a transformer is to calculate the factor increase in eddy
current loss and specify atransformer designed to cope; thisis known as K-Factor

and is defined by |EEE Std C57.110-1998 [45].

Figure 4.15(a) shows that the K-Factor is high between 00:00 a.m. to 04.00 a.m.,
which is due to the fact that mainly nonlinear appliances are operating, such as
fridge and freezer, and aso the transformer loading (fundamental component) is
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very low during this period, which makes the K-Factor very high, as can be seen
from equation (1.8). On the other hand, beyond this period, the K-Factor is around
1.2 showing that harmonic heating effect is lower. Figure 4.15(a) also shows the
dailly K-Factor profile of the service transformer calculated from the base case.
This figure shows that for the 95% of the time the K-Factor is lower than 6. This
result indicates that the service transformers take more (equivalent) loads than
what are calculated from the load flow results. Since most service transformers
are oversized, the harmonic impact may not be as high as indicated by the K-
Factor results. Here the factor is used as an indicator to assess the increased
loading on the service transformers. How to include harmonics in estimating the

total loading of a service transformer needs more research.

The winding losses shown in Figure 4.15(b) reveal that the fundamental

frequency winding lossis still much higher than the harmonic loss.
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Figure 4.15 Service transformer power |osses.
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4.4.2 Load Evolution Results

The load evolution studies are done using the market trend data. In order to
facilitate the interpretation and comparison of the results, all the results are
represented by their “95% index” values. Two different charts are provided. The
first type of charts shows the index values over the study period (5 years). The
second type of charts shows the average annual growth rate of the indices. The
annual growth rate is the most useful parameter to predict the future harmonic

conditions of aresidential feeder.

4.4.2.1 Harmonic Voltage and Current Distortions

Figure 4.16(a) shows harmonic voltage in the next 5 years. From the curves, one
can calculate the average annual growth rate associated to the index, which is
shown in Figure 4.16 (c). For example, the 3" harmonic index will grow at the
rate of 15% per year. Figure 4.16 (c) also shows the individual impact of CFL, PC
and TV loads on the annual harmonic growth rate. The harmonic current results

are shown in Figure 4.17. The main findings are

The harmonic current and harmonic voltages have similar growth rates.
The harmonic growth rates are generally high (above 10%). Among them,
the 3, 5™, 13" and 15™ harmonics have the highest growth rates,

The CFLs have more contributions to the harmonic increase. The LCD

TVs has insignificant impact on harmonic increases.
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Figure 4.16 Average phase A voltage.
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Figure 4.17 Average phase A current.

4.4.2.2 Neutral Harmonic Voltage and Current

Figure 4.18 shows the average neutral to ground voltage in the next 5 years and
the associated average annual growth rate. The results of neutral current are

shown in Figure 4.19. The main findings are as follows:

The neutral voltage and current harmonics have similar growth rates. They

are generally lower than that of the phase harmonics.
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The PCs and CFLs are the main contributors for the increase of the neutral
harmonics in the coming years. From 3 to 5" harmonic component, the
CFLs are the main sources and for higher harmonics PCs devices are more
influential.

The neutral RMS voltage levels still remain very low and its average
annual growth rate is less than 3%, so home appliances are not expected to
create problems associated with neutral voltages. Similar behavior can be
noticed for the RMS current levels, shown in Figure 4.19 (b), in which the
average growth rate is aso less than 3%. This means the increasing
penetration usage of nonlinear appliances is not expected to create

problems associated to neutral currents, including neutral losses.
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Figure 4.18 Average neutral voltage level.
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Figure 4.19 Average neutral current circulating between the houses.

4.4.2.3 Power Losses

Figure 4.20 and Figure 4.21 show the total fundamental and harmonic power
losses, respectively, on the phases and neutral circuits of the secondary system for
the next five years and correspondent average annual growth rate. Figure 4.20
shows a small decrease on the fundamental power losses, which is caused by the
use for of more energy efficient appliances, such as CFLs. Although Figure 4.21
shows a relatively higher growth rate of harmonic power losses, it does not
represent a concern because the harmonic power losses are very low in

comparison with those caused by the fundamental frequency component.
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Figure 4.20 Total fundamental power losses at the secondary system.
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Figure 4.21 Total harmonic power losses at the secondary system.
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4.4.2.4 Impact of Harmonics on Revenue Meter Errors

Reference [44] investigated the billing accuracy of three residential revenue
meters of different designs (inductive, digital sampling and time division) under
both sinusoidal and distorted conditions. The results indicated that if the voltage
distortion limits of |IEEE Standard 519-1992 ([6], limit of 5% THDy) are not
violated, the harmonic power of the load is small and does not significantly affect
the overall accuracy of the energy meters. Six conditions with different harmonic
levels were considered in the analysis. Even with the worst condition of THDy,

=4.1% and TDD, =28.8%, the energy measured by each meter was very accurate.

Our field measurements of some residential houses in Canada showed that the 95%
index of THDy at the metering point is between 4.3% and 4.5%. If these levels
are compared to the analysis of [44], one can conclude that the harmonic levels
would not affect the accuracy of the energy meters at present. However, according
to the results shown in Figure 4.16, i.e., the average growth rate of THDy is about
16% per year, the THDy could exceed the IEEE limit of 5% in two years. The
implication is that the assurance on revenue meter accuracy may disappear soon.
This situation not only applies to existing mechanical revenue meters, it may also
apply to the low end smart meters if the meters are designed without considering

the impact of harmonics on the errors of energy calculation.
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4.4.2.5 Impact on Service Transformer

Natural Load Evolution
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Figure 4.22 Power loss and K-factor of service transformer.
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Figure 4.22 shows the fundamental, harmonic power losses and the K-Factor of
the service transformer on the next five years and correspondent average annual
growth rate. It is noted that the Personal Computers (PC) are the responsible for
most of the K-factor increase in the coming years. The Natural Load Evolution
case reveals that the K-factor will increase at the rate of 10% per year. Thisis one
area that needs the attention by utility companies. The results also show the
harmonic caused losses in service transformers are insignificant in comparison

with those produced by the 60Hz component.

4.4.2.6 Summary of Load Evolution Study

Figure 4.23 shows a summary of the load evolution results for the various indices.
The value between parenthesis and the one without above each bar refer to index
level at the year 2011 and the average annual growth rate, respectively. The main

findings are summarized below:
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The increased use of electronic home appliances is likely to create
concerns in the following areas. (1) increased phase voltage and current
harmonics, (2) increased loading on service transformers, and (3) revenue
meter errors. The following areas are not of significant concern: (1)
harmonic-caused neutral voltage and current rises (2) harmonic-caused
losses.

The typical annual growth rates of the indices of concern are in the range
of 10% to 15%. The main harmonic components that are of concerns are:
39, 5" 13" and 15" due to their relatively high growth rate.

In terms of maor home appliances, CFLs and computing devices are
major sources of harmonic increase while the CFL as the most significant.
The new generation TVs (LCD TV) are not a concern since they don’t

contribute to harmonic increase in the system.

4.4.3 System Sensitivity Study

Several system sensitivity studies are conducted in this section to evaluate what is
the impact of changing the system parameters on the secondary system harmonic
distortion levels. The system parameters evaluated on the studies are outlined
below (the numbers in bold represent the base case). It must be noticed that the
parameters values are based on several standards and technical guides [46], [47].
The results are presented in the next subsections.

Customer house grounding (Rc):
0 Rc={05Q,19Q,20Q}
Distance between houses (3):
0o s={10m, 15m, 20m}

Houses distribution configuration
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MGN primary system neutral grounding resistance (Ryn):
0 Rypn={5Q,10Q,15Q, 20Q}
Distorted supply system

In the same manner as the base case and the load evolution study case, all the

results are represented by the time 95% cdf value over the average of the index of

interest.

4.4.3.1 Customer Grounding Resistor Rc

This case study considers the impact of different house grounding resistor (Rc) on

the harmonic levels of the secondary system. Rc = 1 Q represents the base case.

The other system parameters remain the same as the base case. The results reveal

that:

Customer grounding resistance practically has no impact on phase current,
voltage, related phase conductor power loss, service transformer power
loss aswell as K-factor.

However, as shown by Figure 4.24(a), when secondary customer
grounding resistance increases, less current goes to the ground circuit,
which increases the current on neutral conductor. As a consequence the
neutral power losses increase, but still the neutral losses are very low and
do not represent a concern.

Figure 4.24(b) shows the neutral to ground voltage behavior as the Rc
increases. The neutral to ground voltage is one of the components for stray
voltage problems, which has become awider concern in North America.
Table 4.2 shows that the THDy and TDD practically remain unchanged
compared to the base case (Rc = 1 Q), which aso would not affect the

revenue meter energy measurement accuracy [44].
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Figure 4.24 Impact of house grounding (Rc) on the neutral circuit of the
secondary system (base case Rc =1 Q).

Table 4.2 Impact of house grounding (Rc).

Rc . .
Diff. (%) | Diff. (%
12 5020 0.5(9) 2s(z ) | impact
(base case)
Phase A THDy, (%) 2.22 225 | 2.22 1.26 -0.27 NO
Phase A TDD (%) 421 420 | 4.21 -0.24 0.00 NO
Transformer K-factor 8.12 812 | 8.12 0.00 0.00 NO

4.4.3.2 Distance between Houses

In this case study, the distance between the houses (s) is varied in order to verify
the impact on the secondary system. The distance of 20 meters represents the base
case. The findings are as follows:

Secondary neutral impedance practically has no impact on phase voltage
and current, related phase conductor power loss, service transformer
power loss aswell as K-factor.

The longer the distance between the houses, the higher is the neutra
impedance and, consequently, less current circulates on the neutral circuit,

as can be observed on Figure 4.25(a). Also for the same reason, neutral to
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ground voltage increases with the growth of distance as shown on Figure

4.25(h).
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Figure 4.25 Impact of distance between houses (s) on the neutral circuit of the

secondary system (base case s= 20 m).

Table 4.3 Impact of distance between houses (s).

S Diff. (%) | Diff. (%
0m g5 m|1om| 15 gn : 10 fn ) | impact
(Base Case)
Phase A THDy (%) 2.22 2.26 | 2.32 1.71 4.32 NO
Phase A TDD, (%) 4.21 422 | 4.23 0.24 0.48 NO
Transformer K-factor 8.12 812 | 812 0.00 0.00 NO

4.4.3.3 Houses Distribution

In this sensitivity study, two different physical distributions of the houses along

the secondary system are evaluated. The first one is the same like the base case

shown in Figure 4.1. The second configuration is changed into a way the service

transformer is no longer directly connected to the first house, but between the fifth

and sixth house. For simplicity, the base case configuration is referred to as

“Series” and the latter configuration as “Parallel”.
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As shown by Figure 4.26, the impact of different houses configuration is
significant on the phase (similar for phase voltage) and neutral current.
There is aso a significant decrease on neutral to ground voltage when
changing from the series (base case) to the parallel configuration.

However, changing the houses configuration would not affect the total
phase and neutral current fed into the service transformer; hence the

transformer winding loss and K-factor did not change.

DD
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Figure 4.26 Impact of different houses configuration on the secondary system
(base case “Series”).

Table 4.4 : Impact of different houses configuration.

Configuration
Series Diff. (%) | Impact
(Base Case) Paralld
Phase A THDy (%) 2.22 2.31 3.82 NO
Phase A TDD (%) 421 3.34 -20.67 YES
Transformer K-factor 8.12 8.13 0.17 NO
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4.4.3.4 MGN System Grounding Resistance (Rgn)

MGN system grounding resistance (Ryn) variation has practically no impact on the
secondary system distribution system. The secondary system phases, neutral and

grounding losses are not influenced as well.

4.4.3.5 Distorted Supply System

In this sengitivity study, the objective is to verify the impact of a distorted supply
system on the secondary distribution system. Three case studies are analyzed;
purely sinusoidal (60 Hz) supply system and two cases are based on rea field
measurements (Case 1 and Case 2) at two different service transformers. The
voltage harmonic spectra associated to Case 1 and Case 2 are shown in Figure
4.27.

As expected, when changing the primary side voltage source from pure
sinusoidal to distorted voltage source, the phase harmonic voltage at

houses increased dramatically, as shown by Figure 4.28(a).
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Figure 4.27 Harmonic spectrum of voltage measured from two different service
transformers (fundamental divided by 10).
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Figure 4.28 Impact of a distorted supply system on secondary system.

Because of the highly distorted voltage, the harmonic current from linear
appliances can either add up or cancel harmonic currents from the
nonlinear loads, this cause the slight decrease of phase 3 harmonic
current and significant increase of other harmonic current.

The harmonic components of phase current exhibit a random behavior as
the distortion of supply system is changed, as shown by Figure 4.28(b).
This can also be caused by the cancelation effect between the harmonic
currents.

The changing of primary side voltage source has little effect on neutral
system, particularly on the neutral to ground voltage.

As shown by Table 4.5, the THDy changes significantly, which might
affect the revenue meters energy measurement accuracy. According to
reference [44], as the THDy increases above the limits defined by the
standards the more inaccurate is the energy measured by the inductive

watthour meter.
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Table 4.5 Impact of distorted voltage supply.

Supply system Diff. (%)|Diff. (%) | mpact
Base Case|Case1|Case?2| Casel | Case?2
Phase A THDy (%) 2.22 522 | 6.19 | 134.68 | 178.63 YES
Phase A TDD (%) 4.21 356 | 3.39 | -15.44 | -19.48 YES
Transformer K-factor 8.12 8.12 | 8.12 0.00 0.00 NO

4.4.3.6 Conclusionsof System Sensitivity Study

Five system parameters are evaluated in above subsections to check their impact

on the harmonic levels of the secondary system, and Table 4.6 shows the effect of

each system parameter analyzed.

Table 4.6 The impact of each system parameter on the harmonic levels of the

secondary system.

Factor Effect
1 Customer _house This might represent a concern regarding stray voltage but it is not a
grounding :
: concern in term of neutral losses.
resistance
2 Distance b Same behavior as Factor 1. Stray voltage might be a concern.

houses

Houses distribution

This factor affects both phase and neutral voltage/current levels. The

3 “Parallel” configuration leads to lower harmonic levels. Service

configuration

transformer indices are not affected.

Primary MGN
4 grounding
resistance

Different MGN grounding resistance has practically no affect in any of
the indices evaluate.

Distorted supply It affectsthe THDy, levels, however neutral and phase harmonic currents
system do not change significantly.
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45 Summary

This chapter presents a methodology to investigate the potential impact of modern
residential loads on the power quality of secondary distribution systems, which is

based on the residential house model developed in Chapter 3.

In Section 4.1, the modeling approach for three components of typical distribution
system are introduced and studied, which are primary system model, service
transformer model and secondary system model. Generaly, the primary system is
modeled as an equivalent circuit. The service transformer is modeled explicitly
and the secondary loads are modeled as equivalent circuits in the form of one

house per equivalent circuit.

In Section 4.2, the technique and model parameters used for secondary system
simulation are developed and presented. Several study scenarios are defined in

Section 4.3 for secondary system harmonic simulation in different purposes.

Finaly, the harmonic simulation results for secondary distribution system are
shown and analyzed in Section 4.4. First, a base case study was conducted, which
uses a current year nonlinear load penetration situation. Then, a load evolution
study was conducted in order to assess the impact of nonlinear loads into the
future. Moreover, a sensitivity study was performed to investigate how the

secondary systems parameters affect the harmonic levels on the secondary system.
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The conclusions drawn from these studies could be quite essential for utilities to
understand the power quality problems encountered in secondary distribution

system caused by residential nonlinear loads.
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Chapter 5
The Power Quality Impact of PHEVson Residential

Distribution System

In recent years, hybrid electric vehicles (HEVS), battery electric vehicles (BEVS)
and plug-in hybrid electric vehicles (PHEV'S) are becoming more welcome in the
market for their low energy cost and near zero-emission. Amongst all above types
of EVs, PHEVs are the most promising alternatives for conventiona internal
combustion engine based vehicles, thanks to their capability for charging their

battery packs by plugging into standard electric outlets.

While we all recognize the potential environmental and economic benefits of
PHEVS, reliable and efficient operation of the electrical network is still a concern
after the widespread of PHEV adoption. Many studies [48], [49], [50] have shown
that no additional generation capacity would be required for a relatively large
penetration of PHEVs when charging cycles start in the off-peak periods.
However, the other important aspect of PHEV integration study which needs to be
addressed is the impact on distribution systems level. Unlike the system-wide
study, a micro level analysis that considers the possible variations in location
diversity of the PHEV s plugged in and time diversity in their charging patternsis
needed for distribution system level PHEV integration study [51]. In the

following sections, the model of PHEV charging loads is built based on above
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considerations, and hence its impact on distribution system is evaluated on the

same frameworks used in previous chapters.

5.1 TheModeling of PHEV Charging L oad

This section identifies and characterizes the factors necessary to develop a proper
load modeling for PHEVs. Initially, a realistic scenario is used to help identify
these factors, as follows. As shown in Figure 5.1, the customers connected to a
typical secondary distribution network might possess one or more PHEV's which
could be connected and charged at their own houses. Obviously, the average
vehicle number under each service transformer is determined by the penetration
level. However, at any time instant, the number of vehicles plugged in is not
necessarily equal to the total vehicle number. This time diversity could be
modeled by the charging start time as well as charging duration, which, in turn,
is determined by vehicle driving pattern and battery state of charge (SOC).
Moreover, individual electrical charging characteristic of different vehicle

chargers also needs to be considered.

The above four aspects has been discussed in many papers on modeling of PHEV
charging load so that the proper ones are chosen for our model after thorough
literature analysis. Moreover, real field measurement data and simulation results
are used to represent the chargers charging electrical characteristics, which are

essential part of the proposed PHEV |oad mode!.
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Figure 5.1 PHEV charging on residential distribution system.

5.1.1 PHEVsPenetration Level

Due to environment concerns and government incentives the increasing
penetration level of PHEV will definitely have a drastic impact on distribution
system [52]. Until recently, many auto manufactures have announced they will
put on sale their plug-in hybrid models in 2011 and 2012. The detailed
information is listed in Table 5.1. Since most of PHEV models still are not
commercialy available or have been released recently, it is not easy to estimate
their real market penetration. However, multiple studies use similar and realistic
statistics to determine the market share and penetration of PHEV's while other

studies are based on mathematical models.

A report by Oak Ridge National Laboratory in 2006 [50] estimates that PHEV-20

(with 20 miles all-electric range) vehicles will make up over 25% of new salesin
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the entire car and light-truck market in 2018, as shown in Figure 5.2(a).
According to an EPRI report [53], [54], PHEVs could reach a maximum of 50%
new vehicle market share by 2030, as shown in Figure 5.2(b). Reference [55]
predicts that the maximum penetration level for PHEV will be 30% by 2030 in
Belgium. European countries are more interested in conventional EV's and fuel

cell vehicles (FCVs) so that the predicted PHEV penetration is lower.
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(b) PHEV market share estimated by EPRI [53-54]
Figure 5.2 The estimated penetration level for PHEVSs.
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Table 5.1 The detailed information of announced PHEV models.

Company Model Battery Capacity (kwh) Release Date
BYD F3DM 16 2012 in US
GM Chevrolet Volt 16 Mid-December _2010 in US
Q3 or Q4 2011 in Canada
Toyota Prius Plug-in 5.2 Q2 2012
Ford Escape Plug-in 10 2012
Volvo V70 11.3 2012
Suzuki Swift Plug-in 2.66 2012
Ford C-Max Hybrid N/A 2012 in North America

Same effort as in Chapter 2 is needed to translate PHEV's market share level into
expected penetration level across utility customers or households. The analysis of
PHEV penetration in [51] calculates the probability that a certain household will
have multiple PHEVs in their home, which is quite interesting and innovative.
They use the data from U.S. Department of Transportation to generate projections
of the number of PHEV's per household as a function of market penetration, and
an example is shown in Table 5.2. However, as the probability of household has
more than 1 PHEV isrelatively small, we assume the maximum number of PHEV

a household could have is 1, which is quite true especialy for low and medium

PHEV market share.

Table 5.2 Penetration of PHEV per household.

Market PHEV per Household
Penetration 0 1 2
2% 96.9% 3.1% 0.0%
4% 93.8% 6.1% 0.1%
8% 87.8% 11.6% 0.5%
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Since the data in Table 5.2 only provides partia information, the estimation
method mentioned in [56] is used to calculate PHEV penetration level in this
chapter. The number of cars sold every year in the U.S. is about constant at 20
million [50], considering the PHEV market share level in Figure 5.2 as well as the
assumption of average 12 years vehicle lifespan [57], the total number of PHEV
for 2010 to 2030 is shown in Figure 5.3(a). According to the linear regression
anaysis using the data [58] from 1990 to 2008, the total projected number of
passenger vehicles for 2010 to 2030 is calculated and plotted in Figure 5.3(b).
Since the average number of vehicles per household is 2 [56], the penetration
level across households is calculated as follows:

_ NPHEV(i).

PHEVH (i) NPV ()

PVH (5.1)

where,

PHEVH isthe number of PHEV s per household.
NPHEV is the total number of PHEV's shown in Figure 5.3(a), while NPV
isthe total number of passenger vehicles shown in Figure 5.3(b).

PVH is the average number of vehicles per household, which isequal to 2.
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Figure 5.3 The estimated total number of PHEV's and passenger vehicles.
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Therefore, from equation (5.1), the final expected PHEV penetration level per
household is determined and shown in Figure 5.4. From this figure, the average
number of PHEV's per household in 2020 is 0.2, which shows good consistency

with the estimation in [56].

PHEV per Household
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Figure 5.4 The estimated number of PHEV s per household for 2010 to 2030.

5.1.2 PHEV Charging Time

Another important aspect that needs to be considered in the PHEV s load modeling
is when vehicles will be recharged during a day, commonly denominated daily
charging tendency in [52]. Because all PHEVs will not begin charging
simultaneously, it is more suitable to treat the start time of charger as random
variable based upon daily charge pattern. There are many options can be found in
references, and the charging time is strongly related to the charging strategy
implemented. The simplest charging plan is the uncontrolled charging, which
means PHEV's could start charging any time they are plugged in. In other words,
most people will immediately charge their vehicles preparing for next trip just
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when they arrive home from work. Obviously, uncontrolled charging tendency is
strongly associated with people’s travelling behavior. The Federal Highway
Administration maintains records of both forecast and historical traffic patterns
[59], which are represented as daily vehicle traffic pattern for commuting purpose,
as shown in Figure 5.5(a). Two obvious peaks are observed in the figure, the
morning peak (6:00-9:00) and early evening peak (16:00-18:00), which are
exactly the time when people go to work and return home. As such reason, most
references consider the worst case, and choose 18:00 as the starting time.
However, as shown in [60], a uniform distribution with a narrow range around

18:00 is more close to redlity.
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(a) Daily vehicle traffic for commuting [59] (b) Day ahead real-time electricity price [61]
Figure 5.5 Daily vehicle traffic pattern and real-time electricity price.

Once PHEV adoption rate reach to certain level, because of the consistency with
early evening system peak, uncontrolled charging plan could significantly
increase this peak. In such case, both new peak generation capacity and burden on

transmission and distribution will be of concern, hence it is likely that utilities
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would use either time of use pricing or direct control method such as in-home
delay devices to shift PHEV charging load to off-peak time. This charging
strategy is defined as controlled charging. Normally, the peak load time is defined
asfrom 7:00 pm to 8:59 pm, while off-peak load timeis from 9:00 pm to 6:59 am.
By shifting PHEV charging load to after 9:00 pm, another uniform distribution of

start time ranging from 9:00 pm to 11:59 pm could also be found in [60].

Incorporation smart technology into the charging system and distribution grid,
smart charging strategy is the most advanced approach for EV charging.
Reference [56] uses Advanced Metering Infrastructure (AMI) together with
PHEV control unit and remote switches to imply stagger charging which limits
the charging based upon pre-determined power levels communicated through the
grid. This method will help smooth the PHEV charging load seen by service
transformer, especially for high PHEV penetration. As a result, no additional
peaks due to PHEV will be created on transformer load, either in the early
evening or midnight. Similarly, reference [62] and [63] use the same technology
to coordinate PHEV charging in order to minimize distribution system losses,

whilethe aimin [60] isto minimize the charging cost.

For example, assuming the total PHEV charging load to be py, p2...., pn a t=1,

2,..., n, respectively, smart charging based on minimization charging cost

becomes an optimization problem, as expressed in equation (5.2):
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Where ¢ is the day ahead real time electricity rate shown in Figure 5.5(b), p
represents PHEV charging load, at any time instant t, respectively. Eia iS the
total energy needed for charging all PHEV s in distribution system for one day. §
is the apparent power flowing at branch j and it should be under the limit of §™.
Similar objective function and constraints with other aim such as minimization of

distribution system losses or |oad variance etc. could be found in [62] and [63].

However, considering the complexity of employing various smart charging
optimization algorithms, we use a simple distribution of start time to represent all
smart charging strategies. This distribution is derived by plotting the reciprocal of
the product of distribution of daily vehicle traffic pattern shown in Figure 5.5(a)
and real-time electricity shown in Figure 5.5(b) [60], which ensures PHEV
chargers have higher possibility to switch on at the time real-time electricity rate
or total load demand is low. This distribution is roughly bell-shaped and it can be

fitted by a Gaussian distribution with 1:00 am mean value.

Based on above three different charging strategies, three corresponding daily
charging start time pattern is proposed for our modeling: (1) uncontrolled
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charging; (2) controlled charging; (3) smart charging. The detailed information is

shown both in Table 5.3 and Figure 5.6.

Table 5.3 The proposed three charge strategies and daily charge patterns.

PHEV Charging Daily Charge Pattern Probability Density
Strategy Distribution Type Function
_ f(x):i,a£x£b,
Uncontrolled Uniform b-a
a=18b=19
_ f(x):i,a£x£b,
Controlled Uniform b-a
a=21b=24
et
_ 286s g E
Smart Gaussian f(X)_S\/ae ,
m=1s =3
100 LI— Uncontrolled — Controlled Smart - |
80+ .
g
2 60r |
E
& 40- .
20+ .
% 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)

Figure 5.6 The proposed PHEV charging start time pattern.

129




5.1.3 PHEV Driving Pattern and Battery State of Charge (SOC)

Since charging start time can be derived from daily charge pattern, the next
important charging parameter is the charging duration. Charging duration will be
not only determined by the power level of charger and the capacity of battery
(Kwh), but also by the initial battery state of charge (SOC), which corresponds to
the remaining energy on the vehicle’s battery. The parameter SOC is better
represented as a random variable, however very little actual data on its probability
distribution is available, ssimply because quite few PHEVs are now available in
households. However, from general vehicles driving pattern, a probability
distribution of daily distance driven has been derived in [64]. The distribution is
found to be log-normal type, but with zero probability at al negative distances.
The mean of the distribution is 34.2 miles and the standard deviation is 21.1 miles,

at the year of 1983. The probability function is as follows:

1 _(In(m)- m)?
d(m)= e = m>0 (5.3
(=t
where,
® 0
m=In(E[M])- Lin 1+Var[M2]%
2§ EM] 5
o<} 0
SzZ'”é“Mi
E[M] 5

Where m is the random variable of daily distance travelled in miles, E [M] and

Var [M] stand for the mean value and variance of m.
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According to [50], daily average vehicle miles travelled is 33 miles in 2008, to
account for this change, we scale the standard deviation to 20.4 miles with
constant ratio. Figure 5.7 shows the probability density function of daily distance

driven in 2008.

Assuming that each PHEV is recharged only once a day, with m miles travelled in
one day, which can be obtained from the distribution defined in equation (5.3) and
Figure 5.7, the initial SOC can be determined in the following equations:

R-M. 1 00% 0£mER
R (5.4)
0

m>R

Where R is the all-electric range (maximum miles that the PHEV can run from the

electric battery only) of PHEV in miles.
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Figure 5.7 The probability density function of daily travel distance in 2008.
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Once the battery state of charge (SOC) is generated from above distribution,
charging duration D can be obtained as follows:

_C’ (1- SOC)” DOD
P h

D (5.5)

Where C is battery capacity, DOD stands for the depth of discharge rating that
could be used for battery charging, P is the power level of charger, which is
determined by charger level, and is the efficiency of charger. In our model, C is

16 kWh, atypical DOD of 65% and 88% charger efficiency [62] is assumed.

5.1.4 PHEV Charging Characteristics

One of the most important factors to understand about PHEV is its charging
characteristics. In [51], [52], [56], charging characteristics are simply defined as
power demand as a function of time. General physical, electrical, and
performance requirements for the electric vehicle conductive charging system and
coupler for use in North America are proposed in SAE J1772 [65]. Based on
voltage and power levels, three levels of charging are indentified in SAE J1772,

which are shown in Table 5.4.

Table 5.4 PHEV charging characteristics defined in SAE J1772 [65].

Type Power Level
Level 1: 120 VAC 1.2-2.0 kW
Level 2 (low):208-240 VAC 2.8-3.8 kW
Level 2 (high):208-240 VAC 6-15 kW
Level 3: 208-240 VAC >15 kW-96kW
Level 3:DC Charging: 600 VDC >15 kW-240kW
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Because of different battery PHEV uses, and also because of different charger
types, charging characteristics are varying. Moreover, in our research, charging
characteristics need to be extended to harmonic levels for the harmonic related
impact study on distribution systems. Charging characteristics of Level 1 and
Level 2 chargers are essential, because these charger levels are most probably

adopted in households.

In this thesis, the harmonic characteristics of five different PHEV chargers are
obtained from real measurements data. Three of them (named Charger A3,
Charger B and Charger C) are Level 1 and two (named Charger D* and Charger E)
are Level 2 chargers. These chargers are all used for vehicles with 16 kWh
lithium-ion batteries, which equals to 40 miles all-electric range. The

characteristics of the above mentioned chargers are detailed as follows.

5.1.4.1 Level 1 Charger Charging Characteristics

Level 1 charger can be drawn from a standard 120V/15A outlet, and its power

level is around 1.5 kW. The fundamenta and harmonic characteristics for

measured Level 1 chargers are recoded and processed.

% Due to the limitation of measurement data, only magnitude information of each harmonic current is
available for Charger A and D. In that case, typical charging systems are built and simulated in
Simulink/Matlab to provide angle information for them.

133



According to the measurement data, charging characteristics of both chargers
such as demand power, power factor, THD, as well as each input harmonic
currents are almost constant over time, which means we can use constant model to
represent the whole charging procedure. The reason is that most PHEVs only use
the middle band of battery's total capacity, which makes the recharging procedure
linear. Table 5.5 lists all charging characteristics during the whole charging

procedure.

Table 5.5 Charging characteristics for measured Level 1 chargers.

Charging Characteristics | Charger A | Charger B | Charger C
Demand Power 1.355KW | 1.262 KW | 1.272 KW
Power Factor 0.991 0.991 0.999
Input AC Voltage 100.35V | 112.30V | 11150V
Input AC Current 13.73A 11.36 A 11.48A
THD, 10.1% 10.2 % 3.9%

5.1.4.2 Level 2 Charger Charging Characteristics

Most of Level 2 chargers need to be hard wired and drawn from 240 V circuit.
Currently, many Level 2 charger systems such as Chevy Volt and Nissan Leaf run
on 16 Amps wire and have a maximum output at around 3.3 KW. The
measurement based models Charger D and Charger E are exactly of thistype. The
fundamental and harmonic characteristics of measured Level 2 chargers are

recoded and processed.
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Because of higher power level, the charging duration is cut to half. With the same
consistency during the charging, we can still use constant model to represent this
procedure. Table 5.6 lists al the charging characteristics for Level 2 chargers

during the whole charging procedure.

Table 5.6 Charging characteristics for measured Level 2 chargers.

Charging Characteristics | Charger D | Charger E
Demand Power 2774 KW | 2.24 KW
Power Factor 0.98 0.994
Input AC Voltage 196.84V | 2013V
Input AC Current 1438 A 11.23A
THD, 9.8% 9.7%

5.1.4.3 Harmonic Phase Characteristics of Level 1 and Level 2 chargers

Figure 5.8 illustrates the phase angles of different harmonic current components
for al Level 1 and Level 2 chargers. Similar as before, it should be noted that the
phasors use the supply voltage angle as a reference, setting the phase angle of the
fundamental frequency voltage to zero. The currents are normalized to emphasize
the current harmonic angles and to improve visualization. This figure shows that
for some harmonics such as 3%, 5", 7" and 9", the harmonic cancellation effect is

quite significant.

Based on the definition of harmonic compatibility index (Cl,) shown in equation
(2.8), the results for all chargers and some major appliances are calculated and
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presented in Table 5.7, in ascending order of Cl agpiiance- The results also confirmed

chargers may occur great harmonic cancellation when plugged in together.

3rd Harmonic 5th Harmonic 7th Harmonic
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= Charger A 2 270
""""""""""" Charger B
Chaeger C .
Chjger p| SthHamonic 11th Harmonic 13th Harmonic
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= Charger E | 129 60
159/_\ 30
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Figure 5.8 Normalized harmonic currents of all PHEV chargers using the
fundamental voltage phase angle as areference

Table 5.7 Harmonic Compatibility Index Results for PHEV chargers using CFL

asaTemplate

Appliance Cl appliance Cls Cls Cl 7 Clog Cl1 Cl 13
ASD FRIDGE 0.27 003 031 023 007 099 0.79
R FRIDGE 061 0.27 098 014 053 064 07
CRT TV 063 082 039 02 03 072 056
PC 064 082 039 012 033 089 094
LCD 081 093 073 054 082 065 063
LCDTV 088 089 086 1 072 053 099
LAPTOP 093 098 091 087 1.00 016 088

CFL 1 1 1 1 1 1 1
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5.1.4.4 Electrical Modeling of Level 1 and Level 2 chargers

Both Level 1 and Level 2 chargers measured will be modeled by a constant P+jQ
for the fundamental frequency and current source for the harmonic frequencies, as
shown in Figure 5.9. The procedure to establish the current source model aso
follows equation (2.2). The only difference between Level 1 and Level 2 models
isthat Level 1 is connected to 120 V circuit at Phase A or Phase B to neutral line,

while Level 2 should connected to 240 V circuit at Phase A to Phase B.

A
P+iQ h

(a) Model at fundam;tal frequency (b) Model at harrfnonicfrequency
Figure 5.9 Model for PHEV chargers.

5.2 PHEV Simulation Procedure

This section describes the steps necessary to perform simulations to analyze the

impact of PHEV charging on distribution system. From the simulation results, it
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will be possible to analyze the impact of PHEV charging on both secondary and

primary distribution systems.

The procedure to perform PHEV charging load simulationsis as follows:

Step 1.

Step 2:

Step 3

Step 4:

Step 5:

Step 6:

Determine global variables such as the number of PHEV s in distribution
system, charging strategy, battery capacity and charger level in
initialization.

For one PHEV, randomly generate the charging start time T according to
the probability density function f(x) in Table 5.3 with corresponding
charging strategy.

Randomly generate current PHEV daily travel distance M according to
the probability density function d(m) in equation (5.3) , then determine
initial state of charge (SOC) for this PHEV battery with equation (5.4).
PHEV charging duration D in hour is determined by battery capacity,
charger level and initial SOC through equation (5.5).

Choose corresponding charger current source model according to the
charger level, output individual PHEV charging load including harmonic
components based on charging start time T and duration D.

Go back to Step 2 and repeat the procedure for another PHEV, until last
PHEV plugged in distribution system.

Figure 5.10 shows a flowchart illustrating these steps.
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Figure 5.10 Simulation procedure for overall PHEV charging load.

5.2.1 Simulation Procedure for Secondary System with PHEV L oad

The PHEV charging loads are firstly integrated into the secondary distribution
system described in Chapter 4, which has the system parameters shown in Table
4.1. As each PHEV charging load is modeled as constant P + jQ for fundamental
frequency and constant current source for harmonic frequency, the integration of
PHEV charging load is simply connecting the model at the certain node (house)
of the secondary system shown in Figure 5.11 during corresponding charging
duration. The detailed procedure for secondary system integrating with PHEV

loads simulation is as follows:
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Figure 5.11 Integrating PHEV charging load into secondary distribution network.

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Build aggregated harmonic house model based on different appliances
and their usage pattern following the procedure shown in Chapter 3.
Generate PHEV charging fundamental and harmonic model following
Figure 5.10 according to PHEV penetration level.

Randomly integrate PHEV charger model into house model, connecting
charger model to random phase (Phase A or B) if Level 1 chargers are
employed.

For time snapshot T1, connect the fundamental frequency component of
the houses model to the service transformer and the simplified primary
system and run power flow.

Shift the angle of each house harmonic current spectrum to match the

fundamental frequency power flow result.

Step 6: Connect the shifted harmonic components of the houses and run harmonic

Step 7:

power flow. Save the results.
Go back to Step 4, and repeat it for another time snapshot (T,), until last
snapshot.
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Step 8:  Go back to Step 2, and repeat it for another Monte Carlo run, until last

run.
Step 9: Derive the average of all Monte Carlo running results.

These steps are dso illustrated in Figure 5.12.

PHEV Model Generation and Fundamental and Harmonic Power Flow

House Model Generation .
Integration

Attime T

. Connect the fundamental frequency
Model for linear and Generate PHEV charglng component of the houses model to
nonlinear appliances fundamental and harmonic the service transformer and the
model following Figure 4.14 primary system

4 ﬂ 1

Appliance daily usage

pattern ':% Shift the angle of each house
harmonic current spectrum to
chZ?;:rzT;yhirgzggeirf‘tzgr\;te match the fundamental frequency
power flow result
PHEV model into
corresponding house model

Build aggregated
harmonic house model

Connect the shifted harmonic components
to the transformer
Run Harmonic Power Flow

Figure 5.12 Simulation procedure for integrating PHEV charging load into
secondary distribution network.

During the integration of the PHEV charging loads, because of the random
fashion of several parameters such as charging start time, battery SOC as well as
the location of charger, and considering the fact that the total number of PHEV s at

the secondary system level is low, the simulation result could be different from
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one run to another. Monte Carlo method is introduced to solve this problem, and
the average result derived from different Monte Carlo runs is finally used.
However, it is very important to determine the number of Monte Carlo runs
needed to achieve the steady state solution. As illustrated in Figure 5.13, both the
average fundamental and harmonic current result of one sample PHEV charger at
one time instant stabilized around 200 runs, therefore 200 is selected to be the

upper limit of the Monte Carlo running number for Step 8 in the above procedure.

Average Current (A)
N

0 50 100 150 200 250 300
Monte Carlo Runs

Figure 5.13 Average fundamental and harmonic current for one charger at 1:00
amvs. Monte Carlo runs.

5.2.2 Simulation Procedurefor Primary System with PHEV L oad

As discussed in Chapter 4, depending on the type of the study and on the location
of interest, the primary and the secondary distribution systems can be modeled

differently. In this subsection, the objective is to anayze the impact of PHEV
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charging load on the primary system so that a detailed model for this system is

necessary.

The network adopted for our primary system analysis is shown in Figure 5.14,
and its general configuration is a four-wire, multi-grounded system (three-phase
conductors plus a multi-grounded neutral). In this figure, the portion of the
network inside the dashed rectangle represents one or more single-phase service
transformers connected between each phase of the primary conductor and neutral
conductor, and each service transformer could be represented by the secondary
system configuration shown in Figure 5.11. In this study, we assume the service
transformers are evenly distributed, which means transformers are only connected
at certain points of three phase conductors, and the interval between points are the
same.
Primary System

Section | Section 2 Section N

D OG5

Ry, Oneormore Ry, Ry
service transformers

Figure 5.14 Distribution network model to study the impact of PHEV charging
loads on the primary system.

Table 5.8 shows the primary and secondary system parameters employed in the

distribution network shown in Figure 5.14. It shows that this feeder under
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analysis has 10 transformers at each kilometer and for each phase so that the total
number of service transformers is 10 x 3 phases x 15 km = 450, and the total
residential customer supplied by this feeder is 4500 for each transformer supplies

10 houses.

Table 5.8 Primary and secondary system parameters used for study.

Base Case System Parameters Values
Supply system voltage 14400V @ 60 Hz
Substation MVA level 242 MVA
Substation positive sequence impedance | 0.688 + j2.470 ohms
Substation zero sequence impedance 0.065 + j2.814 ohms
Primary System Substation grounding (Rgs) 0.15 ohms
MGN grounding resistance (Rgn) 15 ohms
Grounding span of the MGN neutra (s) 75m
Feeder length 15 km
Feeder conductor type 4-336.4 ACSR
Number of transformers per phase 12 per km
Voltage (V/V,) rating 14400/120 V
Services Transfor mer KVA rating 37.5kVA
Impedance 2%
Resistance 1.293 %
Grounding resistance (Ry) 12 ohms
Customer grounding resistance (R¢) 1 ohm
Neutral impedance (Zy) 0.55 +j0.365 ohm/km
Secondary System Phase impedance (Z, and Zg) 0.21 +j0.094 ohm/km
Number of houses (N) 10
Distance between houses 20m

The simulation procedure for PHEV charging load integrating into this
distribution network is as follows:

Step 1: Build aggregated harmonic house models based on different appliances
and their usage pattern following the procedure shown in Chapter 3.

Step 2. Generate PHEV charging fundamental and harmonic models following
the procedure presented in Figure 5.10 according to PHEV penetration

level.
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Step 3.

Step 4:

Step 5:

Step 6:

Step 7:

Step 8:

Randomly integrate PHEV charger model into house model, connecting
charger model to random phase (Phase A or B) if Level 1 chargers are
employed.

Randomly choose 10 houses, connect them to secondary system to form
service transformer models. Note that for the houses with PHEV are
randomly chose, the number of PHEV's at each service transformer may
be different, but around total penetration level.

For time snapshot T1, connect the fundamental frequency component of
the service transformer models to the primary system and run power flow.
Shift the angle of each service transformer harmonic current spectrum to
match the fundamental frequency power flow resuilt.

Connect the shifted harmonic components of the service transformer
models and run harmonic power flow. Save the results.

Go back to Step 5, and repeat it for another time snapshot (T,), until last
snapshot.

Figure 5.15 shows a flowchart illustrating these steps.

House Model Generation PHEV Model Gen_eration and Transformen: Model Fundamental and Harmonic Power Flow
Integration Generation
Attime T

Model for linear and
nonlinear appliances

Connect the fundamental frequency
component of the service
transformer models to the

Generate PHEV charging Xfrir N

fundamental and harmonic
model following Figure 4.14

primary system

4

Randomly choose 10
house models

4

Appliance daily usage
pattern

!

L

Shift the angle of each
transformer harmonic current

spectrum to
match the fundamental frequency
power flow result

Randomly arrange PHEV
chargers to houses, integrate
PHEV model into

Cennect house
model to secondary
system to form

4

Build aggregated
harmonic house model

corresponding house model service transformer

model

L

Connect the shifted harmonic components
N=N+ of the service transformer models
Run Harmonic Power Flow

Figure 5.15 Simulation procedure for integrating PHEV charging load into

primary distribution network.
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5.3 PHEV Simulation Study Scenarios

As the goal of this thesisis to determine the impact of PHEV into the future, the
studies are conducted for each year over the next several years considering the
market trends established in Figure 5.4. The following study scenarios are

evauated:

Base Case: The base case scenario is defined as integrating mixed
chargers types under uncontrolled charging strategy with 30% PHEV
penetration level into system. Mixed chargersinclude Level 1 and Level 2
chargers at a ratio of 1:1. This case is used to give an overview of the
situation when the highest level of PHEV s penetrates into system with the
most common charging strategy and chargers composition. The objective

of this base case study is to address the following issues:

v |dentify the power quality indices of concern?
v How doesthese impacts compar e with those of other nonlinear

appliances?

The “30% PHEV” base case is compared to three other scenarios analyzed
in the previous chapters, which considered only home appliances:

0 “Pure Loads’: This scenario considers only nonlinear appliances
and the respective penetration rates refer to year 2011 market data;

o0 “CFL 2015”: All home appliances loads remain the same as the
“Pure Load” scenario, except that the penetration of lighting
related appliances refers to year 2015 market data.
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o “PC 2015”: All home appliances loads remain the same as the
“Pure Load” scenario, except that the penetration of PC related
appliances refers to year 2015 market data.

Sensitivity Study: The object is to evaluate what is the impact of
changing charging strategies and charger types on the PHEV simulation.
The scenarios are outlined below:

v Charging strategies. Studies are conducted under three different
charging strategies as defined in Table 5.3, which are
“uncontrolled charging”, “controlled charging” as well as “smart
charging”. In these cases, mixed chargers are employed and 30%
PHEV penetration level is supposed.

v Charger types. Besides mixed chargers, Level 1 charger only and
Level 2 charger only are employed separately in the study to
evaluate the impact of charger types on distribution system.

PHEV Load Growth Study: In this case study the penetration of PHEV
loads is increased according to PHEV market data. From the PHEV trend
data shown in Figure 5.4, penetration levels of 0, 10%, 20%, and 30%
(base case) are chosen, which are equal to 0, 0.2, 0.4 and 0.6 PHEV's per
household, respectively. Charger type is fixed to mixed chargers.
Regarding charging strategy, both controlled and uncontrolled strategies

are considered in the analysis.
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5.4 PHEV Simulation Results

The indices of interest to quantify the impact of PHEV charging loads on both
secondary and primary distribution system are presented in this subsection. In this
thesis, only odd harmonics from 3 to 15" order are considered.

The following indices are analyzed according to each issue associated with
integrating PHEV charging loads into both secondary and primary distribution

system, most of them are similar to Section 4.4:

Voltage and current distortion levels:
0 Harmonic spectrum
0 Voltage Total Harmonic Distortion (THDy):
0 Tota Demand Distortion (TDD):
Neutral conductor current/voltage rise:
0 Neutra current and voltage harmonic spectrum
0 Neutra voltage RMS:
Secondary/Primary distribution system power |osses:
0 Fundamental and harmonic power losses at phases and neutral
circuits
The loading of service transformer:
0 Themaximum loading of service transformer isinvestigated at
different scenarios
Voltage violation at secondary/primary distribution system:
0 The minimum node voltage at secondary/primary distribution

system s recorded

The following indices are specified for secondary distribution system analysis:
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Impact of harmonics on service transformer K-factor:

The following indices are specified for primary distribution system analysis:

Telephone interference in the form of IT factors:
0 Totd IT product:

m
Tiota = é. (Whll?)z (5.6)

h=1

0 Contribution of each harmonic tothe|T:
IT, = Whlr? (5.7)
where w, is the C-message weighting ([6]), used in the USA and Canada. I}, is the

zero sequence current a harmonic h (only odd harmonics), H is the maximum

harmonic order (in thisthesis, H = 15).

As discussed in Chapter 4, in order to facilitate the interpretation of results,
further processing is needed to produce summary information. Instead of
providing the 24 hours profile of a harmonic result, a single index showing the
average value or the value that is not exceeded by 95% of the time (called “95%
index”) can be more useful. The results obtained at different locations can also be
condensed through averaging. For example, the simulation studies will yield the
39 harmonic voltage profiles for different houses (i.e. nodes in the simulation
model) over a 24 hour period. More explanations of this index can be found in

Section 4.4.
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5.4.1 Simulation Resultsfor Secondary System with PHEV L oad

This section presents the harmonic study results with respect to the impact of
PHEV loads on secondary distribution systems. Several study scenarios

mentioned in the previous section are investigated.

5.4.1.1 Secondary System Base Case Results

|. Voltage and Current Distortion in the Secondary System

From harmonic power flow results, the harmonic phase voltages for al houses
connected to Phase A of the secondary system are obtained. The daily house
average profile include THDy is determined and shown in Figure 5.16(a). The “95%
index” of the phase voltage is shown in Figure 5.16(b). The results associated to

Phase B are not shown because they are similar to Phase A.

Likewise, the dailly house average harmonic current profile for Phase A is
determined and shown in Figure 5.17(a). The daily average profile of the TDD is
shown as well. Finally, from Figure 5.17 (a), the “95% index” of the individual
demand distortion (IDD) and TDD are be determined and are shown in Figure
5.17 (b). The results show that the 3" harmonic is the most dominant component,
which is then followed by the 5" component. The period at which the harmonic

levels are the highest is after 18:00 since this is the usual time people will come
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home from work and plug in their PHEV's for charging and the fact that more

nonlinear appliance usage is observed during this time.

Figure 5.16(b) and Figure 5.17(b) also show the “95% index” of harmonic phase
voltage and current associated to the scenarios that consider only home appliances
(“Pure Load”, “CFL 20157, “PC 2015”). The results indicate that even with 30%
penetration level, the harmonic distortion caused by PHEV is not significant since
both IHD and IDD levels are comparable to those of “Pure Load” case study. The
main reason is that PHEV chargers normally have lower THD, (<10%) than other
nonlinear home appliances. Moreover, one can observe from “CFL 2015” and
“PC 2015” that the increasing penetration of CFL and PC loads should be more of
concern to utilities in terms of harmonic distortion in secondary systems

compared to increasing usage of PHEVs.
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(a) Daily average profile (b) 95% index

Figure 5.16 Average harmonic phase voltages of all houses under PHEV base
case.
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Figure 5.17 Average harmonic phase current of all houses under PHEV base case.

I1. Neutral Conductor Current & Voltage Rise

Figure 5.18(a) shows the daily profile of the neutral to ground harmonic voltage
averaged over all the secondary system houses under 30% PHEV base case.
Figure 5.18(c) shows the daily profile of the neutral RM S voltage. Figure 5.18(b)
shows the 95% index of the neutral harmonic voltage and its RMS value caused
by PHEV and other additional nonlinear loads. Figure 5.19(a) and Figure 5.19(b)
show the corresponding contents for the average harmonic neutral current

circulating between the houses.

After integrating PHEV charging loads (30% PHEV case study), there is a
significant increase on both fundamental and RMS neutral voltage/current
compared to other scenarios. This phenomenon is caused by the load imbalance
between the two phases, with more impact coming from the integration of Level 1

chargers. On the other hand, the harmonics produced by PHEV s |oads do not have
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major impact on the neutral voltage rise, since the harmonic levels are similar to
scenarios CFL 2015 and PC 2015. Furthermore, Figure 5.19(b) shows that the
neutral current contains more fundamental component for the 30% PHEV
scenario; however for the other scenarios the 3" harmonic components are more
dominant. This observation corroborates the fact the harmonics injected by PHEV

will not have an impact on both neutral voltage and current levels.
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(c) RMS neutral voltage daily average profile
Figure 5.18 Average neutral to ground voltage under PHEV base case.
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Figure 5.19 Average neutral current circulating between the houses under PHEV
base case.

(a) Daily average profile

[11. Impact on Secondary System Losses

Figure 5.20 shows the daily total fundamental and harmonic losses of the phase
and neutral circuits of the secondary distribution system under PHEV base case.
The daily average phase and neutral |osses with and without PHEV loads are also
provided in Table 5.9. The main finding is that PHEV loads will cause a notable
increase of both phase and neutral conductor fundamental power loss. Since the
majority of losses are caused by the fundamental frequency component, hence the
conclusion is that PHEV caused losses in the secondary system shall be a great

concern to utility companies.
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Figure 5.20 Secondary system power losses under PHEV base case.

Table 5.9 Secondary system power losses with and without PHEV |oads.

Harmonic Power Loss (W)

Daily Aver age Power Loss in Secondary System
No PHEV Phases | Neutral Total 30% PHEV Phases | Neutral Total
Fundamental | 149.68W | 910W | 15877/W | Fundamental | 231.37 W | 18.03W | 249.40W
Har monic 0.65W 026 W 0.91W Har monic 0.65W 0.29W 094W
Total 150.32W | 9.36W | 159.68W Total 232.02W | 1832W | 250.4W

IV. Overloading of Service Transformer

Figure 5.21(a) shows that the K-Factor is significantly decreased between 00:00

am. to 03:00 am. comparing with our previous results without PHEV. The

reason is that most of Level 1 chargerswill be operating during that period, which

increases transformer loading (fundamental component) greatly but with only

dight harmonic growth. Due to this reason, the “95% index” of K-Factor is

decreased to 3.36.
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The service transformer loading shown in Figure 5.21(b) reveals that uncontrolled
charging PHEV would add peak load, which causes service transformer
overloading problems. Supplying 30% penetration level of PHEV with
uncontrolled charging strategy, the service transformer loading will remain

beyond itsrated level (37.5 KVA) for almost 30 minutes.
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Figure 5.21 Service transformer K-factor and loading under PHEV base case.

V. Voltage Violation at Secondary System

Voltage profile for al houses connected to Phase A of the secondary system are
obtained and recorded. Figure 5.22 shows the voltage profile for “House 10”
located at the end of the secondary distribution branch where the voltage drop is
the greatest. The result indicates that uncontrolled charging PHEV could make
customer voltage drop to an unacceptable level*. It can also be observed that the
highest voltage drop occurs around 18:00, which is the regular time people come

home from work.

* According to “CSA Standard CAN3 C235-83: Preferred Voltage Levels for AC Systems 0 to 50,000 V”
[51], the limits for operational steady-state voltages are 0.94 pu (112.8 V) and 1.06 pu (127.2 V).
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Figure 5.22 Voltage profile of House 10 under PHEV base case.

5.4.1.2 Secondary System Sensitivity Study

Several sensitivity studies are conducted in this section to evaluate what is the
impact of changing charging strategies and charger types on the voltage and

current levels of secondary distribution systems.

|. The Impact of Charging Strategies

This case study considers the impact of different charging strategies on the power
quality indices of the secondary system. The penetration level of PHEV isfixed to
30%, mixed chargers are used, and the other system parameters including base
load remain unchanged. Figure 5.23(a) and Figure 5.23(b) show the 95% index
associated to the average phase harmonic voltages and currents, respectively,
including the associated THD and TDD, for different charging strategies. Figure
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5.24(a) and Figure 5.24(b) show the 95% index of the average neutral to ground

voltage and neutral current, respectively.
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Figure 5.23 Average harmonic phase voltage and current of all houses under
different charging strategies.
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Figure 5.24 Average neutral to ground voltage and neutral current circulating
between the houses under different charging strategies.

(a) 95% index for neutral voltage

Figure 5.25 shows the daily service transformer load profile under different
charging strategies at 30% PHEV penetration level with mixed chargers. Table
5.10 shows the daily average phase and neutral losses, 95% index of K-Factor as

well as the minimum voltage along the secondary distribution system.
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Figure 5.25 Service transformer loading under different charging strategies

Table 5.10 Impact of charging strategies on secondary system simulation results

Charging Strategy

30% PHEV

Mixed Chargers Uncontrolled| Controlled| Smart
Phase Fundamental L oss (w) 231.37 191.56 176.32
Phase Har monic L oss (w) 0.646 0.669 0.657
Neutral Fundamental L oss (w) 18.03 17.17 14.44
Neutral Harmonic L oss (w) 0.288 0.288 0.281
Transformer K-factor 3.42 1.85 1.95
Transformer Max. Loading (KVA) 43.62 34.63 34.80
Min. Customer Voltage (p.u.) 0.903 0.920 0.920
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The main findings are:

The results shown in Figure 5.23(a) and Figure 5.23(b) indicate that
chargers which works under controlled charging strategy would cause the
most severe harmonic voltage and current distortion. The reason is that
the charging time of controlled charging is mainly in evening, which is
coincidentally the period of higher harmonic background current due to
frequently nonlinear appliance usage.

Due to more concentrated charging time, uncontrolled charging causes the
highest neutral voltage and current rise (mainly fundamental component),
as shown in Figure 5.24(a) and Figure 5.24(b). On the contrary, smart
charging is the best with controlling neutral voltage and current rise
problem.

Figure 5.25 shows the daily service transformer load profile under
different charging strategies at 30% PHEV penetration level with mixed
charger. As expected, uncontrolled charging could result in severe
overloading problems for service transformer. Both controlled charging
and smart charging strategy are able to shift charging load off daily peak
to avoid service transformer loading problem. However, controlled
charging could also create a new peak during the evening.

Charging strategy has a significant impact on secondary system power
losses. As shown in Table 5.10, power losses under uncontrolled charging
are the largest, whilst smart charging has the smallest power losses. The
reduction in total losses from uncontrolled case by controlled charging
and smart charging are 18% and 27%, respectively.

Similar as service transformer loading issue, controlled charging and
smart charging strategies have less impact on the voltage drop compared

to uncontrolled charging.
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[1. The Impact of Charger Types

In this case study, the charger types are changed in order to verify the impact on
the secondary system. The penetration level of PHEV is fixed to 30%, and the
other system parameters including base load remain the same as base case. Figure
5.26(a) and Figure 5.26(b) show the 95% index associated to the average phase
harmonic voltages and currents, respectively, including the associated THD and
TDD, for different chargers types. Figure 5.27(a) and Figure 5.27(b) show the 95%
index of the average neutral to ground voltage and neutral current, respectively.
Table 5.11 summarizes the daily average phase and neutral losses, 95% index of
K-Factor as well as the minimum voltage along the secondary distribution system.

Thefindings are as follows:

According to Figure 5.26, Level 2 charger, which has larger power level
and connects to two phases of the secondary system, has the most severe
harmonic distortion in phase voltage and current. However, since the
impact of PHEV loads on harmonic level is not big overall, the effect of
different charger typesis not significant, either.

Figure 5.27(a) and Figure 5.27(b) reveal that Level 1 charger would cause
the most neutral voltage/current rise due to load imbalance level increase.
As shown in Table 5.11, Level 2 charger has the most phase conductor
losses due to its higher power level.

Level 2 charger is more challenging to service transformer loading than
Level 1 charger as well as mixed chargers, since it will create more than
10 KVA additiona peak load for our testing 37.5 KVA service

transformer.
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All types of chargers have unacceptable customer voltage drops under
uncontrolled charging.
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Figure 5.26 Average harmonic phase voltage and current of all houses under
controlled charging strategy with different charger types.
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between the houses under uncontrolled charging strategy with different charger
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Table 5.11 Impact of charger types on secondary system simulation results

Charger Types
30% PHEV

Uncontrolled Charging Levd 1 Leve 2 Mixed
Phase Fundamental L oss (w) 220.95 246.53 231.37
Phase Har monic L oss (w) 0.676 0.695 0.646
Neutral Fundamental L oss (w) 18.03 9.06 13.24
Neutral Harmonic L oss (w) 0.288 0.265 0.276
Transformer K-factor 2.86 451 342
Transformer Max. Loading (KVA) 39.90 47.66 43.62
Min. Customer Voltage (p.u.) 0.896 0.897 0.903

5.4.1.3 Secondary System PHEV Load Growth Study

PHEV load growth studies are done using the estimated penetration trend data
shown in Figure 5.4. As it has been done in the previous sections, most of the
indices (such as harmonic voltage/ current, neutral voltage/current rise, as well as
service transformer K-factor) are represented by its associated “95% index” in
order to facilitate comparison of the results. Two different charts are provided.
The first type of charts shows the index values respect to the increasing PHEV
penetration level. The second type of charts shows the average growth rate per 10%
PHEV increment for each index. The latter can be very useful parameter to

predict the future power quality conditions of with more PHEV loads.

Charger typeis fixed to mixed chargers during the study, which is amore redlistic

configuration. Since previous results showed that the harmonic distortion is more

163



severe under controlled strategy, all harmonic related results are conducted under
controlled strategy. However, for other issues, like voltage drop, the uncontrolled

strategy is applied.
|. Voltage and Current Distortion in the Secondary System

Figure 5.28(a) shows harmonic voltage respect to the increasing PHEV
penetration level under controlled charging strategy. From the curves, one can
calculate the average growth rate associated to the index, which is shown in
Figure 5.28(c). For example, the 3 harmonic index will grow at the rate of 2.41%

per 10% PHEV increment. The harmonic current results are shown in Figure 5.29.
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Figure 5.28 PHEV Growth characteristics of average phase A voltage in the
secondary system.
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Figure 5.29 PHEV Growth characteristics of average phase A current in the
secondary system.

The main findings are:

The harmonic current and harmonic voltage have similar growth
(decrease) rate for individual harmonic component.

The harmonic growth rate is not significant. Depending on the angle of
harmonic spectrum for individual charger, PHEV chargers may decrease
the harmonic voltage/current levels due to cancellation with the household
background harmonics. The TDD growth rate is 1.23%, which means the
harmonic growth issue caused by PHEV could be ignored at most of time.
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I1. Neutral Conductor Current & Voltage Rise

Figure 5.30 shows the average neutral to ground voltage respect to the increasing
PHEV penetration level and the associated average growth rate per 10% PHEV
increment under uncontrolled charging. The results of neutral current are shown

in Figure 5.31. The main findings are as follows:

The increasing penetration of Level 1 chargers would cause neutral
fundamental voltage/current growth due to load imbalance level increase.
Due to this reason, RMS neutral voltage will increase at a notable growth
rate. However, the most severe situation for neutral to ground voltage
would be increasing from 0.549 V to 0.698 V at 30% PHEV penetration
level, whichisstill lessthan 1 V.
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Figure 5.30 PHEV Growth characteristics of average neutral voltage level in the
secondary system.
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Figure 5.31 PHEV Growth characteristics of average neutral current level in the
secondary system.

I11. Secondary System Power Losses

Figure 5.32 and Figure 5.33 show the total fundamental and harmonic power
losses, respectively, on the phases and neutral circuits of the secondary system
respect to increasing PHEV penetration level and correspondent average growth
rate under uncontrolled charging. Figure 5.32 shows a significantly high growth
rate of fundamental power losses for both phase and neutral conductors. Since the
majority of power losses are caused by the fundamental ones, the results indicate
that there would be almost 20% additional total power losses when increasing
PHEV penetration level with 10%, which is a great concern to distribution system

operation.
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Figure 5.32 Daily average fundamental power |osses at secondary system respect
to increasing PHEV penetration.
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Figure 5.33 Daily average harmonic power losses at secondary system respect to
increasing PHEV penetration.

IV. Impact on Service Transformer

Figure 5.34 shows the K-Factor and maximum loading of the service transformer
respect to increasing PHEV penetration level and correspondent average growth
rate. As discussed in base case, K-factor will decrease with the integration of
PHEV loads. Figure 5.34(b) shows that additional 3 KVA will be added to
transformer peak load every 10% PHEV penetration increase. Our testing 37.5
KVA service transformer can support roughly 10% PHEV penetration without

causing overloading problems.
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Figure 5.34 Service transformer K-factor and maximum loading respect to
increasing PHEV penetration.

V. Voltage Violation at Secondary System

Figure 5.35 shows the minimum voltage at House 10, which is also the minimum
costumer voltage in the secondary distribution system, respect to increasing
PHEV penetration level under uncontrolled charging. The minimum customer

voltage would drop linearly with increasing PHEV penetration, and the most

severe voltage drop is 9.7% at 30% PHEV penetration.

Figure 5.35 Minimum customer voltage respect to increasing PHEV penetration.
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5.4.2 Simulation Resultsfor Primary System with PHEV L oad

The following subsections present the simulation results for primary distribution
system integration with PHEV loads considering the case studies presented on

Section 5.3.

5.4.2.1 Primary System Base Case Results

|. Voltage and Current Distortion in the Primary System

For quantifying the harmonic distortions, the three phase voltages at every 1 km
aong the primary feeder are obtained first. The sequence components are
calculated and for each harmonic the dominant sequence is determined. The
procedure of condensing the data as secondary system results is then applied. The
daily average profile associated to the dominant sequence voltage of each
harmonic is determined and shown in Figure 5.36(a). The daily average profile of
the THDy is shown as well. The dominant sequence voltage individual harmonic

distortion (IHDy) and THDy, can be determined and are shown in Figure 5.36(b).

Likewise, the harmonic phase currents at each section of the primary feeder and
the respective sequence components are obtained. Then, the daily average profile
associated to the dominant sequence current of each harmonic is determined and
shown in Figure 5.37(a). The daily average profile of the TDD is shown as well.

Finally, from Figure 5.37(a), the time 95% index of the individual demand
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distortion (IDD) and TDD can be determined and are shown in Figure 5.37(b).
Figure 5.36(b) and Figure 5.37(b) aso show the “95% index” of harmonic
dominant voltage and current of “pure” loads excluding any additional nonlinear
loads as well as the loads with additional CFL and PC loads 5 years later (2015),
which are used to compare the effect on primary system voltage/current harmonic

distortion among different residential loads.
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case.
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Comparing to our previous base case results without PHEV loads, the impact of
PHEV on voltage and current distortion is not significant. Moreover, Figure
5.36(b) and Figure 5.37(b) indicate that even with 30% penetration level, the
harmonic distortion caused by PHEV loads are less severe than that by future
incoming CFL and PC loads. The reason is the same as explained in secondary

system results.

I1. Telephone interference level

One of the consequences of increasing harmonic current levels is audible noise on
telephones lines that run in parallel with distribution feeders. The impact on the
telephone line is normally measured by calculating the IT factors given in

equation (5.6). The results are shown in Figure 5.38.
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Figure 5.38: Average individual and total IT levels at the primary system under
PHEV base case.
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The voltage induced at the end of a (75m) conductor parallel to the primary feeder
is also determined, as shown in Figure 5.39. This voltage is a more useful
indicator on the telephone interference level since the effect of neutral current is
included. The results are shown in Figure 5.40. Both Figure 5.38(b) and Figure
5.40(b) reveal that the impacts due to PHEV on IT level and induced voltage are
very small since the levels of these indices are comparable for both “30% PHEV”

and “Pure Load” case studies.

Primary System

3 U Section 1 Section 2 e o o Section N
— : —AN\—C

Telephone Line (1 km)
Vina: Voltage induced
at the end of the
telephone line

Figure 5.39 Schematic representation of the telephone linein parallel to the

primary system.
25 1
—_RMS RMS
2 —3rd \ A/\VAV\
—5th /\'\,\\ 4 —
— ure Loa L
31.5 _7th M 85 s [ 130% PHEV
= 9th 3rd 3 I CJCFL 2015 m
g \\A 11th / S5 | |IlPC 2015 u
S 1 o
> \,\Q |
Nav
My

N i /
LY e gt

0.5

05 2 1l =

]
=
N
N
Voltage
i
o
| |

0 [ -
6 2 4 6 8 10 12 14 16 18 20 2 4 O0gt 3d Bth 7th 9th 11 130 15 RMS
Time (h) Harmonic Order #
(a) Dally profile (b) 95% index

Figure 5.40 Voltage induced at the end of atelephone line under PHEV base case.
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[11. Neutral Conductor Current & Voltage Rise

The impact of the nonlinear residential loads on the average neutral current and
voltage levels at the primary distribution system has been investigated. The results

are shown in Figure 5.41 and Figure 5.42.

For primary system, adding PHEV loads has amost no impact on both
fundamental and harmonic neutral voltage/current. Since there is harmonic caused
neutral to ground voltage rise for additional CFL or PC loads, PHEV seems to

cause the lowest RM S neutral to ground voltage among these loads.
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Figure 5.41 Average neutral voltage level at the primary system under PHEV base
case.
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Figure 5.42 Average neutral current level at the primary system under PHEV base
case.

IV. Impact on Primary System Losses

The impact of PHEV's on primary system losses are shown in Figure 5.43. The
daily average phase and neutral losses with and without PHEV loads are also
provided in Table 5.12. The losses shown are total losses of the study feeder. The
results show a good consistency with secondary system results, PHEV loads will
cause a notable increase of phase conductor fundamental power loss. Since
fundamental frequency current caused losses are much higher than that caused by
the harmonic currents for the phase conductors, hence the conclusion is that
PHEV caused losses in the primary system is also a challenging issue to utility

companies.
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Figure 5.43 Primary system power losses under PHEV base case.

Table 5.12 Primary system power losses with and without PHEV |oads.

Daily Aver age Power Loss in Primary System
No PHEV Phases | Neutral Total 30% PHEV Phases | Neutral Total
Fundamental 8365kW | 0.001kw | 88.65kw | Fundamental | 111.68kW | 0.001 kW | 111.68 kW
Har monic 1.66kwW | 0.02 kW 1.68 kW Harmonic 0.37kW | 0.02kwW | 0.39kw
Total 90.31 kKW | 0.0201 kW | 90.3kW Total 112.05 kW | 0.021 kW | 112.07 KW
V. Voltage Violation at Primary System
Voltage profiles for all nodes at Phase A of the primary system are aso

investigated. However, for Node 15 locates at the end of distribution branch

where the voltage drop is the greatest as expected, its voltage profile is chosen to

be shown in Figure 5.44. The result confirms that uncontrolled charging PHEV

could also make node voltage drop to an unacceptable level.
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Figure 5.44 Voltage profile of Node 15 under PHEV base case.

5.4.2.2 Primary System Sensitivity Study

Several sensitivity studies are conducted in this section to evaluate what is the
impact of changing charging strategies and charger types on the primary system

PHEV simulation.

|. The Impact of Charging Strategies

This case study considers the impact of different charging strategies on the power
quality indices of the primary system. The penetration level of PHEV is fixed to
30%, mixed chargers are used, and the other system parameters including base
load remain unchanged. The results reveal that:

The results shown in Figure 5.45(a) and Figure 5.45 (b) indicate that
chargers which works under controlled charging strategy would cause the
most severe harmonic voltage and current distortion in primary system.

The results are consistent with our secondary system results.
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IHD,, (%)

Similar as harmonic distortion level, controlled charging causes the
highest IT levels as well as induced voltage at the end of atelephone line,
as shown in Figure 5.46(a) and Figure 5.46 (b).

Charging strategy has amost no impact on the RMS value of primary
neutral to ground voltage.

Charging strategy has a significant impact on primary system power
losses. As shown in Table 5.13, power losses under uncontrolled charging
are the largest, whilst smart charging has the smallest power losses. The
reduction in total losses from uncontrolled case by controlled charging
and smart charging are 15% and 20%, respectively.

Similar as secondary system results, controlled charging and smart
charging strategy would not bring out unacceptable voltage violations
while uncontrolled charging would.
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Figure 5.45 Average dominant sequence harmonic voltage and current of all

nodes at primary feeders under different charging strategies.
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primary system under different charging strategies.

Table 5.13 Impact of charging strategies on primary system simulation results

Charging Strategy
30% PHEV

Mixed Chargers Uncontrolled| Controlled| Smart

RMS Neutral Voltage (V) 0.374 0.383 0.344
Phase Fundamental L oss (kw) 130.69 110.95 105.72
Phase Harmonic L oss (kw) 0.88 0.80 0.92
Neutral Fundamental L oss (kw) 0.002 0.002 0.002

Neutral Harmonic L oss (kw) 0.03 0.03 0.03
Min. Node Voltage (p.u.) 0.898 0.916 0.916

I1. The Impact of Charger Types

In this case study, the charger types are changed in order to verify the impact on
the primary system. The penetration level of PHEV is fixed to 30%, and the other

system parameters including base load remain the same as base case. The findings

are very similar to those of secondary system:
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According to Figure 5.47, Level 2 charger has the most severe harmonic
distortion in phase voltage and current. Additionally, as shown in Figure
5.48, IT levels and telephone line induced voltage are also the highest with
Level 2 chargers.

Table 5.14 reveals that Level 1 charger would cause the most neutral to
ground voltage rise due to load imbalance level increase.

As shown in Table 5.14, Level 2 charger has the most phase conductor
losses due to its higher power level.

All types of chargers have unacceptable node voltage violations under

uncontrolled charging.
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Figure 5.47 Average dominant sequence harmonic voltage and current of all
nodes at primary feeders under controlled charging with different charger types.
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Figure 5.48 Average I T levels and induced voltage at telephone line at the
primary system under uncontrolled charging with different charger types.
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Table 5.14 Impact of charger types on primary system simulation results

Charger Types
30% PHEV

Uncontrolled Charging Levd 1 Leve 2 Mixed

RM S Neutral Voltage (V) 0.430 0.326 0.374
Phase Fundamental L oss (kw) 124.74 135.34 130.69
Phase Har monic L 0ss (kw) 0.87 1.39 0.88
Neutral Fundamental L oss (kw) 0.002 0.001 0.002

Neutral Harmonic L oss (kw) 0.03 0.03 0.03
Min. Node Voltage (p.u.) 0.907 0.892 0.898

5.4.2.3 Primary System PHEV Load Growth Study

Same as secondary system, PHEV load growth studies at primary system are al'so
done using the estimated penetration trend data shown in Figure 5.4. In order to
facilitate and comparison of the results, most of the indices (such as harmonic
voltage/current, IT level/induced voltage as well as neutral voltage/current rise)
are represented by its associated “95% index”. Two different charts are provided.
The first type of charts shows the index values respect to the increasing PHEV
penetration level. The second type of charts shows the average growth rate per 10%

PHEV increment for each index.

Charger type is also fixed to mixed chargers during the study. For harmonic
distortion situation is the most severe under controlled strategy, all harmonic
related results are conducted under controlled strategy. However, the other results

are done under uncontrolled strategy.
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|. Voltage and Current Distortion in the Primary System

Figure 5.49(a) shows the 95% index of the harmonic dominant sequence voltages
respect to the increasing PHEV penetration level under controlled charging
strategy. From the data provided in Figure 5.49(a), it is possible to calculate the
average growth rate per 10% PHEV increment associated to the phase voltage
index, which is shown in Figure 5.49(c). Similarly, Figure 5.51 and Figure 5.55
show the 95% index associated to the dominant and zero sequences of the average

current along the primary feeder and the associated average growth rate.
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Figure 5.49 PHEV Growth characteristics of dominant sequence voltagesin the
primary system.
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Figure 5.51 PHEV Growth characteristics of dominant sequence currentsin the
primary system.
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Figure 5.52 PHEV Growth characteristics of zero sequence currentsin the
primary system.

The harmonic growth rate is not notable at primary system, either. The growth
rate per 10% PHEV increment of voltage THDy and current TDD are 1.57% and
1.54%, respectively, which means the harmonic growth issue caused by PHEV in

the primary system does not represent a concern.

[1. Telephone interference in the form of IT factors

The growth of IT levels and voltage induced on a parallel conductor are shown in
Figure 5.53 and Figure 5.54, respectively. It is found that total IT level and
induced voltage will only increase at the rate of 2%, mainly due to the growth of
15™ harmonic component, which is consistent with dominant sequence harmonic

voltage/current level.
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Figure 5.53 PHEV Growth characteristics of IT index in the primary system.
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Figure 5.54 PHEV Growth characteristics of induced voltage on a parallel
conductor.

I11. Neutral Conductor Current & Voltage Rise

The results of neutral voltage and current growth are shown in Figure 5.55 and
Figure 5.56 respectively. The results indicate that there is amost no impact of

neutral voltage and current at primary system while the growth of PHEV .
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Figure 5.55 PHEV Growth characteristics of neutral voltage in the primary

system.
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Figure 5.56 PHEV Growth characteristics of neutral current in the primary system.

IV. Primary System Power Losses

The PHEV growth characteristics of various |oss components are shown in Figure
5.57 and Figure 5.58. As discussed in the secondary system section, due to the
high growth rate of fundamental power losses for phase conductors, there would
be amost 14% additional total power losses when increasing PHEV penetration
level with 10%, which is also a great concern to primary distribution system

operation.
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Figure 5.57 Fundamental power losses at primary system respect to increasing
PHEV penetration.
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Figure 5.58 Harmonic power losses at primary system respect to increasing PHEV
penetration.

V. Voltage Violation at Primary System

Figure 5.59 shows the minimum voltage at Node 15, which is also the minimum

node voltage in the primary distribution system, respect to increasing PHEV

penetration level under uncontrolled charging. The minimum node voltage would
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drop linearly with increasing PHEV penetration, and the most severe voltage drop

1S 10.2% at 30% PHEV penetration.
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Figure 5.59 Minimum node voltage at primary system respect to increasing PHEV
penetration.

5.5 Summary

This chapter proposed a model for PHEV charging load, which is based on the
probabilistic modeling of vehicles’ charging pattern and deterministic modeling

of their charging characteristics.

Through this model, the impacts of PHEV penetration at different level on both
secondary and primary distribution system are evaluated in several aspects. The

following summarizes the findings and conclusions:

Har monic voltage and current distortion levels:
The cases with Level 2 chargers and under controlled charging strategy have
the highest harmonic voltage & current distortion level. However, the growth
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rate of voltage THDy and current TDD per 10% PHEV increment are both
less than 2%, which makes the absolute value of these harmonic indices
within 5% even with 30% PHEV penetration for both secondary and primary
distribution system. Hence the conclusion is harmonic growth caused by

PHEV s does not represent a concern.

Theimpact of charging harmonics on service transformer K-factor:
It is not a concern for service transformer k-factor seems to not increase but

decrease for PHEV widely adoption.

Telephoneinterference problemsin primary distribution system:
Similar as harmonic voltage and current distortion levels, PHEV seems not to

bring severe telephone interference problems.

Neutral conductor voltage/current rise:
The neutral to ground voltage rise due to PHEV loads is not significant for

both secondary and primary distribution system.

Distribution system power |osses:
For integration PHEV loads into both secondary and primary distribution
system, uncontrolled charging cause considerably expansive additional power
losses while the reduction in additional losses over uncontrolled by smart
charging is very significant. With high PHEV penetration level (e.g. 30%), up
to 30% of total losses can be saved from uncontrolled case by employing

smart charging.

Service transformer overloading:
Uncontrolled charging and Level 2 charger are the most challenging to service
transformer loading. Under uncontrolled charging of PHEV, additional 2 to
4.5 kVA loads will be added to transformer peak load every 10% PHEV
penetration increase. Controlled charging has the potential to create new peak
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during the evening while smart charging is the best to solve transformer
overloading problems.

Voltage violations at distribution system:
Uncontrolled charging of PHEV's will cause the minimum voltage reach an
unacceptable level (e.g. <0.9 p.u.). However, controlled charging and smart

charging would not bring out voltage problems.

According to the results, charging strategies have the most major impact of PHEV
charging on distribution system. Basically, expansive additional distribution
system power losses, service transformer overloading as well as unacceptable
voltage drop are caused by uncontrolled charging strategy, while harmonics
related problems are the most serious if under controlled charging strategy.
However, once smart charging is employed, all aspects of above impacts can be
simply minimized. Due to this reason, more sophisticated ‘smart’ charging
algorithm based on smart metering and communication needs to be developed in

the future.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

The proliferation of energy-efficient appliances and modern consumer electronics
has resulted in significant harmonic distortions in residential distribution systems.
In order to determine the cumulative harmonic impact of these new harmonic
sources, this thesis proposed a probabilistic bottom-up technique to model their
random and distributed nature. By modeling the residentia distribution systems
with this technique, it is possible to estimate how serious the harmonic impacts

become when more nonlinear appliances penetrate into the residential loads.

The major conclusions and contributions of thisthesis are as follows:

An extensive survey and analysis of customer market research data was
conducted to establish the adoption or usage trends of key residential
nonlinear appliances. This appliance adoption trend model could be
essential for predicting the impact of future residential loads, including

appliance addition and replacement.
By investigating the voltage and the current correlation with the V x | plot,

this thesis developed a useful but simple method for verifying if a

household appliance is alinear or nonlinear load.
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This thesis developed a probabilistic method to model the random
harmonic generations of home appliances by simulating the random
operating statuses of the appliances. This modeling was done by
determining the switching-on probability and operation duration of an
appliance based on redlistic factors such as the appliances’ usage pattern

aswell asthe number of occupants and their activities.

One of the attractive characteristics of the proposed method is its bottom-
up approach. As a result, one can simulate the effect of market trends or
policy changes. For example, the harmonic impact of compact fluorescent
lights can be studied by simply adjusting the composition of lighting

fixtures in the appliance database.

Based on the probabilistic bottom-up technique, a residential distribution
system model was proposed to evaluate the harmonic impact of the
distributed nonlinear residential loads on the secondary distribution
system. This study could demonstrate the usefulness of our proposed
methods. If our assumption of residential loads addition or replacement
situation matches with the future trend, the typical annua growth rates of
phase harmonic voltage and current are in the range of 10% to 15%, which
could make the THDy index exceed the IEEE limit of 5% in severa years.

This problem should be a mgjor concern for utility companies.

The power quality impact of charging plug-in hybrid vehicles (PHEV) on
residential distribution networks was aso investigated by using the same
framework. Harmonic related issues do not represent a major concern, but
the overloading of service transformers, expensive power losses, and
unacceptable voltage drops are all problems that will result from the
massive adoption of PHEVs. Since charging strategies have a significant
impact on the above concerns, a more sophisticated ‘smart’ charging
algorithm needs to be devel oped in the future.

192



6.2 Suggestionsfor Future Work

The following future work is suggested for the extending and modifying this

thess:

To improve the accuracy of the simulation results, a more sophisticated
harmonic model of appliances could be introduced in Chapter 2, in order
to consider the harmonic current attenuation/amplification effect. Once
this model is employed, the harmonic iterative method will become
essential for harmonic power flow solutions. However, finding a generally
accepted method to obtain such a model based on the measurement datais
currently quite difficult.

More realistic considerations can be added into the probabilistic bottom-
up residential house model proposed in Chapter 3. For example, this
thesis already considered the number of occupants and their activities
when modeling residential loads, but the impact of other factors such as
the season and weather was not taken into account. Additionally, more
complicated mathematical tools can be introduced in order to better model

the random nature of appliances’ operation.

As our aim was to derive a general evaluation of the impact of nonlinear
appliances on residential distribution systems, a ssmple and hypothetical
topology of distribution network was adopted. In order to give more
specific results, the smulation can be extended to redlistic distribution

system once the detailed topology information is known.
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Appendix A

M easur ement Results of Home Appliances

This appendix presents the harmonic spectrum data of various home appliances
that were referred through this thesis. Twelve compact fluorescent lamps
commonly available in the Canadian retail stores were selected for investigation.
They are all designed to operate at 60Hz, 120V, and have power consumption
ratings of 5W to 30W. The lamps are listed in Table A.1. Note that the lamps are

assigned with a code for easy identification. The lamps’ powers are the last two

numeric digits of their names and codes.

Table A.1 The twelve measured CFLSs.

No. Code CFL Brand/Name No. Code CFL Brand/Name
1 | CFLP15 | Compact Phillips15W || 7 | CFL S30 | Compact Sylvania 30W
2 | CFL G 13 | Compact Greenlight 13w || 8 | CFL G 10 Compact GE 10W
3 | CFLN 09 Compact NOMA 9W 9 |CFLG26 Compact GE 26W
4 | CFLG23 Compact Globe 23W 10 | CFL P05 | Compact Phillips 5W
5 | CFL S13 | Compact Sylvanial3w | 11 | CFL P27 | Compact Phillips27W
6 | CFL S27 | Compact Sylvania27W | 12 | CFL P14 | Compact Phillips 14W

The spectrum is presented in Table A.2.
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Table A.2 Detailed harmonic currents absorbed by the measured CFLs (all values
in amperes).

CFL | CFL | CFL | CFL | CFL | CFL | CFL | CFL | CFL | CFL | CFL | CFL
P15 | G13 | N09 | G23 | S13 | S27 | S30 [ G10| G26 | PO5 | P27 | P14

1 0.156 | 0.133 | 0.094 | 0.260 | 0.111 | 0.288 | 0.288 | 0.086 | 0.270 | 0.047 | 0.240 | 0.131
3 0.125 | 0.096 | 0.067 | 0.172 | 0.088 | 0.205 | 0.208 | 0.066 | 0.191 | 0.037 | 0.189 | 0.101
5 0.091 | 0.060 | 0.042 | 0.095 | 0.064 | 0.123 | 0.128 | 0.043 | 0.118 | 0.027 | 0.132 | 0.067
7
9

0.070 | 0.052 | 0.034 | 0.050 | 0.054 | 0.079 | 0.084 | 0.036 | 0.101 | 0.022 | 0.100 | 0.057
0.050 | 0.039 | 0.024 | 0.029 | 0.051 | 0.031 | 0.037 | 0.033 | 0.072 | 0.015 | 0.070 | 0.051
11 0.030 | 0.020 | 0.011 | 0.049 | 0.041 | 0.030 | 0.025 | 0.022 | 0.034 | 0.010 | 0.037 | 0.035
13 0.020 | 0.017 | 0.011 | 0.044 | 0.030 | 0.036 | 0.034 | 0.015 | 0.032 | 0.006 | 0.027 | 0.025
15 0.018 | 0.014 | 0.009 | 0.040 | 0.026 | 0.035 | 0.031 | 0.015 | 0.024 | 0.005 | 0.025 | 0.023
17 0.013 | 0.012 | 0.008 | 0.032 | 0.027 | 0.036 | 0.034 | 0.012 | 0.023 | 0.004 | 0.021 | 0.018
19 0.012 | 0.013 | 0.009 | 0.028 | 0.025 | 0.030 | 0.028 | 0.010 | 0.025 | 0.004 | 0.024 | 0.015
21 0.014 | 0.012 | 0.008 | 0.028 | 0.022 | 0.025 | 0.025 | 0.010 | 0.022 | 0.003 | 0.026 | 0.014
23 0.015 | 0.013 | 0.009 | 0.035 | 0.021 | 0.017 | 0.019 | 0.007 | 0.027 | 0.003 | 0.027 | 0.010
25 0.018 | 0.016 | 0.009 | 0.041 | 0.020 | 0.017 | 0.014 | 0.006 | 0.028 | 0.004 | 0.029 | 0.007
27 0.018 | 0.013 | 0.007 | 0.034 | 0.018 | 0.023 | 0.017 | 0.006 | 0.024 | 0.004 | 0.026 | 0.006
29 0.018 | 0.012 | 0.007 | 0.025 | 0.017 | 0.027 | 0.018 | 0.005 | 0.023 | 0.004 | 0.024 | 0.006

The following traditional lamps were selected for measurements:
Electronic Ballast Tube Phillips cool white 15W — EBc P 15
Electronic Ballast Tube Phillips ALTO 15W — EBa P 15
Electronic Ballast Tube Phillips soft white 15W — EBs P 15
Magnetic Ballast Tube Phillips ALTO 15W — MBaP 15

Incandescent Phillips 60W — Inc P 60

Table A.3 shows the magnitude and angle characteristics of the five measured

lamps. This table aso provides information such as THD, and measured input

total RMS power.
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Table A.3 Characteristics of the measured lamps.

Appliances EBcP 15 EBaP 15 EBsP 15 MBaP 15 Inc P 60
Operating
Power (W) 17 17 16 33 59
THD, (%) 145.36 133.7 138.22 7.86 3.73
Mag. | Angle | Mag. | Angle | Mag. | Angle | Mag. | Angle | Mag. | Angle
(A) | (deg) | (A) | (deg) | (A) | (deg) | (A) | (deg) | (A) | (deg)
H1 0.153 21.2 0154 | 21.7 | 0143 211 0731 | -674 | 0494 | -0.05
H3 0.124 53.9 0123 | 566 | 0117 53.7 | 0057 | 1440 | 0.012 | -128.9
H5 0.087 | 1055 | 0.088 | 106.7 | 0.083 | 1015 | 0.004| 178.7 | 0.011 | -1625
H7 0.069 | 1694 | 0068 | 170.2 | 0.067 | 165.1 | 0.005]| -131.3 | 0.003 | 1479
H9 0.067 | -134.8 | 0.067 | -1324 | 0.066 | -1344 | 0.002 | -46.2 | 0.002 | 1433
H11 0054 | -842 | 0053 | -82.7 | 0.055 | -80.1 |0.003| -40.9 | 0.003 | -474
H13 0.039 | -21.8 | 0.039 -24 0.039 [ -253 [0.001| 187 | 0002 [ 70.1
H15 0.031 51.1 0.032 | 49.7 | 0.025 318 [0.000| 79.3 | 0003 | -784
H17 0031 | 1186 | 0.032 | 1153 | 0.027 874 [0.001]| 903 | 0001 | 1739
H19 0026 | -172.7 | 0026 | 1745 | 0.029 | 1652 |0.001| 163.7 | 0001 | 744
H21 0019 | -957 | 0022 | -1181 | 0.025 | -132.6 | 0.000 | 1634 | 0.002 | -112.6
H23 0.024 | -315 | 0.023 -52 0.015 | -87.8 [0.001| -42.7 | 0.001 [ 620
H25 0.025 61.8 0.02 149 | 0023 | -19.7 | 0001 | -56.8 | 0.001 | -44.1
H27 0.025 | 1421 | 0016 | 823 | 0.012 377 | 0001 | 1176 | 0.001 | -29.0
H29 002 | -1249 | 0015 | 1631 | 0.012 772 |0002| -79 | 0001 | -382

Three desktop computers were measured for thisthesis:
PC1: Intel Core 2 quad with dedicated video card and 4GB ram
PC2: Intel Pentium IV HT, with 2 GB ram

PC3: Intel Pentium IV, with 1 GB ram

PCs were measured under many typical conditions (reading DVDs, browsing
internet, executing software, idling, etc — gaming and 3D tasks were not
recorded). It was observed that, among the recorded conditions, the operating
power did not vary significantly. Therefore, a random operating condition was

selected to be presented here.
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Table A.4 Characteristics of the measured PCs.

Appliances PC1 PC 2 PC 3
Operating Power (W) 94 87.7 71.9
THD, (%) 99.5 106 105
M ag. Angle Mag. Angle Mag. Angle
(A) (deg) (A) (deg) A) (deg)
H1 0.823 0.5 0.759 4.1 0.623 9.6
H3 0.65 1.6 0.633 12.7 0.514 16.1
H5 0.407 3.6 0.425 235 0.338 28.3
H7 0.161 8.6 0.202 42.7 0.157 61.1
H9 0.099 58.1 0.033 116.6 0.058 148
H11 0.12 168.7 0.074 -172.9 0.089 -160
H13 0.118 178 0.084 -148.5 0.085 -133
H15 0.05 -170.2 0.045 -116.5 0.045 -79.7
H17 0.05 -64.8 0.012 -28.2 0.025 104
H19 0.07 -17.7 0.038 20.5 0.037 32.2
H21 0.041 -7.9 0.036 46.9 0.034 80.5
H23 0.025 12.6 0.015 89.4 0.02 1455
H25 0.031 144.6 0.013 166.2 0.023 -154
H27 0.031 161.6 0.022 -154.7 0.027 -104
H29 0.011 171 0.017 -127.7 0.018 -75.8

Three of the five measured LCD monitors are presented in this section. They are:
22” wide-screen
19” full-screen

17 full-screen

Table A.5 shows the characteristics of the measured LCD monitors

Table A.5 Characteristics of the measured LCD monitors.

Appliances LCD Monitor 1 LCD M onitor 2 LCD Monitor 3
Operating Power (W) 31.2 24.9 38.8
THD, (%) 118 104 96

Mag. Angle Mag. Angle Mag. Angle

(A) (deg) (A) (deg) (A) (deg)

H1 0.279 144 0.218 15 0.260 16.8

H3 0.230 34.7 0.170 32.7 0.201 40.5

H5 0.159 63.5 0.105 59.6 0.115 75.9

H7 0.100 108.7 0.051 103.5 0.042 135.6
H9 0.073 167.6 0.044 163.3 0.035 -156.2
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H11 0.068 -141.7 0.047 -142.5 0.039 -104.8
H13 0.065 -105.5 0.041 -100.7 0.025 -65.4
H15 0.047 -59.8 0.024 -40.6 0.017 -5.37
H17 0.031 12 0.022 35.2 0.026 57.1
H19 0.032 44 0.024 74.9 0.016 104.9
H21 0.026 88.5 0.017 117.6 0.011 151.6
H23 0.018 139.6 0.010 1755 0.014 -138.4
H25 0.012 -167.6 0.011 -120.6 0.013 -69.7
H27 0.011 -97.8 0.011 -64.4 0.009 -16.7
H29 0.009 -55.2 0.007 4.7 0.009 69.7

All the three laptop computers measured for this thesis can operate in two
conditions, as described below. Condition 1 is a condition of higher power
consumption, higher harmonic generation, and typically more time in operation.
Therefore, the calculated indices were obtained for this condition.

Condition 1: turned on and charging;

Condition 2: turned off and charging.

Table A.6 Characteristics of the measured laptops.

Appliances Laptop 1 Laptop 2 Laptop 3
Operating Power (W) 55.5 68.9 70.7
THD, (%) 127 133 151

Mag. Angle Mag. Angle Mag. Angle

(A) (deg) (A) (deg) (A) (deg)

H1 0.496 16.2 0.614 16.4 0.647 20.6

H3 0.397 47.1 0.502 51.6 0.512 65.7

H5 0.256 89.1 0.343 97.6 0.346 125.5
H7 0.173 154.1 0.253 161.9 0.292 -158.1

H9 0.172 -135.9 0.250 -136.4 0.313 -92.4
H11 0.178 -82.9 0.240 -86.5 0.298 -34.2
H13 0.149 -374 0.197 -36.9 0.264 27.3
H15 0.124 21.3 0.156 20.4 0.245 90.4
H17 0.116 77.4 0.135 78 0.225 150.3
H19 0.095 134 0.110 131.9 0.192 -149.1
H21 0.081 -171.7 0.083 -169.5 0.164 -84.8
H23 0.067 -110.1 0.067 -105 0.145 -21.8
H25 0.063 -50.6 0.060 -43.9 0.123 38.9
H27 0.055 6.11 0.046 13.5 0.097 102.4
H29 0.043 68.3 0.035 83.4 0.079 168.2
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There is a variety of TVs available in the market today, e.g. LCD, Plasma, and
CRT. All technologies are available in different resolutions (from 480i to 1080p).
LCD TVswere measured because they are becoming the most popular technology
in the Canadian market nowadays. Four of the measured LCD HDTVs are listed
below. It was observed that their operating power aimost does not change as the

TV operates continuously, and therefore a random condition was chosen for

anaysis.
Table A.7 Characteristics of the measured LCD TVs.
Appliances LCDTV1 LCDTV 2 LCDTV 3 LCDTV 4
Operating Power (W) 95.3 207 293 137
THD, (%) 6.24 5.27 10.61 10.89
Mag. | Angle | Mag. | Angle | Mag. | Angle | Mag. | Angle
(A) | (deg) | (A) | (deg) | (A) | (deg) | (A) (deg)
H1 0.797 4 1.740 9.5 2.646 6.1 1.186 2.97
H3 0.027 | -22.2 | 0.067| 474 |0218| 514 |0101| 1724
H5 0.019 | -155.6 | 0.054 | -133.5 | 0.156 [ -150.2 | 0.026 | -123.25
H7 0.017 | -24.3 | 0.020 | -161.9 | 0.046 | -172.9 | 0.036 -9.63
H9 0.022 | -1485|0.005| -92 |0.018| 3.1 |0.054| 167.03
H1l 0004 | 375 | 0005| 266 | 0021 | 144 | 0.029| -26.19
H13 0.009 | -162 | 0.003| 175.6 | 0.028 | 179.7 | 0.017 | 113.02
H15 0.009| 56.2 | 0.004]| 255 |0.030| 35 |0.007]| -55.1743
H17 0.002 | 146.7 | 0.003 | -147.6 | 0.016 | -168.3 | 0.005 | 26.56824
H19 0.003| 405 | 0.007| 10.2 | 0.007 [ -31.4 | 0.006 | -83.0711
H21 0.005| -61.4 | 0.010 | -73.2 | 0.008 | -143.1 | 0.005 | -164.283
H23 0.004 | -99.3 | 0.007| 348 | 0007 9.1 |0.007| 137.632
H25 0.002 | -81.6 | 0.004 | -79.8 | 0.003 [ 152.4 | 0.008 | -10.7418
H27 0.003 | 148.3 | 0.005| -178.8| 0.008 | 59 | 0.001 | 115.4616
H29 0.004 | 124 | 0.002 | -146.5| 0.009 [ -89.5 | 0.006 | -51.565

Two CRT TVs were measured for obtaining the results presented in Chapter 2.
The production of CRT TVs is currently being superseded by the production of
TVs of newer technologies, such as Plasma, LCD and LED. This device was
studied because it is till in use in many typical residences, but it is likely that it

will no longer be available in the future.
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Table A.8 Characteristics of the measured CRT TVSs.

Appliances CRTTV1 CRTTV?2
Operating Power (W) 48.5 132
THD, (%) 145.8 87.05
Mag. Angle Mag. Angle
(A) (deg) (A) (deg)

H1 0.398 5.2 1.082 -2.97
H3 0.356 10.8 0.813 -10.48
H5 0.309 184 0.411 -17.53
H7 0.246 26 0.046 -19.89
H9 0.184 335 0.141 144.45
H11 0.123 43.1 0.141 134.69
H13 0.066 55.2 0.044 111.92
H15 0.022 81.1 0.049 | -42.4251
H17 0.011 -174.5 0.071 -62.7979
H19 0.022 -136.2 0.031 | -93.4818
H21 0.024 -118.5 0.025 | 134.7567
H23 0.018 -112.9 0.041 | 102.6796
H25 0.008 -101.1 0.022 | 69.74248
H27 0.001 -112.5 0.015 | -43.6578
H29 0.007 84.6 0.025 | -87.8368

Table A.9 Characteristics of the measured microwaves.

During the measurement of microwave ovens, it was observed that they exhibit
primarily two states: on and off. What makes a difference among the different
power levels is the time they are on; for example, when they are performing at
100%, their magnetron is on all the time; for lower power levels, the time when

the magnetron operates is adequately timed. Three microwave ovens were

Appliances Microwave 1 Microwave 2 Microwave 3
Operating Power (W) 999 1170
THD, (%) 26.6 26.2
Mag. Angle Mag. Angle Mag. Angle
(A) (deg) (A) (deg) (A) (deg)
H1 9.770 -11.4 8.570 0.7 10.501 -4.07
H3 3.808 434 2.097 39.8 2.658 12.69
H5 1.130 -72.6 0.752 -64.1 0.442 -49.35
H7 0.417 156.3 0.366 132.3 0.454 74.4
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H9 0.257 85 0.186 50.9 0.185 -17.07
H11 0.131 -4.9 0.125 -63.9 0.142 -174.91
H13 0.071 -102.8 0.080 -167 0.082 60.98
H15 0.061 -169.2 0.052 98.1 0.063 -75.476
H17 0.037 75.1 0.045 -4.4 0.050 -175.542
H19 0.041 -21.1 0.034 -121.2 0.034 | 51.08047
H21 0.039 -123.4 0.027 133.9 0.032 -77.1846
H23 0.033 131.8 0.022 30 0.024 | 135.0022
H25 0.030 50.9 0.021 -754 0.023 | 33.68759
H27 0.028 -42.6 0.020 179 0.019 -110.168
H29 0.025 -138.3 0.015 70.6 0.019 | 137.5356

Three ASD-based high-end refrigerators were measured. They were measured for

over 6 hours in order to capture their whole operating cycle. It was observed that

they show typicaly 4-5 duty cycles, and that they repeat every 2-3 hour periods

when no human interaction with the device exists. The results are shown below.

Table A.10 Characteristics of the measured ASD-based fridges.

Appliances ASD Fridge 1 ASD Fridge 2 ASD Fridge 3
Operating Power (W) 275 272 350
THD, (%) 5.8 6.5 7.19

Mag. Angle Mag. Angle Mag. Angle

(A) (deg) (A) (deg) (A) (deg)

H1 2.32 -7.0 2.27 -0.9 2.95 -12.0
H3 0.09 -131.3 0.08 -118.2 0.14 -128.6
H5 0.06 -131.1 0.12 -134.6 0.07 -123.2

H7 0.08 64.4 0.06 100.8 0.11 97.2

H9 0.02 -3.0 0.01 172.2 0.03 54.5
H11 0.01 -88.5 0.01 -101.9 0.01 45.6
H13 0.03 -4.2 0.01 51.6 0.03 64.4
H15 0.01 -51.5 0.01 -111.0 0.01 71.9
H17 0.00 -44.6 0.00 -13.4 0.01 137.5
H19 0.00 12 0.01 167.9 0.01 147.9
H21 0.00 -12.9 0.01 -41.5 0.01 165.4
H23 0.00 3252 0.00 124.5 0.01 176.0
H25 0.00 -55.8 0.01 -99.5 0.00 -154.5
H27 0.00 52.6 0.00 93.0 0.00 -113.3
H29 0.00 47.9 0.00 -149.5 0.00 -50.7
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Sample results of two of the measured regular refrigerators are presented in this
subsection. The regular refrigerators are, however, will be reduced in production
to give place to the newer technology ASD-based refrigerators. Today, they till
represent the majority of refrigerator loads in most typical customers. The

measurements results for afreezer are also presented.

Table A.11 Characteristics of the measured regular fridges and freezer.

Appliances Regular Fridge 1 Regular Fridge 2 Freezer
Operating Power (W) 150 110 114
THD, (%) 18 26.5 19.6
Mag. Angle Mag. Angle Mag. Angle
(A) (deg) (A) (deg) (A) (deg)
H1 1.275 -19.7 1.033 -26.66 1.101 -29.22
H3 0.060 -131.6 0.163 -153.83 0.175 -128.22
H5 0.170 1735 0.183 -147.97 0.097 -169.94
H7 0.076 34.4 0.100 134.34 0.068 113.99
H9 0.007 5 0.045 94.61 0.029 79.26
H11 0.034 -129 0.047 -126.11 0.026 -128.5
H13 0.022 76 0.013 -26.5 0.007 4.06
H15 0.004 145.1 0.016 | -142.526 | 0.011 -136.549
H17 0.012 -37.9 0.012 -134.182 | 0.007 -141.829
H19 0.007 146 0.004 | 101.9487 | 0.005 | 84.33337
H21 0.002 -155.3 0.007 | 21.23837 | 0.005 14.2711
H23 0.004 344 0.004 | -48.7149 | 0.001 -56.4178
H25 0.002 -126.1 0.002 -83.9743 | 0.002 -15.1549
H27 0.001 -100.6 0.001 -161.192 | 0.001 | 163.0479
H29 0.002 179.2 0.004 154.139 0.002 | 107.9156

The results of the measurements regarding one washer are shown below. It has
been measured in different operating conditions: filling water, washing, rinsing,
rinsing off, spinning, and fast spinning. It has been observed that the “rinsing”
condition is the one that consumes the highest amount of power and it is as well
the condition where the highest amount of harmonics is injected. The measured
normalized spectrum is shown in Table A.12 shows the characteristics of one

measured washer.
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Table A.12 Characteristics of the measured washer.

Appliances Washer
Operating Power (W) 189
THD, (%) 75.4

Mag. Angle

(A) (deg)

H1 2.310 -63.6

H3 1.538 164.5

H5 0.528 19.2

H7 0.289 126.1

H9 0.380 -19.7
H11 0.118 174.3
H13 0.180 -76.5
H15 0.192 1475
H17 0.042 -91.1

H19 0.122 88.6
H21 0.105 -41.1

H23 0.021 25.6
H25 0.082 -101.9
H27 0.057 -63.5
H29 0.019 164.4

The characteristics of an ASD-based laundry dryer are shown below. The input
voltage for the dryer is 240V, for this device is connected between the two hot
conductors of the single-phase distribution transformers typically used in North

America

Table A.13 Characteristics of the measured ASD-based dryer.

Appliances ASD Dryer
Operating Power (W) 3600
THD, (%) 1.55
Mag. Angle
(A) (deg)
Hl 4,235 -168.5
H3 1.293 -65.7
H5 1.141 11.2
H7 0.988 88.2
H9 0.796 166.8
H11 0.590 -113.4
H13 0.415 -30.2
H15 0.259 57.7
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H17 0.163 155.0
H19 0.120 -96.3
H21 0.104 8.3
H23 0.091 101.5
H25 0.070 -169.9
H27 0.044 -78.7
H29 0.023 32.8

Table below shows the characteristics of one measured dryers. Differently from
the ASD-based case, the regular dryers do not have an ASD, and no significant

harmonics were noticed in their measurements.

Table A.14 Characteristics of the measured regular dryer.

Appliances Regular Dryer
Operating Power (W) 4180
THD, (%) 1.37

Mag. Angle

(A) (deg)

H1 20.2 38.7

H3 0.1936 110.1
H5 0.1673 -176.1
H7 0.0504 -101.7

H9 0.0060 -26.6
H11 0.0544 49.9
H13 0.0464 129.9
H15 0.0060 -145.7
H17 0.0181 -51.4
H19 0.0121 52.6
H21 0.0101 153.6
H23 0.0121 -115.3
H25 0.0121 -30.8
H27 0.0121 57.1
H29 0.0101 157.9

One installed fully-operating heat pump was measured at the service panel of one
house. Its normalized spectra are shown below. The presented results are for the

condition that it consumed the largest observed amount of power.
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Table A.15 Characteristics of the measured furnace.

Appliances Furnace
Operating Power (W) 535
THD, (%) 10.5
M ag. Angle
(A) (deg)
H1 5.160 -33
H3 0.505 -159.4
H5 0.199 78.6
H7 0.049 1415
H9 0.027 -30.8
H11 0.020 -131.7
H13 0.006 -78.7
H15 0.004 125.7
H17 0.006 -0.1
H19 0.002 -179.2
H21 0.001 45
H23 0.003 -120.9
H25 0.001 94.1
H27 0.004 55
H29 0.001 -3.1

The results of the measurements regarding two vacuum cleaners are shown below.

Table A.16 Characteristics of the measured vacuum cleaners.

Appliances Central Vacuum Vacuum
Operating Power (W) 1391 1237
THD, (%) 18.9 13.7
Mag. Angle Mag. Angle
(A) (deg) (A) (deg)
H1 11.899 -11.64 10.512 -10.52
H3 2.175 -52.9 1.374 -45.02
H5 0.426 -151.68 0.283 -165.33
H7 0.310 108.53 0.251 106.28
H9 0.159 57.18 0.138 61.16
H11 0.063 -52.39 0.044 -65.05
H13 0.042 -93.63 0.043 -134.5
H15 0.021 178.1405 0.036 149.9256
H17 0.009 115.7534 0.027 52.77027
H19 0.005 61.45979 0.003 -51.9998
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H21 0.006 -23.4564 0.009 87.38214
H23 0.010 -51.5998 0.005 95.82058
H25 0.020 175.1229 0.009 71.12443
H27 0.023 -179.332 0.025 7.814747
H29 0.004 -176.768 0.022 -11.1674

The results of the measurements regarding a garage door are shown below.

Table A.17 Characteristics of the measured garage door.

Appliances Garage Door
Operating Power (W) 472
THD, (%) 14
Mag. Angle
(A) (deg)

H1 4.768 -30.776

H3 0.589 -85.8419
H5 0.301 | 163.0407
H7 0.017 | 22.70653
H9 0.082 | 92.86342
H11 0.032 -162.285
H13 0.026 -1.61705
H15 0.026 -164.442
H17 0.012 -118.912
H19 0.012 | 100.6087
H21 0.010 | 44.38272
H23 0.007 | 30.89911
H25 0.007 -119.932
H27 0.002 | 166.9353
H29 0.005 | 147.7294

The results of the measurements regarding two blender models, one bread maker

and one food processor are shown below.
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Table A.18 Characteristics of the measured appliances.

Appliances Blender 1 Blender 2 Bread M aker Food Processor
Operating Power (W) 157 80.7 80.1 193
THD, (%) 10 10 124 15.8
Mag. | Angle | Mag.| Angle | Mag.| Angle | Mag.| Angle
(A) (deg) (A) (deg) (A) (deg) (A) (deg)
H1 1.313 | -13.6535 | 0.681 | -13.9013 | 0.936 | -45.508 | 1.616 | -11.2292
H3 0.119 | -54.903 | 0.062 | -69.8059 | 0.110 | -104.759 | 0.233 | -54.3451
H5 0.047 | -170.71 | 0.025 | -154.567 | 0.029 | 162.25 | 0.076 | -160.517
H7 0.017 | 100.1323 | 0.010 | 120.7956 | 0.017 | 91.34587 | 0.068 | 121.5488
H9 0.015 | 55.72739 | 0.009 | 50.28692 | 0.013 | 24.95229 | 0.018 | 59.52841
H11 0.002 | -68.5596 | 0.002 | -45.8056 | 0.003 [ -48.5822 | 0.011 | -48.5992
H13 0.005 | -94.0848 | 0.003 | -128.602 | 0.003 | -112.668 | 0.005 | -135.05
H15 0.002 | -2.93683 | 0.003 | 166.2576 | 0.001 | 141.3312 | 0.005 | -144.892
H17 0.002 | 163.6169 | 0.004 | 73.22285 | 0.002 | 136.4195 | 0.004 | 178.4611
H19 0.001 | -83.4848 | 0.003 | 160.1062 | 0.002 | -126.746 | 0.002 | -19.9077
H21 0.004 | 86.86527 | 0.003 | -72.7618 | 0.000 | 86.95087 | 0.002 | 71.69211
H23 0.003 | -95.9076 | 0.001 | -99.2194 | 0.001 | -91.599 | 0.007 | 28.16899
H25 0.004 | -74.727 | 0.002 | -41.6223 | 0.001 | -1.68401 | 0.004 | -41.9755
H27 0.002 | 40.38974 | 0.001 | -45.4804 | 0.001 | -40.409 | 0.004 | -14.503
H29 0.002 | 98.07048 | 0.001 | 95.84152 | 0.001 | 54.85701 | 0.003 | 69.53433
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Appendix B

V x | Plot of Home Appliances

In this appendix, the correlation between supply voltage and current consumed by
each appliance (V x | plot) analyzed in this thesis is presented in the following

figures.
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LCD TV V and | waveforms.
Printer V and | waveforms.
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Appendix C

Single House Equivalent Circuit M odel

The appliances are essentially connected in a random fashion in the circuits, and
this arrangement makes it difficult to represent in the modeling. To determine the
harmonic contributions of the customer at the revenue meter point, the equivalent
circuit model shown in Figure C.1 is used ([66]). On the load side, appliances are
supplied with phase-to-neutral 120V (modeled by Z, Ic; and Z,, I¢;) and phase-
to-phase 240V (modeled by Z3). Normally, phase-to-phase connected loads are

linear. Therefore, in this thesis, there are no current sources connected between

phases.
£ I pee
r—: m
E@; l\r’}f !hr-cc HI] ZI (D Icl
i l - Al

_ES.!; i Vb, Zy 'iDICE

— 1 R —

ZS [E];a-:c

Figure C.1 Harmonic source equivalent model for three-wire single-phase systems.

In practical cases, voltage and current measurements are available only at the
utility-interface point, so that only the phase currents las: and Ibyc can be
accessed, but not the currents flowing through the impedances Z,, Z, and Z3. This
problem increases the complexity of estimating the customer side load

impedances. In order to overcome this difficulty, a new equivalent model for the
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two-branch load was developed in ([66]) and is presented in Figure C.2(a). Z3 can
be separated into two parts, as shown in Figure C.2.

Va

pcc

7, = e
Y Vva +Vb,

D.1
vb (D.1)

pce

5
Va,, +Vb,.

Z3
The load impedances for this system can be represented by two equivalent phase-

to-neutral impedances, Z, and Zp, which can be calculated by using following

equations:
z,=2,112, =
2,=2,11Z, (D-2)
ZS Ia]JCC
1 —
Es, @ Vg, q]z, (Dre, ¢ 7,
L] : _
E.sk,@’ Ve, Z( _[j:-}'c*2 Zs
L] — -
e BT —
Zs JlrlEtr’n-:a

gy R
Z] I\__.-f"‘r‘:‘1 24 U/

P

I
HJZ:'____;'JFC': \_HZS'\ )

(b) Final equivalent circuit for customer side

Figure C.2 Proposed equivalent model for a single-phase two- branch system.
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As a result, the entire house can be studied using a simple single-phase circuit
shown in Figure C.3. In each simulation step, the connected linear appliance
impedances are paralleled as new linear impedance Ziya(h), and non-linear
appliance current sources added up together as a new current source. As shown in
Figure C.3, the outputs of interest from the simulation are liga(h), Inc(h) in both

fundamental and harmonic and linear impedance of the house Zq(h).

Itotal (h) I NL (h)
7 --—

I

.
Non-linear

Current Source

System @ Ziota (M) [

Figure C.3 Electrical system to simulate the harmonic load output from several
appliances.
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Appendix D

Service Transformers Field M easurements

Figures below show the fundamental and harmonic currents magnitude measured

from 10 service transformers.

Fundamental/s 3rd H 5th H Tth H 9th H

1MthH ——— 13thH ——— 14th H
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100

Current (A)
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time (h)-37MNB833

time (h)-37MNB434

Figure D.1 Field measurement results for 6 different service transformers.
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Figure D.2 Field measurement results for 4 different service transformers.
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Appendix E

Sensitivity Study for Market Trend Variation

The purpose of this sensitivity study is to verify the impact of varying market
trends on load evolution study results. Personal computer market trends are
assumed to be scaled based on the customer trend model proposed in Chapter 2,
while the market trends for other appliances remain the same. Three PC market
trends are applied in the study:

Case 1: The annual growth rate of computersis 1.98%.
The annual growth rate of laptopsis 3.7%.

Case 2: The annual growth rate of computersis 3.97%.
The annual growth rate of laptopsis 7.4%.

Case 3: The annua growth rate of computersis5.95%.

The annual growth rate of laptopsis 11.1%.

Figures below show these different trends for computer related appliances:

Computer per Household

=@—Case 1l -l=—Case?2 Case 3

5.0
4.5
4.0
35
3.0
25
2.0
15
10
0.5
0.0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure E.1 Different trends on the number of computers per household.
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Laptops per Household

=—@—Casel =l—Case2 ==h—Case3

4.0

1.0

0.5

0.0

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure E.2 Different trends on the number of Iaptops per household.

Desktops per Household
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Figure E.3 Different trends on the number of desktops per household.

In the following step, the appliance loads are “evolved” or “grown” according to
the market data, different PC market trends will be considered separately. The

same as in Chapter 4, two load evolution scenarios are studied:

227



Natural Load Evolution. This case considers the evolution or change of
al home appliances per the market trend.

PC Load Evolution. This case considers the situation where only PC
related appliances are changed. Again this is a hypothetical case useful to
understand the specific impact of PC loads.

As illustration purpose, we only show the impact of varying computer market
trends on harmonic voltage and current distortion levels. The average annual
growth rates associated to individual harmonic voltage/current and THDv/TDD at
secondary houses with various PC market trends are shown in the following
figures. Figure E.4 and Figure E.6 show harmonic voltage and current situation
for the Natural Load Evolution scenario, while Figure E.5 and Figure E.7 are for

the PC Load Evolution scenario.

|. Harmonic Voltage Distortion Levels
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Figure E.4 The annual growth rate of harmonic voltage for Natural Load
Evolution
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Figure E.5 The annua growth rate of harmonic voltage for PC Load Evolution

I1. Harmonic Current Distortion Levels
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Figure E.6 The annual growth rate of harmonic current for Natural Load
Evolution

229



BCase]l BCase2 OCase3

12.00%

10.00% M

8.00% ]

6.00% ] ]

4.00%

2.00% -

Anuual Growth Rate (%)

0.00% -
1st 3rd 5th 7th 9th 1th 13th 15th TDD

Harmonic Order #

Figure E.7 The annual growth rate of harmonic current for PC Load Evolution
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