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ABSTRACT

There has been a considerable growth in distributed photovoltaic (PV) genera-
tion and its integration in electric power distribution systems. This has led to a
change in the distribution system infrastructure. Properly planned distributed gen-
eration can offer a variety of benefits for system operations and enhance opera-
tional performance of the distribution system. However, high penetration of PV
resources can give rise to operating conditions which do not arise in traditional
systems and one of the potential issues that needs to be addressed involves impact
on power quality of the system with respect to the spectral distortion in voltages
and currents.

The test bed feeder model representing a real operational distribution feeder is
developed in OpenDSS and the feeder modeling takes into consideration the ob-
jective of analysis and frequency of interest. Extensive metering infrastructure
and measurements are utilized for validation of the model at harmonic frequen-
cies. The harmonic study performed is divided into two sections: study of impact
of non-linear loads on total harmonic voltage and current distortions and study of
impact of PV resources on high frequency spectral distortion in voltages and cur-
rents. The research work incorporates different harmonic study methodologies
such as harmonic and high frequency power flow, and frequency scan study. The
general conclusions are presented based on the simulation results and in addition,
scope for future work is discussed. Appendix A describes the general MATLAB

code to perform high frequency power flow study.
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CHAPTER 1
AN OVERVIEW OF DISTRIBUTED PHOTOVOLTAIC GENERATION AND
ITSINTEGRATION IN AN ELECTRIC DISTRIBUTION NETWORK

1.1 Growth of Renewable Energy in the United States

Generation from renewable resources is increasing in response to calls for
sustainable energy, and aggressive renewable portfolio standard mandates. Also,
the use of renewable resources is in response to federal tax credits, grants, and a
variety of other state and local policies such as rebates, tax incentives, financing
assistance. In addition, environmental impact of fossil fired plants, rising prices of
fossil fuels, increasing CO, emissions and search for clean source of energy has
led to investment in developing power conversion technologies for generation
from renewable resources. During the time frame 2008 to 2012, the United States
doubled its electricity generation from renewable resources using a combination
of wind, solar and geothermal technologies [1]. In the year 2012, 12.4% of the net
electricity generation in United States (TWh) came from the renewable resources
including conventional hydropower, wind, biomass, geothermal, and solar. Hy-
dropower and wind constituted 6.8% and 3.4% of the net electric generation in
United States respectively and the grid-connected photovoltaic (PV) systems con-
tributed to 0.3% of the total electric generation [1]. The grid-connected PV is
growing consistently since enactment of federal and state policies and continues
to increase in market share. According to the NREL report, the net installed PV
capacity in United States reached 2.5 GW by the end of 2010. Of the total in-

stalled PV capacity of 2.5 GW, an estimate of 2.1 GW was grid-connected [2].
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1.2 Distributed PV Generation in Distribution Systems

The majority of distribution systems are radially configured. Before the in-
tegration of distributed generation, the radial design insured that active power
flowed from the distribution substation head through the distribution feeder to the
end-users. With the proliferation of distributed generation at customer sites and
the integration of distributed resources with the grid, there is a shift in the distri-
bution system infrastructure from centralized to distributed generation. Distribut-
ed energy resource (DER) systems are generally small scale power generation
sources (e.g., <10 kW) providing an alternative to the traditional electric power
distribution system to meet the load demand. These resources cover a wide range,
from fuel cells, steam turbines, microturbines to renewable resources like wind
turbines, photovoltaic systems. Distributed PV generation consists of roof-top and
utility scale large PV resources.

Residential roof-top PV installations comprises of few solar panels and are
typically relegated to 2-5 kW while the large utility scale PV system can be in the
range of 100 kW and above. Though the installation costs are high, several gov-
ernment subsidies, financial assistance and long-term benefits associated with PV
have encouraged installation of solar panels in the residential areas. Smaller-scale
residential and commercial projects account for the majority of grid-connected PV
capacity. According to the U.S. Energy Information Administration's Short Term
Energy Outlook Report, the utility scale PV capacity doubled in 2013 and a con-
tinued growth in solar electricity generation with concentration in customer-sited

installations is expected [3].



A. Potential benefits of distributed PV generation

Properly planned distributed generation (DG) can provide a variety of
benefits for system operations, such as improved operational performance of the
grid, increased system reliability and financial savings. Detailed analysis of bene-
fits associated with distributed generation can be found in [4-8]. In summary, the
specific areas of benefits are highlighted below:

e Increased electric system reliability - Several utilities offer incentives to
DG owners to shed demand during system needs (demand response), de-
clare units as emergency units to make them available during times of sys-
tem need ensuring system adequacy and reliability [5], [6].

e Reduction of peak power requirements and deferral in T&D investments -
In some cases, addition of distributed generation can reduce peak load re-
quirements and lower the power delivery costs as substitute or deferral of
new distribution investments. DG unit can help serve the load locally dur-
ing peak demand, reducing the system losses. Reduction in peak demand
can reduce wear and tear of equipment, reducing maintenance costs and
improving system life [4], [8].

e Provision of ancillary services - DG installments can help in providing lo-

cal voltage improvement and control, and reactive power support [7].



B. Problems with distributed PV generation

High penetration of PV generation can give rise to operating conditions

which do not arise in conventional systems and some of the potential problems

which need detailed analysis are as follows:

Distributed generation at the end user and commercial sites can cause shift
in the power flow pattern through the system. The reversal in power flow
can cause problems like over-voltage, incorrect operation of voltage regu-
lators, and inaccurate capacitor switching [9-11].

It can cause misoperation of protection circuit like circuit breakers, relays,
fuses and create problems with traditional fuse-fuse, fuse-recloser coordi-
nation, leading to possible islanding of small part of the system. Unless the
system is carefully designed for intentional islanded operation, uninten-
tional islanding places the system at risk for a number of reasons including
equipment damage, overvoltage [12-14].

It can lead to power quality problems such as increase in voltage unbal-
ance due to uneven distribution of single phase PV units, and increase in
spectral injections in the grid [15].

As described above, deployment of distributed PV resources in the distri-

bution feeder can have adverse effects on the system power quality and reliability.

The issues related to integration of PV resources will not always occur but ad-

dressing these issues and its assessment becomes important if reliability and pow-

er quality of the system has to be maintained. The performance of a distribution



feeder with PV resources added will depend on the PV penetration level, feeder
electrical characteristics, location of PV systems, system control settings, and the
configuration of the system. IEEE Standard 1547 provides a set of criteria and re-
quirements related to the performance, operation, safety, and maintenance of in-
terconnection of distributed generation to the grid. The cited standard provides de-
tails for issues such as allowable voltage drop, short circuit currents, and voltage

flicker [16].

1.3 Thesis Objectives

The aim of this research is to study the impact of distributed PV resources
and customer loads on the power quality of the feeder. The presence of non-linear
electronic loads and addition of PV resources will lead to increasing spectral in-
jection in the grid. Harmonic currents generated by a large number of single phase
electronic loads present in the feeder along with larger loads like adjustable speed
drives (ASDs) can cause appreciable distortion in grid voltage. These non-linear
loads are injectors of low order (baseband) harmonic currents. In the study report-
ed here, the baseband harmonics are relegated to well below 25™ harmonic of 60
Hz (1500 Hz). The reason for confinement of the harmonic voltages and currents
are based on several factors including the limited bandwidth of the distribution
system, and also the limited harmonic content of typical distribution system loads.
PV systems, on the other hand, generate high frequency current spectral compo-
nents (e.g., > 2 kHz) which propagate in the system to cause distortion. Modern

PV inverters employ various pulse width modulation (PWM) technologies as an



interface to distribution systems thus improving power conversion efficiency and
generating power with greater flexibility and control [17],[18],[24]. The frequen-
Ccy spectrum at the output voltage of the PV inverter consists of large component
at fundamental frequency and high frequency components. This research investi-
gates the distortion in voltages and currents in the distribution feeder due to the
low order baseband harmonics as well as high frequency components that exist in
the system.

The distribution system selected for study is the actual system in the state
of Arizona and instrumented measurements are available. Modeling of the feeder
which is appropriate for harmonic and high frequency analysis and its validation
has been accomplished in OpenDSS, an open source simulation tool developed by
the Electric Power Research Institute (EPRI) [19]. Impact of baseband harmonics
and high frequency components on the distribution feeder operation has been ana-
lyzed for various scenarios. Harmonic study methodologies like frequency scan,
harmonic and high frequency power flow are implemented to investigate the ef-

fect on power quality of voltages and currents in the feeder.

1.4 Organization of Thesis

The thesis is divided into a total of five chapters. Chapter 1 builds a back-
ground on integration of distributed PV resources into the distribution networks
and their operational impacts. Chapter 2 describes modeling of the test bed feeder
and various feeder components in OpenDSS for harmonic and high frequency

analyses. The two methods used for feeder validation are explained and their re-



sults are discussed in Chapter 2. Chapter 3 focuses on investigating the effect of
non-linear loads on power quality of the feeder with respect to voltage and current
distortion while Chapter 4 studies the high frequency spectral distortion in the
feeder voltages and currents caused by the PV resources. The calculation of high
frequency spectral components and results for high frequency power flow study
are presented in Chapter 4. Chapter 5 summarizes the important conclusions, con-
tributions and in addition, scope for future work is discussed.

Appendix A describes the general MATLAB code developed to conduct

high frequency power flow study.

1.5 Non-Fundamental Frequency Components Present in Distribution System

The non-fundamental frequency components present in the distribution
network, serving mostly residential load and with PV systems installed, can be di-
vided into two categories: harmonics (i.e., at integer multiples of the fundamental
frequency up to 3 kHz) and high frequency components which result from elec-
tronic switching (generally above 2 kHz).
A. Harmonics and their impact

Widely distributed single phase non-linear loads are a source of harmonics
in distribution systems. Most of these loads employ capacitor-filtered bridge recti-
fiers and use diodes, silicon-controlled rectifiers (SCRs), and other switching de-
vices to convert AC to DC or to chop waveforms to control power. The harmonic
sources can be classified into switch mode power supplies used in computers, tel-

evisions, rectifiers used in DC motor drives, battery chargers and inverters in ad-
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justable speed drives. Other harmonic sources not related to power electronics in-
clude transformers' magnetic saturation, fluorescent lamps, DC electric arc fur-
naces [20].

Harmonic distortion is a major cause of power quality problems. High lev-
els of harmonic distortion can cause several ill-effects such as conductor over-
heating due to increased currents, increased heating and damage of equipment
such as transformers, capacitors, motors, increase in system losses, interference
with telephone circuits, incorrect meter readings, misoperation of protective re-
lays, and faulty operation of electronic equipment which depend on and are sensi-
tive to waveshape [21]. The overall efficiency of utilization of electrical energy is
reduced. The ill-effects are more pronounced if resonant conditions occur.

The inductive reactance of the electric system elements increases and the
capacitive reactance decreases with increase in the harmonic order. At some fre-
quency, there will be a crossover point where the inductive and capacitive reac-
tances are equal. The phenomenon is called as resonance and it results in amplifi-
cation of harmonic currents and voltages in the system. These amplified voltages
and currents are observed in the system if the harmonic frequency produced by a
non-linear load coincides with the natural frequency of the system. The presence
of capacitor banks in the system can cause resonance, leading to its damage due to
excessive heating [21]. There are two types of resonance:

e Parallel resonance offers high impedance at resonant frequency and since

harmonic sources are considered as current sources, this results in in-



creased harmonic voltages. Capacitor banks in parallel with the system
impedance can give rise to parallel resonance [20].

e Series resonance occurs when a harmonic source sees inductance, in form
of transformer or equivalent system, in series with capacitor. It offers low
impedance path to the harmonic current at resonant frequency [20].
Harmonics can be classified based on the frequency and phase sequence.

Harmonic sequence refers to the phase sequence of the harmonic voltages and
currents with respect to the fundamental phasors in a three phase four-wire bal-
anced system. Assuming a balanced three phase system, harmonics of different
orders will form the following sequence set:

e Harmonics of order 1, 4, 7, 10,... are positive sequence.

e Harmonics of order 2, 5, 8, 11,... are negative sequence.

e Harmonics of order 3, 6, 9, 12,... are zero sequence.

If a system is not balanced, then each harmonic can have positive, negative, and
zZero sequence components.
B. Distortion indices

Distortion in voltages and currents can be quantified using Total Harmonic
Distortion (THD). It is the ratio of root mean square (RMS) value of harmonic
current (or voltage) above fundamental frequency to the RMS value of fundamen-
tal current (or voltage). Total harmonic distortion (THD) is given by,

,/szzzlhz
THD=Y""" (1.1)

I;



The distortion factor (DF) is the individual voltage or current harmonic
distortion. It is calculated as a percentage of fundamental voltage or current com-

ponent and is given by,
DF=-= (1.2)

IEEE 519 recommends guidelines for harmonic control and provides lim-
its for total current and voltage distortion along with individual harmonic current
and voltage distortion limits [22]. For operating voltage of 69 kV and below, the
recommended limit for individual voltage distortion is 3% and total voltage dis-
tortion limit is 5%. IEEE 519 is a system standard widely used in North America.

Two other measures of distortion are crest factor and form factor given as,

Crest factor= jp‘ik (1.3)

RMS

Form factor= IIiM—S (1.4)
1

Other indices such as telephone interference factor (TIF) and I*T product
are used to measure telephone interference.
C. High frequency spectral components and their impacts

Many PV inverters employ pulse width modulation technology to convert
DC power into controlled AC power output. Pulse width modulation strategies
use semiconductor switches such as MOSFETSs, IGBTs capable of switching at
high frequencies. It offers advantages like flexible control of output power and
frequency, smaller filter size, and lower electromagnetic interferences. As the
switching frequency of these inverters is in the range of 2 kHz and above, the PV

inverters generate high frequency current components, which are superimposed
10



on the power frequency (60 Hz) current. In effect, the spectral distortion in the
frequency range up to 2 kHz is reduced [23-24].

Note these high frequency components are not termed ‘harmonics’ as they
are not integer multiples of fundamental frequency, that is, 60 Hz.

With increasing power electronics interfaces, the high frequency current
components injected in the distribution systems will increase. These high fre-
quency currents will propagate depending on the system damping and they can be
attenuated at the inverter output terminals using LC filter [26]. However, presence
of these high frequency signals can impact the power network and installed elec-
trical equipments. Some of the negative impacts of the high frequency current and
voltage components include deterioration in performance of electronic equip-
ments, interference with communication networks, and reduced service life of
equipments. An important concern with accumulation of high frequency spectral
current components is the possibility of triggering a resonant mode in the system
leading to high amplitude of voltages and currents. An investigation of this issue
requires detailed analysis and development of precise network models. Under cer-
tain circumstances, it may cause cable insulation damage and cable failure [27].

The Underwriters Laboratories standard UL 1741 covers the requirements
for PV modules and inverters to provide AC output power for stand-alone uses or
utility-interaction [28]. The UL standards are mainly written for safety and insur-
ance adjustor purposes. As the PV inverters are grid-connected, these require-
ments should be used in conjunction with IEEE 1547. IEEE 1547 provides the

guidelines for interconnecting the distributed resources with the electric power
11



systems [16]. These standards specify the guidelines to control noise and harmon-
ic content in the inverter systems and ensure inverters do not generate excessive
spectral distortion which can contaminate AC supply voltage. As the PV genera-
tion in the system increases, the utilities are concerned about the impact of PV in-

verter spectral distortion on the power quality of the grid.
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CHAPTER 2

MODELING AND VALIDATION OF THE TEST BED FEEDER

2.1 A Brief Description of the Test Bed Feeder

To adequately determine the effects of distributed energy resources for a
distribution system and to carry out a study of the voltage, current, and power
flow, it is important to have distributed generation at a scale where the impacts
are measurable and data can be acquired with sufficient detail through proper in-
strumentation and monitoring infrastructure. In this case, an actual distribution
feeder is used. The test feeder selected for study is an operational feeder located
in northern Arizona. The distribution primary is approximately 10 miles long. It
has a minimum load of about 3 MW and the historical peak load is about 7 MW.
The total PV deployment on this feeder accounts for 1.5 MW which gives rela-
tively high peak penetration and this level of PV penetration is sufficient to
demonstrate its impact on the power quality of the test bed feeder. There are a to-
tal of 125 residential roof-top PV resources distributed throughout the artifact
feeder and these roof-top PV resources are rated between 2 and 4 kW. In addition,
there are two large scale three phase PV systems installed at two different loca-
tions, one at about 3 miles and other at 7 miles from the substation. These utility
scale PV resources are rated 400 kW and 700 kW respectively. The feeder serves
approximately 2,700 residential and 300 commercial customers. The modeling of
the test bed distribution feeder in OpenDSS is presented in detail in the following

section.
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Several types of data acquisition prototypes are developed and installed on
the test bed feeder to collect information related to the PV system operations, and
feeder performance. Automated metering infrastructure (AMI) is used to record
hourly energy consumption by customer loads and PV generation from all the
sites every 15 minutes. Further, power quality meters are installed at 17 different
PV sites to record a full range of power quality parameters at their output termi-
nals. Electrical parameters related to the primary feeder are obtained from 6 dif-
ferent locations using power quality meters. These meters record individual cur-
rent and voltage harmonics present in the feeder. A list of measurements from the
power quality meter is given in Table 2.1. The RMS values are recorded. The me-
tered values give the total effective voltages and currents including harmonics.

Table 2.1 Power Quality Meter Measurements

Phase voltage Phase current Line-to-line voltage
Apparent power Active power Reactive power
Power factor Current THD Voltage THD
Frequency Voltage deviation Frequency deviation
::If)ng term voltage Short term voltage flicker

icker

2.2 Modeling of the Test Bed Distribution Feeder in OpenDSS

Distribution systems are generally radial and often unbalanced. The unbal-
anced nature is due to the appearance of single phase laterals and loads. A full
three phase representation of the feeder is used for conducting power flow and
harmonic analysis. The loads can be categorized as either linear or harmonic-

producing non-linear loads.

14



The circuit model consists of a 12.47 kV three phase primary, branching
out into single and double phase laterals along the feeder. These laterals terminate
at distribution transformers which step down the voltage to 120 V/277 V to serve
the customer loads. Figure 2.1 shows the distribution feeder diagram for the test
bed in detail. The 12.47 kV three phase primary is shown in heavy black. The
phases A, B, and C are separated in single phase laterals. Distribution of residen-
tial roof-top PVs along with large scale PV systems is marked by circles. Residen-
tial roof-top PVs are connected to the secondary of distribution transformers at
120 V/277 V while the large three phase PV systems are connected to the three
phase primary either directly or through a transformer. A total of three capacitor
banks are installed on the feeder for voltage regulation and are indicated by the ar-
rows in the Figure 2.1.

The modeling of different feeder components takes into account the fre-
quency of interest and type of studies to be performed. OpenDSS circuit includes
modeling of overhead and underground lines, transformers, capacitor banks, sub-
station source, loads, and PV systems.

A. Capacitor banks

Three wye-connected capacitor banks are modeled in OpenDSS. Two of
these capacitor banks are voltage controlled, located at the middle and end of
feeder with ratings of 600 kVAr each. The third capacitor bank is current con-

trolled, located at the substation and is rated at 1200 kVAr.
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Capacitor banks

Figure 2.1 Feeder Diagram: A Test Bed for Examining Harmonics and High Fre-

quency Components in a Distribution System With High PV Penetration
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B. Overhead and underground lines

The three phase overhead line is modeled as a three phase balanced line,
assuming it is transposed. The overhead and underground lines are modeled as
multiphase equivalent t-models using positive and zero sequence impedance data.
For analysis considering low order harmonics up to 25™ harmonic, this modeling
suffices but for the frequency in range of 2 kHz and above, the long-line effect of
line sections is considered (i.e., the distributed parameter model is used, and this
results in a partial differential equation model) [29]. Figure 2.2 shows the long-
line © model of a transmission line with characteristic impedance Zc and propaga-

tion constant y at frequency ®. These parameters are given by,

Z.= \E (2.1)

y=vZY (2.2)
where Z and Y are the unit length transmission line impedance and admittance re-

spectively (at frequency ).

[
Zcoth {%j

Figure 2.2 Distributed Parameter Model of a Transmission Line With Characteris-
tic Impedance Z. and Propagation Constant y. The Lumped Parameters are Indi-

cated As Impedances.
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The distributed parameter model is ‘exact’ at one frequency, namely .
The ‘derivation’ of Figure 2.2 appears in [30] and this derivation is found by writ-
ing and solving the partial differential equations for a transmission line on uni-
form Zand Y.

OpenDSS calculates the distributed parameters of a single phase line sec-
tion automatically for any specified frequency. This is proved by comparing the
line impedances computed by OpenDSS with distributed line parameters of dif-
ferent line sections calculated in MATLAB. To illustrate this, consider an over-
head single phase line with length of 0.5249 miles. The sequence impedances giv-
en to OpenDSS are r;=2.3015 ohm/mile, r;=1.69 ohm/mile, x;= 0.9312 ohm/mile,
Xo= 2.4998 ohm/mile. The long-line parameters are calculated in MATLAB.

For the cited example, the series impedance of the long-line section is giv-
en by

Z, = Z, sinh(yl)= 0.8871 + j 0.4888 ohms

The shunt admittance is calculated using

_ Yyl
s 2tanh(0.5y1)

=-1.0743e-22 + j 1.3560e-06 siemens
The capacitance in each parallel branch = 3.42619 nF.

The series impedance and shunt admittance calculated by OpenDSS are
compared with the MATLAB calculations and the values are found to be accurate

up to four digits after the decimal point. For the three phase lines, the entire feeder

length is divided into line sections of short lengths and these line sections are then
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connected in series. This design takes into account the distributed parameter mod-
eling of line.

Another important issue is the skin effect of lines. Due to skin effect, the
conductor resistance increases with an increase in frequency. It has been observed
that skin effect can be ignored for common low order harmonic assessment prob-
lems [25]. However, for analyses involving high frequencies (in kHz), the skin ef-
fect will be considerable and to represent this phenomenon in the feeder model,
all the overhead and underground lines are defined based on line geometries and
conductor configurations. OpenDSS computes the line sequence impedances in-
ternally including the skin effect at each specified frequency.

C. Transformers

Transformers are the power delivery elements modeled as equivalent T-
circuits. Most of the distribution transformers are rated at 25 kVA. Y-
grounded/Y-grounded winding configuration has been assumed for all the 921
transformers. The HV and LV winding voltages, kVA rating, equivalent winding
reactance and resistance are provided as input to OpenDSS. At normal operating
frequency, the effect of parasitic capacitance between turns and layers of wind-
ings is negligible and thus ignored in the modeling of transformer. At frequencies
above 4 kHz, the effect of stray capacitances is noticeable and they are represent-
ed as lumped capacitances between the windings, namely, high-to-low voltage
winding (Cy), high-to-ground (Chg) and low-to-ground winding capacitances (Cig)

[31], [32]. Figure 2.3 shows a lumped parameter model of a distribution trans-

19



former with core resistance and magnetizing reactance (R, Xn) and leakage re-

sistance and reactance (Req, Xeq).

Chl
T l—"'—
W/YW\._ﬂ..L
3 ¢
Re ﬁ Xm Chg =3 ;:—' Cig
il < >
< &
< &
[ ]

L 1

Figure 2.3 Lumped Parameter Model of a Distribution Transformer With Wind-

ing-Winding Capacitances Shown
The values of lumped capacitances will majorly depend on the specific
winding design and to a very less extent on the voltage and kVA rating of the
transformer. Using the notation ‘H’ for the high side, and ‘L’ for the low side,
typical ranges of the lumped capacitances are provided below:
e H-ground capacitance is between 1 and 2 nF.
e H-L capacitance is between 2 and 6 nF.
e L-ground capacitance is between 5 and 10 nF.
The transformer modeling to represent the transformer behavior for a wide
bandwidth frequency is presented in [33] and the simulation results are confirmed

from actual frequency response analysis (FRA) test measurements.
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D. Loads

The residential and commercial loads served by the test bed feeder are typ-
ically a mix of linear and non-linear loads. All the loads served by a common sec-
ondary winding of a distribution transformer are aggregated and applied as a spot
load at the transformer secondary. For 60 Hz analysis, a constant PQ model is
used to represent load and the active and reactive power data is obtained from au-
tomated metering infrastructure. All the loads are entered separately as a single
phase load.

For the harmonic analysis based on current injection method, load is mod-
eled as a Norton equivalent circuit where current source represents the harmonic
currents injected by non-linear portion of the load and do not possess any RLC
model. The shunt admittance is used to represent the linear load and is a combina-
tion of series R-L and parallel R-L. The linear portion of the load provides a
damping element to harmonic propagation.

Figure 2.4 shows a Norton equivalent model of a load element in
OpenDSS. The current source is set to the value of fundamental current times the
multiplier defined in the 'spectrum’ object associated with the load for the fre-
quency being solved. The equivalent shunt admittance can be adjusted by stating
the percentage of linear load that is connected as series R-L and parallel R-L

where B and X are frequency dependant.
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Figure 2.4 Load Modeling for Harmonic Analysis [36]

E. PV systems

There are a total of 125 single phase roof-top PV units connected to the
secondary of service transformers at 120 V. The utility scale three phase PV sys-
tems are connected to the three phase primary either directly or through a 480
V/12.47 kV transformer. The reactive power control for the two large PV units is
not considered in this study. Also, the distributed roof-top PV units are not al-
lowed to perform active voltage regulation [16]. The PV systems can be modeled
as generators providing active power at unity power factor. Alternatively, for the
harmonic study, the PV units are modeled as loads with negative active power op-
erating at unity power factor. A current source is modeled at each of the PV site to
inject the high frequency spectral components generated by PV resources. Ampli-
tudes and phase angles of the high frequency spectral components are identified
and are associated with the 'Isource’ object in OpenDSS. The PV generation pro-

file is obtained from AMI.
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F. Equivalent source at the substation
Substation voltage is monitored and depending on the time of snapshot
simulation, the three phase voltages can be obtained from substation data acquisi-
tion system (DAS). The equivalent impedance looking from the low voltage side
of substation transformer is measured and this impedance is given as:
e Positive sequence impedance, Z; = 0.1000 + j 1.1023 ohms

e Zero sequence impedance, Zo = 0.0507 + j 0.8440 ohms

2.3 An Overview of OpenDSS

OpenDSS [34] is an open source software developed by the Electric Pow-
er Research Institute (EPRI). The software is designed to support modeling of
balanced or unbalanced, multi-phase electric power distribution systems and it
performs several types of utility distribution system analysis. OpenDSS is based
on frequency domain. Harmonic analysis is one of the main capabilities of this
tool and harmonic simulation can be performed on complicated circuits quite easi-
ly [35]. In addition, OpenDSS can perform sequential time simulations called
‘quasi-static' solutions. This feature can be used to perform daily, yearly, and duty
cycle simulations. OpenDSS is a script-driven simulation engine and it has a fea-
ture of Windows Computer Object Model (COM) interface where programs like
MATLAB, VBA Excel can access the program features and drive simulator to
perform new types of studies [36].

The internal architecture of OpenDSS software is shown in Figure 2.5.

The DSS Executive stores global variables and options; it has one circuit object
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which consists of five classes of circuit elements and a solution depending upon

the solution mode selected [36].

Circuit Solution |=\VY
PD elements PC elements Controls Meters General
Line Load Reocontral Monitor Linecode
Transformer Generator Ca ;cnntml Energyhdeter LineGeometry
Capacitor Vsource Relay Sensor Wiredata
Reactor lsource Recloser Loadshape
Storage Fuse GrowthShape
Spectrum
*fmrCode
TCCurve

Figure 2.5 Internal Architecture of OpenDSS [36]
2.4 Base Model of the Test Bed Feeder in OpenDSS
The test bed distribution feeder modeled in OpenDSS consists of about

4000 nodes, 921 transformers and 107 PV systems. The complete circuit model
includes a total count of about 10 files, each file defining details of specific model
elements. The basic input files that are always required for the study irrespective
of the type of analysis are:

e Line section definition

e Transformer definition

e Capacitor data and control configuration

e PV generation data

e Load data
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e Bus coordinates.

Additional input files are called based on the objective of study. For the
harmonic analysis, line code definition file specifying the line sequence imped-
ances is included. For high frequency analysis, the additional input files required
are:

e Line geometry definition

e Wire data definition for overhead lines

e Concentric neutral cable definition for underground cables
e Transformer winding capacitances definition.

All the input files required for analysis are specified in the Master.dss file.
The initial step is to compile the script in OpenDSS by creating Run.dss file. The
Run.dss file provides a path for Master.dss file, and the list of feeder parameters
that are to be exported for further analysis. The feeder parameters can be phase
voltages or line voltages at each node, currents in each element, power transferred

in each element or system losses.

2.5 Harmonic Power Flow Algorithm Used in the Study

Different approaches have been proposed and implemented to solve the
harmonic power flow problems. The procedures for analyzing the harmonic prob-
lems can be classified into time-domain, frequency-domain and hybrid time-
frequency domain approaches. Time domain approaches are based on transient
analysis and electromagnetic transient programs such as EMTP/ATP have been
used [29]. One disadvantage is that long computation time might be required for
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especially large power systems. Frequency domain methods are widely used for
harmonic problem formulations and analysis. The frequency domain method cal-
culates the frequency response of the system and requires shorter computation
time [20], [30].
A. Power flow algorithm in OpenDSS
Steady state power flow is used to determine the static system operating

conditions; it calculates the network bus voltages at fundamental frequency from
the constraints of power and/or voltage. This is the first step to initialize harmonic
solution. The two basic types of power flow solution used in OpenDSS are itera-
tive power flow and direct solution [38]. The default is iterative power flow where
the power conversion elements like loads, distributed generators are treated as in-
jection sources. The power flow algorithm can be explained as follow:

1) Calculate the initial values of bus voltages for iteration for no load condi-

tion, by forming the network admittance matrix and without considering any

power conversion element.

2) Include all the power conversion elements in the network by calculating the

injection current, linj and associated admittance matrix from the node voltage

and power of each power conversion element.

3) Build the injection current matrix by using injection currents from all the

power conversion elements. Node voltages can be calculated with the injec-

tion current matrix and the system admittance matrix through matrix operation

as shown in Figure 2.6. Keep iterating the above steps until the error in node

voltages falls within tolerance limit [38].
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Figure 2.6 Power Flow Solution Method [38]

B. Decoupled harmonic power flow in OpenDSS

Once the conventional power flow converges, harmonic mode is initial-
ized. OpenDSS implements a decoupled harmonic power flow algorithm, where it
builds the linear admittance matrix at each of the frequency specified in the pro-
gram and uses a direct solution to solve for voltages and currents throughout the
system at all the specified frequencies [20], [38]. The harmonic study involves
solving for the node voltages at each harmonic using the network equation given
by,

[1h] = [Ynl[Vi] h=7,2,..,.N (2.3)
where 1y, is the vector of source currents, Yy, is the nodal admittance matrix, Vj is
the vector of bus voltages, h is the harmonic order. The notation N refers to the
maximum harmonic order of interest (e.g., 13™ harmonic, but IEEE 519 recom-

mends 83" harmonic).
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The harmonic power flow method in OpenDSS is from a class of nodal
admittance matrix harmonic solution tools. The harmonic power flow solution
methods and formulations have been discussed in [39].

The non-linear loads are modeled as decoupled harmonic sources that in-
ject harmonic currents into the system which are initialized to proper magnitudes
and phase angles based on the fundamental power flow solution and harmonic
spectrum associated with them. The harmonic current magnitude is assumed to be
a percentage of fundamental load current. The phase relationship between the
fundamental current and non-linear element used to calculate the harmonic phase
angle is given by

On = Onspectrum + 1(61 = O1spectrum ) (2.4)
where h is the harmonic number, 8, is the phase angle of current injected at har-
monic h, Opspecerum IS the phase angle specified in the harmonic spectrum at
harmonic h, 6; is the fundamental current phase angle and 6;spectrum IS the
phase angle displacement at fundamental frequency given in the spectrum [40].
The 'monitor' object can be used to capture the harmonic voltages and currents at
any specific location in the circuit. The results can be exported to other programs

for further analysis.

2.6 Validation of the Test Bed Distribution Feeder Model
Once the test bed feeder model is developed in OpenDSS, it is necessary
to validate the model at fundamental and harmonic frequencies. Individual har-

monic current and voltage measurements are available at six locations on the three
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phase primary and these measurements are used in the feeder validation process.
The six monitoring locations are referred as feederDASO1, feederDAS02, feed-
erDAS03, feederDAS04, feederDASO05, and feederDASOG.

The load data, harmonic currents and voltages up to and at 15" harmonic
available at 1:00 A.M. on July 1, 2013 are used for model validation. The required
load data is obtained from AMI.

A. Power flow simulation results

Substation voltage is continuously monitored by the substation data acqui-
sition system. For the time being considered, the measured values are V,= 1.0417
p.u.; Vp=1.04 p.u.; V= 1.0418 p.u.

The power flow is solved in OpenDSS and simulated voltages and cur-
rents at feeder DAS locations are compared with the measured voltages and cur-
rents. The challenge in this task is the unknown status of capacitor banks. Differ-
ent combinations of capacitor banks are used to solve the power flow and simula-
tion results are compared with the measurements. The status of two voltage con-
trolled capacitor banks located at the middle and end of the feeder is confirmed by
analyzing the reactive power profile at feederDASO05. Figure 2.7 shows the reac-
tive power at feederDASO5 location for July 1, 2013. The switching of the two
capacitor banks along the feeder is reflected in the form of step rise or fall in the
reactive power flow at feederDASO05. A step rise (or fall) of 200 kVAr in Figure
2.7 indicates switching off (or on) of one of the capacitor banks where 200 kVAr
is the per phase rating of both the capacitor banks. Similarly, feeder DAS at the

substation reflects the operation of current controlled capacitor bank located at the
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substation. From the analysis, it is observed that the capacitor banks along the

feeder are switched off and the capacitor bank at the substation is switched on.
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Figure 2.7 Reactive Power at Feederdas05 Monitored on July 1, 2013

Table 2.2 shows a comparison of power flow simulation results with actu-
al measurements at the feeder DAS locations. The difference in the simulated and
measured phase voltage increases towards the end of the feeder.

For the test bed feeder model validation at harmonic frequencies, two
methods are implemented, namely zone division method and random current in-
jection method (RCI). The details of the feeder validation methods are explained

in the following sections.

30



Table 2.2 Comparison of Simulated Fundamental VVoltages and Currents With

Measurements

Location V1 (kV) V2 (kV) V3 (kV) 11 (Amp) 12 (Amp) I3 (Amp)
feederDAS06

Simulated 7.319 7.328 7.336 187.505 174.8 167.982
Measured 7.459 7.457 7.451 148.79 124.03 137.38
feederDASO05

Simulated 7.116 7.138 7.205 85.0078 83.0431 63.6588
Measured 7.392 7.406 7.38 70.72 69.96 53.154
feederDASO04

Simulated 7.06 7.102 7.181 10.0276 7.04313 4.39542
Measured 7.375 7.374 7.37 7.7 5.87 3.45
feederDAS03

Simulated 6.968 7.034 7.127 51.1175 30.2513 36.4848
Measured 7.351 7.344 7.345 45.33 35.24 27.3
feederDASO02

Simulated 6.91 7.021 7.099 35.3554 14.3334 14.6129
Measured 7.31 7.342 7.318 28.49 14.57 12.28
feederDASO01

Simulated 6.878 6.99 7.075 2.78668 6.41485 6.55383
Measured 7.311 7.33 7.287 2.48 5.63 5.38

B. Zone division method

The feeder is divided into five zones as shown in Figure 2.8. The loads
and transformers in each zone are identified. The zones are formed in such a way
such that each zone encloses a feeder DAS. Using harmonic current measure-
ments from the feeder DAS locations and fundamental currents from the power
flow solution, harmonic currents injected by all the loads in each zone are calcu-

lated. The total harmonic current (7, /o4 -one) and total fundamental current
(Lfundamental total zone) 1N €aCH zone is calculated by subtracting the downstream

DAS value from the upstream DAS value.
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The calculation for total harmonic and total fundamental currents in any zone can

be expressed mathematically as,
1, h_total zone =1 upstreamDAS _measured -1 downstreamDAS _measured (2 : 5)

Lindamental total zone =lupstreampas simulated=LiownstreamDAs simulated (2.6)
All the loads are assumed to be a source of harmonic currents. With this
assumption, the harmonic current contribution of each load in a given zone is
based on the ratio of fundamental load current to the total fundamental current in

the same zone and is given by

In_total zone*I1_load (2 7)

Iy 10aa = I
fundamental_total_zone

where Iy _j0ad 1S the magnitude of harmonic current injected by a load, 11 joaq IS the
magnitude of the fundamental current of the same load.

There are no data available related to the harmonic spectral magnitude and
phase angle of load harmonics present in the test bed feeder. The harmonic spec-
trum for each load is defined using magnitude component obtained from (2.7).
The phase angle is taken to be zero degrees. The phase angle of fundamental volt-
age does not vary much from head to the end of feeder (simulation results show a
maximum change of 3 degrees) and the low order harmonics produced by the
loads will have similar phase relationship with fundamental voltage, thus, expect-
ing minimum harmonic cancellation. The harmonic mode is then executed in
OpenDSS to obtain harmonic voltages at all the nodes and harmonic currents in

all the elements of the system.
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Figure 2.8 The Zone Division Method
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Table 2.3-2.6 shows a comparison between simulated and measured val-
ues of voltages and currents at the six feeder DAS locations at harmonic frequen-
cies up to the 9™ harmonic. The harmonic currents obtained from simulations
match very well with the measurements at the 3™ and 5™ harmonic. Some of the
issues related to the zone division method are discussed below:

e In the zone division method, all the loads are assumed to inject harmonic
currents proportional to their fundamental current. But in reality, this
might not hold true. The loads that are actual sources of harmonics in the
network, their placement and their true harmonic current contribution can
potentially vary. Also, the presence of capacitor banks can affect the cur-
rent distribution in the network and hence, the technique of allocating the
total harmonic currents in a zone to individual loads directly based on the
ratio might not be an effective method.

e There is no information on the phase angle of harmonic currents measured
in the test bed feeder. The calculation of total harmonic current in each
zone and the load harmonic spectrum is based on the arithmetic difference
of the harmonic currents obtained from feeder DAS locations rather than
phasor difference of harmonic currents which can be a possible reason for
small offset in simulated currents.

Note that this method is used for the validation of feeder model up to and
at 9™ harmonic as the harmonic currents measured above 9™ harmonic are insig-

nificant.
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C. Random current injection (RCI) method

In this method, zone-wise allocation of loads is used and the harmonic
current injections from the loads are varied randomly in a uniform distribution
manner. The upper bound for the magnitude of harmonic current injected is set by
referring values obtained from zone division method; lower bound is set to zero.
For harmonics of the order seven and above, phase angles of the individual load
harmonic currents are widely distributed [42], [43]. The phase angle dispersion of
individual current harmonics occurs due to the variation in power level, line im-
pedance and X/R ratio [44]. This can lead to harmonic attenuation and cancella-
tion. Therefore, the phase angle component of load spectrum is also varied ran-
domly for the validation of test bed feeder at the 7™ and 9" harmonic.

The process is executed in MATLAB which is used to drive harmonic
simulations in OpenDSS and the method is used only for the 7" and 9" harmonic.
The solution is obtained only when the simulated harmonic voltages and currents
are within a good range of the measurements and the results should hold good at
minimum five or all six feeder DAS locations. The maximum allowable error in
voltages is set as 30% which is a reasonable choice as the maximum values of
harmonic voltages measured in the test bed feeder are up to 200 V where the fun-
damental base voltage is 7.2 kV. Table 2.5-2.6 gives a comparison between simu-

lated results and feeder DAS measurements.
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Table 2.3 Test Bed Feeder Results for Third Harmonic Using Zone Division

Method

Location V1i(V) V2(() V3(V) I1(Amps) 12 (Amps) I3 (Amps)
feederDAS06

Measured 47.665 37.98  56.98 9.15 7.44 8.62
Simulated  50.9715 44.8876 52.407 8.36153 7.232 8.12602
% error 6.94% 18.18% 8.02% 8.61% 2.78% 5.73%
feederDAS05

Measured 123.4 125.368 111.81 4.56 4.4 3.79
Simulated  143.614 136.789 143.721 4.17632 4.47021 3.85588
% error 16.38% 9.11% 28.54% 8.41% 1.59% 1.74%
feederDAS04

Measured  126.41 145.938 151.045 0.638 0.446 0.17
Simulated  167.239 160.806 166.417 0.541239 0.453643 0.180082
% error 32.29% 10.18% 10.17% 15.16% 1.71% 5.93%
feederDASO03

Measured 151.037 168.646 169.257 2.97 2.9 2.505
Simulated  202.381 198.592 202.239 250844 252027 2.45616
% error 33.99% 17.75% 19.48% 15.54% 13.09% 1.95%
feederDAS02

Measured  181.34 158.754 186.176 1.91 1.37 1.12
Simulated  215.934 212.667 214.994 1.75487  1.79005 1.0973
% error 19.07% 33.96% 15.47% 8.12% 30.66% 2.03%
feederDASO1

Measured 184.588 165.31 193.93  0.1949 0.495 0.59
Simulated  224.451 224.087 223.921 0.152193 0.745027 0.503443
% error 21.59% 35.56% 15.46% 21.90%  50.50%  14.67%
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Table 2.4 Test Bed Feeder Results for Fifth Harmonic Using Zone Division

Method
Location Vi) V2 ) V3V) I11(Amps) 12 (Amps) I3 (Amps)
feederDAS06
Measured 68.23 85.27 78.13 7.37 5.96 5.92
Simulated  62.1084 51.5723 55.1195 7.3326 6.77072 6.47532
% error 8.97% 39.52% 29.45% 0.51% 13.60% 9.38%
feederDASO05
Measured 113.65 109.66 121.87 3.96 4.49 3.64
Simulated  110.124 109.495 97.425 450071 5.57094 4.3104
% error 3.10% 0.15% 20.05% 13.65% 24.07% 18.42%
feederDAS04
Measured 125.5 123.77 141.41 0.32 0.17 0.17
Simulated 120.84 129.45 108.498 0.304961 0.254449 0.225396
% error 3.71% 459% 23.27% 4.69% 49.67% 32.58%
feederDASO03
Measured 140.46  140.4  140.19 2.78 2.85 2.34
Simulated  139.069 168.067 127.392 2.88705 3.13775 2.71473
% error 0.99% 19.70% 9.12% 3.85% 10.09% 16.01%
feederDAS02
Measured  146.407 137.6 160.56 1.81 1.332 1.14
Simulated  147.746 180.998 133.284 2.03712 2.13924 1.26372
% error 0.91% 31.53% 16.98% 12.54% 60.60% 10.85%
feederDASO01
Measured 152.72 139.48 162.29 0.24 0.41 0.53
Simulated  151.041 194.44 137.381 0.24 0.88 0.512813
% error 1.09% 39.40% 15.34% 1.97% 115.33% 3.24%
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Table 2.5 Test Bed Feeder Results for Seventh Harmonic Using Zone Division

and Random Injection Current Method

Location Vi) V2() V3(V) I1(Amps)I2 (Amps) I3 (Amps)
feederDAS06
Measured 4436  44.848 60.5 1.76 1.04 1.649

Zone division 33.2694 35.1008 30.4924 2.39264 2.58695 2.06444
Randomcurrentinj 37.9462 33.8016 37.8536 2.61216 2.0808 2.10758
%error (zone div) 25%  21.73% 49.60% 35.94% 148.74% 25.19%
%error (RCI) 14.16% 24.63% 37.43% 48.18% 100.07% 27.81%
feederDASO05
Measured 72.32 54.75 66.54 1.7078 1.27 0.926
Zone division 67.0449 69.2344 45.0984 2.3061 2.43807 1.3539
Randomcurrentinj 52.9789 55.2504 60.2745 0.90358 0.68005 0.75096
%error (zone div) 7.29% 26.45% 32.22% 35.03% 91.97% 46.21%
%error (RCI) 26.43% 091% 9.42% 47.09% 46.45% 18.90%
feederDAS04
Measured 61.49 56.89 87.58 0.074  0.0327 0.0327
Zone division 77.9125 80.585 48.4371 0.08648 0.1332 0.0712
Randomcurrent inj  56.3091 57.9256 64.5073 0.05712 0.07977 0.05246
%error (zone div)  26.71% 41.65% 44.69% 16.86% 307.34% 118%

%error (RCI) 8.42%  1.82% 26.34% 22.82% 143.95% 60.43%
feederDAS03
Measured 75.61 89.42 60.57 1.0877 0.69 0.6477

Zone division 97.4664 103.568 52.7766 1.51286 1.54962 0.81961
Randomcurrentinj 62.9029 62.8506 71.962 0.60244 0.4353 0.4667
%error (zone div)  28.90% 15.82% 12.86% 39.09% 124.58% 26.54%
%error (RCI) 16.81% 29.71% 18.80% 44.61% 36.91% 27.94%
feederDAS02
Measured 93.59 70.49 71.36 0.795 0.415 0.25
Zone division 105.412 112.407 53.3699 1.04283 1.15954 0.31874
Randomcurrent inj  65.7138 64.9363 74.5462 0.46426 0.34689 0.13511
%error (zone div) 12.63% 59.46% 25.21% 31.17% 179.41% 27.49%
%error (RCI) 29.78% 7.87%  4.46% 41.60% 16.41% 45.95%
feederDASO01
Measured 61.85 74.76 104.79 0.08 0.16 0.27
Zone division 108.058 122.86 53.4618 0.08576 0.60898 0.27606
Randomcurrentinj  66.1312 68.0435 75.9063 0.02441 0.25748 0.0633
%error (zone div) 74.71% 64.33% 48.98% 7.20% 280.61% 2.24%
%error (RCI) 6.92% 8.98% 27.56% 69.49% 60.92% 76.55%
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Table 2.6 Test Bed Feeder Results for Ninth Harmonic Using Zone Division and

Random Current Injection Method

Location V1 (V) V2 (V) V3 (V) 11 (Amps) 12 (Amps) 13 (Amps)
feederDAS06

Measured 9.9 11.003 14.309 0.87 0.82 0.5295
Zone division 27.7876 60.1789 51.1381 0.59912 1.69551 1.12177

Randomcurrentinj  26.2556 22.6488 14.1534 0.76 0.632189 0.472527
%error (zone div) 180.68% 446.95 257.30% 31.13% 106.70% 111.85%
%error (RCI) 165.20% 105.84%  1.08% 12.64% 22.90%  10.75%
feederDASO05
Measured 28.589 47.829 42.329 1.096 1.4288 1.13
Zone division 75.5345 125.303 95.9393 0.83587 1.89243 1.0162
Randomcurrentinj = 49.8794 485751 36.1831 0.80631 0.582491 0.705448
%error (zone div) 164.21% 161.98% 126.60% 23.73% 32.44%  10.07%

%error (RCI) 74.47% 1.55% 1451%  26.43% 59.23% 37.57%
feederDAS04

Measured 61.44 67.04 44.48 0.1 0.0795 0.02
Zone division 91.6527 147.488 110.88 0.03925 0.163252 0.079591

Randomcurrentinj  57.8963 57.6242  44.6503 0.04377 0.074976 0.035749
%error (zone div) 49.17% 120% 149.20% 60.75% 105.34%  297%

%error (RCI) 5.76% 14.04% 0.38% 56.23% 5.69% 78.74%
feederDAS03

Measured 86.98 71.887 95.23 1.07 1.099 0.95
Zone division 123.765 193.475 140.745 0.69687 1.69609 0.829911

Randomcurrentinj  80.5857 82.9858 66.8706 0.9087 0.954278 0.597041
%error (zone div) 42.29%  169.14% 47.79%  34.87% 54.33%  12.64%

%error (RCI) 7.35% 15.43% 29.77%  15.07% 13.16% 37.15%
feederDAS02

Measured 85.27 100.514 111.398 0.906 0.698 0.4728
Zone division 136.831 213.721 152.62 0.6065 1.46778 0.34625

Randomcurrentinj = 94.8715 99.3029  79.4487 0.94954 0.938531 0.380401
%error (zone div) 60.46% 112.62% 37% 33.05% 110.28% 26.76%

%error (RCI) 11.26% 1.20% 28.68% 4.80% 34.46%  19.54%
feederDASO1

Measured 111.72 109.21 95.79 0.15 0.225 0.35
Zone division 146.378 234.957 160.525 0.14341 0.958776 0.296737

Random current inj 102.74  114.295 89.2013 0.09936 0.457148 0.254255
%error (zone div) 31.02%  115.14%  67.58% 439%  326.12%  15.21%
%error (RCI) 8.03% 4.65% 6.87% 33.76%  103.17% 27.35%
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sults:

The following observations are made based on the feeder validation re-

Results for the 3 harmonic using zone division method show simulated
currents are in a good agreement with measured currents with difference
in currents being less than 0.5 A at almost all locations. The method is
based on using the harmonic current measurements at feeder DAS loca-
tions to replicate the system behavior and conditions at each harmonic fre-
quency and then observing harmonic voltages at monitored locations. The
simulated harmonic voltages at the 3™ harmonic match well with meas-
urements at the head of the feeder. The error between simulation values
and measurements begins to increase towards the end of feeder and a max-
imum difference of 60 V is observed in phase B at the end of feeder.

For the 5™ harmonic, simulated harmonic voltages for phases A and C are
in a good agreement with measurements and a maximum difference of 50
V is observed in phase B at the end of feeder. Simulated currents in phases
A and C match with the measurements and the phase B currents show high
error magnitudes at the end of feeder.

Note that the base voltage at all the feeder DAS locations where harmon-
ics are recorded is 7.2 kV (line-to-neutral voltage). The percentage errors
presented in the above tables are calculated as percentage of harmonic
measurements. The maximum mismatch in the harmonic voltages for 3"

harmonic is 60 V, which will account for an error of 0.833% when ex-
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pressed as a percentage of fundamental voltage. The difference is insignif-
icant. Further, the maximum mismatch in harmonic voltages observed for
the 5™ harmonic is less than the 3™ harmonic.

For the test feeder harmonic validation at the 7" harmonic, use of the zone
division method resulted in relatively higher values of simulated currents
and voltages. This method calculates the total harmonic current in each
zone based on arithmetic (not phasor) difference of harmonic currents ob-
tained from feeder DAS and ignores the phase angle dispersion of individ-
ual load harmonics. Basically, the zone division method assumes no har-
monic cancellation up to 9" harmonic. The random current injection
method incorporates the possibility of phase angle diversity contributed by
individual load harmonics for harmonics of order 7 and above. The simu-
lated currents at 7" harmonic are observed to be lower than measured cur-
rents and the voltages are found to match well with the measurements.
Random current injection method performs better as compared to the zone
division method.

For the 9™ harmonic case, the percentage error in phase B simulated cur-
rents is quite high at some locations in zone division method, and the error
reduces when random current injection method is used. Also, the harmonic
voltage values are better predicted by the random current injection meth-

od.
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e The large mismatch observed in the currents for 7" and 9" harmonic at
some locations in zone division method is due to the increase in currents
in feeder line sections (including single phase laterals and three phase
primary) contributed by the shunt capacitances of the lines. Many of these
single phase laterals are underground cables with a large value of shunt
capacitance (maximum number of underground cables seen in phase B).
The shunt capacitive reactance of line decreases with an increase in har-
monic order, the capacitive current increases and the current distribution
in the network changes. As a result, allocation of total harmonic current in
a zone to individual loads based on a direct ratio is not an effective meth-
od.

e Also, measurements show that the magnitudes of harmonic currents at 7™
and 9™ harmonic are quite low, maximum value being less than 2A and
1A respectively and a small deviation in simulation current from the actual
measurement gives a large error.

Thus, feeder validation techniques are included in the study to check the
accuracy and reliability of the feeder modeled in OpenDSS and it helps obtaining

an improved base case model for power quality studies.
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CHAPTER 3
IMPACT OF NON-LINEAR LOADS ON POWER QUALITY OF THE TEST

BED FEEDER

3.1 Harmonic Sources

Prior to the advancement in power electronic devices, the main sources of
current distortion were rectifiers, fluorescent lamps, DC electric arc furnaces and
transformers to some extent. The increasing use of power electronics converter
devices for the control of power is raising concern about current and voltage dis-
tortion in recent times. The common electronic loads used in domestic and office
environment encompass switch mode power supplies used in computers, televi-
sions, printers, rectifiers used in battery chargers, DC motor drives and inverters
in adjustable speed drives [37]. Although the individual ratings of these devices
can be small, the cumulative effect can result in appreciable grid distortion [41].

Many commercial and residential appliances require DC current for their
operation. The single phase full-wave diode bridge rectifier is often employed ow-
ing to its light weight, compact size, reasonable cost and relatively low sensitivity
to supply voltage distortion under normal operating conditions [20]. The diode
bridge is directly connected to the AC line and input current waveform is charac-
terized by a pulsed current which flows during the charging of capacitor placed at
the DC side of rectifier. In an ideal case, harmonics and magnitude of the spectral
components present in the AC current are given by,

h=nq +1 (3.1)
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== (3.2)

where h is the harmonic number, n is any positive integer, q is the pulse number
of the rectifier circuit, I, is the magnitude of harmonic current of order h, and I, is
the magnitude of fundamental current. In a real case, the square wave is softened
by the system inductance and typical values of harmonic currents for converters

utilizing six or more pulses are provided in [22].

3.2 Harmonic Load Modeling

Most harmonic flow analysis on power systems are performed using
steady state, linear circuit solution techniques. For nearly all analysis, most har-
monic-producing loads can be represented as current injection sources. This rep-
resentation is based on the assumption that the system supply voltage is not dis-
torted and the modeling is quite accurate up to harmonic voltage distortion levels
of 10% [46]. The total harmonic current content injected by the electronic devices
can be determined using power quality meters. However, in absence of measure-
ments, it is common to assume that harmonic current content is inversely propor-
tional to the harmonic number. This is derived from the Fourier series for a square
wave, which forms the foundation of many non-linear devices. However, it does
not apply very well to the new technology PWM drives and switch-mode power
supplies, which have a much higher harmonic content [37].

The constant current source method allows handling several harmonic
sources simultaneously and gives the solution directly without any iteration. This

method is reliable to analyze cases involving typical normal operating conditions.
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In cases where the system is near resonance, a simple current source model will
give an excessively high prediction of voltage distortion. The model tries to inject
a constant current into a high impedance network, which is not a valid representa-
tion of reality. Advanced load modeling techniques include Norton equivalent and
crossed frequency admittance matrix model [45]. The Norton model provides an
additional impedance to moderate the parallel resonance response and can repre-

sents the load model accurately for different load and voltage cases.

3.3 Measurements Related to Harmonic Distortion

This section concentrates on the low order baseband current harmonics
present in the test bed feeder and its contribution to total harmonic distortion in
voltages. Four weeks of power quality data is collected from the six feeder DAS
meters located on the three phase primary. Figure 3.1 shows the locations of the
feeder DAS meters.
A. Variation in voltage and current THD

The power quality meters record total harmonic distortion in voltages and
currents. Figure 3.2 shows the variation in voltage THD over an entire day at one
minute interval captured at all the feeder DAS locations. The voltage THDs are
measured in phase A on July 22, 2013. The following observations are made:

e The voltage THD at end of the feeder (feederDASO01 and feederDAS02) is
always higher than the THD monitored at the upstream feeder DAS ele-
ments. The voltage THD decreases progressively along the three phase

primary towards the head of feeder.
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Figure 3.1 Locations of Feeder DAS Meters

In the evening at around 19:00, the voltage THD rises and it is as high as
9%. The PV inverters are not operating during this period and the ob-
served high amount of distortion can be attributed to prominent proportion
of electronic loads present in the system. The feeder serves mostly resi-
dential loads and the period between 19:00 to 21:00 marks significant use

of electronic loads like televisions, computers, and kitchen appliances.
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Figure 3.2 Variation in Voltage THD Over a Day at the Feeder DAS Locations
Figure 3.3 shows the variation in voltage THD in all three phases at feed-
erDASO1 as seen on July 22, 2013 and it is found that the variation in voltage

THD is similar in all three phases.
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Figure 3.3 Variation in VVoltage THD in All Three Phases at FeederDAS01
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B. Individual harmonic current components in the feeder

Individual harmonic currents and voltages up to 15" harmonic are meas-
ured at all the feeder DAS locations. The measurements covering a span of one
hour during the afternoon and night are available for a period of two days. Figure
3.4 and Figure 3.5 display the individual harmonic currents measured in the phase
C at the feeder end from 12:00 P.M. to 1:00 P.M. and 12:00 A.M. to 1:00 A.M. on
January 1, 2013. It is seen that the third harmonic current content is higher than
rest of the harmonic spectral currents during both the periods and the harmonic
current magnitude decreases with increase in the harmonic order. Further, the cur-

rents contributed by even harmonics are insignificant.
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Figure 3.4 Individual Harmonic Currents Measured from 12:00 A.M.-1:00 A.M.
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Figure 3.5 Individual Harmonic Currents Measured from 12:00 P.M.-1:00 P.M.

3.4 Harmonic Analysis in OpenDSS

The impact of non-linear loads on the voltage and current distortion is
studied by performing harmonic analysis study on the test bed feeder in
OpenDSS. The idea is, given the harmonic spectrum associated with all the non-
linear loads, to run the harmonic power flow at each harmonic frequency sepa-
rately and capture the harmonic voltages at all nodes in the system due to propa-
gation of harmonic currents.

For the test bed feeder, harmonic currents injected by the customer loads
are not monitored. However, it is known that the loads served by this feeder are
mainly residential type. The non-linear electronic loads can be represented as sin-
gle phase rectifiers. The amplitude of harmonic current components of a square
wave rectifier is given by 1/h where h is the harmonic number. Due to lack of

measurements, this (1/h rule) is an assumption made for calculation of the load
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harmonic spectral components. The phase angle of harmonic current components
is taken as zero degrees. For the case study reported here, the focus is on harmon-
ic spectral components at and below 13" harmonic.

The study is performed for system operating conditions observed at 8:00
P.M. on September 25, 2012. The feeder details are summarized below:

e Total active power consumed by the loads = 3878.428 kW

e Total reactive power consumed by the loads = 1597.9 kVAr

e Total PV generation: No operation of PV systems

e Capacitor banks: All the three capacitor banks are switched on
e Substation voltage: 1.04 p.u.

The voltage THDs and current THDs are measured by the power quality
meters installed at six feeder DAS locations. However, there are no measurements
related to the harmonic spectral components present in the three phase primary for
the period of study. If the individual harmonic measurements are available, the
zone division method or random current injection method should be used to calcu-
late the load harmonic spectrum accurately and perform harmonic analysis. The
status of capacitor banks is derived from reactive power profile at feederDASO05.
The 'spectrum’ object is used to define the harmonic spectrum of load with input
parameters as harmonic number, harmonic current magnitude expressed as a per-
centage of fundamental load current and phase angle.

The individual customer loads are accumulated and applied as a spot load

at the secondary of distribution transformer. Starting with an initial estimate of
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10% current THD contributed by the non-linear portion of accumulated load, the

harmonic spectral components of the total load current are calculated by,

= 1+ @+ Q@ @G e
nmm =i Lo @ @@ @@ e
v = e @ @@ @@ 69
nrao = 1+ + @+ @@ o

1,.ITHD = I, * \/1 + (13—1)2 + (15—1)2 + (%)2 + (%)2 + (i—;)z (3.7)

1, ITHD = Iy * J1 + (13—3)2 + (15—3)2 + (1—73)2 + (%3)2 + (g)2 (3.8)

where ITHD is the current total harmonic distortion expressed as a percentage of

fundamental current, 7, is the fundamental load current, and I3, Is, 17, lg, l11, 113 are
harmonic currents present at harmonic orders of 3, 5, 7, 9, 11, 13 respectively.
The harmonic solution mode is executed in OpenDSS and voltages and currents
are recorded at each harmonic frequency using 'monitor' object. The results are
exported to MS Excel, and voltage and current THDs are calculated. The above
steps are continued until the calculated voltage THDs are within a good range of
the measured voltage THDs. For the total harmonic distortion in load current of
6%, the calculated voltage THDs and currents THDs are compared with the
measurements as shown in Table 3.2. The simulated voltages and currents at fun-
damental frequency are provided in Table 3.1.
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Table 3.1 Steady State Power Flow Results

DAS location Va (kV) Vb (kV) Vc (kV) la (Amps)lb (Amps)Ib (Amps)
feederDAS06

Measured 7.458 7.439 7.431  132.13 119.27 118.93

Simulated 7.448 7.472 7.456 175.357 165.242 154.243
feederDASO05

Measured 7.39 7.39 7.36 85.02 86.266 75.317

Simulated 7.364 7.438 7.459 86.1417 89.145 62.662
feederDASO03

Measured 7.31 7.34 7.34 54,245  46.66 46.35

Simulated 7.28 7.369 7.459  49.202 45.7421 36.9906
feederDASO02

Measured 7.3 7.29 7.31 30.522 29.403 14.47

Simulated 7.243 7.345 7.444 32513 29.445 17.067
feederDASO1

Measured 7.31 7.26 7.27 0.24 13.32 2.81

Simulated 7.212 7.282 7.429 05583 15.629 2.99

Table 3.2 Measured and Simulated Values of VVoltage and Current THDs at Feed-

er DAS Locations

DAS location THD_Va THD_Vb THD_Vc THD la THD Ib THD Ic

feederDAS06
Measured 0.38 0.422 0.381 1.3 1.5 1.4
Simulated 1.28 1.08 1.24 6.15 6.28 6.26
feederDASO05
Measured 4.07 3.9 4,22 11.95 9.82 12.37
Simulated 3.22 3.05 2.95 15.26 14.11 19.91
feederDASO03

Measured 5.42 5.35 5.14 12.48 12.89 14.25

Simulated 5.07 4.83 4.66 16.9 17.16 21.78
feederDASO02

Measured 5.75 5.72 5.69 14.35 15.01 14.95

Simulated 5.55 5.28 5.08 5.27 6.74 5.83
feederDASO1

Measured 5.66 6.02 6.14 39.44 15.6 23.32

Simulated 5.65 5.48 5.16 6.66 7.25 4.78
Note that all the THDs are expressed as percentage of fundamental quantities.

52



It is observed from Table 3.2 that the simulated values of voltage THDs
are quite close to the measured voltage THDs with the use of theoretical assump-
tions and calculations of load current injections. However, the current THD is
overestimated at locations near head and middle of the feeder while underestimat-
ed at end of feeder. The fundamental currents at the end of feeder are very low.
For the measured current THD of 39.44%, the fundamental current is 0.24 A. The
individual load harmonics data is not available. Locating the harmonic sources is
possible when harmonic content in branch currents is known and this can help in
predicting the actual load current harmonics and their magnitudes.

To get a visual idea of voltage distortion along the feeder starting from
substation till far end of the feeder, voltage total harmonic distortion (THD_V) is
plotted for all three phases. Figure 3.6 shows the variation in voltage THD in all

three phases plotted against the Y co-ordinate of buses in the test bed feeder.
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Figure 3.6 Variation in Voltage THD Starting from Substation Till the End of

Feeder
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The voltage THD is found to be minimum (around 1%) at the substation.
It increases along the three phase primary as the distance from substation increas-
es. Customers located in near proximity of substation are expected to experience
distortion smaller than customers served downstream from far end of feeder. The
customer loads generate currents rich in harmonic content and the harmonic cur-
rents travel along the feeder towards the substation source causing a voltage drop
at each harmonic frequency. Thus, current distortion gives rise to voltage distor-
tion due to the impedance offered by different feeder elements. The smaller
source impedance at feeder head causes smaller distortion, and the impedance in-
creases as various network components, like lines and transformers get added
causing increase in voltage distortion at the far end of feeder. The end of the feed-
er experiences maximum voltage distortion of approximately 5.5%.

The load current harmonics are the cause of voltage distortion, but it
should be noted that the load has no control over voltage distortion. The same
load placed at two different locations in the system will result in two different
voltage distortion values. This fact is recognized and serves as a basis for division
of responsibilities for harmonic control that are recommended in IEEE 519 [20]:

e The control over the amount of harmonic current injected into the system
takes place at the customer end connections.

e Assuming the harmonic current distortion is within the reasonable limits,
control over harmonic voltage distortion is often a responsibility of the

utility as voltage distortion depends on system impedance.
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3.5 Frequency Scan Study

The objective of the frequency scan technique is to derive the frequency
response of a network looking from a specific bus. One ampere current is injected
into the bus at a frequency different than the fundamental frequency and the basic
network equation, YV=I is used to calculate the voltage or impedance response.
The frequency is varied in discrete steps to cover a range of frequencies and the
frequency scan technique can be used to identify potential resonant conditions, if
any, related to the bus under consideration. The concept of using a ‘frequency
scan’ is common in electric power quality studies because this approach gives a
visual appreciation of the frequency response of a circuit.

The aforementioned technique can be best explained with an example.
Consider the bus which serves a large load and has a large scale three phase PV
system connected (P=400 kW) is selected for current injection. This bus is located
at a distance of approximately 4 miles from the substation. The currents injected
can be defined using phase or symmetrical components. For the test bed feeder
under study, one ampere positive sequence or zero sequence current is injected
and the frequency is increased above 60 Hz up to 2000 Hz in steps of 1 Hz. The
response is captured at the bus with three phase capacitor bank installed, located
close to the current injected bus. Since unit current is injected, the voltage at the
bus of current injection would be equal to driving point impedance seen from that
bus. One unit positive or zero sequence current injection at the bus of interest is
used to derive the positive or zero sequence driving point network impedance

seen from the same bus. The voltage response at any other bus close to the current
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injected bus will be equal to the transfer impedance seen from that bus. Figure 3.7
and Figure 3.8 show the impedance response at the bus with capacitor bank for

positive sequence and zero sequence current injection respectively.

5] 100
e B | & impedance magnitude == == Pk 4 phase angle

L

i

=]

Impedance magnitude, ohms
[#X}
Phase angle, degrees

=
l

Harmonic number

Figure 3.7 Positive Sequence Impedance Response at the Bus With Capacitor

Bank
B - - 20
P 4 impedance magnitude = == Pl A phase angle
'-‘ - &0
5
A - 40

Impedance magnitude, ohms
(X
Phase angle, degrees

0 5 10 15 20 25 30 35
Harmonic number

Figure 3.8 Zero Sequence Impedance Response at the Bus With Capacitor Bank
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The two voltage controlled capacitor banks are then switched off and the
impedance response is monitored at the three phase line closest to the capacitor
bank location. Figure 3.9 and Figure 3.10 show the impedance response in phase

A of the line for positive and zero sequence current injection respectively.
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The capacitor bank is located on the primary side of the test bed feeder
and the voltage or impedance response is obtained for unit current injection. If the
actual value of currents injected into the bus under study and the frequency of cur-
rent injection are known, the voltages at the capacitor bank location can be calcu-
lated by multiplying with the scaling factor as the circuit is linear and scaling
property applies to the linear circuits.

It should be noted that the frequency response is specific to the system op-
erating conditions. The frequency response is influenced by shunt capacitor bank's
operation (on or off), load variations, load damping, and variation in PV operation
levels. The parallel and series resonances occurring in the network are identified
by locating maxima and minima of impedance magnitude response, and in addi-
tion, the maxima and minima points should have phase angles crossing through 0°
or 180° degrees. The resonant frequency has an inverse relationship with the
kVAr rating of capacitor banks and it can be calculated based on system charac-

teristics and ratings using,

L [Mya (3.9)
T MVAr,

where h; is the harmonic at which resonance occurs, MVAsc is the system short
circuit MVA and MVArcy, is the rating of capacitor bank. It can be seen from the
results that the first resonant peak shifts to a higher frequency when the two ca-

pacitor banks are switched off.
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3.6 Summary

This chapter focuses on investigating the effect of distributed non-linear
loads on the voltage and current distortion. Real measurements and harmonic
analysis tool in OpenDSS are used to quantify the low order harmonics present in
the test bed feeder using indices such as voltage and current THDs. Measurements
and simulation results show the voltage distortion increases towards the end of
feeder and a maximum voltage THD of 5-5.5% is calculated from the simulation
results. The frequency scan technique is suggested to identify any potential reso-
nant conditions or unacceptable levels of amplitudes of the low order harmonic
spectral components. The frequency scan technique is used to study the frequency
response at the bus located in the middle of feeder with and without capacitor

banks.
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CHAPTER 4
IMPACT OF PV RESOURCES ON POWER QUALITY OF THE TEST BED

FEEDER

4.1 The Inverter Interface for PV Systems

PV systems are connected to the grid through inverters, which convert DC
power generated by PV panels to AC power. The inverter configuration and de-
sign plays an important role in ensuring a safe and reliable grid connection of the
PV system. Due to the advances in the manufacturing technologies of semicon-
ductor devices, high speed switching devices are used with various PWM tech-
niques to provide efficient DC-AC conversion with high power factor and low
harmonic distortion. The different topologies of grid-connected PV inverters are
summarized below [17] [47]:

e A single stage inverter forms a centralized structure and performs all the
functions such as maximum power point tracking (MPPT), current control,
and inversion. Earlier, the single stage inverters were line commutated by
means of thyristors with poor power quality [17]. Modern central inverters
use IGBTs and are self-commutated with improved power quality.

e Currently, string inverters are widely used in which a single string of PV
modules is connected to the inverter. A separate DC-DC converter is em-
ployed for MPPT and voltage amplification, if required, and a DC-AC in-
verter controls the grid current by means of PWM or bang-bang operation.

In cases where nominal power is high, it is wise to operate the inverter in

60



PWM mode. IGBTs and MOSFETs are commonly used for switching

purposes. According to the International Energy Agency (IEA) survey,

about 38% of inverters, rated less than 50 kW, use MOSFETSs with switch-
ing frequencies in the range of 10-20 kHz, and 62% of inverters use 1G-

BTs with a switching frequency of 20 kHz [47].

e  Multi-string inverters are developed from the basic string inverter. In this
topology, every PV string has a separate DC-DC converter which is then
connected to a common DC-AC inverter for power inversion. The ad-
vantage of multi-string inverter is that each PV string can be controlled in-
dividually.

The selection between different topologies depends on various factors
such as weight, cost, power conversion efficiency, size, and power quality. De-
pending on the electrical isolation between the PV panel and utility grid, the in-
verter can be isolated or non-isolated. The galvanic isolation is provided by means
of a transformer, which has an influence on the PV system's efficiency. Some in-

verter designs use transformerless topologies.

4.2 PWM Inverters

The single phase PV systems deployed on the test bed feeder employ self-
commutated PWM inverters. In the SPWM technique, in order to obtain a sinus-
oidal voltage waveform with desired amplitude and frequency at the inverter out-
put, a sinusoidal reference signal is compared with a triangular carrier waveform.

The reference signal is used to modulate the switch duty ratio and has frequency
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equal to the frequency desired at the inverter output voltage. The frequency of the
triangular carrier waveform defines the inverter switching frequency. The ampli-

tude modulation ratio, my and frequency modulation ratio, ms is given by,

V

m, =—= (4.1)
Vtri
f

m, =—" (4.2)
fl

where V¢ is peak amplitude of the reference signal, Vi is peak amplitude of the
triangular carrier signal, fs is the carrier frequency (or inverter switching frequen-
cy), and fy is the desired fundamental frequency.
A. PWM with bipolar switching design

The single phase full-bridge inverter is shown in Figure 4.1. In the bipolar
switching design, diagonally opposite switches from the two legs of the full-
bridge inverter switch on and off simultaneously and output terminal voltage of
inverter switches between +Vq4 and -V4 where Vg is the DC input voltage of invert-
er. The high frequency spectral components present in the inverter output voltage
consists of sidebands centered on the switching frequency, fs and its multiples, 2f;,
3fs.
B. PWM with unipolar switching design

In this design, the two legs of the full-bridge inverter are controlled sepa-
rately and the switches in the two legs are not switched simultaneously as in the
bipolar design. The output voltage of the inverter switches between 0 and +V4 or 0

and -V4. The dominant frequency above the ‘power frequency’ (i.e., 60 Hz) is
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twice the switching frequency and high frequency spectral components include
sidebands centered at 2f;, 4f;,....The high frequency spectral content for unipolar

switching design is lower as compared to the bipolar design.
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Figure 4.1 Single Phase Full-Bridge Inverter

A three phase inverter can be designed by combining three single phase
full-bridge inverters. A more complete discussion of the spectrum of PWM volt-
ages appears in [18], [48].

C. Determining the frequency spectrum of a PWM signal

The frequency spectrum of a PWM signal is generally obtained by appli-
cation of fast Fourier transform (FFT) on a digitally simulated switched wave-
form. However, the accuracy of this technique is limited by number of samples
and is affected when the carrier-to-fundamental frequency ratio is large and repre-
sents a non-integer value [49]. The accuracy also depends on the computational

capabilities of simulation tool. A theoretical approach to determine the harmonic
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content in a PWM signal is based on applying double Fourier series expansion in
two variables and the approach is discussed in detail in [50], [51]. The double
Fourier series method calculates the coefficients of DC offset, fundamental fre-
quency and baseband harmonic components, high frequency components related
to the carrier frequency, and sideband harmonics around the carrier frequency
components present in the PWM spectrum. The sideband harmonics components
present around the carrier frequency and their amplitudes are influenced by the
nature of sinusoidal modulating waveform (with or without low harmonic compo-
nents) and selection of modulation strategy. The other factors which influence the
frequency spectral components of the modulated signal include design parameters
such as overmodulation and undermodulation, small or large value of frequency
modulation. Nowadays, multi-level PWM inverters are designed to reduce the
harmonic distortion in the output voltage waveform. The accurate determination
of inverter output voltage spectrum thus depends on the consideration of various

design parameters mentioned above.

4.3 Details of the PV Systems Installed on the Test Bed Feeder

For the study purpose, single phase PV inverters deployed on the feeder
are grouped into two categories based on the inverter manufacturers, namely
group A and group B. The ratings of the small scale residential PV systems vary
between 2 and 4 kW. The large scale three phase PV system rated at 700 kW is
referred to as 'PVsystem1'. The other three phase PV system rated at 400 kW will

be called 'PVsystem2' henceforth in the text.
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A. Topology of the PV inverters

Most of the single phase PV inverters on the test bed feeder use H-bridge
topology with unipolar PWM switching design. This is a commonly used design;
advantages being improvement in quality of current injected in the grid, and less
electromagnetic interference. Another popular inverter topology is a hybrid H-
bridge design. The hybrid H-bridge consists of a standard H-bridge topology
combined with asymmetric unipolar modulation. In this design, one of the legs of
the asymmetric H-bridge is switched at a low frequency (60 Hz), and the other leg
is PWM modulated to give a sinusoidal output voltage. The high frequency spec-
tral components present in the inverter output voltage are similar to that observed
in the bipolar design.

B. Frequency spectrum of the PV systems

The inverter manufacturers provide details regarding the electrical charac-
teristics of the PV systems and compliances with different IEEE standards in the
inverter data sheet. The total distortion of the current, given by THD, is normal-
ized by the rated fundamental current and is specified to be 3% in most of the in-
verters. Assuming the background supply voltage is not distorted and the PV con-
troller design has no deficiency, the PV system will generate only high frequency
current spectral components due to the electronic switching techniques.

The measurements related to high frequency spectral components are not
available on the test bed feeder. The power quality meters installed on the test bed
feeder have limited bandwidth and are not capable of recording any high frequen-

cy components. Further, the calculation of frequency spectral components based
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on theoretical analysis is very complex and with various inverter design parame-
ters being unknown, it is difficult to incorporate this analysis in the study.
C. Approach for the high frequency power flow study
It is known that the high frequency spectral components generated by the

PV inverter depend on the inverter switching frequency and the modulation strat-
egy. The switching frequencies of some of the PV inverters installed on the test
bed feeder are found from the inverter model data. Most inverter manufacturers
do not specify the inverter switching frequency, but examination of typical de-
signs indicates that a suitable frequency range for the study is 2-20 kHz. For the
study, only the first dominant high frequency, present above the fundamental fre-
quency, is considered and current THD is used to define the magnitude of the
spectral current component at the dominant frequency. The spectral current com-
ponents occurring at frequencies above the first dominant frequency are ignored
due to their low and decaying magnitudes. The frequencies of current injection
according to the inverter manufacturers are provided below:

e Group A-12KkHz

e Group B - 16 kHz

e PVsysteml - 10 kHz

e PVsystem2 - 18 kHz.

The magnitude of the high frequency spectral current component remains

same for all the operating levels of PV output power. The spectral current compo-

nent magnitude occurring at first dominant frequency will be 3% of the funda-
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mental current when PV inverter is operated at rated power output. The calcula-
tion is based on the specified current THD and frequency spectrum approxima-
tion. For PV system operating at different power output level (below the rated
power output), the magnitude of high frequency spectral component expressed as
a percentage of fundamental current will increase and is calculated using the rela-
tion given in Figure 4.2. The phase angle of the high frequency spectral currents
generated by distributed PV is random in nature with no relation to the phase an-

gle of fundamental component.
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4.4 High Frequency Power Flow Simulations and Results

The impact of high frequency spectral currents on power quality of the test
bed feeder is studied for high PV penetration. The highest PV penetration case is
observed on September 25, 2012 at 12:44 P.M. The summary of system operating
conditions corresponding to this period is given in Table 4.1.

Table 4.1 Total Load and PV Generation in the Test Bed Feeder

Active power, kW Reactive power, KVAr

Total load 2884.443 1609.544

Total PV generation 1266.9 0

For the study, two cases are considered to analyze the effect of different levels of
PV penetration.
A. Case I: PV systems operating at their ratings

All the system operating conditions observed for highest PV penetration
case are kept same and PV systems are now operated at their ratings. The total PV
generation accounts for 1.56 MW. The 'Isource’ object in OpenDSS is used to in-
ject the high frequency spectral current components in the feeder. The magnitude
of the spectral current component is determined from Figure 4.1 and the phase
angle is taken as zero degrees for the initial analysis. The PV systems are modeled
as negative loads and the harmonic spectrum associated with load elements are
edited to include only fundamental component and no harmonic or high frequency

components.
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The substation voltage at the time of snapshot simulation is 1.04 p.u. and it
iIs modeled as a balanced three phase voltage source. Initially, all the capacitor
banks are switched on and power flow is run in OpenDSS. The voltage profile is
found to improve along the feeder due to the presence of capacitor banks and the
PV is capable of improving voltage locally. The capacitor bank control algorithm
defined in OpenDSS turns off the capacitor bank located in the middle of the three
phase lateral. The resulting voltage profile along the feeder length is shown in

Figure 4.3.
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Figure 4.3 VVoltage Profile Along the Test Bed Feeder

The harmonic mode is then executed in OpenDSS to give voltages and
currents in all the feeder elements at each of the frequency defined in the circuit.

The 'monitor’ objects are placed at the feeder DAS locations. The general
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MATLAB code for high frequency power flow study is provided in Appendix A.
The voltage THDs and current THDs are calculated and shown in Table 4.2. The
THDs are calculated taking into account only the high frequency components and
are expressed as a percentage of fundamental components.

Table 4.2 Voltage and Current THDs at Feeder DAS Locations

Location Vthd_phAVthd_phBVthd phC Ithd_phA Ithd _phB Ithd phC
DASO06 0.017 0.021 0.022 0.058 0.076 0.068
DASO05 0.350 0.462 0.186 5.717 2.240 0.457
DAS04 0.564 0.391 0.085 7.960 2.319 0.687
DASO03 0.499 0.409 0.415 3.752 3.437 3.009
DASO02 0.067 0.115 0.145 0.092 0.182 1.504

DASO1  0.043 0.035 0.015 4.306 0.373 3.556
Note that all the THD values are percentage values.

Another index studied is the distortion factor (DF) which gives the indi-

vidual voltage distortion as,

V..
DFE = high- frequency *100 (43)

fundamentad

The individual voltage distortion is calculated at all the system voltage
levels and buses (7.2 kV, 120V and 277V). The maximum individual voltage dis-
tortion calculated as a percentage of the fundamental voltage and the bus number
where it occurs is provided in Table 4.3.

The individual voltage distortion is found to be highest only at the buses
that have PV systems connected. Also, these highest voltage distortion locations
are found at the end of the single phase laterals where the system becomes weak-

er. For example, consider spectral current injections at 12 kHz (or 16 kHz) by
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group A (or group B) inverters. The maximum individual voltage distortion is
recorded at the node where group A PV inverter (or group B) is connected to the
feeder. For the three phase PV system (referred as 'PVsysteml') injecting currents
at 10 kHz, the maximum voltage distortion is experienced at single phase laterals
and three phase primary nodes close to the PVsysteml. For the three phase PV
system (referred as 'PVsystem2') injecting currents at 18 kHz, the bus where the
PVsystem2 is connected (bus #2956) experiences maximum voltage distortion of
approximately 3% while for the rest of system buses, the individual voltage dis-
tortion is less than 0.8%. The maximum individual voltage distortion is observed
to be lowest for current injections at 10 kHz and for the remaining frequencies
(12, 16, and 18 kHz), the maximum individual voltage distortion is in the range of
2%-3.5%.

Table 4.3 Maximum Individual VVoltage Distortion at All the High Frequencies

Maximum voltage = Maximum voltage = Maximum voltage

Frequency distortion ph A distortion ph B distortion ph C
0.901% 0.858% 0.749%

10 kHz  (67.522/7491.95) (64.06/7462.41) (0.94/125.38)
@ 1438 @1899 @3764
2.097% 2.677% 1.59%

12 kHz (2.62/124.79) (3.332/124.46) (1.995/125.12)
@3714 @3046 @2886
2.39% 1.665% 2.40%

16 kHz (2.99/124.97) (2.069/124.28) (3.014/125.38)
@3304 @3934 @2336
3.31% 2.96% 3.15%

18 kHz (9.498/286.454) (8.535/288.11) (9.094/288.29)
@2956 @2956 @2956

'Format of the results shown in Table 4.3: Percentage individual distortion (Volt-
age at high frequency / Voltage at fundamental frequency) @ system node num-
ber’
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B. Case I1: Doubling the PV generation at all the PV sites based on their ratings
The total PV generation in the test bed feeder accounts for 3.125 MW. The
system load level and other operating conditions are kept same. The snapshot
power flow is run in OpenDSS and the resulting voltage profile along the feeder
length is shown in Figure 4.4. The two voltage controlled capacitor banks along

the feeder are switched off by the capacitor control algorithm.
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Figure 4.4 VVoltage Profile Along the Test Bed Feeder

The harmonic mode is executed and the calculated voltage THDs and cur-
rent THDs at the feeder DAS locations are shown in Table 4.4. The maximum in-

dividual voltage distortion in all three phases is shown in Table 4.5.
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Table 4.4 Voltage and Current THDs at Feeder DAS Locations

Location Vthd_phAVthd_phBVthd_phC Ithd_phA Ithd_phB Ithd_phC
DASO6  0.0391 0.0638 0.0546 0.0928 0.2698 0.1812
DASO5 0.8420 1.4644 0.4120 2.5652 1.1082 0.0642
DAS0O4  1.4563 1.2076 0.1725 8.4218 2.9997 0.7795
DASO3 0.8864 1.5045 0.5811 9.4014  10.3597 2.7688
DAS02 0.3305 0.6930 0.6636 5.3763 2.4383  18.6619
DASO1 0.1460 0.0592 0.1812 10.9040 1.4394  36.2924

Note that all the THD values are percentage values.

Table 4.5 Maximum Individual VVoltage Distortion at All the High Frequencies

Erequency Maximum voltage = Maximum voltage = Maximum voltage
distortion phA distortion phB distortion phC
2.13% 1.98% 1.63%
10 kHz  (158.703/7448.27) (145.978/7381.8)  (122.128/7471.36)
@1438 @ 162 @ 1899
3.03% 3.5% 2.17%
12 kHz (3.759/123.96) (4.327/123.475) (2.689/124.16)
@ 3714 @ 3046 @3782
3.187% 3.03% 3.24%
16 kHz (3.939/123.60) (3.669/121.01) (4.036/124.56)
@3304 @ 3846 @2336
3.075% 2.91% 2.95%
18 kHz (8.77/285.07) (8.329/286.10) (8.528/288.24)
@ 2956 @ 2956 @ 2956

I. Frequency scan for zero sequence current injection at PVsystem1 bus

A current source is modeled to inject one ampere zero sequence currents
into the bus where PVsystem1 is connected and the frequency is increased in the
steps of 1 Hz from 8 kHz to 11 kHz. The phase A impedance response observed
from the same bus is shown in Figure 4.5. The phase A impedance magnitude is
approximately 35 ohms for 1 A current injected at 10 kHz. Further, the frequency

response for phases B and C do not show any high magnitudes of impedances
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near 10 kHz. If the actual magnitudes of zero sequence currents are known, the

voltages can be easily determined using linear scaling technique.

Ii. Frequency scan for positive sequence current injection at PVsystem1 bus

A current source is modeled to inject one ampere positive sequence cur-
rents into the bus where PVsystem1 is connected and the frequency is increased in
the steps of 1 Hz from 8 kHz to 11 kHz. The phase A impedance response ob-
served from the same bus is shown in Figure 4.6. The impedance magnitude is
around 12 ohms at 10 kHz, which is lower than the previous case. Also, the fre-
quency response for phases B and C do not show any high magnitudes of imped-

ances near 10 kHz.

— pedance magnitude phA == == |mpedance phase angle pha

20 120
g

70 ~
= / - 100
2 60 ral - TA ﬁ
= / \ - /\-Blju.n
=5|:| ]
= r, - -
= -~ o b =
240 60 =
1] f [=T:]
g 30 E
= 20 =
H‘ J—_/ 'ZDn-
g 10 A

o T T T T T o

2000 8500 2000 0500 10000 10500 11000
Frequency, Hz
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Current Injection
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4.5 Analysis

The following analysis can be made based on the results for case | and II:

With increase in the PV penetration level, the amount of spectral current
injections increases and the total distortion in voltages and currents rises in
the test bed feeder. The current THD is observed to be high at feeder
DASO03 and it is majorly influenced by the spectral currents injections
from the large scale three phase PV system, 'PVsysteml' located close to
the DASO03 location. The current THD at feeder DASO1 is high (36% in
phase C) but the fundamental currents at DASO1 location have very low
values, less than 1 A (0.7 A in phase C).

The maximum individual voltage distortion increases with an increase in

PV generation for the frequencies of 10 kHz, 12 kHz and 16 kHz as ex-
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pected. However, at 18 kHz, the maximum individual voltage distortion
decreases by a very small amount. The slight decrease in the high frequen-
cy phase voltages observed in case Il at 18 kHz is due to the additional
load damping modeled at the bus with PVsystem2. As a result, the high
frequency spectral current components injected into the feeder reduce, re-
sulting in slightly lower voltage distortion at 18 kHz.

In cases | and I, all the single phase distributed PVs are set to inject spec-
tral currents with a phase angle of zero degrees. This is an assumption
made for the initial assessment and worst case scenario analysis. However,
this assumption of phase angle might not represent the real case scenario.
To analyze the effect of random phase angles on high frequency voltages
and individual voltage distortion, the phase angles of spectral currents in-
jected by single phase distributed PVs are randomly varied for case Il. The
random number generator in MATLAB is used to generate the phase an-
gles and results for two different trials using random phase angles are pre-
sented. Table 4.6 shows the maximum individual voltage distortion for
current injections with random phase angles at 12 kHz for two different
trials. Table 4.7 shows the maximum individual voltage distortion for cur-
rents injections with random phase angles at 16 kHz for two different tri-
als. It is found that changing the phase angles of high frequency spectral
currents affects the high frequency voltages, decreases the maximum indi-

vidual voltage distortion as compared to the case where all the high fre-
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guency injection currents are in phase, and also influences the location

where highest distortion is observed.

Table 4.6 Maximum Individual VVoltage Distortion for Current Injections With

Random Phase Angles at 12 kHz

. Maximum Bus Maximum Bus Maximum Bus
Trial
number voltage number voltage number voltage number
distortion phA  phA  distortion phB  phB  distortionphC  phC
1 2.02% 3306 3.09% 3046 2.15% 3764
2 2.18% 2576 2.19% 3938 2.16% 3782

Table 4.7 Maximum Individual VVoltage Distortion for Current Injections With

Random Phase Angles at 16 kHz

. Maximum Bus Maximum Bus Maximum Bus
Trial
number voltage number voltage number voltage number
distortion phA  phA distortionphB  phB distortion phC =~ phC
1 3.12% 3304 2.66% 2200 3.11% 2336
2 2.58% 2510 2.65% 3560 2.63% 2398
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 General Conclusions

The work presented in this thesis concentrates on power quality assess-
ment of a real operational distribution feeder. The main concern is investigation
of harmonic and high frequency spectral voltages and currents in the test bed
feeder. The effect of non-linear loads and PV resources on spectral distortion in
voltages and currents is studied separately. The various harmonic studies per-
formed on the test bed feeder along with the general conclusions are summarized
below:

e The modeling of the test bed feeder is accomplished for two different
ranges of frequencies, one considering the low order baseband harmonics
at and below 13th harmonic (780 Hz), and the other covers frequencies in
the range of 2-20 kHz. A full three phase representation of the feeder is
used in OpenDSS and the details about modeling of various feeder com-
ponents based on the frequency of interest are presented in Chapter 2.

e Based on the field data and individual harmonics measurements, the test
bed feeder is validated using two techniques, zone division method and
random current injection method. The zone division method is based on
applying the measured harmonic currents magnitudes at feeder DAS loca-
tions to replicate the system behavior at each harmonic frequency and the

simulation results are found to match well with the measured harmonic
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voltages for the 3" and 5™ harmonic at feeder DAS locations. The random
dispersion of phase angles of individual load current harmonics for har-
monics of order 7 and above is incorporated in the random current injec-
tion technique. The feeder validation method helps confirming the accura-
cy and reliability of the test bed feeder model. There are no measurements
available related to the high frequency components in test bed feeder.
Hence, the feeder model is assumed to be accurate for high frequency
studies once it is validated for low order harmonics.

The effect of distributed non-linear loads on voltage and current distortion
can be quantified using voltage and current THD, and this has been dis-
cussed in Chapter 3. The voltage THD profile along the test bed feeder
shows maximum voltage distortion is experienced at the end of feeder
where the network becomes weak. The cases studied show maximum
voltage THD of 5-5.6%. The frequency scan technique is adopted to study
the frequency response of the network and identify the potential resonance
conditions, if any, for a particular system operating conditions.

The high frequency spectral currents injected by residential and large scale
PV resources are studied in Chapter 4. High frequency power flow study
shows that the total voltage and current distortion in the test bed feeder in-
creases with an increase in the PV penetration level. The individual volt-
age distortion factor helps to identify if any of the high frequency injec-

tions are problematic and may result in high amplitudes of voltages in the

79



feeder. The high frequency voltages reported for the case studies do not
show any values large enough to be a concern. The maximum individual
voltage distortion is in the range of 3-3.5% (considering all the high fre-
quencies of interest) for the worst case scenario.

e Simulation results from high frequency power flow study show that the
maximum individual voltage distortion is seen at the buses which are con-
nected to PV systems and are located at the end of feeder laterals. The
phase angles of high frequency spectral currents generated by PV re-
sources are random and asynchronous to the fundamental frequency com-
ponents. Changing the phase angles of spectral currents affects the high
frequency phase voltage magnitudes, and reduces the maximum individual
voltage distortion as compared to the case where all the high frequency in-
jection currents are in phase (i.e., phase angle of zero degrees). This is il-
lustrated for current injections by the single phase PV systems distributed

throughout the test bed feeder.

5.2 Future Work
There is a growing interest in analyzing the high frequency spectral volt-
age and current components present in the feeder due to PV resources. Some of
the areas which can be explored for further studies are:
e Developing the monitoring infrastructure to measure the high frequency
voltages and currents in the feeder will help in benchmarking the high fre-

guency model representation of feeder. Calculation of frequency spectrum
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of a PWM signal is very complex and detailed information regarding in-
verter design, modulation strategy, and design parameters must be gath-
ered to accurately determine the frequency spectrum of inverter output
voltage or current.

The PV systems are modeled as negative loads with unity power factor in
the study. The capability of PV inverters to provide reactive power and ac-
tively regulate the voltage should be incorporated in future studies.

The loads are modeled as constant PQ in the present study. In future stud-
ies, different load models such as constant impedance, constant current,
and ZIP models should be incorporated based on the knowledge on the
customer load types and their composition. Identification of loads served
by the feeder secondaries will help in accurate determination of aggregate
harmonic load model. In Norton equivalent load model, the shunt admit-
tance branch represents linear load at the point of common coupling
(PCC) and should be modeled based on the load data.

The individual voltage and current harmonic measurements at PCC can
be used to develop correlation based techniques to identify the individual
harmonic impact of multiple non-linear loads in the system [52]. Another
method to study the harmonic impact of non-linear loads suggests building
an equivalent circuit model to separate harmonic contribution of a custom-
er from the utility system at PCC [53]. The harmonic measurements at

PCC provide a valuable data for calculation of harmonic impedance.
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While the aforementioned techniques help in quantifying the load harmon-
ic impacts, identifying the main harmonic sources is an important task in
power quality assessment and should be explored in future studies [54].
The various methods for identification of harmonic sources and assessing
the harmonic impacts of multiple loads are mentioned in [55]. These
methods should be reviewed, studied and incorporated in the future work

if measurements are available.
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APPENDIX A
GENERAL MATLAB CODE FOR HIGH FREQUENCY POWER FLOW

STUDY
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% To run the high frequency power flow for current injections by group B PV in-
verters at 16 kHz - Case | implementation (as described in Chapter 4).

clc;
clear all;
[DSSStartOK, DSSObj, DSSText] = DSSStartup;

if DSSStartOK

% Compile base circuit without solving
DSSText.command='Compile (C:\Titiksha\RA\openDSS

\Master fixed.dss)';

% Set up the interface wvariables
DSSCircuit=DSSObj.ActiveCircuit;

DSSSolution=DSSCircuit.Solution;

DSSText.Command ='New Energymeter.m LINE.LN1896 LN1897

enabled = True Terminal=2 Losses = YES';
DSSText.Command = 'Set Maxiterations=20';
DSSText.Command = ['set casename=Hfpf flo6kHz'] ;

[

% Edit the default harmonic spectrum
DSSText.Command="'Spectrum.DEFAULTLOAD.NumHarm=1";
DSSText.Command="'Spectrum.defaultvsource.NumHarm=1";
DSSText.Command="'Spectrum.default.numharm=1";

% Define all the monitor objects
DSSText.Command="'New Monitor.mZ Line.LN518 LN721';
DSSText.Command="'new monitor.m5 Line.LN623 LN1480';
DSSText.Command='new monitor.ml Line.LN1691 LN562';
DSSText.Command="'new monitor.m3 Line.LN536 LN528';
DSSText.Command="'new monitor.m4 Line.LN1124 LN1546';
DSSText.Command='new monitor.m6 Line.LN1749 LN522';
DSSText.Command="'new monitor.cl capacitor.cap 1914"';
DSSText.Command="'new monitor.c3 capacitor.cap 1404"';
% Solve for power flow

DSSText.Command = 'solve ';

DSSText.Command = 'Sample';

DSSText .Command 'Show Voltages LN Nodes'
DSSText.Command 'Export Voltages '

DSSText .Command 'Plot profile phases=all'
DSSText.Command = 'Show Lineconstants 60 mi'
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'Show Currents Elem Resid'
'set harmonics=[200]";

DSSText .Command =
DSSText .Command

% Calculate the fundamental currents for all PVs
DSSCircuit.SetActiveClass ('Load')
iElement=DSS0Obj.Activeclass.First;
temp=0; LoadCurrents=cell (1,0);final=[]
while iElement>0
temp=temp+1;
LoadCurrents (temp, 1)
cuit.ActiveCktElement.Currents};
rents
iElement
end
temp=0;
for 1i=1003:1:1121
temp=temp+1
final=cellZmat (LoadCurrents (i, 1))
Ipv (temp)=0.03*%abs (complex (final (1), final (2)));
end

{DSSCir-
%all the load cur-

DSSObj.ActiveClass.Next;

o)
°

Define all the current sources at 16 kHz

DSSText.Command=["'New Isource
' busl=2158.1 phases=1 amps=
angle=0 frequency=16000" ];

DSSText.Command=["'New Isource
' busl=2200.2 phases=1 amps=
angle=0 frequency=16000" 1];

DSSText.Command=["'New Isource
' busl= 2202.2
' angle=0 frequency=16000"' 1];
DSSText.Command=["'New Isource
' busl= 2212.2
' angle=0 frequency=16000"' 1];
DSSText.Command=["'New Isource
' busl= 2224.2
' angle=0 frequency=16000"' 1];
DSSText.Command=["'New Isource
' busl= 2228.2
' angle=0 frequency=16000"' 1];
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phases=1 amps= '

phases=1 amps= '

phases=1 amps= '

phases=1 amps= '

.scansource ' numZstr (4)
! num2str (Ipv(4)) '

.scansource ' numZstr (10)
! num2str (Ipv(10)) '

.scansource ' numZstr (11)
num2str (Ipv(11l))

.scansource ' numZstr (12)
num2str (Ipv(12))

.scansource ' numZstr (16)
num2str (Ipv(16))

.scansource ' numZstr(17)
num2str (Ipv(17))



% Solve for harmonic solution
DSSText.Command = 'solve mode=Harmonics';
DSSText.Command = 'Save'

DSSText .Command 'Show Voltage LN Nodes'
DSSText .Command 'Show Currents Elem Resid'
DSSText .Command 'Export voltages'

DSSText.Command = 'Export currents'
else

a='DSS Did Not Start'’

disp (a)
end
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