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SUMMARY

With the penetration of PV on the distribution system continually increasing, new
advanced simulation methods are necessary to model the potential technical impacts of
PV to the equipment and operation of the distribution system. Connahtioalysis of
the distribution system couldistorically be performed for a single periat the peak
loadtime and only had to consider power flowiirga singledirection. With distributed
PV, a timeseries analysis approach is necessary to morec@ytyre the timearying
nature of solar energy and the interaction with distribution system operatitne.
objective of the research is to streamline the PV interconnection processuiging
more accurate methodisat require less timéor both the K interconnection screening
criteria and the PV interconnection impact study pracéss the continued advancement
of solar energy, the modeling accuracy is crucial to correctly and easily allow
interconnections that will not cause issues, while at @ingestime not installing systems
that will require costly upgrades in the future becdbeedssuesvere not detected before
the system was installed. The impact of different variability profiles, regulator control
algorithms, and smart inverters with Velr functionality are all demonstrated in quasi
static timeseries (QSTS) simulations.

Due to the large number of PV interconnection requests, distribution system
modelling must also be accomplished quickly. To improve the computational speed of
timeseies simulations, an equivalent circuit reduction method is developednuifgi
the circuit to a reducedrder model. The reduced circuit is equivalent during timeseries
simulations, but it solves in a fraction of the time. The algorithm works withlanbed
multi-phase complex distribution system models, and shown to have high accuracy
when validated against the fédledemmodels.

An advanced PV hosting capacity simulation te®ldeveloped and usetb

guantify system impacts for many PV int@noection scenarios, configuratiorend
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locations which can be generalized to develop improved future interconnection screening
criteria. The advanced tools quantify locatgpecific impacts and the locational hosting
capacity of potential PV intercomntion locations on the feeder, including PV impact
signatures and zones. A set of 50 different real distribution systems is analyzed in detall
to demonstrate the range of scenarios and impacts that can occur depending on the feeder
characteristics and pology.

Specific methods are developed for tiseries analysis, faster simulation times,
distribution system equivalent circuit reduction, and PV hosting capacity analysis. The
advancements presented in this thesis assist in streamlining PV intercomrstgties

with faster interconnection analysis times and more accurate screening criteria.
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CHAPTER 1: INTRODUCTION

1.1 Problem Statement

Deployment of distributd PV systems is increasing rapidly. High penetration
scenarios, which are becomimgcreasigly common, have the potential to affect the
distribution feeder equipmeift] and the operation of the distribution system in general.
Interconnection study processes are developed to identify possible system impacts and, in
the case of negative impacts, design mitigation alternaflesn the majorityof cases,
system impacts can be ruled out or mitigation strategies can be identified without an
involved study by using a screening process or a simple supplemental revieJ3$tudy
For proposed projés that require a closer evaluation, theseng methods, dataand
simulation tools may not be adequate to fully characteheeootentiakystem impacts
Enhancedsystem impact studs are requireto identify the potential electrical impacts
associatd with the integration of PV on the distribution systgm5].

Existing screening criteria, such as the 15% of peak feeder load screen, have
provided & easy threshold method for the initial screening of PV interconnections, but
there is room for improvement in quickly detecting evhiPV systems will not have
significant impacts. If an interconnect does not pass the screening criteria, the detailed
PV interconnection impact study can be time consuming and a slow process to analyze all
potential impacts.The prospect of high peneti@n scenarios requires improvements in

analysis methods and simulation tools.

1.2 Research Objectives

The objective of the researchtw streamline the PV interconnection process by
developing advancedimulation methods for analyzing and determiniagy potential

electrical impact®f high penetrations of PV on the distribution systérhe scope of the



work is limited to the technical impacts of PV on distribution system operation, which is
separate from any transmission impacts, economic or mankeicts, and environmental
factors. The researdbcuseson both the PV interconnection screening criteria and the
PV interconnection impact study process. The goal is to provide more accurate methods
that require less time. To accomplish thiew tools methods, and algorithms are
created for detailed analysis of PV variability in thseries simulations.This research
focuses on thenethodology for interconnection studies, the tools necessary to perform
interconnection studies, different placementnse®s for distributed solar, anthe
difference in impacts caused bythe specificlocation of the interconnectioron the
distribution system.

The interconnection study process can be streamlined by develomiethad for
simplifying the complex system tan equivalent representation of the feeder. A full
detailed model of the distribution system can be time consuming to produce andsrequire
more computational effort to run simulations A simplified equivalent circuit retasn
the general characterissi of the distribution system while providing reduced modeling
effort. Theobjectiveof this feeder simplification research is to take a distribution feeder,
which will typically have hundreds of line sections and nodes, and to reduce it to an
equivalentcircuit with far fewer line sections and nodes where only a couple inputs are
needed to test all interconnection criteria.

Finally, novel methods arelevelopedfor analyzing PV interconnections with
advancedsimulation methodsusing locationspecific impats and locationahosting
capacity of PV interconnectionsAn advanced simulation todd developedo quantify
system impacts for many PV interconnection scenarios, configuradodslocations
This new toolgeneratedeederPV impact signatures by maing a large combination of
different PV deployment scenarios. The hosting capaaitglysisis performed on a
range of different distribution systems to understand the risks associated with

interconnecting PV on different feeder topologies.



Specific melhods are developed for tinseries analysis, faster simulation times,
distribution system equivalent circuit reduction, and PV hosting capacity analysis. The
advancements presented in this thesis assist in streamlining PV interconnection studies

with fasker interconnection analysis times and more accurate screening criteria.

1.3 Outline of Chapters

In Chapter 2, an extensive review of modeling the technical impacts of PV on the
distribution system is provided. Special attention is given to modeling thelas
irradiance variability, which provides a crucial input to performing timeseries analysis.
The chapter alsmcludes a literature survey of the traditional methods of modelin@PV,
summary of the typical interconnection process, and an overvieve @itiential impacts
that PV can have on distribution system operations. Previous circuit reduction methods
are also reviewed.

In Chapter 3a timeseries approach for modeling PV impacts is presented. The
motivation for quasstatic timeseries (QSTS) ishown by looking at the variability of
PV and the interaction with the distribution system. Extreme voltage, both high and low,
can only be captured when modeling the twvaeying nature of PV and load. Solar
variability also interacts with voltage regtibn equipment to increase the number of tap
changes. This interaction is studied in detail for various PV variability profiles,
simulation parameters, and voltage regulator control settings. Finally, improved
computational methods are demonstratedrforeasing the speed of QSTS analyses.

In Chapter 4, aircuit reductionrmethodis developed in order to reduce very large
complex distribution system models to a simpler, yet equivalent, system. The algorithm
is initially developed for balancedhase gstems in ordeto prove the equivalence of
the algorithm. The methodology is expanded to be applied on more realistic distribution
systems with unbalance, mutual line impedances, line charging capacitance, and

transformers with core losses. The algonitis implemented in MATLAB and applied to



large distribution systems with thousands of buses. The circuit reduction is shown to
work for several different feeders, withigh accuracy when validated against the full
models.

In Chapter 5, advanced simulationethods for PV interconnection analysis are
presented. An advanced simulation tool is developed to quantify locgemific
impacts and the locational hosting capacity of potential PV interconnection locations on
the feeder. The locational analyssseixpanded to analyze entire feeders with PV impact
signatures and zones. Finally, a set of 50 different real distribution systems is analyzed in
detail to demonstrate the range of scenarios and impacts that can occur depending on the
feeder characterists and topology.

In Chapter 6, a summary of the key results and conclusions of the research are
presented. Contributions of the research are included, along with potential future

research directions.



CHAPTER 2: LITERATUR E SURVEY AND RESEARCH CONTEXT

2.1 Introduction

This chapter provides a literature review of the electrical impacts that PV can
have on the distribution system and the methods currently used to analyze PV
interconnections for potential issues. The second part of the chapter discusseg exi

techniques foreducingelectrical grid models into simpler representations.

2.2 Modeling Solar Generation Inputs for Interconnection Studies

A critical input for simulating the impact of PV interconnections on the
distribution system is theodelirg of the solar resource and PV power production. This
section largely focuses on modeling the expected solar irradiance for generating power
output timeseries and total PV energy producéde irradiance profile is first converted
to plane of array irrddnce[6], smoothed according to PV plant s[Z¢ and wind speed
[8], and then converteid expected AC power output using PV arf8lyand invertef10]

performance models.

2.2.1 Clear Sky Models

Often distribution planners are most interested in the largest infd®Vcould
have grid. This happens on clear days when thbeeBigsolar energy is produced,
therefore many grid impacts can be studies solely using the diurnal solar patténes of
expected irradiance. This type of analysis will often over estimate certain ingats,
as yearly losses, buiecause itdoes not account for solar variabilitit will under
estimate other potentighpacts like flicker or voltage regulator tap changes. Clear sky

irradiance profiles provide a solid starting foundation for modeling grid impacts.



Clear sky models estimate the terrestrial solar radiation under a dswiig as a
function of the solar elevation angle, site altitude, aerosol concentration, water vapor, and
various atmospheric conditiofdl, 12]. Global horizontal irradiance (GHI) clear sky
models vary from very simple to compleg)d3]. There are also many published clear sky
models that can be applied for different latitudes, longitudes, and elevations. v&gyme
simple modelsthat only depend on solar zenith anghelude DaneshyarPaltridgé
Prodor model[14, 15|, KastenCzeplak[16], Haurwitz[17, 18], Bergei Duffie [11], and
RobledeSoler[19]. Some simple models that include one or dwditionalparameters
are Kasten moddR0] andIneichen mode[21]. Complex models, such as MAR2,

23], Atwater and Ball[24, 25], Bird [26, 27], and REST model§28-31], are highly
accurate when all of the inputs are correctly measukélidation of clearsky models
requires comparison of model results to measured irradiance duringkyeaeriods and

is performedor selected cleasky models usingneasured data from 30 different sites in
[13]. In terms of error averaged over all locations and tirfied, found that complex
models that correctly account for all the atmospheric parameters are slightly more
accurate than other models, but, primaatyow elevations, comparable accuracy can be
obtained from some simpler model®ther authors have also found that simple models
are comparable in accuracy to more complicated mdddls The development of a
complex clear sky model for a Id@@n is a time consuming processing, and complex

models are also heavily dependent on having local measurei®gnts

2.2.2 Solar Irradiance Variability

Because of locatiespecific weatheand cloud coverthe irradiance at a given
place on earth does not match the clear sky msogetviously mentioned Using
historical measurements or séiteldata, the actual average irradiance can be found for
each day of the year. Two good sources of data are Typical Meteorological Year (TMY)

[33] or satellite datd34]. Both of these provida profile more characteristic of the



irradiance for docatiord given weather patterns. This data can be used to calculate how
much solar energy willéd produced throughout thyear and to perform other higéavel
yearly simulations.

For distribution system assessment of solar PV impacts, the common concern is
intermittency and variability of solar energy and how this might impact nearby customers
on the distribution system. Thesssues all relate to the frequency and speed for which
the PV output will changeHigh timeresolution irradiance data is required for this type
of analysis.

One method to determine the amount of solar variability is by the type of cloud.
Innately, slar variability is caused by cloud cover, so depending on the structure, speed,
and opacity of the cloud, the PV output variability will change. If the cloud type is
known, or forecasted, control algorithms for energy storage, spinning reserve, oil optima
dispatch could be controlled based on the expected variability and ramp rates from solar
power plants for that period. It could also be used to model the solar variability for a
given location and time by synthetically creating time series irradiante ddhe
frequency of each cloud category could be used to distinguish the differences in
variability for different locations and regions.

Imagery from GOES satellites is analyzed to determine how solar variability is
related to the NOAA classification afoud type[35]. Without using a model to convert
satellite imagery to average insolation on the ground, cloud categandgectly model
the expected statistical variability of ground irradiance. Classifying the types and
properties of each cloud class is aeresting research problem that historically was
done by trained human observers. With satellite images and data, clouds and weather
patterns can be classified for large geographic areas. From the ground, sensors such as
irradiance sensors can categerizloud cover or cameras witmage processingan
detect and recognize types of clouds. Tapakis and Charalambides pravétailed

overview of all methods for detecting and classifying clouds using the full variety of



sensors and cameras on the groandh spacd36). Duchon and O6Mall ey

cloud classification method using time series data from a pyranometer to categorize
clouds into one of seven types with a 21 minute running mean and standard deviation of
irradiance[37]. In [38], this method was found to be usable for classifying the clouds in
Antarctica, and more detailed and accurate criteriee wwgoposed. Another method
proposed using time series global and diffuse irradiance data and five different statistical
metrics to cluster the time series data into several classes and determine the number of
oktas with cloud covef39]. In South Dakota, a four band (440 to 936 nm) photometer
measired shape was fit into one of nine cloud types using a decisioptied-inally, a

method was developed to classify clouds with combinations of attenuations in the beam
transmittance and visual identification from sky imajgds.

Image processing can provide autonomous classification of clouds from images
taken from the ground at reguliatervals. In[42], sky photographs were used to create
cloud contows with fractals, synthesize cloud patterns, and create time series irradiance
data. A whole sky imaging system was use4i8] and[44] to classify cloud types in
the image based onloo and textureThe spatial cloud variabilitan be used tolassify
clouds into five different classeshereeach cloud clas®latesto a irradiance variability
class[45. The irradiance variability class allows an irradiance time series to be
synthetically created that statistically represents the expected measured irradiance on the
ground

The GOES Surface and Insolati Products (GSIPEreated by NOAA from
process GOES satellite data also includiesid type[46]. GOES West hourly GSIP
images were downloaded from April 2009 to July 2011, totaling ~350 GB of data. The
satellite images are compared to global horizontal irradiance at two NREL MIDC
locations during the same time perip8l/]. UNLV is the University of Nevada, Las
Vegas, and Anatolia is in Rancho Cordova, California. The irradiance is converted to a

clear sky index using a clear sky modé¢hat provides a much more accurate



representation of the expected shape for clear sky irradiance on the pi8u48]. The

clear sky model used is the Ineichen md@&]. The inputs to this model are solar zenith

(2), air mass (AM), Linke Turbidity (TL), and elevatior)( . Kasten and
formula is used to calculate the air m§$9]. Remund calculated and produced Linke
turbidity maps for the world for each month using a combinatioground measurement

and satellite datfp(] that can be downloaded from either the HelioClim welj&iig or

Solar Radiation Data (SoDa) webdi£?].

With hourly imagesa 40 km square is used to represent the irradiance time series
information for the 30 minutes before and after the image is taken. The cropped satellite
image is processed for the mean cloud typgielst number cloud type, smallest number
cloud type, and the range of cloud types in the 16 pixel$e cloud type and
corresponding number are shownHigure 1. These cloud statistics are analyzed and
compared to the 60 minutdear sky index time series around the image snapshot.

The type of cloud impacts the percentage of sunlight transmitted through the
cloud. To analyze this, the average clear sky index is calculated for each daglight
andis plottedin Figure 1l compared to the mean cloud type for Anatolia. Note that the
order has been changed with type 5 (optically thin ice cloud) plotted between type 2
(water cloud) and type 3 (supercooled cloud) instead of with the opttbatly clouds
(type 4). A clear trend and average clear sky index can be associated with cloud type,

although there is considerable scatter.
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Figure 1. Measuredclear skyindex at Anatolia compared to GSIP cloud categories

durin g all daylight hours.

The distribution of clear sky index for each cloud type is showrigare2. In
[53], the frequency distribution of clear sky index is listed at the first criteria for
characterizing irradiance time series, and gbeond criteria considering ramp rates is

discussed later. The mean clear sky index for the cloud type is shown with a vertical red

line, and both the numeric values for the mean and mode cleardgkyare noted on the
plots.
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Figure 2. Measured clear sky index at Anatolia compared to GSIP cloud categories
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The average cleaky indexwas shown to be dependent on the cloud type, and
the variability is also influenced by the cloud category. Irradiance variability can be
defined ad calculated many different ways, but the easiest method is to calculate the
standard deviation of the time series data. Similaf3@@, the mean and standard
deviation of clear sky index for the period 30 minutes on either side of the image are
plotted inFigure3. This illustrates that types of clouds are generally in certain regions of

the graph with specific clear sky indices and variability.
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A metric for measuring variabilitgalled Variability Index (VI) was proposed in

[54]. For the hour around the image, VI is calculated as:

<dq

B
B

w0 (1)

dq

where GHI is a vectorof lengthn of global horizontal irradiance valueseasuredat
some time intervain minutesYo. CSlis a vector of calculated clear skyrizontal

irradiancefor the same times abe GHI data. The average VI for each cloud type is
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shown inFigure4. Note that the shape of the variability by cloud type is very similar
between the two locationgdf there is Type 2 cloud without Type 0 oyg@e 1, VI is high.

It can also be noted that Type 4generally has lower variability
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Figure 4. Average VI by cloud type for each daylight hour at UNLV and Anatolia.

Another method to characterize irradiance variability ismm&asure the magnitude
of the ramp rates. The magnitude and frequency of the irradiance time series variability
was previously discussed using VI and standard deviations, and the rate of the increase
and decrease of irradiance is characterized using thp rate. Ramp rates are often
compared between sites, different time scales, or between irradiance and power output,
but our study comparesmp ratedor differentcloud categories.The Xminute ramp rate
is calculated as the absolute value of the diffiee between the clear sky index at each
minute. The cumulative distribution function (CDF) for thenthute ramp rates during
each cloud type are shown kingure5 for Anatolia and UNVL from April 2009 to July
2011. The firstgraph is grouped by the mean cloud type indk# pixel satellite image,

and he secondow is grouped by the largest cloud number in the wind&wen with the
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limited analysis dataset, it appears toféiey consistent as to which clouds have higher
ramp rates, independent of location. For example, a ramp rate of >0.4/minute for a mean
cloud type of Type 2 (1.5% of the time at UNLV, and 3% of the time at Anatolia) is
around 10 times more likely than if the mean cloud type is Type 0 or Type 5 (0.15% of
the time at UNLV, and 0.3% of the time at Anatolia). Looking at the maximum cloud
type, a ramp rate of >0.4/minute for a maximum cloud type of Type 3 (2% of the time) is
4 times more likely than if the maximum cloud type is Type 4 or Type 6 (0.5% of the
time). If the ramp rates can be precisely correlated to cloud type, the expected
distribution of ramp rates for a location can be determined by the distribution of cloud

types in historical satellite imagery.

UNLYV, Las Vegas, NV Anatolia, Rancho Cordova, CA
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The NOAA classification of cloud type is useful for characterizing the irradiance
during the time period. Hourly cloud classified satellite images are compared to multiple
years of ground measured bfance at several locations to determine if measured
irradiance, ramp rates, and variability index are correlated with cloud category. It was
shown that the mean value and distribution of ground irradiance, the variability, and the
distribution of ramp ates are dependent on the cloud category. Using this method to
model irradiance and variability from cloud type, satellite imagery and the prevalence of
each cloud type at a location can be used to produce synthetic time series irradiance or

represent thong-term irradiance distribution and variability profile for the location.

2.2.3 SolarModeling Using Satellite Imagers

Using satellite imagery to identify cloud types and patterns can predict irradiance
variability in areas lacking sensors. With satielimagery covering the entire U.S., this
allows for more accurate integration planning and power flow modeling over wide areas.
Satellite imagery of southern Nevataanalyzed and methods for image stabilization,
cloud detection, and textural classitica of cloudsare developed and testad [55].

The purposeén [55)] is to translate satellite imagery into a model of irradiance, variability,
and PV output for a fleet of PV plants at one minute resolution that casadiky
implemented into a power flow model of the ar€aurrent techniques of estimating high
frequency (<1hr) solar resource dgtnerallyrely on direct measurements of irradiance.
Being able to estimate high frequency irradiance (~1 min) from isatielagery allows

the grid impacts of distributed and utilisgale solar generation to be evaluated. Ultilities
and energy planners need to know how solar photovoltaic plants will affect the operation
of the grid in order for these plants to be builtg d&mgh frequency solar resource data is
needed as input for these studies.

The satellite imagerysedis from the Geostationary Operational Environmental

Satellite (GOES) which is owned and operated by NOAA through their Comprehensive
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Large ArrayData Stewardship System (CLASS). The proposed method uses GOES
West or GOESL1 which is located at longitude 135.0W at 35,790 km above the equator
and has been in operation since 6/21/2006. The visible wavelength (0.55 to 0.75 Apm)
silicon detector is used for ages with 1 sdgm per pixel resolution taken approximately
every 15 minutef46).

There are several groups that have developed algorithms to model average ground
irradiance using satellite imagef$6, 57] that have been shown to be highly accurate
[58]. The modeln [55 is verified with one minute irradiance and power output data
provided by Las Vegas Valley Water Distr{€. VVWD) from six of their PV plant sites
in the Las Vegas area starting in August 2008he NREL Measurement and
Instrumentation Data Center (MIDC) also provides one minute irradiance data for two
sites in the area starting in March 2006 at Clark Statial the University of Nevaddn
Figure6, an example GOES images around 4:00PM (PST) on June 4, 2008, shows the

correspondence with the ground irradiance measurements at two ground locations, Fort

Apache and UNLV.
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Figure 6. Three images from GOES 11 of Las Vegas region for 6/4/2008 around
4PM (PST) with corresponding measured irradiance at two ground locations.

The modelin [55] for converting satellite imagery to higksolution iradiance
datais shown inFigure7. The irradiance is modeled at one minute resolution between

two historical satellite images 15 minutes apart. First, the images go through image
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processing such as geographical subsetting,erstapilization, and cloud detection. The
processed images have the background image of the ground on a clear day subtracted out
to leave only the clouds in the image. The two images are translated into clearness
indexes through the trained artificial ural network (ANN) model. The ANNvas
trained using images and known historicamnihute clearness indexes from measured
irradiance data. Finally, the clearness index is transformed back to irradiance
measurements using the clear sky model.

The image proessing and background subtraction are described in more detail in
[55], and the main solar variability modeling is accomplished using an ANN to learn the
correlation between identified clouds and the higéolution solar variability fothe time
period between the images. This is a type of artificial learning to automatically
categorize and cluster cloud types and the matching types of variability. Traiasg
done with multiple ground locations with thousands of satellite imageaghoot the

year.
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Figure 7. Model overview using two images 15 minutes apart to generate the
irradiance profile for each minute between images.

In order for the neural networks to learn the correlation between the clouds and
the gound irradiance, the background image of the ground must be removed.
Background subtractiowas accomplishedn [55] by estimating what an image of the
ground would look like and subtracting this image from the actual image. As taesul

background subtraction, the subsequent image analysis depends only on the clouds in the
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image, and not on any of the background contefn. additional ANN can be used to
generate the background image that varies with the seasonal and daily ch@higes.
ANN is automatically trained by detecting and using only images of the location without
clouds throughout the yearFor each of the images with clear skies, image statistics
(mean, minimum and maximum) of the pixel intensity are computezhn theé generate

what an image would look like for any date for that location without clouds. The
synthetic background images are verified to match the min, max, and mean intensity for
each time and day of the year.

The background image generation is validated-igure 8a, which shows the
neural network was found to produce synthetic images which had statistics reasonably
close to the statistics for the actual clear day imagégure 8a shows that the syntiie
image retains the general structure and characteristics evident in the-X3QEage.
Figure 8b shows that the ANN also learned the diurnal variation through the year to

account for different lengths of days and solar intgnsi
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Figure 8. Comparison of pixel intensity of clear sky images and ANN simulated
output for a) Diurnal variation in image statistics and b) diurnal variation for
different days of the year.
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The ANN model was trained using meeesdi ground irradiance between the two
images 15 minutes apart. The irradiance was transformed to clearness index by dividing
by the clear sky model irradianc@he feedforward backpropagation ANNwasset up
with threehidden layers of 300 neurons wahogsigmoid transfer function. The BFGS
guastNewton backpopagation algorithnin MATLAB was used to train the ANN with
the satellite images as inputs and the ground clearness index as the Guipwteek of
images and data was used the train the Ahddlel. An example of the model learning
the training data is shown irigure9 where the model learned the correlation between

the images and irradiance very accurately.
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Figure 9. Measured and simulated(NN Output) irradiance for Fort Apache at 1
minute resolution for May 25, 2008.

After the model has been developed using known ground irradiance values, it can
be implemented anywhere with satellite images. Current model results can be seen in
Figure 10 for Fort Apachefor the week after the training dataThe model very
accurately models the large transitions of the cumulous clouds later in the day, but has
more trouble with the variability produced from the high thin cirrasids earlier in the

day.
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Figure 10. Measured and simulated (NN Output) irradiance for Fort Apache at 1
minute resolution for May 27, 2008.

A proof of concept model was developéd [55] to predict high frequency
irradiance variability in areas with no ground sensors. Artificial Neural Networks (ANN)
can be used to generate clear background images to do background subtraction, cloud
identification, and cloud classification in satellite imagery. The ANN model has
difficulty modeling all possible images to irradiance patters, but categorizing clouds and
using separate neural networks for each cloud type could improve accuracy. The overall
processing is very intensive and utilizing High Performance Computing Resoig
necessary. For interconnection studies modeling solar power on the electric grid, a good
model for system variability is needed. This method shows the possibility of modeling

high-resolution solar variability using only satellite images.
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2.3 Traditional Methods for Analyzing PV Interconnection Distribution System

Impacts

The section provides a review of the traditional methods used to analyze the
impacts of PV interconnections on the distribution system. First, the typical
interconnection proceghkat utilities go through for small scale PV systems is discussed.
Second, a review is presented of the possible impacts that PV can have on the distribution
system operation and control. Third, methods are discussed for analyzing how much PV
can be intrconnected on a feeder before there are issues, which is also called the PV

hosting capacity.

2.3.1 Summary of Typical Interconnection Process

Distributed photovoltaic (PV) projects must go through an interconnection study
process before connecting teetdistribution grid. The interconnection study process is
designed to identify possible system impacts and mitigation alternd@yedn the
majority of the cases, system impacts can be ruled out or mitigation can be identified
without an involved study, thrgin a screening process or a simple supplemental review
study[3]. For proposed projects that require a closer evaluaégpensive and time
consuming interconnectiommpact studies are requiredA system impact stug is
performed to identifythe potential electrical impacts associateith the integration of
PV on the distribution systefd, 5]. Every PV impactstudy senario is uniquandoften
highly specific to theamount of PV generation capagifgeder characteristics, ahdw
much PV is alreaddlistributed alonghe same feeder. This cameans eacimpactand
mitigation strategy idocationspecific Another interconnection analysitallenge is the
inherent variability in PV power output whidhteractswith feeder operatin by affecting

the operation of voltage regulation and protection devices.
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For small systemg<50 kW), the PV interconnection application review and
approval process is tlenglemost timeconsuming parof the proces§s9]. The median
time for application review and approval is 18 days, and the mean is 2T5@ysAn
approximate flow chart for the interconnection amatgorocess is shown iRigure 11
[60, 61]. Many uilities use a standard small generator interconnection procedurB)SGI
procesq62] for PV that includesrainterconnectiorscreen for placing requestgo the
simplified i nfasetraadddhatrde ot réqoire moreodetailéd stydy63,

64]. Most small residential PV sgem interconnection requests will go into the fast
track The traditional criteria for screening PV systems was 15% of the peak load of the
feeder[63]. FERC has defined small generator interconnection procedures (SGIP) fast
track eligibility usingTable 1 [62]. Any system that does not meet the fast track

eligibility will be required to have some supplemental review and plessietailed

impact study.

Table 1. FERC Small Generator Interconnection Fast Track Eligibility [62].
Fast Track Eligibility on

Line Voltage Fast Track Eligibility a Mainline
g Regardless of Location  Electrical Circuit Miles
from Substation
<5kV O 500 kW O 500 kW
O 5 kV and O 2 MW O 3 MW
O 15 kV an¢( O 3 MW O 4 MW
O 30 kV ano( O 4 MW O 5 MW
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2.3.2 PV Impacts on the Distribution System

Conventionally, distribution systems have be@sighed for voltage regulation
and protection coordination considering emay power flowing radially from the
substation to the customergés the adoption of distributed generation continues to rise,
adding large amounts of distributed generation mageawoway power flow changing
the historic paradigm and possibly impacting other customers on the distribution feeder
[65]. Rooftop photovoltaic (PV) generation is one of the most comfooms of
distributed generation, and the variability and intermittency of solar power insréese
challenge ofgrid operation. Two common concernsR¥ interconnectios are steady
state ovetwoltage[66] and lineloading violationg67]. PV can also cause issueih
voltage regulation equipmefn68], system lossef69], harmonics[70], voltage flicker
[71], and protectiorj72]. PV interconnections must go through a screening psotes
investigateanysuchpotential adverse effects of an interconnecfits).

One significant area of concern for interconnecting PV on the distributstens
is the interaction with the voltage regulation equipmentoltage regulators were
designed for slow daily variabilitgf the aggregate feedkrad The high variability and
frequent changes in PV output over a long timescale can make the volta{gioag
equipment continually change taps, creating additional degradation eduigmen{ 74-

76]. Reactive power control of the PV inverters can be useditootohe voltage locally
[77], but without intelligent coalination, the PV reactive power injections can also
create issues with the voltage regulation equipmié®)t79]. The impact to the number
of voltage regulation equipment changes depends on the size of the PV [8@tamd

the position of the interconnection compared to the reguiaipr
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2.3.3 Feeder PV Hosting Capacity Analysis

While PV interconnection impact studies typically investigate a specific location
and PV size, another approach is to analyzethe e r e f eeder and deter
PV hosting capacity. The results are feesjgcific, but they are generalizable to &\
interconnection locatioon the feederUsing this approach, if the total installed PV on
the feeder is less than the hogtinapacity, regardless of location, there will be no
significant impact to the grid operations. EPBbng with a couple othef82, 83], has
performed significant research in the area of feeder hosting capacity f¢84°36.

Work hasalso been done to show how hosting capacity is a factor of the distribution
parameters and can be increased with PV inverter reactive power control stj@@égies
91]. The PV hosting capacity of a feeder can also be increased using demand
managemento2] andactive distribution systen|€3, 94]. Because hosting capacity and
interconnection studies are generally specific to a given feeder topology, load level, or
other feeder characteristics, the ability to interpret the results for a specific bus or feeder

in a manner that generalizes this information for analysis is of interest.

2.4 Review of Circuit Reduction Methods

Many methods for circuit reduction have been published for different purposes,
and some examples of circuit reduction techniques can be s¢@&10(. These are
often a reapplication of basic circuit analysis techniques to calculate circuit parameters
for a simpler representation. One key circuit equivalencing technique that deserves
special attention comes from theeg¥fern Electricity Coordinating Council (WECC)
guideline for modeling wind power planf01]. WECC published a similar guideline
for modeling PV systems in largeale load flow simlations based on the wind

guideline [10Z. Both WECC guidelines use the same metloddapproximating the
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equivalent impedance for anglemachine representatipand it isalsowell established
in other literatur¢103 104].

The WECC equivancing method was first published for reducing a collector
system of a large wind power plgrdi05. The method reduces a muitiachine system
with varying impedances between the collector and the wind turbine generators to a
single equivalent machine and single equivalent impedance representation. The single
machine represents the average conditions on the wind power planthearsingle
equivalent impedance is the average impedance weighed by the square of the current.
This method was formulated produce real and reactive line losses equivalent to the full
wind power plant network. The equivalent impedance of the wind polaet is the sum
of the individual line lossescqrrentsimpedance) divided byhe square of the total
current being produced by the wind power plagt,. For each line with impedan@g,
and currentzn, the equivalent impedance for a collector wiine segments is

m=1

Zeq = I—z (1)

total

The simplest implementation of this method. assumes that all turbines have the
same power output and rating, so thgterms in(1) for curent can be represented by
the number of downstream turbines dgg is the total number of turbind405. The
more advaned method uses the actual current in the lines to allow for different turbine or
inverter ratingd106. The WECC literature proposes a method similar to a DC power
flow to calculate the tie currentdzy in (1). DC power flow is commonly used in a
simplified model of the power system network as a rough approximation for such tasks as
production costing and trading optimization because of the spekdimplicity of the
calculation due to disregarding reactive power, voltage levels, and active power losses.
Since all voltages are fixed, it is a system of linear constant equations that can be solved

without iteration. The WECC method can use thisraxmation, along with the fact
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that it is a radial network, to approximagg, by hand without solving the full power flow

or having to form theYy,s impedance matrix. It is important to remember that this
method of calculating line currents is an apjmation because the line losses make the
assumption of equal bus voltages false, but it is not a bad approximation since the
variation in voltages is small. If the simplified DC power flow is used, the equivalent
impedance is slightly different than theaet equivalent impedance. When compared to
the full plant representation, this simplified model varies slightly with regard to plant
shortcircuit contribution as well as the power angle with reference to the grid. The
method provides an easy-calculae approximation that can be done by hand, and has
been shown to work well for wind transient and stability studi€3] and for ealuating

wind farm harmonic§108. Errors for reactive power loss can be higher than active
power errors because of the assumption that reactive power tgehdna the line
capacitive shunts is at one per unit voltat@y. In[109 it is shown that the WECC
single turbine representation does not perform well under some conditions of diversity in
line impedance, diversity in power production, or diversity of generation types. The
WECC mehod allows both active and reactive losses to be approximated by hand. The
approximation in the WECC method is in the calculatiohgf so if higher accuracy is
required, the full wind or solar plant information along with the entire collector
informaion can be entered into a power simulation package to solve for the full power
flow.

The WECC equivalencing method is designed for studying the impact of large
plants on the bulk electric transmission system, and it cannot easily be used to tackle the
sysem inFigure 12 because of the diversity of loads and generators. The objectives of
the WECC method did not include interest in the voltages or details inside the feeder,
only their impacts on the transmission teys. Once the circuit is reduced to an
equivalent Afaver ageo | o &igureantide modelvdees aog e 0

provide any information about the voltage deviations or extreme voltages inside the
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distribuion system that are valuable for studying the impact of DG on the distribution
system. The WECC model was never intended to be applicable to this case. To study the
impact of PV on the distribution system, the equivalent circuit must preserve the
locational value of solar with impacts to specific parts of the feeder and correctly model

voltages inside the feeder, especially at locations with voltage regulation equipment.

High Penetration PV on distribution system Recommended load flow model
Transmission Transmission
/ system , system
Unit Station Unit Station
L Transformer & Transformer

Distribution =) S
@D —GD—@

Utility-scale PV Equivalent
@ ] E impedance

%@ e s liﬁj %’: gT

Commercial

Figure 12. WECC model for distributed PV [107.

The WECC model is useful for quickly approximating the equivalent impedance
for a singlemachine representation of a large wind power plaatlarge PV plant. This
could be used for modeling large central PV systems interconnected on the distribution
system, but reducing the entire feeder would lose details necessary for distribution system
interconnection impact studies. Because the methsdnaes fixed voltage on all buses,
it probably would not work well for equivalencing large distributed PV systems
connected on the secondary system of the distribution system where the voltage varies
significantly at locations around the feeder. The WEE{tivalent impedance also

requires all line currents to change in proportion to one another through time. This is a
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good approximation for a large wind power plant or large PV plant where all inverters in
the plant increase or decrease together in tiraejtbds more complicated to apply to
distributed rooftop solar, especially with dispersed loads in the feeder each with different
load shapes through time.

Another method called the exact lumped load model wasifeadly developed
to reducethe complexy of loads on the distribution systgihld. The reduced circuit
model includes the extreme feeder voltages by modeling the voltage drops in the circuit.
This method assumes that all loads are constant current loads and are uniformly
distributed along a line in the feeder with equal spacing and equal magnitude. The
uniformly distributed requirement is a big assumption and limitation of the method, but
this is most commonly the case on single phase laterals where equally rated transformers
are regularly spaced along the lateral. The method could also be used for |qigateV
where equally rated inverters are equally spaced throughout the plant. The exact lumped
load model ensures that the voltage drop to the end of the line is the same in the reduced
model and that the line losses are equal. For simplification gord>amation, the model
is developed for the case where the number of loads goes to infinity and the distance
between the loads goes to zero. With these assumptions, the resulting model for a feeder

with lengthl and total feeder loald is shown inFigure13.
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Figure 13. Kersting exact lumped load mode[11Q.

28



The exact lumped load model is useful in specific circumstances with uniformly
distributed loads, or it can provide a reasonable assumption for line losses and voltage
drop along a feeder if the loaizes or locations are unknown. In contrast, if a simplified
equivalent circuit for a full distribution system model is required, the exact lumped load
model does not capture the diversity of line impedances and load sizes. Specific sections
of the fee@r may be applicable to use the exact lumped load model, but the model could
not provide an equivalent representation for an entire feeder due to the complexity of load
sizes (residential, industrial, commercial), range of line lengths in the feederarsety v
of possible distributed rooftop PV sizes.

Several existing circuit reduction methods have been discussed, waittmtheir
weaknesses. In Chapter 4 new algorithm is proposed for simplifying distribution

system models for faster PV interconnectamalysis.
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CHAPTER 3: TIME -SERIES APPROACH FORDISTRIBUTED PV

SIMULATIONS

3.1 Introduction

To examine the impact of PV on the distribution system, many different types of
studies and analyses can be performe@ommercial circuit analysis tools have
historically provided the capability to perform steady state power flows to analyze the
distribution system at specific snapshots in time, but PV output is highly variable and the
potential interaction with control systems may not be adequately analyzéd wit
traditional snapshot tools and metho#éighly detailed and accurate interconnection
impact studies require a tirgeries simulation with large amounts hifjh-resolution
data.

This chapter discusses several aspectsqudisistatic time series (QSTS)
simulatiors andhow high timeresolution data can be used to assess the potential impacts
of PV on the distribution system a more comprehensive mann&he main advantage
of using QSTS simulation is its capability to propeayalyzeand capture the time
dependent aspects of power flg#11-114. QSTS produces sequential steady state
power flow solutionsvhere the converged state of e#elation is used as theeginning
state of the next. Examples of the thahependent aspects of power flow include the
interaction between the daily changes in load and PV output and the impact on voltage
regulation equipmenQSTS analysis is also commonly used to study the ingfgadug
in electric vehicles on the distribution systE5 11§.

All electrical modeling is done irhé open source softwa@penDSSrom EPRI
[117]. OpenDSSs commonly used to model solar on the grid becadises timeseries

capabilities[118120. The program was designed to help distribution planners analyze
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various issues with distributed generation. All powew8 were solved with OpenDSS

and the results transferred to MATLABrough a COM interfacgl2]].

3.2 Simulation Data Requirements

The application of QSTS simulations requires more data to represent the time
varying PV output coincident with tiraarying load. The necessary data set can become
very large depending on the resolutiomddength of simulation desiredAny time that
large datasets are use¢hbere will besignificant effort required for cleaning, processing,
and validating the accuracy of the datQSTS simulation introduces new and more
complex data requirements for pemflow simulation. The data requirements for QSTS
can be divided into three categories: model data, load data, and PV data.

The implementation of QSTS may require the gathering of additébsi@ibution
system modetatg including time delay control #ngs on voltage regulation devices
such as capacitors and VREGQ#e cetails of voltage regulation controlsuch as reset
modes and delays, are not necessary for snapshot power flow simulations, but this
information becomes critical for accurate timésganalysis results.

QSTS simulations requithe availability of historicatime seriedoad datathatis
often not easily available ahe required time resolutiofor the scenarios or study of
interest. It is common for utilities to record feeder ldeald data at 1Bninute or thour
resolution,but these time resolutios may be todow to analyze some aspects of PV
system impactshat function on the order of secondg-or example, to study voltage
regulator tap change operations, it is typically seaey to perform simulatierat a
second resolution, which requiressécond PV and load datdhe most straightforward
approach is to linearly interpolate the load data higher resolution.This will capture
the longterm, e.g. 18minute, variabiliy effects of load, but it neglects any shtatm

variability. In [122, the authors propose a methodsiymthesize high resolutiofi-
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second) load using an autoregressive function from some historical load data
measurements

The most ideal input for PV QSTS simulations is high resolution irradiance data
locally measured at the feeder tho@incident to thdoad data measurements, bluére
are very few i1second resolution irradiance data sources in the United States.
Commanly, either low resolution data is used for the analysis, or high resolution data
from a distance geographical location is transformed to the study locatsing dJasic
diurnal PV output patternsuch as a clear sky modgl3], could still provide som
valuable insightdo potential interactions between the load and PV generation. When
using high resolution irradiance data, it is important to correctly nmibégkeduction in
variability of the PV power due to the geographical smoothiadg will occurover the
area of the®V plant Methods like he Waveletbased Variability Mode{(WVM) can be

used tcestimate théV power outputising a irradiance point senspr, 123 124].

3.3 Time Series Power Flow Analysis

Two time series power flow analyses are demonstrated in this section to provide
an example of QSTS iatconnection analysis. A modetailed discussion on performing
PV interconnection studies and additional analysis exangpwwn in73]. The feeder
in Figure 14 has a substation LTC with LDC and two switched capacitors. The
substation transformer serves a total of four feeders, and the other three fem@ers w
simulated as lumped loads.

The first analysis investigates operatiafisoltage regulation equipment during a
9-month simulation with the central PV system connected at the furthestptiase
point on the feeder that could thermally support the PV plant. Coincident feeder load
data and local high resolution irradianceasurements are used for the simulation. The
hypotheticalPV plant has a nominal capacity of 7.5/K output at unity PFwhich is

equal to 100% of feeder peak load. The simulation was rursatdnd resolution from
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January 1, 2011 through September 3, 12 Table2 shows a comparison of the base
case and PV case with regard to LTC and switched capacitor operations fentdmo

simulation.

A 1
| Fixed Cap [_Fixed Cap

900 kVAr

Distributed Roop PV

53 Central PV
3.36 miles

LDC

LbC Control Point

Control Point Switched
Capl
1200 kVAr

Switched
Capl
1200 kVAr

Switched
Cap2
1200 KVAr

Switched
Cap2
1200 KVAr

Substation

Figure 14. Distribution feeder with one central plant or distributed rooftop PV

Table 2. Device Oeration Comparisons for the Base Case and P\ase.

Device Operations Opera_tions V\_/ith Percent
Base Case| PV (Differential) Change
LTC 459 394 (65) -14%
Cap 1 12 6 (-6) -50%
Cap 2 16 28 (+12) +75%

The addition of PV resulted in a net reduction in operations observed over the 9
months for the LTC and Cap 1 (nearest the substation) and an increase in the operations
for Cap 2. The substation LTC is a +8 step device, unlike the more commonepl6 st
devices, which means that each tap change results in twice the voltage change per step
and fewer operationgzigure 15 shows a column plot with the total LTC operations by
month for the 9month simulation of bdt the base case and PV case. The differences
shown inFigure 15 highlight the periods where PV causes the greatest decrease in
operations, which is during the summer months, and a small amount of additional

operatons, which occurs in the winter months.
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Figure 15. LTC Operations by Month, Base Case and With PV, 9onth Simulation

Note thatthe distribution system is connected to a stiff 115 kV transmission
system. This means the numbéL®C operations will be lower than an LTC connected
to either a weaker grid (loghortcircuit curren} or a lower voltagéransmission system
The LTC is connected to three additional distribution feeders, so a high penetration of PV
on one feeder mayomh considerably affect the substation current or the number of LTC
operations. PV variability can have a more significant impact on distribution system
LTCO6s f or andwhenahere are fgwerifedders on the transformer.

The second example use< tlistributed rooftop PV shown iRigure 14 to
anal yze the PVO6s i mpact (tTohe simhationaassunforiabut i o
week surrounding Saturday, April 23, 2011, adetond resolution. The total nominal
outputof the distributed rooftop PV is 7.5 MW, and each PV system is connected on the
secondary systenkigure 16 shows the total aggregate power output of the distributed
rooftop PV systems at the end of the feeder in comparison teutigtation and feeder
real power. A check for voltage issues was performed as part of the analysis to verify the
highest and lowest voltage found at any location on the fesha®ng the weekThis
allows for a thorough check to determine if further stisdgecessary and to identify the
location of the highest and lowest voltages, both with and withouFRNre 17 shows

the plot of the highest and lowest voltages for the PV case during the study week.
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Figure 16. Power profiles for April 20™ through 26"

Figure 18 shows the feeder voltage profile at the time of highest voltage
identified. Figure 18 shows all phases arhes on the feeder, with secondary services
shown as dashed lines. This illustrates the extreme voltage rise observed on the secondary
with PV and the location of the highest voltage. This example illustrates the importance

of considering secondary volegise to PV systems.
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Figure 17. Maximum and Minimum Voltages with PV for Study Week
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Figure 18. Voltage profile for the feeder during the highest voltage time

Distributed PV interconnection studies ngitime-series simulation and high
time-resolution data can better characterize the specific impdctsgh deployment
levels of PV systems on the distribution system. Because PV output is highly variable,
the potential interaction with control systemsa adequately analyzed with traditional
snapshot tools and methgdaehichonly provide an assessment of the distribution system
at one instant in timeSome brief examples were showareand the full details and

methodology can be found |ii3].

3.4 Impact of Time Step Length and Interpolation Methods

Theload datafor the feeder shown iRigure14 is at Xhour time resolution.In
order to run a simulation at a finer resolution thaholr, the load data must be
converted to a higher resolution. The simplest method for this is to interpolate from the
1-hour data to any desired resolution. While this does not fully represeratiability
in the load, adding variability synthetically and accurately modeling the load without
more detailed data can be difficullhis section is dedicated to investigating the impact

to the simulation results by using different interpolation méshfor the load data. The
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impact of running the simulation at differing time resolutions and power flow control
modesarestudied.

The impact of different interpolation methods was studigdcomparing the
number of load tap changer (LTC) operations gigacHinear interpolation, cubic spline
interpolation, nearest neighbor interpolation, and piecewise cubic Hermite interpolation
of the load data. The results are showmable3 for a 2month simulation othe 30 day
period with the most LTC operation88/02/1108/31/1). Note that each interpolation
method produced very similar results, but there are slight differesltesithin +2
operations for different interpolation methods. This provides a feel doatige of error
and certainty bthe testswith differences of 1 or 2 operations between simulatimisg
statistically insignificant becage they are within the error bd&rom differing valid
assumption®f interpolation Although the capacitors ach@e more during the month
period for nearest neighbor interpolation, the results are not anomalous and no

conclusions should be drawn.

Table 3. Comparison of the number of switching operations during a-inonth
simulation in time control mode with different simulation time resolutions and load
interpolation methods.

Linear Spline Nearest Cubic I‘
LT(CaxCazLT(CaxCazLT(CaJ:CazLT(CaJ:Cazﬁ

Res ol

A decrease i TC operations for the 3@ay simulation can be observedTiable
3 as the time resolution increases to longer periods. This is explained by the method

OpenDSS useto control the voltage regulatoisn t h e corfirdl imode.dn the
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simulated distribution systemeach of the control devices (LTC, Capacitor 1, and

Capacitor 2) has a time delay of 30 seconds. OpenDSS detects when the voltage goes out

of band and a control oper mbde, OpenDSE stamtd ad o C

counter of30 secondsand a tap change occurs if the voltagstill out of bandat the end

of the delay The issue with long simulation timesteps like 30 minutes is that OpenDSS
does not check the voltage when the 30 secondeoarpires. Instead, it only evaluates

the state of the system and control actions vtherpower flowis solved, which could be

30 minutes later. If the simulation time resolution is long, the state of the system is less

likely to still be out of bandvhen the system is next solved, so the number of operations

decreases as the time step lengths are increased. Longer time resolutions have a similar

affect as lengthening the time delays on the control actions. -Flerltime resolution
also produces seral more capacitor operationthat were not observed on higher time

resolution simulations This appears to be in the control logic of OpenDSS. Ahaut

timestep, both the capacitors and LTC can be out of band at the end of the timestep. In

this smulation, when OpenDSS solves the state of the system, if both the LTC and
capacitor are out of band, OpenDSS activates the capacitors first aftenale deriod,

and then changes the LTC tap if it is still out of band after activating the capacitor and
resolving the state of the system. I n
simulation time resolution with no greater time than the shortest time variable in the
system. For example,fithe time delays are 2 minutes, then-miRute time resolution
could be used.

To resolve the issue oDpenDSSnot checking the control action counters until

c

the next solved timestep, OpenDSfepmwes o has

flow. In this case, it is essentially the same as setting the timeatekll control actions

to zero. For high variability conditions, this would create a very large number of control

actions anytime there was a momentary out of band voltage. For this reason, running the

simulation in fAstat i choariabtedadar phwervoulthngtbeéah e day
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valid option Without PV or & nighttime, the state of the system is solely determined by
the system loading. As previously discussed, the loadasoater resolution (15 minute

to 1 hour resolution). With lineanterpolation, all extreme points of the load and the
system will occur on the load datapoints, which means a lower time resolution can be
used. The #fAtimeod contr ol mode has the
mode correctly solves the 2y simulation even at a-hour resolution as shown in

Table4.

Table 4. Comparison of the number of switching operations during a-inonth
simulation with linear load interpolation with differ ent simulation time resolutions.

Ti me Col Static (
LTtCapbpCadLT(Cap Cad

Resol

3.5 Impact of Smart Inverters in Time-series

As the penetration level of PV on the distribution system grows, the current
injection by PV can create oveoltage issues around the location of the interconnection
of PV. Often,the voltage regulation in the feeder is not setup to handle these reverse
current flows and inverse feeder voltage profile sha&mart inverters have the potential
to change their reactive power generation or consumption based on time of day,
interconnetion voltage, or real power generation. These smart inverter functions are
implemented and simulated in tileer i es to wunderstand the

impact feeder voltage with variable PV output.
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With deployment of distributed PV systems inciegsrapidly, interconnection
studies have shown that high voltage conditions can occur on the distribution system,
especially under conditions of high penetrations of PV and when a large PV plant is
connected to the end of a feedigér5, 73]. An example of high voltages due to PV is
shown for the distribution &=ler inFigure19 with a 7.5 MW central PV plant (100% of
feeder peak load). The feeder has a load tap changer (LTC) at the substation with load
drop compensation (LDC) and has two switched capacitors. The central PV system is
connected at the end of the feeder on the furthest-gitvase point that could thermally
support a 7.5 MW PV plant. The simulation was run for the peak penetration week of
April 20, 2011 to April 26, 2011 with coincident load and local irradiance dataee Th
simulation uses substation load data measured hourly and irradiance data measured at 1
second resolution in the middle of the distribution feeder. The irradiance data was
transformed to power output of a 7.5 MW central PV plant by using the wavelet
variability model (WVM)[123. Thisfeeder and timsimulation will be used throughout
this sectionto demonstrate options for mitigating the high voltagsisg smart inverter
functionality.

Figure20a shows tle maximum and minimum voltage anywhere on the feeder for
each second of 4/23/2011, demonstrating the range of voltages. The redHigare
20a is the maximum feeder voltage plotted through time with the 7.5 RMW\plant at
unity power factor.The maximum voltage occurs at 11:48d®4/23/2011, or hour 83.8
on the simulation hour timescal&he voltage profile plot along the entire feeder with the
7.5 MW PV plant is shown ifrigure 20b. Note that the voltage increases along the
feeder to the PV plant at the end. Higure 20b, the dashed lines represent the voltage
drop in the secondary transformers and secondary system.siifhuation shows how
high penetrations of PV at unity power factor can create issues by increasing voltages

around the PV.
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Figure 19. Feeder circuit map used for simulating 7.5 MW central solar plant
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Figure 20. A 7.5 MW central solar plant at unity power factor for a) the fourth day
(4/23/2011) of the simulation with I) the over voltage condition occurring at
11:48:19

Voltage regulation equipment can be used to control the voltage, but solar
varnability can create frequent tap changes, which puts increased wear on the equipment
[68]. A common solution to the high voltage issues from PV systems is to adjust the
power factor to absorb reactive powdbdue to the line impedance between genesator

and loads, voltage is commonly regulated using reactive power output coStrart
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inverters can also be operated where reactive pmwgEmerated or absorbed to increase
or decrease the voltage. The main purpose of the solar inieedglt to gereratereal
power (kW) from the solar irradiance on the PV panels with the normal control logic, but
additionally any remaining capacity of the solar inverter can be used to oefutive
power (kVar) toregulate the voltage.

As shown inFigure21, even a slight change in the PV output power factor to 0.95
decreases the voltage at 11:48:19 from 126.3V to 123.4V at the PV point of common
coupling (PCC). Literature includes extensive discussions about the impact to the
distribution system caused by absorbinglt-ampere reactivgvVar) and changing the
power factor on distributed resources with different possible power factor control
strategie$120, 125, 12q.

The var output of the inverter can be controlled many different ways. A, fixed
constarivar output could be specified to alwaystput the same reactive power.
Alternatively, aschedule could be specified to vary the var output by time of day.
Furthermore, bcause the kW output of the solar inverter increases the voltage at the
PCC, the kVAR output could also be specified as atfonof the kW output. Finally,

the var output of the inverter could be controlled based on the voltage at the PCC.

4/23/2011 at 11:48:19
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Figure 21. Simulation with 7.5 MW central solar plant at 0.95 leading power factor
for 4/23/2011 at 11:48:19.
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Figure21 shows a specific case where a PV system with a leading power factor
decreased the voltage. To analyze the general impact of power factor on \Fajage,
22 shows the PV PCC voltage for the fixed instant in time (4/23/2011 at 11:48:19) with
the 7.5 MW PV output at varying power factors. This demonstrates the exact impact that
the power factor of the PV output has on the distribution system voltage. With aleadin
(absorbing) power factor, the voltage at the end of the feeder decreases, and with a

lagging (producing) power factor, the voltage increases.
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Figure 22. Voltage (pu) at the PV PCC on 4/23/2011 at 11:48:19 for different PV
output power factors for the 7.5 MW PV plant

Generally, as the PV output power increases, the voltage rises at the PV PCC
because of impedance between the PV system and the closest voltage regulation
equipment. As shown iRigure22, the PV PCC voltage is also a function of PV output
power factor. An analysis of the PV PCC voltage as a function of both output power and

power factor for 4/23/2011 at 11:48:19 is showFigure23.
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Figure 23. Voltage (pu) at the PV PCC as a function of PV outpu
power and power factor for 4/23/2011 at 11:48:19

Other than the fixed lagging power factor previously mentioned, two other
possible control strategies areoposed for adjusting the output power factor without
voltage measurements. The first power factor control strategy is to adjust the power
factor by time of day. If the distribution engineers know from experience that high
voltages occur on the feederspecific times of day, either from the solar output or the
load, the power factor of the PV can be decreased during these times. An example is
shown inFigure 24. This example simply decreases the power factognwthe solar
production is expected to be the highest in the middle of the day. The solar inverter could
also be set to output Vars at certain times of day to support the voltage.

The power factor schedule shown kigure 24 was used to run the same peak
penetration week simulation with the 7.5 MW PV plant at the end of the feeder. The
simulation results are shown kigure 26 for this power factor schedule. This power
factor schedule is advantageous because in the mornings and evenings when the solar

output is low the solar output is @ity power factor, which helps support the voltage.
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Figure 24. Example power factor schedule

The second poer factor control strategy shown is controlling the power factor as
a function of PV output power. IRigure 23, the PV PCC voltage is shown to be a
function of PV outputsothe PF can be designed as a functibR\ output to counteract
the voltage increase. Because a detailed simulation cannot be completed for every PV
plant being installed, a generic function for power factor titet shown inFigure 25 can
be used. Similar to the concept for the power factor schedule, the power output is at
unity power factor for lower solar outputs, which helps support the voltage and produces
the most energy. Some authors suchl@3] have poposed also making this a function

of theX/Rratio at the point of interconnection.
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Figure 25. Example of power factor as a function of PV output
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The simulation was run with the 7.5 MW PV plant at the end of the feeder and the
power factor function fronfrigure25. The results ifrigure26 show lower voltages than
when the PV plant is at unity power factor. The advantage of the power faatborfuis
that it is directly proportion to the solar output, instead of assuming a certain amount of
solar power at each time of day. The three methods (fixed power factor, power factor
schedule, and power factor function) are graphed togetheéigure26. These example

control methods all bring the maximum feeder voltage within the appropriate limits.
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Figure 26. Feeder voltages with varying ways of modifying solar output power
factor (PF)

Other authors have studied the implementation and impact of Volt/Var control
[120, 128 and investigatedistributed optimal control strategies for reactive pot@9
131]. As indicated inFigure 27, to assist in regulatg voltage,the reactive power
generatiorfrom the PV inverters variedfrom capacitive to inductivedepending on the
PCC voltage. When the voltage is around the nominal or desired voltage, the solar
inverter does not output any reactive power. The anofireactive power that the PV
inverter can generate depends on the real power generatibigute27, the yaxis must
be dependent on the fAheadroomo in the inv

active power being produced. Using a curve like this, even at a single system voltage on
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the xaxis, the reactive power generated may vary due to solar irradiance variability and

changes to the inverter headroom.
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Figure 27. PV volt/var control curve with deadband.
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The OpenDSS simulation software includes a control module for changing
reactive power generation based on voltage describdd2@. In OpenDSS control
elements are modeled separately from the standard power delivery or conversion
elements. The solution algorithm is an iterative process of sothimgower flow and
allowing the control elements to take action. Thus, volt/var control decisions and actions
are executed only on converged power flow solutions rather than during the power flow
iterative process. The iterative process also has the tageathat the final solution for
each timestep involves taking control actions immediately, instead of applying them
after the power flow solution for the next tirstep.

As an example of the volt/var control features, the control was simulated for the
distribution feeder irFigure19. The peak penetration week was simulated with results
being shown for 4/20/11. A day was selected with variable irradiance to fully
demonstrate volt/var control. The simulated real power plapubig the same in each
simulation and can be seenkigure29. The PV connected at the end of the feeder is

simulated for three different scenarios: unity power factor solar output, volt/var control
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shown inFigure27 with a deadband around the voltage, and PV inverter performing full
voltage regulation.

Voltage regulation by the PV inverter can be implemented with the OpenDSS
function shown inFigure 27 by creating a curve with a very steep slope around the
desired voltage setpoint. With the steep slope, the solar inverter will deliver whatever
reactive power is necessary to regulate the voltage until the inverter rating isdreach
The results for the daily profile of voltage at the PCC for each of the three solar scenarios

are compared to the basecase without Piigaire28.
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Figure 28. PCC voltage for each bthe three solar scenario: 1) unity power factor, 2)
volt/var control with deadband, and 3) voltage regulation.

For the voltage regulation case, a significant amount of reactive power is required.
The reactive power output is shownHRigure 29. In this simulation the inverter rating
was never reached (because of the low solar output on this cloudy day), so the exact
number of required vars was always able to be generated or absorbed to regulate the
voltage. Uneér extreme conditions of high solar power output (kW) or large voltage
deviations, the PV inverter can reach the rating limit and would not be able to fully
regulate the voltageThe solar inverter mai stay within its kVA ratingso an inverter
rated forthe PV system would have very little capacity left for producing or absorbing

Vars under high solar output weather conditions. This headroom for reactive power
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output between the inverter rating and the real power solar output varies throughout the
day & the solar irradiance varies. If the inverter control (fixed power factor, schedule, or
function) requestsa higher reactive power outptitan the availableheadroom of the
inverter kVA rating either the reactive power or the real power must be redtmedhe
specified conditions.

Using reactive power output from PV inverters also impacts the power factor of
the line flows in the distribution system. For example, with high penetrations of PV, a
significant portion of the real power of the feeder cduddgenerated by the PV. On the
other hand, the PV may be absorbing large amounts of reactive power to decrease the
system voltages. PV would be decreasing the real power flowing through the substation
transformer and increasing the reactive power fimaking the power factor go towards
zero. The same impact would be true for the power factor of the current flowing through
distribution system lines and relays. Moving more reactive power around the feeder can

also increase system losses.
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Figure 29. PV plant power output using voltage regulation control on 4/20/11.

With increasing penetrations of solar on the distribution system, reactive power
capabilities of inverters can be used to support voltage and mitigate any ovee voltag

conditions caused by real power output. Detatieteseriesanalysis was shown to
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demonstrate the exact impact of PV output power factor and reactive power on the
distribution system voltage. Additionally, two methods are shown for controlling over
voltage conditions using a power factor schedule and a power factor function. Two
forms of voltage regulation using volt/var inverter control were also shown. The
expansion of PV and distributed generation to high penetrations on the distribution
system reqgires intelligent and well controlled devices to ensure reliable service and

minimal impact to the existing customers.

3.6 Voltage Regulator PV Impact Simulations

The interaction between solar variability and the distribution voltage regulation
equipmentis a serious concern to the utility. Voltage regulators have many different
control modes and settings that can be selected by the distribution engineer when they are
installed. In this section the PV irradiance variability profilepact onthe number btap
change operations is investigated. In additievesaldifferent voltage regulatarontrol

modesareimplemented and simulated to determine the different interaction with PV.

3.6.1 Impact of PV Variability Profile

Since changes in PV power outfman create tap changes in distribution system
voltage regulation equipment, it is expected that higher amounts of solar variability will
have a more significant impact to the number of tap changes. The solar variability is
determined by the weather, abb structures, and cloud speelach of these factors are
geographically dependent, asgecific locations will have higher solar variability than
others. In this section, higlesolution solar data is used from ten different locations in
order to studyhe impact of different variability profiles.

In order to quantify the variability of each location, a metric was developed in

[132 thatcreates /Sy based on the analysis of the-8&cond ramp rates. TR
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value was determined for the entire dataset at each location and is shbigaran30.

For the distribution simulations for each locatiorsaanple weelof irradiance datavas
chosen that best nddites theV Sy for the entire datasetThe irradiance at each location
was scaled to represent a 3SMW central PV power plant. This was done by: (1) smoothing
the irradiance to represent the average irradiance over a 3MW plant footprint (~18.5
acres) usinghe wavelet variability model123 and (2) converting the irradiance to
power output of a 3MW PV plant using a simple linear irradiance tcepowodel with
clipping at 3MWSs. The weekly power output samples edch location are shown in
Figure31l. Consistent with their lowWSg; values, Las Vegas, Livermore, and Sacramento
all had multiple clear days in their weekly samples. Conversely, Lanai, Oahu, and
Mayaguez, all locations with higiSy: values, had many highly variabtiays in their

sample weeks.
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Figure 30. Bar chart of the 30second VScdf values at each location.
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Figure 31. Sample weeks for distribution sudies.

allowed for simulation of a 3MW PV plant just beyond the voltage regulator.

52

The agricultural feedershown inFigure 32 was used for all simulation®©ne
distribution system was used so that the results can be better correlated to the single
variable of PV variability profiles changingThis feede was chosen partly because of

the location of its voltage regulator (approximately halfway down the feeder), which

For all

simulations,a consistentoad profile from thepeak lad week was usedQSTS power
flow analyses at -second resolution were computed throu@henDSS coupled with
MATLAB [121]]. This analysis was run 11 different times: once with no PV as a base

case, and once for each of the 10 different PV power profiles.



Figure 32 Layout of the study distribution feeder shaving the location of the
substation, voltage regulator, and 3 MW PV.

An example of the results fdhe QSTS analysief the base case and the Lanai
PV power profileare shown irFigure33. The power through the voltage regulatothe
base case is the load profile. The week starts on a Sunday (h2dysa@d ends on a
Saturday (hours 14268), and both of these weekend days have lower load than during
the weekdaysSince voltage regulatorsre installed to regulatehe voltage vaations
caused by thdoad, there can be a significant amount of tap change operations even
without PV. Ower the whole week, there were #p chage operations in the base case.
When using the Lanai PV power profile, the power through the regulattudtes much
more than in the no PV case. On the Sunday (ho@#%),0the Lanai power profile was
mostly clear, and there is almost no increase in tap change operations over the base case.
On the Friday (hours 12044), however, there was an especially éangcrease in the
number of tap change operations compared to the base case. The irradiance profile on this
day was highly variable during a time of relatively low load, leading to more voltage
fluctuations. Over the entire week, there were 190 totalllapge operations, more than

double the number of operations as the base case. This increase in tap change operations
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may lead to increased grid operation costs if the tap changers need to be replaced sooner

than they would without such PV variability.
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Figure 33. Power through voltage regulator (top), voltage regulator position
(middle), and cumulative number of tap changes (bottom) for the feeder base case
with no PV (black) and for the 3 MW Lanai test case (light blue).

Figure 34 shows the percent increase in the number of tap operatiotise
sample week for each of the PV power profdéespared to the base case. The Boise and
Livermore locations resulted in no increasdap change operations over the base case.
This is not to say that the PV variability had no impact on the tap change operations. The
tap position timeseries was not identical between the base case and either the Boise or
Livermore simulations, even thgh the cumulative number of tap changes was the same.

The PV variability at times damped some of the load variability, leading to reduced tap
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operations, and at other times augmented the load variability and increased tap

operations.
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Figure 34. Percent increase in tap changes over the base case with no PV during the
sample weeks when using a 3 MW PV variability profile from each location.

The distribution simulations results using different PVialality profiles by
location have strong implications for distribution studies and PV integration. Significant
overestimation or underestimation of the impact of PV can occur due to choosing an
inappropriate solar variability profile. For example, a distiion study that used the
Oahu PV profile to represent a feeder in Livermore would overestimate the number of tap
changes by over 300%. Such a study might erroneously assign a high cost to PV
integration due to increased tap changer maintenance. Cdgyeasestudy of a
distribution feeder in Oahu using PV data from Livermore would significantly
underestimate the impact on tap change operations, and may lead to equipment failing
much sooner than expected.

QSTS 1second resolution simulationsere perfomed for a 3 MW PV
interconnectionwith different PV variability profiles Depending on the variability of
each location, there issagnificant rangeof increasein the number of/oltage regulator

tap changeduringthe weeksimulations
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3.6.2 Voltage Regulator Control Modes

While the previous section focused on the solar irradiance input of the interaction
between PV variability and voltage regulators, this section studies the variations caused
by different voltage regulator control settingehe mos basicvoltage regulatiorevices
include a voltage set poina voltage bandwidthand a time delay.Another common
control setting may be the use of Line Drop Compensation (LDOE allows for the
setting of a voltage control point other than at theafion of the LTC or VREG by
programming estimated real and reactive impedances to the desired point and then
monitoring the measured current in that direction to estimate voltage[ dBhpMost
modernLTC/VREG controls offer several modes of operation, suckeagiential, time
integrating, andvoltage averaging133. Sequential mode of operation is the most
common and is sometimes the default time delay control niddeng the timeout
period in sequential modethe voltage iscontinually sampéd at a susecond rate. If
during the timeout the voltage returns to a leweithin the bandvidth, the timer is reset
If the voltage remains out of band for the duration of the time delay setting, an
appr@riate tap change is activat¢ii33. There are also settings designed to offer
flexibility of control during reerse power, such as-#hirectional and cogeneration
modes Bi-directional modes simply implement a separate set of control parameters when
in reverse power. Cogeneration modes can offer the ability to focus the voltage regulation
on a certain point, suchs a cogeneration interconnection point, regardless of the power
direction. These control options can make a difference in the way PV affetitge
regulationswitching operations; therefore, it is important that the correct control settings
be determiad and properly implemented in the simulation software.

Using the same simulation setup from the previous section, a few other regulator
control parameters are studied for their impact on the number of regulator tap changes.

The same “veek simulation atl-second resolution is performed for eight irradiance
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locations, and for each simulation, the number of voltage regulator tap changes is
recorded. One of the most common settings (and most likely to be modified) is the time
delay on the regulator. lrigure 35, the regulator delay is changed to be 30, 45, and 60
seconds. As expected, the longer delay times have fewer number of tap changes because
the regulators take a longer time to respond to the solar variability. For fecéile
Livermore with little solar variability, modifying the regulator delay had little impact.
Conversely, for Oahu, doubling thlielay from 30 seconds to 60 seconds changed the

increase in tap changes from 379% increase to a 238% increase.

60

400 ——

I 30s Delay i I 30s Delay
50 [ ]45sDelay ] [ 145s Delay
I 605 Delay 300 —| I 60s Delay

I

40

200

100

Average Daily Tap Changes

o

Average Increase in Tap Changes (%)

ABQ Mesa
ABQ PSEL

Lanai
Las Vegas
Livermore

Oahu
San Diego
ABQ Mesa
ABQ PSEL

Lanai
Las Vegas
Livermore

Oahu
San Diego

]
2]
]
(]
(3]
2]
]
o

Puerto Rico

Q
Q
o
2
)
S
o

Figure 35. Change in tap changes as a function of regulator tap delay and variability
location profile.

Voltage regulation devices have evolved over time to provide increasingly
complex and customized control modes for many differenti@gns. It is unlikely to
find distribution system analysis software that is capable of QSTS and offers the ability to
simulate all existing control modes. However, if the QSTS software offers COM interface
capability, it is possible to develop and implent control algorithms through an external
program[68]. For example, OpenDSS is cable of QSTS, but it only offers a simple
control algorithm for voltage regulators and LTCs that initiates the time delay with the
first instance of an out of band volggthen disregarding the voltage during the time

delay, it simply checks the voltage at the end of the time delay and reacts according to
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whether the voltage is still out of band at that point. This type of control in OpenDSS is
different than the commoregquential control, time integrating, or voltage averaging. PV
power output can be highly variable under cloudy sky conditions, potentially causing
voltage variations that could be missed during the time delay in OpenDSS.

Using theCOM interfacein OpenDSSit is possible to implement more realistic
control modes using programbia software, such as MATLABOpenDSSis used to
solve the power flow, anthe control logicis implemented in MATLAB to monitor the
voltages and currents armbntrol devices accondg to a customized algorithmAn
example of the interfacingrocess for controlling sulstation LTC is shown ifrigure
36. For each time step in the OpenDSS tswvees power flow solution, MATLAB reads
the transformer voltageend currentshroughthe COMinterface MATLAB calculates
the control voltage based on transformer voltage ted PT ratio, as well agshe
transformer current, CT rating, and LDC X and R settihga LDC is present

If the calculated condl voltageis out of bandthe custom control logic block is
entered. The custom control logic block ¢ecustomizedirom simple delays to more
complex controls and secondary chedis;h agemembering when the most recent tap
change occurred. When all condiis are met, MATLAB commands the appropriate

winding in OpenDSS to move to the new tap position.
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Figure 36. MATLAB/OpenDSS interfacing for custom LTC control.

Figure 37 provides a visual example of thetpntial difference that can occur
between a simple control algorithm and the sequential mode, which properly simulates
time resets when the voltage returns in baRdr both control modeshown, the voltage
setpoint wa 124V, the bandwidth was 2V, andethime delay wa 60 seconds. The
OpenDSS defaultontrol mode radts in a tap change at 1:25:P0/ simply because the
voltage is out of band when the initial counter expires. The sequential control mode does
not result in a tap change here because the dielay was reset when the voltage surged
back within band, resetting the delay. This illustraestuation wher@roperly nodeling

the actual control mode can make a difference
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The method of MATLAB controlling the LTC in an OpenDSS simulation is
demonstrated for a-@onth simulation of the feeder Figure38. The QSTS simulation
was performed at orgecond resolution using time coincident load and iarach data. A
7.5 MW PV system was simulated at the end of the feeder, representing 100%
penetration of the feeder annual peak load. A base case without PV and the PV case were
run utilizing both the default control mode in OpenDSS and the customized saluen
mode using MATLAB. The use of external MATLAB control of the LTC was validated
in both the base case and the PV case by implementing the default OpenDSS control
algorithm through MATLABand comparing it to the results obtained in OpenDSS alone
Identical results were obtained for the LTC taps and number of operations for the
simulation periodFigure 39 shows a plot of the LTC activity for therBonth simulation

with PV using a sequential control mode algorithm through MATLAB.
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during the 9-month simulation with 7.5 MW PV.

In this example, there were no @ifénces in operation totals for the LTC found in

either the base case or the case with PV when using the sequential control algorithm

through MATLAB. Conceptually, an LTC connected to a large transformer and stiff

transmission source serving several fegde less likely to be affected by PV and/or load

variations during voltage regulation device time delay counters as a line voltage regulator

or capacitor bank out on a feeder near a

PV system, where voltage fluctuations are much

greater. For the PV scemg it was expected that the control mode would affect the
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number of operations during the simulation because of the high resolution variability.
The results show that the control mode had no impact, mostly due to the fact that the PV
penetration was 100 of the feeder load but less than 20% of the total substation load
through the LTC.

There are many factors that need to be properly simulated in order to obtain
valuable results from an interconnection study on voltage regulation device operations
using BTS simulation.First, the range in the increase of tap changes due to PV
variability was shown for ten different locations. Secotin& regulator control time
delay was increased to mitigate the large increase in number of tap changes due to highly
varieble PV output. Third tiwas shown that you can implement complex volzgerol

algorithmsthrough MATLAB to improve the accuracy of the results.

3.7 PV-Induced Low Voltage and Mitigation Options

This section describes the phenomena of low voltages feeder that areaused
by the combination of PV and lirdrop compensation (LDCANSI C84.1[134] defines
the steadystate voltage range that must maintained foany 18minute averagekor
low voltages, the ANSI thresholof 117 V (for systems above 600V) is applied to the
primary system buses, and the threshold of 114 V (for systems below 600V) is applied to
the secondary system buses. Voltagetow these threshold, amdervoltages, are
generally only caused by PV whéme feeder voltage regulation contains an LDOC
is avoltage regulatosettingthat virtually sets thevoltage controlpoint downstream of
the location of the LTG/REG. This is typically done by providing impedance
characteristics, both real and reactive, that are representative of the section of feeder
between the LTC/VREG and the virtual control point. The control then takes the
impedance and the line current into accourd adjusts taps accordingly. LDC can be

useful in cases where optimal VREG locations present excessive physical obstacles.
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Other applications of LDC include conservation voltage reduction (CVR) and dynamic
regulation for extreme load conditions.

Because th LDC assumes a certain voltage drop on the feeder for a particular
current drawn, the PV generation effectively tricks the LiDO believing there is less
voltage drop on the feeder because the current decreasedis Tostly commonly an
issue wherPV is nearthe voltage regulator equipmenith LDC causing undevoltages
toward the end of the feeder. PV proximity to tiegulatorplays a role in the risk of
undervoltages. The further the PV is from the LTC/VREG, the more likely it is to
counteract tb undercompensation with the natural voltage rise inherent to PV. In fact,
overvoltages are still possible when darenough PV is connected to a regulatdh
LDC. Figure40 shows simulation results of Ckt2435 to show the voltage profiles of a
feeder with LDC as the PV location varie€kt24 is a 34.5 kV feeder witla 28 MW
peak load. The substation 23084V transformer hasmaLTC with LDC. TheLTC
setpoint is 123 V with LD®f R=7V and X=0V (volts at rated CT current)Figure40
illustrates an example of how undand over voltages can exist on the same feeder with

LDC depending on the location of PV.
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Using the method described [ih36, 137] and Chapter 5, the maximum PV sizes
that can be placed at each lefore a violation occurs is determinefligure41 shows
the maximum PV interconnection size for buses along the main backbone (94 locations)
along with the violation type that was first an issue. The limiting factor near the
substation is underoltage, thermal line loadg in the middle, and ovemltage at the
end. In the cases where undeitage is the limiting factor, the undeoltage never

occurs at the location of PV.
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Figure 41. Ckt24 topography and locational hosting capacity along badlone of
interest.

The distribution of the limiting factors on the Ckt24 backbone could commonly
be expected for feeders with LDC enabledorder to relieve the voltage issues shown,
two potential mitigation strategies are studied. First, adding snvamnttén functionality,
specifically Volt/VAr control, is investigated. Second, removing the LDC control logic
from the substation LTC is consideredigure42 shows the hosting capacity vs. distance
for three case®®?V with LDC, PV with Volt/VAr control, and PV with LDC removed. A
standard Volt/VAr curve algorithm was used assuming enough AC capacity to never

curtail the real power.
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The blue line inFigure42 reflects what was observed kiigure41. The red line
demonstrates that simply adding Volt/VAr control to the PV simulationss dnot
eliminate undewoltages at the end of the feeder caused by placing the PV near the LTC
with LDC. Volt/VAr doeseliminateall overvoltages caused by the PV when it is at the
end of the feeder. Eliminating LDC and raising the LTC setpoint jusigimto raise all
voltages to within compliance at peak load (gréiee) clearly eliminates the under
voltages issug but not having an LDC causes more eveltage constraints further out
on the feeder because the LTC is not dropping the setpoint wittases in PV size.

The previous example demonstrated undetage violations on the feeder with
PV when PV is placed close to a regulator with LDC. The second example demonstrates
how a substation transformer with LDC that serves multiple feeders temadanwith PV
on one feeder to create low voltages on a separate feeder. For this example, tke 12.47
feederUQ12with a 6.2MW peak loads used The substatiof9/14 kV transformer has
an LTC with LDC. TheLTC setpoint is 12 V with LDC of R=5V ard X=3V. There
are noVREGs andfour fixed capacitors totaling 1.8 MVAIThe general topology of ¢h

feeder and simulatePV scenario is shown Figure43.
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UQ12 was chosen because it essentially splits into two feeders just outside the
substation, as shown by colorsFigure43. As shown inFigure44, PV voltage rise may
offset LDC undercompensation on théeder with PV, depending on location and
magnitude. On the other hand, LDC undempensation affects other feeders regardless
of PV scenarioFigure44s hows t he voltage profiles of
basecase (sdalilines) and the case with 6 MW of PV at the end of Feeder 2 (dotted lines).
This shows a PV scenario that offsets the LDC wedenpensation on the feeder with
PV, but undewoltage on the other feeder, which would be unchanged regardless of PV
location on Feeder 2.

These examples demonstrate how detailed analysis is necessary to detect potential
undervoltage issues caused by PV, which generally occur far from the PV location. Itis
most commonly thought that PV causes high voltages, but under circwestaith load
drop compensation, low voltages can also occur. For any voltage issue, the ANSI
standard applies to a Ifinute average, which means QSTS must be used to detect any

violations.
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3.8 Improved Computational Speed for Analyzing thelmpact of PV Variability and

Ramping Events on Distribution Voltage Regulation Equipment

Finally, new methodsre developed to improve the simulation speed of time
seriessimulations for more efficient PV interconnection screeninihe timevariant
nature of photovoltaic (PV) systems can negatively impact the distribution system with
voltages exceeding operational limits due to ramps in PV output {&hnortvariability)
as well as increased regulator tap changes from daily changes in PV outpte(iong
variability). Two new methods that avoid performing computationally intensive and
cumbersome timseries simulationsre createdfor studying these variability impacts:
extreme power ramps on voltage and variability on number of tap changes.

As the penetration of PV increases on the distribution system, there is rising
concern about the interaction between PV variability@mbbad tap changers (OLTC) or
voltage regulat@ The impact to the electric grid depends on the frequency, magnitude,

and timescale of the PV variability. Very fast PV power output ramps can cause voltage
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flicker and extreme voltages due to their speed and magnitude before the voltage
equipment act$o bring the voltage back into range. Additionally, frequent fluctuations
in the PV output can create a large increase in the number of tap changes over a period of
time, prematurely wearing out the existing infrastrucfufg. A standardized method is
needed to manad®V interconnectiomequesin a faster way that would not require time
series power flow solutions but would be able to study all potential issues from PV
variability interacting with voltage regulation equiprhen

In this section the impact of PV variability on voltage regulation equipment is
separated into two categories: skherim variability and longerm variability. The short
term variability can occur faster than the voltage regulation equipment, swaad
tap changer (OLTC), can react, which causes extreme transient voltages during the PV
ramp. The londerm variability increases the number of total tap changes, leading to
quicker degradation of equipmeiethods are developedr analyzing thempact of
both shorterm and longerm PV variability on the distribution system quickly and

efficiently for interconnection screening.

3.8.1 Short-Term Variability 7 Extreme Ramp Analysis

Shortterm, very fast solar variability can occur on timescalastefr than
regulation equipment normally acts on a distribution system. Most OLTCs have a delay
of 30 to 90 seconds between detecting voltage issues and taking corrective action. This is
part of the distribution system design to reduce the number otessery tap changes.
Solar irradiance has been shown to have variability and high ramp rates, even in the range
of a few seconds. While, the size of the geographical footprint of the PV plant can
smooth the expected power output variability compared fwiat irradiance sensor
[138, [139, the power output can still ramp many megawatts in a minute under extreme

cases.
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The extreme ramps in PV output can cause voltage issues before the end of the
time delay on the voltage regulatieequipment. Under normal operation, when the
voltage begins to deviate from the expected range, the voltage regulation equipment can
respond and correct the voltage. During cloud transients, the ramp in PV power output
can quickly raise the voltage be¢athe regulator tap change.

To determine the expected change in PV outpumiriute ramp rates of existing
PV systems can be studied. These ramp rates are at the timescale of the OLTC delays,
and an analysis of the worst case scenario with the highagt nates (top 0.1% of-1
minute ramps) will provide a reasonable comparison for the most extreme PV ramp size
within the delay window. Literature shows that a 32 MW plant can ramp more than
10.56 MW, and a 24.5 MW plant can ramp 8.58 NIM({. Similarly, an 80 MW plant
can ramp more than 14.4 MW aminute[14(. From this, it is assumed tha large
plant (>20 MW) can ramp approximately 10 MW during the delay window. For smaller
plants, the peunit ramp rates are higher, but the ramp in MW/min is smaller. Small
systems generally have 99.9% of their ramp rates under 50% of capacitye budrtt
ramp can be close to 70%. A 5 MW systgd(, a 4.5 MW systenil14(, 13.2 MW
sysem [141], and three systems greater than 10 NU&Z all have 50% capacity-1
minute ramp rates at 99.9% on the ramp distribution cumulative distribution function.

The PV ramp analysis is performed on Feedemdich is an actual 12.47 kV
distribution system with the model publically available onlifiet3. For voltage
regulation, the feeder hasm OLTC at the substation and three sets of voltage regulators
along the feeder. There are also five capacitor banks on the feeder. The peak load of the
feeder is around 6 MW. The topology of the feeder can be sdagure45 andFigure
47. The 3phase unbalanced distribution system is simulated in OpenDSS controlled by
MATLAB [117], [121].

A large utility-scale PV system rated at 3MM/simulated interconnected at the

location shown irFigure45. A realistic ramp is simulated usingsg&cond irradiance data
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measured in California. The irradiance data was transformed to power output with the
appropriate geogphic smoothing for the land area covered by a 3MW plamg the
WaveletBased Variability Model (WVM) proposed §123. The most extreme power
output ramp is shown iRigure46A where the system ramps 1.1 MW in 30 secoadd

1.4 MW in a minute. This ramp rate corresponds well with tmeiriute ramp rates
found in literature discussed in the previous section.

The hgh speed fluctuations in PV power outmure simulated using detailed- 1
second quasstatic timeseries (Q3$S) power flow analysis[73] to model the voltages
and control actions of the voltage regulation equipm@8it The voltage at the point of
common couphg (PCC) for the PV system is shownFigure46B. The feeder voltage
regulators appropriately change taps at the end of their delay to bring the voltage back
within range. There is however, a period of about 30 seconds wleeveltage exceeds
the ANSI C84.1 limit of 1.05 pu voltagd34. While theANSI range is defined for the
10-minute average voltage ardbes not apply tdemporary voltage excursionthis
temporary overvoltages could cause other problems like the PV inverter tripping off
[144) or damaging customer equipment if the voltage is significantly High|,[149.

The feedernoltages before and after the regulator changing taps are shown in
Figure45. In both cases, the PV power output is approximately at the full rated output of
3MW. This demonstrates how much higher feeder voltage caludoey aramp solely
due to the interaction between the PV variability and the regulation equipment delays.
Similar analysis can be done for the down ramps in PV output during sudden cloud cover

that could cause transient low voltage isquds].
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Figure 46. Extreme ramp up in power output for a 3 MW PV sygem after a cloud
with A) the PV power output and B) the feeder voltage at the PV system medium
voltage side of the interconnection transformer.

While detailed QSTS simulations providesight into the interactiobetween PV

and the voltage regulation egument performing many of these tirseries simulations

for the entire ramping scenario at high resolution can be very computationally intensive.

This is especially an issue if it is desired to simulate the entire PV output profile for a

year to determind any of the ramps will cause voltage violations.
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A faster method is presented here using only two power flow simulations for a PV
output upramp, and two power flow simulations for a PV deramp. The improved
simulation speed is achieved by lockiting voltage regulation equipment after the first
power flow and simulating the maximum possible PV change before the voltage
regulation equipment will take the control action.

To simulate the worst case ramp at the top 0.1%-wiinute ramps, a simple
formula for the worstase ramp magnitude is established from the previous literature.
For PV systems under 20 MW, a 50% ramp magnitude is studied. For larger systems
greater than 20 MW, a 10 MW ramp magnitude is used in the simulation. If local high
resoluion data is available, or it is known that the variability is significantly different for
certain climate conditions, the 50% ramp rate could be varied for the interconnection
location. For the up ramp, the appropriate ramp magnitude is subtracted &daVth
power output, and OpenDSS is used to solve for the state of the voltage regulation
equipment at the smaller PV output. The voltage regulation equipment is then locked and
the PV output is increased to full output. The down ramps are studied usimgla
method of locking the voltage regulation equipment at full PV output and decreasing the
PV size by the ramp magnitude. This allows for easy impact studies without long time
series simulations or requiring high resolution irradiance data.

This pomsed met hod is similar to the Avol
distribution equipment without the PV and then adds the full rated output of the PV
system into the circuif84],[149. The voltag change test limits how much the
distribution system voltages can deviate during a full switch from off to on. The
proposed PV ramp simulation method is different in that it is not focused on the change
in voltage, but is identifying any temporary ovdtages that occur. Under normal
operation, PV systems do not change between full output and zero output during the
regulation equipment delay time. The proposed ramp method tests more realistic PV

ramp magnitudes for any temporary overvoltage conditions.
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The methodology is demonstrated on the example feBdpre47a depicts the
results of a steadstate solve with the PV outputting rated power and the voltage
regulation equipment allowed to act freely.Higure47b the down ramp is simulated by
locking the regulation equipment, and the PV system is then set to output half of its rated
power (i f the PV systemb6bs rating is above
10MW).

Figure47c shows the steaetate solution with the regulation equipment allowed
to act freely and the PV system still outputting half its rated power. Permitting the voltage
regulation to freely act allows the voltage profile to return to a state modarsimthose
shown inFigure47a. Figure47d contains the simulation for a PV output up ramp with
the regulation equipment locked and the PV system outputting rated power. Famup
simulation resultén the most extreme high voltages of the 4 modes.

The simulations inFigure 47 show the necessity of considering PV ramps for
interconnection studies. A simple steadgte power flow solution would show the
voltages inFigure47a andFigure47c, but the most extreme voltages (high and low) are

caused by PV ramps within the delay window.
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Figure 47. Circuit plots for J1 at full load contoured by bus voltage (120Vbase)
with a 2.5MW PV system and voltage regulation at the top of their bands shown for
the 4 different solve modes: a) Steadgtate b) PV down ramp c) PV steadistate
before up ramp d) PV up ramp

The ramp simulation method only requires four poflow solutions, compared
to around a hundred power flow solutions for a single ramp timeseries or millions of
power flow solutions for the PV ramps for a year. The improved ramp simulation
method quickly characterizes the impact of short term PV \ilityahnd results in same
feedervoltages as the time series simulatiaf the extreme PV ramps. This provides a
fast and accurate method to screen PV interconnections for any potential temporary

voltage violations.
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3.8.2 LongTerm Variability 7 Tap Change Analysis

Voltage regulators were designed for slow daily variabibfythe aggregate
feederoad The high variability and frequent changes in PV output over a long timescale
can make the voltage regulation equipment continually change taps, cretitignal
degradation of the OLTC4-76]. Reactive power control of the PV inverters can be
used to control the voltage locally7], but without intelligent coordination, the PV
reactive power injections can also dee#ssues with the voltage regulation equipment
[78, 79].

The number and the frequency of the PV fluttues will determine the impact to
the number of tap changes. Slow oscillations in PV output will be evened out with the
daily load variability, and fast oscillations will occur within the delay window of the
regulation equipment. The PV size and valigbmagnitude also has to be large enough
to require a tap or state change in the voltage regulation equipment. If the PV variability
matches both these timescale and magnitude requirements, additional tap changes will
occur, and the number of which isantified to study the increased degradation caused
by the PV systems.

The impact of solar variability on voltage regulation equipment tap changes is
simulated using an agricultural 12kV feeder in California. The feeder peak load is
approximately 8.5 MW. The feeder has a substation OLTC, 2 sets of feeder voltage
regulators, and six seasonally switching capacitor banks. The feeder topology is shown
in Figure48. The same -becond irradiance data measured in California mention#tei
previoussection is used to model a 3MW PV system using WVM. The PV system is
interconnected 5.6 km from the substation, busitocated very close to the feeder
regulator. The time delay on the feeder regulator is 45 seconds. The peak load week i

selected as the study period.
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Before the interconnection of PV, it should be confirmed that the installation will
not have negative compgences on the existing voltage regulation equipment.
Sometimes this is simplified to analyzing the maximum power swing from 100% to zero
of rated power and limiting the voltage change at the regulator to half the bandwidth, or
one tap operation due toliffichange in outpufl4§. This over snplifies the analysis
because it neglects the changes in load. Studies have shown that if the peak load is fairly
correlated with PV production, even with solar variability, tap changes due to solar can
actually reduce the overall number of operations peeiods of weeks or montfg3].

To fully understand all the complexities of the interactions between load and PV
through time, quasstatictime-series QSTS) simulation tools are needid#]]. Because
the solar variability impact on the voltage regulator varies seasdiidllya long time
period such as a year should be simulated at high resolution, which is time consuming
and computationally intensive.

An example QSTS simulation is shown kigure 49 with the results for the
number of tap operations over a week. For this system the PV system creates a
significant increase of 84% in the number of tap changes. Of course the impact to the
number of voltage regulation equipment changes depends on thef sieePV system

[80] and the position of the interconnection compared to the reg{i&dfor
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There are manyansiderations in order to accurately model the number of tap
changes on voltage regulation equipment. Both a detailed feeder model and high
resolution data are required. It can be difficult to obtain the feeder load data and local
high resolution solariadiance data. The results can vary significantly when using data
from another location that does not represent the appropriate local load and solar
variability [132). Local highrelution irradiance data must be correctly scaled to the
expected variability of the specific PV system or range of PV systems. PV systems
distributed around the feeder will have significantly less variability than spugte
irradiance variability, so idtributed PV will have less impact on the voltage regulators
[149.

For modeling the distribution system, there are many potential control modes for
the voltage regulation devicesEach control mode might not be available in existing
software, but the mode must be modeled correctly to analyze the number of tap changes
[68]. Voltage regulators commonly used load drop compensation (LDC) to adjust the
voltage setpoint according toetlturrent magnitude and power factor. The installed PV
system variability impacts the current flow and can interact with the regulator LDC,
especially under reverse flow conditions or with smart inverter reactive power control.

Using a detailed model antigh resolution data, QSTS simulation provide a
method to simulate regulator tap positions and any increase in tap operations. High
resolution QSTS does come at a cost. -detond resolution QSTS simulation fora 1
year period takes approximately 24 howf computational time, with the time varying
significantly depending on the complexity of the circuit. To improve the interconnection
process, a faster method is required for simulating PV variability impacts on the voltage

regulation equipment.
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Figure 49. QSTS simulation of week for the number of regulation tap changes for
the with and without the 3 MW PV system.

Due to the computational time of high resolution timeseries simulations, a method
that does not require QSTS is posed for faster analysis and interconnection screening
of the PV impact on voltage regulation equipment. The tap position of voltage regulation
equipment is determined by the primary side voltage and the desired output voltage
regulation setpoint. The pait voltage is dependent on the downstream load, impedance
to the next upstream voltage regulator, and upstream load. Given this, the voltage
regulator input voltage can be found for different combinations of load and PV output.

Figure 50 shows the input voltage for the voltage regulator (identifieBigure
48) solved by OpenDSS for various feeder loads and PV power outputs. Fi¢hite50
was obtained by solving numerouswer flows, it could also be numerically calculated
with linear sensitivities of the power transfer distribution factors for the primary side
voltage and tap positionFigure50 can be viewed as a lookup table or as a function fo
the regulator input voltage based on feeder load and PV output. The plotted surface in
Figure50is the second order polynomial surface fit to the simulated data points signified
with blue dots. The function fit accurately repents the simulated data with ahd®
0.9999325.

Using the voltage function fit and the annual load and PV profiles, the tap
position is determined for every time point in the year along with the total number of tap

changes. The load and PV profileg aised to calculate the input voltage for each time
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instance. The output voltage can be determined with the tap position of the regulator.
Moving through time, if the output voltage is outside the desired range, a tap change is
logged. Using the voltagfunction fit and matrix math avoids having to solve the power
flow solution for each time in the year tirseries. It is not possible to directly calculate

the regulator tap position as a function of PV output and load because the regulator tap
positionis also based on the previous state and length of the time delays. All time delays,
regulator bandwidth, voltage setpoint, and load drop compensation are modeled in

MATLAB with the calculated regulator input voltage timeseries as a reference.
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Figure 50. Voltage (pu) at the input of the voltage regulator as a function of PV
power output and feeder load. The blue dots represent data points from the power
flow solutions, and the surface shows the fit to the simulated data.

The propsed method is compared and validated to the detailed QSTS simulation
of the same time period. The analysis of the number of tap changes for a week period
using QSTS and the approximation method is showkigare51. While the nmber of
tap changes does not precisely match, the method provides an accurate estimate of the PV
impact to the OLTC, but significantly decreases simulation time. The estimated tap
change method does not capture all the tap changes due to the solartyariabthis
case it was due to the PV system causing slightly different amounts of current flow
through the load drop compensation of the voltage regulator in the approximation

method. As an approximation, the method is not as detailed as the timsiseukesion,
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but it does model the change in tap operations and the general increase or decrease in

wear and tear on the regulators.
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Figure 51. Comparison of the number of tap changes in a week between the QSTS
simulation and the proposed method of tap operation estimation.

The estimation method is significantly fasteanlong time series simulations at
high resolution. It does have some initial computational burden of calculating the
regulator input voltage dependence on emasi loads and PV output levels. For this
feeder, the method solves approximately 200 power flow solutions and determines the fit
in 29.2 seconds. For very short simulations, the proposed estimation method is not
efficient because of the computational ratp cost. As seen irFigure 52, the
approximation method provides significant benefit if the length of the simulation period
is longer than a one hour simulation aselcond resolution. For this feeder performing
one year simulions recommended if73], the QSTS simulation takes around 2 days,

and the approximation method takes 1.3 minutes.
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Figure 52. Comparison of the processing time required for the dsecond resolution
QSTS simulation to the proposed method of tap operation estimation.
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As a means of increasing the efficiency of interconnection studies, two methods
are proposed for screening potential Bgtems for adverse impacts of PV variability on
the distribution system without using timseries simulations. First, a technique to
accurately characterize extreme feeder voltages due to high PV ramp rates is
demonstrated using voltage regulation equipmiecking and expected extreme PV
ramping scenarios. Another method is described to determine the potential impact of a
PV system on OLTC devices. The methodology is used to model the voltage regulation
equipment tap position throughout an entire year tndalculate the number of tap
changes. Each of these methods aids in decreasing the complexity and length of time

involved in screening potential PV interconnections.
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CHAPTER 4: CIRCUIT REDUCTION -BASED METHODS FOR PV

INTERCONNECTION SCRE ENING

4.1 Introduction

With an increasing number of Distributed Generation (DG) being connected on
the distribution system, a method for simplifying the complexity of the distribution
system to an equivalent representation of the feeder is advantageous for streahdining t
interconnection study process. A full detailed model of the distribution system can be
time consuming to produce, and a tiseries simulation of a large system at a high time
resolution requires significant computational processjag 4, 5. A simplified
equivalent circuit will retain the general characteristics of the distribution system and will
also reduce the modeling effort tecgd.

This chapterdescribes an analytical approach that can be used to derive the
simplified equivalent representation of the circuit. A distribution feeder, which will
typically have hundreds to thousands of line sections and nodes, can be sirtgpkired
equivalent circuit with far fewer line sections and nodes. The reduced circuit maintains
the feeder topology and characteristics so that it performs the same in simulation. This
representation also preserves any specific buses where voltage ompetfoemance
measures are important. These specific buses, or-bliggsrest, represent critical
points in the circuit, including: voltage regulation equipment locations, potential PV
point of common coupling (PCC) interconnection locations, or exnreoltage locations
on the feeder. The busekinterest are retained in the reduced circuit maintaining
equivalent performance as the full circuit, and all other circuit details are simplified to the
minimum amount of necessary information.

One benetfi of using a simplified equivalent representation for the feeder is the

ability to reduce the feeder complexity to improve the ease of converting the feeder
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circuit from one software or analysis package to another. Existing models are often in
distribution system programs with limitations for interconnection analysis, such as the
available PV models and tinrseries simulation capabilities of the software. With fewer
line segments in the reduced circuit, it would be much simpler and faster to convert
feedes from commercial power flow software packages to software like OpenDSS that is
open source and can do qusfitic timeseries analysis for interconnection studies. The
simplified feeder can also provide faster and more accurate interconnection gcreenin
criteria by reducing the circuit to a simpler equivalent representation with only the key
circuit parameters, which could be used to quickly identify the PV impact risk score for a
feeder. Finally, if a full interconnection study is required for a pgedoPV system, a
simplified equivalent representation would decrease the simulation systemTaize-
seriesanalysesf a large distribution systemith many feeders, stochastic simulations,

or multiple PV study scenarios simulatatia high timeresoluton requiresignificant
computational processing for full circuit modelsCircuit reduction has significant
potential benefit for extended highsolution timeseries simulations investigating
distribution system regulator controls that take many hourart¢68]. With a reduced
circuit model, the simulation could stochastically loop through many different scenarios
very quickly. For detailed timseries simulation, this would decrease simulation run
times, reduce required processing power, and dseréhe computer memory required,
while still providing the full accuracy of the full feeder model.

This chapter is organized with the methodology and proofs of equivalence of
reduction of a balanced system presented first. Second, the reduction nethod i
implemented for full feeder analysis with thousands of buses. Third, the balanced
reduction method is extended to unbalanced systems with unbalanced currents, mixed
phase systems, mutual impedance and coupling between phases, line shunt capacitance,
andtransformer magnetizing current and core losses. Fourth, an algorithm is presented

for automatically detecting buses of interest. Finally, the unbalanced reduction is
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performed on several real distribution systems in order to demonstrate the roboktness

the code under varying feeder topologies.

4.2 Formulating an Equivalent Reduced Representation for Balanced Circuits

Given the limitations of the methods discussadChapter 2 a method is
developed for reducing the distribution system to an equivalecuit for performing PV
interconnection studies. The reduced circuit must keep the important details like voltage
regulators in the circuit while reducing the total number of buses. A method is developed
and demonstrated for load bus reduction toabbines a load bus into the two adjacently
connected buses, thus removing the bus from the cifé(ith reduction, all bus voltages
and the current going into the network remain the same. In this manner, the circuit is
fully equivalent to the originadircuit power flow except with fewer buses.

In this section, for simplicity of the derivations, the reduction method assumes
balanced loads, balanced wire impedance, no shunt capacitance, and no mutual coupling.
The load bus reduction methodalsobasedon the key assumption that all loads on the
feeder are fixed current loadsThis is an important deviation from many power flow
simulations that assume constant power P/Q loads. EPRI has done research on
conservation voltage reduction (CVR) that showarg\l% reduction in voltage results in
an average of 0.8% reduction in real power, or a CVR=(QB84. From this research,
modeling loads as fixed current loads (where CVR=1%), is a valid assumption. This
assumption is evaluated in more detail later, and it is shown that the load model selected

for simulations als@nly has a minor impact on the results.

4.2.1 Load Bus Reduction Formulation and Proofs

A novel methodis developed and shown to be equivalenfib]] for load bus

reduction that combines a load into the two adjacently ected buses, thus removing
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the bus from the circuit. The method for load bus reduction is shown for the simplest case
with two line sectionwith impedance&; andZ; with loadsL, Ly, L3z on each side of the

line section shown ifrigure 53. The L variables represent the current consumed by the
fixed current loads with the units &f being in Amps. If bus 2 is unnecessary in the
equivalent circuit, it can be removed by combiningnto L; andLg, resulting in a single

line sectim Zeq and only twoloads Leq1 and Leqz The resulting reduced circuithas

equivalent values fov;, V3, andls.

| V, V, V3 | Vi V3
—=5 Zy Z; —5 | Z
L1 |_2 |_3 I—eql Leq2

Figure 53. Load bus reduction.

The values for the equivalent circuit are shown(2) - (4). Note that the
impedance between bus 3 and bus 1 remains the same, so all results for short circuit and

protection studies are unchanged. The total circuit load is also the sant@ith.e =

L;+ L+ Ls.
Z=2Z+2Z, 2)
Leg =L+ % L 3
b Lot Z ilzz L (4)

These equations can be derived by equating the voltage drop batyvahVs.
The voltage drop must be identical for the full circuit and the equivalent circuit. The
voltage drop for the equivalent circuit is

Vl - V3 = Leqzzeq' (5)

The voltage drop for the full circuit is shown to be thens as the equivalencing

method proposed i) - (4). The voltage for the full circuit is

V-V, = (L, + )2, + (L) Z, (6)
=L(Z,+2,)+L,Z, (7)
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Z+7Z,

=L,(Z,+Z,)+L,Z, Z,+2, (8)
a Z
= + L Z +Z
?‘3 Z,+2, g 2) ®)
= LeZeq (13

By using(2) and(4), the voltagedrop is equal on the reduced circuit. In order for
the currents to be the same entering the circlii{qg; andLeq> must equal+Lo+L3, and
Leq1 can be shown to be the difference betwegh »+L3; andLeq, Where(15) is equal to

the reduction method i(B).

Leg =L+ L +ls- Lo 1)
=L +L, +L,- %—34_21-2!-122 ng (1}
_L1+L-ZZZ L, (1}
_L1+Z +Z, - (L3

The derivation and formulation of the above equivalent circuit was done to
produce equal voltage drop between the equivalent circuit and the full cirGine
equivalent circuit can also be shown to be fully equivalent accounting for line losses.
The power consumption by the full circuit including line losses is

VL +Z, (L, + L)? +V,L, + Z,L7 +ViL, 1y

The power consumption by the equesat circuit including line losses is

UL 5 Lt aeLS — L2§(21+2) Vp P L, (@)

Using the equivalent circuit equation, by expanding the squared tddw)iand in some

instances substituting in faf =V, +Z,(L, +L,) andV, =V, - Z,L,, the equation is
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:\/1|_1+(V2+Zl(L2+LS))le_Z'_LE2 +L32(Z1+Zz)+221L2L3+Zzll+L222 (1}
+ (V2 - Zz'—s) le_ikLzzz +V3L3
=V, +v2L2§rziZﬁZz ¥ zﬁlzz ?* 22+Lzz * Z§12+L§L3 Fularz i, (13

ZL,"  ZZLL
Yzvz, zvz,

VL +VL, + zlL;%Zsz 52 8Lz 2) e 2ZLL VL (2
=L +VoL, + (ZL +2Z L L, + ZL + ZLP +ViL, 2)
=VL +Z(L + Lf +ViL, +Z,L7 +ViL 2}

Thus, the total power for the equivalent circuit, show(2@), is the same as the
total power for the full couit shown in(16). Note that while the line losses are
accounted for in the equivalent model and the total power of the circuit is equal, if the
line losses are directly calculated for each model)#Rdosseswill be different for the
current flow. By moving part off, to the first bus, the line losses are included in the
movement of the fixed current load to the higher voltage. The line losses will always be
correct, as shown above, but the line losses mdedawithL; in the reduced circuit is the
combination of additional current flow alorfyq and the increased power consumption
from placing part of the fixed current load at a slightly higher voltage

The aboveprocesdor reducing a single load busn be repeated any number of
times (recursively) to combine each loadrentinto the loadcurrens on either side of it
using equationg?) - (4). Any chain of loads can be reduced into two buses. For
example, the seven load buses showRigure 54 can be combinedto two buses\(;
andV7). Eachfixed current loadn between thdusesof-interestis combined with the

loadcurrentson either siden proportion to the line impedances.
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Figure 54. Multiple load bus reduction.

Note that if the loads are equally spaced along the line where all line impedances
between the buses are equy8), and (4) show that the reduced load bus is equally split
between each adjacent bus. When the loads are equal in magnitude in addition to equally
spaced, the equivalent circuit is half the load current at either end afi¢hsekition.

For any number of loads or feeder length, reducing a long section such as shown
in Figure54 will result in half of the load current at the beginning of the line section and
half of the load currenttahe end. The reduction of uniform loads to two equal loads at
either end is also shown [11d. If the circuit inFigure 54 has uniform loads with

magnitudel and impedancg between all of them, the equivalent circuit is

Zeq:63z (2}
7
L=+ 2
edl 2 ( }
7
Leq2=§|— (25

Themethod of load bus reduction allows any string of load buses to be combined,
but realistic distribution feeders contain many branclgagtions and laterals. If the
voltage on the branch or lateral is not required in the reduced circuit, all loads on the
branch can be reducéy combining the loads onto the location of the branch split from

the path that contains busesinterest Thisis shown inFigure55 where the equivalent
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load current at bus 1 is the sum of the load currents on the lateral. The method can be
performed when the voltagé and the voltage drop betwe¥hnandV, arenot desied in
the equivalent circuit.

The reduced circuit will have the same measured voltages at thedfitiseest
(1, 2, and 3) and the same current flowing into the network. The reduced circuit is fully
equivalent and accounts for the line losse&sibhecause the loads are fixed current loads.
For example, thé&, load current when moved to bus 1 is connected at a slightly higher
voltage bus in the distribution system. The difference in voltage between bus 1 and bus 4
is due to the line loss from thercent flowing toL4, so placing the fixed current load at
the higher voltage equals the total power consumption of the original circuit for the load
and the line loss. The power flowing into the lateral shows the equality of mioyiog
V1. In this sinple case the current flowing into the lateiail,. The total power in the

lateral is
P=L,*V, +(L,)*Z,. 2%

With some manipulation, the total power in the laté28) is show to equal the

total power wher, is moved to bus 1 af.

L,*V, +(L,)%Z, =L, (V, +L,Z) =LV, . 2)

While the total power is the same and the line losses are always fully accounted
for the equivalent circuit, the line losses directlycatdted using thé’R losses will be
different. This is similar to the previous discussion for load bus reduction where by
moving L4, the line losses are included in the movement of the current source to the
higher voltage. Line losses will always bereatly modeled in the equivalent, as shown

in (26) and(27), but the circuit line losses can no longer be calculated &g
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L1 L, L3

Figure 55. Branches or laterals combination.

Any buses after a busf-interest can be reduced similarly to branch or lateral
combination. If the voltage at the end of the lateral is not requingdh@sdownstream
of a busof-interestis handle like a branch and can be combineakck to the branch of
interest, as shown iRigure56. Note that the voltage & is the same in both circuits
because

V, =V, - Z1(L2+|-3+L4)' (2%

2
vvv vvv vvv e
L T

Figure 56. Downstream loads combined into a busf-interest.

If there is abusof-intereston a branchin the feederthe branch cannot be
removed in the reduced circudtherwise the topology of thfeeder would be modified
in the equivalent circuit The bus where theetworksplits must also remain if there is a
busof-intereston each branchbut all loads on the branches can be reduced. For
example, ifV3 and Vs in Figure 57 are busesf-interest the cicuit can be reduced to
three buses and thrésad currens, where thehreeequivalent loacturrens are the sum

of the loadcurrens in between eadbusof-interest
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Figure 57. Two busesof-interest creating a branching equivalent circuit.

4.2.2 Discussion ofthe Fixed Current Load Assumption

The proposed circuit reduction method is based on the key assumption that all
loads on the feeder are fixed current loads, and not fixed P/Q loads as is commonly the
assumption for power systems analysis and power flonulastions. This section
discusses the differences between the load model types used for simulations and any
deviations that may be introduced by modeling loads as fixed current loads instead of
fixed P/Q loads.

The load type determines the model for tlosver consumption as a function of
the voltage. As part of their Distribution Green Circuits program, EPRI has done
experimental research on distribution feeders using conservation voltage reduction
(CVR), showing empirically that every 1% reduction intagke results in an average of
0.8% reduction in real power, or a CVR=0.8¥%(. For a fixed current load model, the
power consumption is directly related to the voltage; therefore, CVR=1% for fixed
current loads. Conversely, the power consumption does not change for fixed P/Q loads,

which corresponds to a CVR=0%.Loads are also sometimes modeled as fixed
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impedance loads where the power is a function of the square of the voltage, in which case
CVR=1.99%. From the point of view of power consumption as a function of voltage,
modeling loads as fixed current loadsais/alid assumption (CVR=1% vs. CVR=0.8%

from EPRIO&Gs Distribution Green Circuits re
modeling loads as fixed P/Q or fixed impedance.

While the power consumption as a function of voltage depends on the load model,
there is very little difference in simulation results between different load model types.
During the circuit model creation, the load types are selected for the feeder, and the load
allocation process tunes the simulation model results to match the niedatarérom the
feeder. If the load measurements are taken at the substation, when the load is allocated
around the feeder, the simulation results must verify that the power at the substation is
still the same as measured. In this case, for a fixedrtua&d model, no tuning will be
required because the substation voltage times the sum of all the load currents will always
equal the measured power at the substation. If fixed P/Q load models are used, an
iterative process must be used to match the dupower consumption of the loads and
all line losses to the measured power at the substation. In the event that the feeder data
provided contains load measurements at the loads instead of the substation, the two load
models switch roles in their need foalibration, causing the fixed current model to
require tuning while the fixed P/Q model will not. For more information on load
allocation see Section 2.4.1[ih1(. The load allocation process was performed for the
full detail distribution feeder shown iRigure 58 using the lod measurements at the
substation. The models were calibrated to match the measured real and reactive power
for each phase with a total feeder load of approximately 6 MW at 0.9 power factor.
Simulations were run for three load model types: fixed P/Qdfowerent, and CVR type.

The ACVR | oado r epfleG with C\BR=0t8% dor reabmwer and f r or
CVR=3% for reactive power. The per unit phase voltages for each load type are shown

in Tableb.
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| 3 substation

End of Feeder|

Figure 58. Example feeder for load alloc&ion of different load types.

Table 5. End of feeder voltages (pu) for the feeder model iRigure 58 with different
load types.

" PoweCu
Phase A Vopruy .
RN 1. 0 2] 1.
1.02 1.

[ O VA

olo|olm
SIENIT
=
oo
NN

Table 6 demonstrates that the simulation results for a feeder are very similar
independent of the type of load moddlable6 also shows that using a fixed current load
mo d e | I's much <cl oser to the actual feede

research.

Table 6. Average percent difference for end ofdeder voltages with different load
type models.
Current VCurrent Power V:

00 1% 00 0% 00 292

The results for the real distribution feeder model above are very small, but the
theoretical maximum error will be shown using an extrerase and the simple circuit in
Figure59. The same three load models are investigated, and the circuits are calibrated to
have the same power flow ¥{ of 1000+ j200 kVA. These extreme cases will use the
fulal | owed voltage range 1.V0aNdv,eguml topO05 puwi t h

for the base case simulation. As seenTable 7, for this simple circuit, the load
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allocation and calibration process makes tmeuation voltages equal for the different

load types. For any new study scenario that would change the voltages, the percent
change in the load power consumption due to the new voltage depends on the load model
type. For example, simulations with new Riffferent voltage control algorithms, the
addition of capacitors, and expansion of existing loads will all present differences in
simulation results between fixed current and fixed P/Q loads. In this case, the generator
atV; has changed the voltage satg from 1.0 pu to 1.05 pu and the simulation results in
Table7 deviate between load models. Even for this extreme case, the fixed current load
model is within ~0.0025 pu voltage of the fixed P/Q load model.shsvn inTable8,

the fixed current load model is much more accurate compared to the CVR voltage than

fixed power loads.

Vo

Figure 59. Simple circuit for discussion about load model types.

Table 7. Bus voltages for two scenarios with different load type models for the
circuit in Figure 59.

Powe¢eCurr (ORVA =

Base CRA@E
AURRRSGRRN \,(p| 0. 9] 0. 9] 095
GRS V. (p| 1.0 1.0 1.0
(SRR AN\, (pl1.0( 1 0.99

Table 8. Percent difference in simulation voltages for different load type models.
Current VCurrent Power V¢
0.267% -0. 033%9 0300 %

The load model type does not significantly impact simulation results. For a full
feeder model, the simulation differences were less than 0.025% for different load models.

Using an extreme case, the maximum possible error between fixed powerxead fi
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current load models is less than 0.3%. Compared to empirical CVR resegtéld]ira

fixed current load model is more accurate representation of real feeders than a fixed P/Q
load and would have less model error compared to average distribution system loads.
Therefore, the assumption of fixed current loadesdnot negatively impact the circuit

reduction results.

4.2.3 Example of Balanced Reduction

The formulation and equivalence of the circuit reduction method is applied to an
example distribution feed@n Figure60 to demonstrate the reduction stefpach step of
the reduction process is explained in detail, and the equivalent circuits with all circuit
parameters for each step are shown. The equivalence is validated during each step by
simulating the shown circuit;n PowerWorld Simulator to solve the power flow for
voltages and currents. In the figures, voltages are line to line, current is per phase, and
impedances are in ohms. The loads are balangidSe, fixeecurrent loads. The loads
are labeled in thedures with their rated power in kKVA at the 19.8 kV rated voltage, but
as fixed current loads their actual power consumption varies with voltage at the bus. The
current of each load is constant and can be calculated by dividing the rated kVA by the

rated wltage.

V,=19.148 kV

a) Full Circuit 1.56+ 5 2.30+ 6 3.05+,7¢ 3.98+ 8

. . V»,=19.148 kV
b) Reduced Cir cuit 2
10.11+
j5.95 Y

105+ 01+ 170+ 40+
J85 kVA 37 kVA j123 KVA j17 kVA

9 10 11 12

41_20A1_2.53+,2v2.90t3_3.20+, 2.32+ 3 4.02+ 73 456+ 2,11+
— | j205Y |j213Y fj215V | jo9ov |83V |ijreev |io.77y

, 330+
V,=19.8 kV  [V5=19.372 kv 1186 kvA

41.20 Ay 543+ 16.214V1=19.213 kV
—> | i418Y j7.40 Y M

94+ 7 49+
jaskva jsokva |V O/ T/ T/
V1=19.213 kV
159+ 13‘2.49t14>2.eo+, 15
j0.94Y [ j113Y | jL75Y

171+
56 KVA

19.8 kV

7 139+ <7632+ 7 156+
) J .
j75 kVA 300 kVA 84 KVA
Potential

PV Site

7166+ 7 56+
194 kVA 132 kVA

Potential

PV Site
Figure 60. Full feeder reduction. a) original 15bus feeder, b) final, simplified
circuit.
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Reduction Steps

Step 1:User selects any specific buses that should remain in the reduced oirtug
case,V; andV; are lected The algorithm automatically identifies additional buses of
interest such as capacitors, voltage regulators, step transformers between buses of
interest, and junctions required to maintain the topology in the reduced circuit. This step
would iderify buses 1 and 4 iRigure60 as additional buses of interest.

Step 2:Remove all buses without objects on them or junctions of multiple lines. This
removes all lines that are at the end of a feeder without a load connetttethtolt also
removes all unnecessary buses that were originally only used for line routing in
visualizations and calculating line lengths. This step removes buses 2 an&i@dren
60.

Step 3:Reduce all loads not on the pathsbuses of interest. All loads are condensed
to the nearest upstream bus on a path between the substation and a bus of interest. This
often moves loads from their interconnection on the end of a triplex line to the medium
voltage feeder backbone. Tlsieep reduces buses 8, 13, and 15igure60.

Step 4: Perform load bus reduction usir{g)-(4) to recursively move loads to the

adjacent buses. This step removes buses 39516, and 11 ikigure60.

After performing circuit reduction, the d%us feeder is reduced to 4 buses.
During the process, two additional bus#snterest were added at the generator and at
the junction between the two bgs#-interest to maintain the feeder topology. As seen
in Figure 60, the solved power flow in PowerWorld results in the same voltages and
currents as the full feeder model during each step of the reduction process. The steps and
resulting calculated parameters are shown for the process to demonstrate the method, and
simulations validate the equivalence of the reduced feeder model.

The purpose of the circuit reduction method is to study the impact of variable

renewable generatiam the distribution system, so validation is performed by simulating
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the interconnection of PV on the systefFigure61 contains the full circuit model along
with the reduced circuit and the two potential PV icb@nection study locations ¥ or

V.

a) Full Circuit b) Reduced Cir cuit

2
v N\
V4 V3
19.8 kV

19.8 kV

Figure 61. a) Full feeder circuit and b) reduced circuit with potential PV
interconnection study locations at V1 or V2.

Studying the impact of distributed genévat specifically PV, is done using both
static snapshot analyses and tisegies simulations. For the static steathte analysis
validation,theresults are shown ifable9 for a 1 MW PV plant connected at esttV;
or V, compared to the base case without solar. Note that the feeder topology is
maintained and the voltages at the busfesterest are exactly equal for the reduced

circuit for all three PV scenarios.

Table 9. Voltages at lusesof-interest for the full feeder circuit and the equivalent
reduced circuit for different PV connection scenarios.

N o Solay 1 MW PW a 1 MW PW
ull\ Reduc Reduc
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The same three simulations of the baggecwithout solar, 1 MW PV &f, and 1
MW PV atV, are performed as timgeries simulations for aday period at 15 minute
resolution. For the simulations, the load varies according to a standard load profile with
the peak load in late afternoon. Theak load is shown ifigure 60, and all loads are
varied together by a multiplier the rest of the day to match the feeder load profile. The
impact on the voltages at the four busésnterest due to variations in the load iswho
in Figure62a. As seen ifrigure62a, the reduced circuit has the same results as the full
circuit even as the loads change throughout the day. Theaynsimulationdor a 1
MW PV plant connected at eith&f; or V, are shown inFigure 62b andFigure 62c
respectively. The solar output profile for a cloudy day is simulated to shompaet of

solar variability on the voltage and the corresponding-8erées accuracy of the reduced

model.
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Figure 62. Simulation of the full circuit and reduced circuit for a) base case without
solar, b) 1 MW PV at V1, and c) 1 MV PV at V2.
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The reduced circuit is shown to be equal to the full feeder model for both
snapshot simulations and tirseries simulations with solar interconnected at two
locations. The reduced circuit can accurately represent thevéirgeng nature of P\on

the grid.

4.3 Implementing Circuit Reduction for Large Systems

The same reduction methodology can be applied to a very large complicated
distribution system with distributed PV, as showrrigure63. To apply the method to a
large circuit with hundreds or thousands of components, the load bus reduction was
implemented in MATLAB for full automation. The distribution system modeling is done
using OpenDSS, which is an open soureghdse distribution system simulator from
EPRI[117. MATLAB communicates with OpenDSS through the COM interface to
obtain the circuit parameters such & limpedances, line lengths, and load ratings. The
circuit reduction is performed in MATLAB and the resulting reduced circuit is then saved
back out to OpenDSS where the power flow simulations are performed for validation.

In the previous section, circureduction was performed on a single large PV
interconnection. The same circuit reduction process can be used for distributed rooftop
PV. If there are a large number of PV interconnections, they can be reduced as
equivalent PV plants with the same vobkagt buses of interest. For example, the feeder
in Figure63 has 70 PV interconnections that are reducethrtee equivalent PV plants
with all buses of interest being equivalent in the reduced circuit. The user selected buses
of interes for this analysis are bus Jdhd bus 13, which is selected due to the high
voltage seen in simulation with P\AIl other buses in the reduced equivalent circuit are
automatically identified as additional buses of interest by the algorithroh &pacitor
bank (buses 5, 6, and 7) must remain in the reduced circuit as a bus of interest to model
the reactive power output as well as any capacitor switching. Buses 3 and 4 are identified

as necessary to maintain the topology of the reduced cir€irtally, the transformers
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between buses of interest (buses 1, 2, 8, 9, 11, and 12) must also remain in the final
circuit. The process for reducing PV plants is the same as reducing loads for Steps 3 and
4 of the reduction The voltage profile for theufl feeder model can be seenFigure64

along withthe reduced circuihat hasquivalent voltages at the buses of interest.

User Selected

Distribution Feeder Capacitor Reduced Equivalent Circuit 7 8 9 10
Transformer

Topology

Substation
Transformer
Transmission With LTC
System

P\’/ PV PV

Figure 63. A full distribution system feeder with 70 distributed rooftop PV systems
reduced to a simple equivalent representation.

The extremely complex system can be reduced to a simple circuit with only a few
parameters that wholly and accurately represents the currents and voltages at all buses of
interest in the equivalentrcuit. The voltage profile for the full feeder model can be seen
in Figure 64 with equivalent voltages at the buses of interest in the reduced circuit. The
reduced circuit also maintains all distances, short circuit currents,inapedances
between buses of interest. During the reduction, all other complexity and bus voltages in
the original circuit are lost. This is advantageous if the distribution engineer is not
interested in the voltage at those thousands of other buseshe lihnformation or
characteristics of a bus are desired, it can simply be selected as a bus of interest before

reduction.
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Figure 64. Voltage profile with distributed rooftop PV for A) the full distribution
feeder, and B) the reduced equivalent circuit

The equivalence of the reduced circuit is analyzed by comparing the voltages for
the snapshot simulation shown in the voltage profile plots. The differences for the power
flow solutionvoltages arén the order of 18. This eror is likely due to small rounding
differences in the process, atine differences are small enough to be insignificant during

the interconnection process.

Table 10. Voltages for Buses of Interest with PV

Fu Reduce)Di ffere Di flf2W0(b a
3 115.9 115.94 -3.HB®S8 -4 . B-G®6
2 20. 23 20. 23 -8 . B-®B7 -9 . E®5
3 20. 11 20.11 7. B®7 9. B®5
4 20.1(¢ 20.10 7. B®7 8. B®5
5 20. 11 20. 11 7. B6@®7 9. B®B5
6 20.1(¢ 20.10 8.B®7 100 4
7 20. 01 20.07 3. B®B7 4 . B®@5
8 20. 06 20.06 -2 . @6 -2 . B®4
9 0. 48 0.481 4.R®B7 5. B35
) 0. 47 0.479 4.R®B7 5. B35
Iy 20. 09 20.09 -1 . B®B6 -2 . B4
W] 0. 48 0.487 -1.B®6 -2 . B4
] 0. 49 0.491 -1. 9@& -2 . 2®B4

A time-seriesanalysis was conducted as well to show the preservation of accuracy

with varying load, voltage regulation equipmewngriable PV outputand switching
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capacitorsFor the simulation irFigure 65, thevoltages are shown at the selected buses

of interest for the full model and the reduced circuit.

r r r r
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Figure 65. Time-series analysis with distributed rooftop PV, comparison of full vs.
reduced circuit for selected buses of interest.

Circuit reduction has significant advantages in that it takes less memory and less
processing time for simulationsTable 11 shows the improvements in reducing the
circuit. One of the most significant benefit§ arcuit reduction is the decreased
simulation time for long highesolution timeseries simulations. For example, a -one
week simulation at -second resolution that takes 14 minutes to run for the full
distribution model performs with the same accurac¥5 seconds for the reduced circuit.

The magnitude of the reduction arftetnumber of buses in threducedcircuit
depends on how manybes ofinterest are selected)( plus some busedf interest to
represent the topology of the distribution systeme Tihal reduced circuit will contain
between n and 2t with no more han twice the selected busesrerest in the reduced
circuit. For example, a distribution feeder with 6 capacitor banks and 4 voltage regulators
would reduce to less than 20 buseslependent of the number of loads or liregth of

the feeder. The buses afiterest are retained in the reduced circuitaintaining
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equivalent performance as the full circuit, and all other circuit details are simplified to the

minimum amount of necessanformation.

Table 11. Magnitude of Reduction from Full Circuit
Reduc % of

CircuOrigi

Ti me (seconds) to per 837 15 4 1 85
lsecond resoluti on

CirddNumber of Lines 104 9 086 %
CirdWNumber of Transfo 214 3 1.%0
CirddNumber of Loads 386 10 2.59
CirdWNumber of Buses 126 13 1.%3

A balanced circuit reductiomethodology was presented for simplifyiegtire
feederswith thousands of busda® only spedied buses of interest while maintaining
accuracy and the feeder topology. The method is demonstrated with distributed rooftop
PV on a 126bus feeder with two buses of interest that is reduced tolaud ircuit.

The accuracy of the method was shown lfoth a snapshot as well astime-series

analysiswith the error generally in the order of 40

4.4 Formulating an Equivalent Reduced Representation for Unbalanced Circuits

The balanced circuitreduction method151, 152 presented in the rpvious
sectionsis expandedto remove themain assumptions and simplificatiormbout a
balanced distribution systenThe unbalanced circuit reduction method includes mixed
phase distribution systems, unbalanced currenigplg between power linesutual
impedancesingle-phase loads, and singbhase lines.This is an important advancement
from the balanced circuit reduction because mastridution systemsn the United
Stateshave significant amounts of unbalance caused by spigise loads and laterals
Although the circuit complexity is increased significantly, i# important that the

reduction method can be implemented on a realistic distribution system.
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The unbalanced circuit reduction algorithm presented will also account for shunt
impedances that were preusly ignored or assumed to be zero. This includes the line
charging shunt capacitance and +ideal transformers with core losses. With the zero
line chargingassumption in the balanced reductibneswereeasily removed during the
reductionwithout impacting the accuracy Transformemmagnetizing current introduces
a shunt resistance and shunt reactance that createachtmsses on the transforntaat
cannot be directly included into the series impedances of lines. Both of these shunt
impedance are captured in the unbalanced circuit reduction where the reduced circuit
will be equivalent to the full model.

The assumption that the loads are modeled as fixed current loads remains in the
unbalanced reduction. As shown in Section 4.2.2, this aggEumpay be more accurate
than a constant power P/Q load model, and the load model makes little different in the
results.

The circuit reduction algorithm uses sequence components to handle the mutual
impedances and unbalanced loads. Sequence compoeguie that the impedance
matrix is symmetrical with the mutual terms all being equal. This is not necessarily the
case unless the lines are perfectly transposed at equal distances. Sequence components
are regularly used for distribution system modeliegpecially for underground cabling,
as an approximation and simplification of the actual system.

New algorithms have been developed for each step in order to handle unbalanced
circuits and shunt impedances, but the main reduction steps follow the saoespias

the balanced circuit reduction.

Reduction Steps:

Step 1: The wer selects any specific buses that should remain in the reduced circuit.
The algorithm automatically identifies additional buses of interest such as capacitors,

voltage regulators,tep transformers between buses of interest, and junctions required to
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maintain the topology in the reduced circuit. For unbalanced circuits, the loochtay
change in number of phases between buses of interest must be added as a topology bus of
interest.

Step 2: Remove all buses without objects on them or junctions of multiple lines. It
removes all unnecessary buses that were originally only used for line routing in
visualizations and calculating line lengths.

Step 3: All laterals and loads not ohe paths to buses of interest are reduced up into
the path between buses of intereshis often moves loads from their interconnection on
the end of a secondary triplex line to the meditotiage feeder backbone.

Step 4:Perform load bus reduction to tesively move loads into the adjacent buses.

Each of the new algorithms for unbalanced circuit reduction are described in the

following sections.

4.4.1 Sequenc€omponent Kron Reduction with Shunt Capacitance

The second step ithe reduction procesemoves buses that do not have any
circuit objects on them. These buses are solely for georeferencing to allow the cables to
be plotted in a map fashion, and the cable lengths can be derived from the georeferenced
points. For the balanced circuit reductiahge series impedance of each line connected to
the bus was simply added together, and the bus was removed. In order to include the
mutual impedances between lines and the line charging capacitance, a sequence
component Kron reduction method is presentegerform the reduction step shown in

Figure66.

Zy Z | Zeg |

Figure 66. Removing buses without circuit objects.
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To begin the reductionhé positive and zero sequencg,sadmittance matrix is
formed for the line conrected to the bus. The negatsequence impedance is assumed
to equal the positive sequence. The line shunt capacitance terms are addedyto the

matrix on the diagonal terms using thenpadel. TheYsmatrix is as follows:

el  juC 1 @
a2, o
. 1 1.1 jug | juc 1
=e . N F R ) R u
YeTg 7, ztzT2 T2 Z 32
é 1 1 jucu
z O _ _ + N
& Z Z, 2 ¢

where G represents the shunt line charging capacitance for line 1. Y{kenatrix is
formed separately for each the positive and zero sequence impedances using the positive
and zero sequence line impedances dnohiscapacitance respectively. To remove the

middle bus, Kron reduction is applied using the below formulas.

ViV
Y22
Y223
Y22
Ya2Y21
Y22
Ya2Y23
Y22

new
Yir =Y

new _
Yioo = Yis-

¥
Yo=Y, -

new _
Yoo = Ya3-

Kron reduction isapplied to both the positive and zero sequeYigg matrices.

new.

After Kron reduction, the new equivalent line impedances areYffitand Y5 "terms,
which are equal in the symmetrical matrix. The sum of the Yigwmatrix represents
the total line charging capacitance on the equivalent line. Theogdel is used as an
approximation with equal shunt capacitance on either end of the line.
SequenceomponentKron reduction is applied to each bus without a circuit

object. The algorithm loops through each of the buses, forms the positive and zero
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sequence s matrix around that bus, performs Kron reduction, creates the new line, and
disables the old lines connected to the bus being reduced. This reduction does not work
if the two lines connected to the bus have different number of phases. For this case, the
bus remains in the circuit as a topology bus of interest.

Note that with the assumptions of balanced currents, no shunt capacitance, and no
mutual impedance, the seqeertomponentKron reduction methods the same as the
balanced circuit reductionBuses without loads are able to be reduced ussugience

component Kron reduction without having to assurhalanced system.

4.4.2 Sequenc€omponent Norton Equivalent

The third step in the reduction process is to combine all branches and laterals not
directly in the current stream between the substation and-effioterest. If the voltage
on the branch or lateral is not required in the reduced circuit, all loads bratiEh can
be reducedby combining the loads onto the location of the branch split from the path that
contains busesf-interest All loads are condensed to the nearest upstream bus on a path
between the substation and a bus of interest. This often smloagls from their
interconnection on the end of a triplex line to the medium voltage feeder backbone.

The balanced circuit reduction method simply moved the sum of all loads on the
lateral to the bus along the path to a bus of interest. When theisipedances are
included in the circuit, moving the fixed current loads is not equivalent. For example,
with a nonideal transformer, the transformer core losses prevent the load from being
moved to the primary system and the transformer from being remdw@dhclude line
charging and transformer magnetizing current, a sequsroponent Norton equivalent
is developed to removenw laterals or sections of the circuit not along the paths to buses
of interest.

Usingthe assumption that loads are fixaarent,the circuit looks very similar to

fundamental circuit analysis problems. For examga&ulating theNortonequivalentn
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Figure 67 is straightforward. The transformeminding lossesare shown aZs, core
lossesasRc, and magnetizing reactanesXy. TheNortonequivalent impedancégq is
the lookin impedance for the circuit with the current sources open. Nbeon
equivalent current source is the current that would flow into the circuit with the head of

the laterakhorted to ground.

l

Zeq @'D leq

Fixed-Current
Load 1
X

<
N
X
(@]
N
Fixed-Current
Load 2

Figure 67. A lateral with two transformers and loads reduced to a Norton
equivalent.

For unbalanced thrgghase circuits, the Norton equivalent must be done using
sequence components. The positive and zejoesee lookn impedances foZeq are
found with the opereircuit loads, and the sequence currents are calculated for the head of
the lateral shortetb ground. Using the sequercemponent Norton equivalent allows
all sections of the circuit not along $®s of interest to be reduced, even with line shunt
capacitance, transformer magnetizing current, and unbalanced loads.

The sequenceomponeniNorton equivalent is implemented OpenDSSto loop
through all laterals andalculate the equivalent values. €eTkquivalent impedance is
calculated by turning off all downstream loads in the section of the circuit and measuring
the voltage and current. The sequence voltage divided by the sequence current will
provide the lookn sequence impedance for the Nortoguigalent. The Norton
equivalent current is calculated by measuring the sequence current flowing into the
circuit with the loads connected and subtracting the current that would flow into the

equivalent impedance found in the previous st&pe new sequeecomponent shunt
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reactor and fixed current load are added to the circuit in OpenDSS, llanther
downstream circuit objects in the lateral, such as transformers and loads, are removed
from the circuit.

To maintain the equivalence during tirseries snulations, there may be multiple
equivalent loads created. If each load in the section of the circuit follows the same load
profile, there is only need for one equivalent load. For multiple load profiles, or PV
output profiles, an equivalent load will beeated for each load shape.

Note that withthe assumptions of no line charging capacitance or transformer
magnetizing currentthe sequeneeomponent Norton equivalent is the same as the
balanced circuit reductionWithout any shunt terms, the Nortorueglent impedance is
infinite, and the loads are moved up to the path. 3éguence&omponentNorton
reduction providegquivalent reduced circuit, even with unbalanced current, line mutual

impedancedjne shunt capacitancand transformer core losses.

4.4.3 Sequenc€omponent Load Bus Reduction

The fourth step in the reduction process is to remove buses that are between buses
of interest butdo not provide critical information. These buses contain loads and are
along the path between the substatiod the buses of interest. They directly impact the
voltages and currents at other buses of interest, but the specific information about voltage
is not required for these buses. These basa®duced using load bus reductid®]].

Load bus reduction is showrigure 53 for the simplest case withwo line
sectionswith impedance&; andZ, with loadsL,, L,, L3 on each side of thiine section.

If bus 2 is unnecessary in the equivalent circuit, it ba removedy using(2) - (4) to
combineL, into L; andLs, resulting in a singléine sectionZeq and only twoloadsLeq:
andLeg2z Theprocesss repeated any numbef tmes (recursively}o reduce ay chain

of loads into two buses. Details and mathematical proofs shojf®lhdemonstrate that

109



the load bus reduction method is a fully equivalent circuit with the same total load,
voltage dop, feeder impedance, and line losses.

For unbalanced circuit reduction3gphase unbalanced load must be moved to the
adjacent buses proportionally to the series impedameéual impedance, and the
unbalance. This is most easily done using sequencpamnts. Formula@) - (4) can
be applied to each sequence component indilidu&or example, the positiveequence
current fromthe load will be moved to the adjacdnisesproportionally to the positive
sequence line impedances. The same process is used for zero and negative sequence.
The result is an equivalent circuit with the same phase voltages and phase currents.

For the unbalanced circuit reductiohgessequene-componeniNorton equivalent
createdan equivalent fixeaturrent load anequivalenimpedance.The loads are moved
using (2) - (4), but in order to perform load bus nection, the new shunt impedanee
must also be moved from the blbsfore it can be removedThe sequenceomponent
Norton equivalenteactors are included in the sequenoemponentKron reduction on
the diagonals of theéYp,s sequence admittance matrix dsust terms. After Kron
reduction, the sum of each row or column is the sequence admittance of the new shunt
reactor, with a reactor placed on each of the remaining adjacent buses.

The loads can only be included in OpenDSS as phase loads and cannotdak crea
as sequence current loads. The phase or sequence currents can be converted from one to

the other using the conversion matx where a is a 120 degree phase shift,

a=eNa*" /3).
¢ 1 1g
_ u
A—gl a ap (3
g a a2y

All loads on the bus are summtjether to get the phase current. Tdtal load

phase current is converted to sequence currents. The for(Bulag4) with sequence
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impedances are used to create the sequence currents at the two adjacent buses. Finally,
the new equivalent sequence currents are converted back to phase currents to place new
loads at the adgent buses.

If the loads are balanced, thgequence&omponent load bus reduction is
equivalentto the balanced reduction method. Applying the formulas using sequence
components allows for reduction ahbalanced circuiteind mutual impedance terms.

Finaly, the sequenceomponenKron reductionfrom step 2compensates for any shunt
terms in the reduction, such as theelicharging capacitance and any sequence

componeniNorton equivalent impedances.

4.4.4 Unbalanced Circuit ReductiorResults

The same disibution system used in Section 4.3 is shown below for the
unbalanced circuit reduction. In Section 4.3, the feeder was simplified to incorporate all
assumptions of no singfghase lines, no singlghase lateral, ideal transformers, and no
line charging apacitance. The actual distribution system model with full complexity is
shown below to demonstrate the reduction for an actual feededisthibution system in
Figure68 can be reduced to only a few buses. iDyiStep 1 of the reduction process,
buses 10 and 11 were selected as buses of interest. All other buses in the reduced
equivalent circuit are automatically identified as additional buses of interest by the
reduction algorithm. Each capacitor bank (buses, and 7) must remain in the reduced
circuit as a bus of interest to correctly model the reactive power output as well as any
capacitor switching. Buses 3 and 4 are identified as necessary to maintain the topology
of the reduced circuit. Finally, tieansformers between buses of interest (buses 1, 2, 8,
and 9) must also remain in the final circuit.

After all buses of interest have been identified, the algorithm begins to reduce the
circuit. Before reduction, the distribution feeder contains 10435)i@14 transformers,

386 loads, and 1262 buses. After Step 2 of the reduction, the circuit contains 534 lines,
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214 transformers, 386 loads, and 749 buses. After Step 3 of the reduction, the circuit
contains 92 lines, 2 transformers, 88 loads, and 95sbédter Step 4 of the reduction,

the circuit contains 8 lines, 2 transformers, 10 loads, and 11 buses. As sheigare

68, this extremely complex system can be reduced to a simple circuit with only a few

paraméers that wholly and accurately represents the currents and voltages at all buses of

interest in the equivalent circuit.

User Selected
Capacitor
Transformer
Topology

Distribution Feeder

Reduced Equivalent Circuit
Substation 4
Transformer
Transmission With LTC T v
System 2 6 11
v
l;
T v

il

T

Figure 68. A full distribution system feeder reduced to a simple equivalent
representation.

When looking athe voltage profile of the feeder, there are now different voltages
on each phaseFigure 69 shows the voltage profile of the full distribution feeder model
during the circuit reduction processth the phase volages A, B, and C signified with

the colors black, red, and blue respectivélhese four figures show that during the
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reduction process, the complexity of the circuit is reduced considerably during each step.
However, despite this reduction, the accuraéythe voltage profile at the buses of

interest remains unaffected. The reduced circuit also maintains all distances, short circuit
currents, and impedances between buses of interest. During the reduction, all other
complexity and bus voltages in the anigl circuit are lost. This is advantageous if the

distribution engineer is not interested in the voltage at those thousands of other buses. If
the information or characteristics of a bus are desired, it can simply be selected as a bus

of interest beforeeduction.
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Figure 69. Feeder voltage profile plot a) before circuireduction, b) after sequence
component Kron reduction, c) after sequencecomponent Norton equivalent and d)
after load bus reduction. Phase voltages A, B, and C are signified with the colors
black, red, and blue respectively.
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The equivalence of the redeat circuitto the full circuitis analyzed by comparing
the voltages for the snapshot simulation shown in the voltage profile plbtgure 69.
The differences for the power flow solution bus voltages are shiowiable12. The
error is generally in the order of 10 This error is likely due to small rounding
differences in the reduction process, and differences of 0.000001 are small enough to be

insignificant during lhe interconnection process.

Table 12. Snapshot Analysis of Voltages for Buses of Interest
Bu Full Reduce Di ffere

115. 3] 115. 34 -0. 9017
20. 63 20. 63§ -1. 1H086
20. 40 20. 40¢ -2 .64606
20. 38 20. 389 -2. 4B80%
20. 40 20. 404 -2. 4E0%
20. 36/ 20. 36§ -2. 5E05%
20. 34 20. 34¢ -2. 48046
20. 33 20. 334 -245B06
0.486 0. 48617 -2. 4E086
0.484 0. 48473 -2. 4086
20. 28 20. 28§ -2. 8EAO8

It is interesting to compare the error for the unbalanced circuit reduction to the
balanced method. The same circuit and buses were ugEsljrfor balanced reduction.
In this previouswork, all loads were made to be balanced tHplegse, line shunt
capacitance was removed, and transformers did not have any core losses. In general, the
feeder was assumed to be quite simplified and unrealistically ideal. The errofd &gm
are shown ifmable13 compared with the errors for the new unbalanced circuit reduction
of the full unbalanced feeder model. The balanced circuit reduction was shown to be
mathematically equittant in[151] and produced slight simulation errors up to 5.8%10
The unbalanced circuit reduction can also be said to be fully equivalent with errors up to

2.9%10°,
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Table 13. Comparison of Errors for Balanced Circuit Reduction on a Manufactured
Ideal Balanced Circuit Vs. Errors for an Unbalanced Circuit

BuBal anced Di Unbalanced D

1 1. B0o6 -0 . 9E1017
2 1. B®5 -1 . 1B9086
3 ‘ 2 . B®6 -2 . 4B8016
4 1. B06 2. 485 E
5 ‘ 2 . BAU6 -2 . 4E709%
6 3. B®7 -2 . 5B5056
7 ‘ 3. B@7 -2 . 4BB046
8 -4 . B®@7 24 5B0 6
9 ‘ -4 . B®6 -2 . 4B086
10 -5 . BM6 -2 . 4B5086
11 4. BO7 -2 . 8EF086

In order for the reduction method to be truly valuable in improving efigiei
must maintain its effectiveness and accuracy for timeseries simulations. The timeseries
validates the equivalence of the reduced circuit in a much more accurate way, because as
the load varies through time, the losses are a squared term and monkneaduced
circuit could result in the same power flow solution for one load level without being
equivalent through time, compensating for losses and voltage regulation equipment
switching. The reduction was validated by simulating the etk week ér both the
full and reduced feeder. The bus voltages at thesedected buses (bus 10 and busnll
Figure 68) were monitored and recorded during both runs. The pinssmge voltages
for each bus during the fulnd reduced circuit simulations are showrigure70. The

resulting error in peunit voltage can be seenkiigure71.
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Figure 70. Average bis voltage during one week timeseries simulation

As shownFigure 70, the error is not visible given that is on the order of &6
10°. Figure71 shows that the error typically only vesi by less 3XI@Vpu. There are two
exceptions around hours 130 and 143. These error deviations are a result of the LTC
switching. Because the simulations wets at a tminute resolution, the 1 minute
difference in switching time between the full andueed simulations results in a larger
error. This error would be reduced for higher simulation resolutions. The key point is
that the error does not change significantly with the load leVeke load varies to less
than 50% of its peak, but the error yrdhanges very slightly through time, almost
independently from the load profile.

Another noteworthy attribute of this plot is the vertical resolution in the error as it
steps from one erraralueto another. This is because the data returned by the siomula
only has an accuracy of 1 mV. After converting to-peit, this resolution is 3.61x10
Vpu Which is the size of the vertical steps. Note that the error from the circuit reduction
is very much on the order of the resolution of the power flow solvidris difference

between the full and reduced circuit can be attributed to someinguaTdors.
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«10°  Unbalanced Reduction Bus 10 Voltage Error: One Week Timeseries
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Figure 71. One week timeseries error of bus 10 peunit voltage

The algorithm presented in Section 2 and in previous work caappked to
singlephase buses of interest. The reduction methods can be used either on unbalanced
3-phase line sections or singhkase sections. The only change to the algorithm is that a
bus where the change in number of phases occurs must remagrra@dticed circuit as a
topology bus. The algorithm automatically identifies this necessary bus by finding the
first 3-phase bus upstream of the singlease bus of interest. To demonstrate the
method, bus 12 was selected by the user at the end of esivagle section on-Bhase,
as shown irFigure72a. Bus 13 was automatically identified as a topology bus of interest
because it is the split from the path of other buses of interest 4 and 7. Additionally, Bus
14 was automatically identified as a topology bus of interest because it is the bus where

the number of phases changes.
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Figure 72. Examplefeeders for a)single-phase bus of interest (bus 12pand b)
distributed PV systems

This crcuit was validated to have very little error, similar to the previous
example, of approximately 3*16(.'}\/Iou error from the full circuit power flow results. The
voltage profile for the full circuit and reduced circuit are showFRigure 73 along with

the number of lines, transformers, loads, and buses in each model.
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Figure 73. Voltage profile for a) the full circuit and b) the equivalent reduced
circuit.

The unbalanced circuit reductionethodologycan also be applied wistributed
PV. A total of 7.5 MW of PV was distributed around the center of the feeder, as seen in

Figure 72b. The PV systems are a mix of single and three phase systBoss of
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interest wereautomaticallyselectedby the algorithm discussed in Section 4.5 to tud
end of lines and the low/high voltage buses.

The feeder voltage profile for the full circuit and reduced circuit is shown in
Figure74. The number of buses has been reduced to 3.4% of the original number, while
maintaining the accuracy. The largest voltage error between the full and reduced circuit

for any of the buses of interest is 2.1%1u.
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Figure 74. Feeder voltage profile for the full circuit and the reduced circuit.

The circuit reduction methodology was expandedsimplifying unbalanced
feeders with shunt comportenwhile maintainingthe accuracy and the feeder topology
of the fullmodel The accuracy of the method was shown for a snapshot simudatioa
timeseries simulation with the error in the order of®10 The method was also
demonstrated with a singfghase useselected bus of intereahd distributed PV

The magnitude ofeduction for the unbalanced circuit reduction is the same as the
unbalanced circuit reduction with the number of buses and lines at approximately 1% of
the number of the full circuit. The only cost of the unbalanced circuit reduction is few
more componds at the remaining buses compared to the balanced reduction method.
Due to unbalanced, each bus must contain 3 spigse loads at each bus instead of one
balanced Phase load. The core losses of the service transformers and the line shunt

capacitane have also been grouped into a single impedance value at each bus in the
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reduced circuit. The overall accuracy and reduction magnitude has been maintained

while accounting for unbalanced current, shunt capacitance, and transformer losses.

4.5 Automatically Detecting Buses of Interest

Detecting the required buses or interest (capacitor, regulators, topology buses,
etc.) that were presented in the previous sectignstraight forward. If only the bare
minimum of required buses of interemte usedthe drcuit generally reduces to a very
small number of buses, likely around 10 buses. Adding any additional thasesould
remain in the reduced circusieyondthe required buses determined by the buses that
the useselects This section discussesewf methods to automatically detect some buses
that may be of interest, but are not required to maintain the equival&@heeconcept is
to help the user select the best buses automatically and consistiietly.intelligent
algorithms have been developéa select buses of interest to better characterize the
feederas a whole.

Adding certain key busesan be asimple as setting up a threshold of adding any
bus with a large (>100kW) load or generatonnected to it Voltage thresholds can also
be set tdkeep the lowest voltage buses or highest voltage buses that also have PV. One
of the most interesting developments in detecting buses of interest is selecting end of
feeder buses that can be used to show the main topology and layout of the feeder.
algorithm was developed to identify the esnof 3-phase lines antb add them to the
buses of interest. All-Bhase ends of lines where thera Bphase line coming into the
bus but no other-Bhase mediurvoltage line coming out of the bus are identifiethe
farthest 3phase bus is first identified, and the path between that fartqpsis® bus and
the substation is drawn. Any of the previously identifiephdse enslof lines that are
within a certain conductor length to any bus on the path are diéstarhis removes any
short laterals that are not necessary to classify the topology. Next, a recursive algorithm

is implemented thatelects the farthestfthase end of line in the remaining list, adds this
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bus to the buses of interest, adds the pativden the newly selectedphase end of line
and the substation, and discards aRyhd@se end of lines within a certain distance to
paths between the selected end of lines and the substatiendistance threshold can be
a specific distance, a percenttloé total feeder length, or selected by the user.

The method is demonstrated below 1, with the full circuit shown irFigure
75. The reduced circuit for when no buses are selesmedonly the buses of interest
required tomaintain equivalence are included is shownFRigure 76. Figure 77
demonstrates the case where the lowest voltage buses are automatically selected as buses
of interest. Using the recursive algorithm tetect certain key end of line buses, the
circuit is reduced td-igure78. Finally, selecting both théow voltage buses and end of

line busesn theautoselectionresults inFigure79.
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Figure 75. The full model for feeder ML1

121



B  Capacitor
€ Transformer
O  Topology

126

Lines:5, Transformers:1, Loads:21, Buses:7

T

Bus Voltage (120 V Base)
.
8

124

L
125 \

B  Capacitor

@ Transformer

O Topology

NN

N ——

121

120
0

1 2 3 4
Distance from Substation (km)

Figure 76. Feeder ML1 reduced circuit with no selected buses of interest.

V¥ Auto Selected

B  Capacitor

@ Transformer

O Topology
@
%]
<
o0
>
o
N
4
[}
[=2]
8
°
>
(2]
>
0

Lines:17, Transformers:6, Loads:44, Buses:24

126 T T
WV Auto Selected
B capacitor
12! € Transformer  H
\ O  Topology
124 ogE
%\Oﬁ —
—00
123
—$
122
z 9
121 g
¢ v
120

1 2 3 4
Distance from Substation (km)

Figure 77. Feeder ML1 reduced circuit with low voltage buses added.
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Figure 78. Feeder ML1 reduced circuit with end of line buses added.
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Figure 79. Feeder ML1 reduced with low voltage and end of line buses added.

4.6 Reduction Results for Several Feeders

In order to demnostrate that circuit reductiacan be appliedor a range of feeder
topologies, five different distribution systemmave been reducedtach of the feeders is a
real feeder that has been modeled with the full complexitye resulting high level of
accuray for each of the reductions proves that the methodology is valid for a range of
load levels, conductor types, feeder sizes, topologies, voltage drops, and power factors.
Thefull model and reduced model are shown for each feedeigure80 throughFigure
84. In each case, the algorithm was set to automatically select some buses of interest for
end of feeder buses and low voltage busEable 14 includes the percent reduatidor
how many of the buses were removed, along with the maximum error for any phase

voltage at buses of interest between the full and reduced models.

Table 14. Circuit Reduction for Five Feeders.
FeedPercent Ma xi mulmt ¥g9e Error

f
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Figure 80. Feeder UD11 full and reduced model.
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CHAPTER 5: ADVANCED SIMULATION METHODS FOR PV

INTERCONNECTION ANAL YSIS

5.1 Introduction

This section discusses novel methods for analyzing PV interconnections with
advanced simulation methods. The focus is feeder @atidrispecific impacts of PV
that determine the locatiah PV hosting capacityEPRI has performed significant
research in the area of feeder hosting capacity fofgd4\V85]. While their research was
focused on determining the hosting capacity for the entire feeder, this research expands
the idea to investigate individual areas of the feeder to determine the local maximum. In
this analysis, the impact on maximum feederagsdt caused by connecting a range of PV
sizes on various buses is shown, along with the effect of these installations on line
loading and feeder violationghe detailed analysis is performed on 50 different real
distribution systems in order to study thariations in PV locational hosting capacity

caused by different circuit characteristics.

5.2 Interconnection Location Analysis

This section presents the foundation for the methodology of analyzing PV
interconnection on the distribution system by size &uwhtion. The concepts are
presented for simulating large numbers of potential PV interconnection locations and
sizes in order to determine the locational (distance, impedance, and conductor type)
limitations. Theseconcept and the algorithms are develdmore in later sections.

The circuit used for this initial analysis is EPRI test circuit 7 (Ckt7) available
online atf135. The topologyof this feeder can be seenkigure85. The feeder is a short
(4 km), 12.47 kV feeder with mostly industrial customers. This feeder has 288 buses on

the mediumvoltage 12.47 kV system, 200 of which are thpbase. For voltage
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regulation, Ckt7 has two switching capacitors but no load tap changer (LTC) at the
substation or voltage regulators in the feeder. The substation transformer includes 14
feeders and is connected to asg, 115 kV transmission systeithe full-load demand
at the substation is 36,111 kVA at 0.95 lagging power factor. The feeder loads use a
conservation voltage reduction (CVR) load model that changes the power slightly based
on the voltage, using values of 0.8 for real and 3.0 for reactive pab@r

To examine the impact of central PV installations on the feedeextamsive
process is used to step through all considered locations, storing data from the power flow
solution for each scenario. The set of scenarios include a significant range of system sizes
and locations. Due to the fact that Ckt 7 is an industredde the focus of the analysis is
on single, largescale, central PV plants. The PV systems were sized ranging from 0 to
10 MW in 100 kW increments, and all thrpbase buses were considered. For each of
the 100 considered system sizes at each of theéH268phase buses, a total of 20,000
snapshot power flow simulations were performed. Each power flow simulation is
performed in full detail for the distribution feeder with hundreds of components, complex
voltage regulation controls, and feeder loadscalied on the secondary system at the end
of triplex lines. The unbalanced thrpbhase power flow is solved using the distribution
system software OpenDJ317 with GridPV [12]] to performanalysis in MATLAB.
During each power flow simulation, the maximum per unit bus voltage on the feeder is
recorded, along with the maximum line loading (line current/line rating) of all [irfes.
solutions from the power flow simulations for each PV stedge are analyzed to
determine any violations or limitations in the distribution system that would not allow the
particular interconnectiornitially, fixed power factor PV systems producing only real
power are considered as they are most comnj@b3, but future work will consider

active voltage contrdll54.
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Figure 85. Ckt7 Topology and Voltage Regulationi black lines indicate threephase.

The same threphase buses were iterated through to determine the maximum

allowed PV system size before resulting in an exgtage violation or a line over

loadinganywhere on the feeder. Voltage violations are classified as anything outside of

Range A of ANSI C84.1134], and the line oveloading threshold is @t 100% of the

normal line rating. Each bus was considered individually to find the maximum possible

PV size, with a 50 kW resolution, before a violation occuFsgure 86 shows a flow

chart of the methodology employed for thizalysis.
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Figure 86. Flow chart of methodology.
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For each scenario, the worst case is simulated with the PV system outputting rated
power at unity power factor. Various magnitudes of feeder load were considered. It was
found thatover the year, the minimum daytime (9 am to 3 pm) load is approximately
40% of the feeder peak load, and the average daytime load is 61% of the feeder peak.
The daytime load is less than 50% of the feeder peak only 17% of the time, so the
minimum load casidered is 50%. The maximum load considered is 100%. Together
these two scenarios respectively represent woest and best case scenarifig
connecting a system with rated output to the feeder.

Maximum bus voltage was the first attribute examined inatmaysis. Figure 3
shows the distribution of the maximum bus voltage due to installing a central PV system
at various locations for the 50% load case as PV sysitagrincreases from 0 to 10 MW.

To reiterate the methodology and how this graph was obtaineckis data for every 0.1
MW step along the-axis for system sizes ranging from 0.1 MW to 10 MW. For each of
these PV system sizes, there are 200 scenarios with power flow solutions, corresponding
to each of the threphase buses, which consider eaththe possible interconnection
locations. For each of these scenarios, the maximum bus voltage on the feeder (in pu)
was found. The combination of these 200 points for each of these 101 system sizes
(including base case 0 MW) yields the distribution shawor example, consider the case
of a 10 MW PV system. For this system size, approximately 25% of the 200 potential
threephase buses will result in a max bus voltage above 1.05 pu. Therefore, for a 10 MW
central PV system on Ckt 7, there are 150 busesigh this plant can be connected that
will not result in an ovewoltage violation given 50% load and rated PV output.

It is important to note thatigure87 is the maximum voltage anywhere in the feeder.
There is a clear poidround 1.3 MW below which any interconnection of central PV will
not cause a PCC voltage to be larger than the substation; therefore, the highest voltage
occurs near the substation. As the PV size increases above this point, more

interconnection locationwill have PCC bus voltages that are larger than the substation,
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depending on their distance from the substation. Buses furthest from the substation will
deviate first. These further buses will have PCC bus voltages that increase at a faster rate
with increases in system size, as illustrated by the increasing spread among the
percentiles. The median maximum bus voltage does not surpass 1.05 pu at 10MW.

However, line thermal limits make any analysis of larger systems impractical.
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The plotfrom Figure87 was replicated for maximum line loading and is shown in
Figure88. The maximum line loading for each of the 200 riob&nection locations was
determined considering each of PV system siZds impact on line loading is
significantly more clustered than the impact on bus voltage. For example, when
considering a 3.5 MW system, none of the scenarios result inlaaging However,
when considering a 3.9 MW system, over 50% of the scenarios result Hoauarg.

This is due to distinct cable types used throughout a feeder. A given distribution system
generally only has a few different cable sizes. In this case, a#tphase laterals have

the same line rating and overload at the same time.
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Figure 88. Effect of PV size on max line loading under 50% load.

The same data used féiigure 87 was analyed using the distae of the PV
interconnection to the substation as an independent variabigure89. Each data point
in Figure89 represents a power flow solution with the maximum bus voltage plotted as a
function ofthis distance and colored to indicate the PV system Bigare 89 validates
the difference in slopes between percentile rangésgure 87. Interconnections toward
the end of the feeder exhibit a widange of maximum voltages, and therefore a larger
response to differences in system sidee feeder backbone is clearly noticeable towards
the bottom ofigure89. On the backbone particularly close to the substation, increases
system size have a relatively small effeotthe PCC bus voltage. System size exhibits
less impact on these buses than it does on other buses with higher impedances between
the PCC and the substation. For these buses on the backbone and closelistdatiersu
(less than 0.5 km), the highest bus voltage will be that of the substation. The increase in
maximum voltage for these cases is not due to the PCC bus voltage, but rather an
increase in substation voltage due to the marginal decrease in loadseriad by the
substation.

However, when the PV is further away from the substation on the feeder

backbone, the increased resistance causes the impact of system size on PCC bus voltage
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to increase. This results in the linear trend at the bottom of the fycap. km to 2.5 km

shown by the dark red points indicating a 10 MW system size, which indicates a larger
maximum bus voltage for the same system size. There is also some deviation from this
linear trend. This is due to the higher impedance lateralsdpairate from the backbone
relatively close to the substation. These higher impedance laterals have a distance to the
substation equivalent to other locations that are downstream on the backbone, but their
increased resistance causes the system size &ahgveater impact on their PCC bus

voltage.
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Figure 89. PV size and distanceeffecton max bus voltage under 50% load.

Given this inpact of PCC impedance to thebstation, the same data was
analyzed using impedance as well as $/stem size as the independent variables in
Figure 90. As expected, this creates a smooth relationship for most of the region.
However, differences in the load sizes downstream from the PCC bus causes the
irregularites observedp t o around 0.7 Y. A PCC bus wit
in the base case, have a lower voltage than another PCC bus with the same impedance but
less downstream loads PV system size is increased, the impact of the system size on

each PCC voltagsvill be the same, with the voltages differentiating by this initial
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discrepancy. A PCC bus with larger downstream load will always have a lower PCC bus
voltage for a given system size than will a bus with larger downstream load. Therefore,
the maximum busoltage will be the substation voltage more often for cases wige la

amounts of downstream load.
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PV Size(MW)
Max Bus Voltage (pu)

0.2 0.4 0.6 0.8 1 1.2
PV Resistance (Ohms)

Figure 90. Max bus voltage as a function of PV size anegksistanceunder 50% load.

5.3 Locational Hosting Capacity

After analying the effect of PV system size on bus voltage and line loading
separatelyit is useful to observe the effect in terms of overall violatidfigure 91
shows the percentage of locations for a given PV size that result in datyovipeither
overvoltage or lineloading, as PV system size increasedThe results are also shown
for only considering ovevoltage violations and only considering hftading violations.
Around 3.6 MW there is a drastic increase in any violatfom® zero violations to over
50% of the considered scenarios at 3.9 MW. This is due to how similarly the line loading

profiles increase together and was mentioned in the discusstoguoé88.

133



100

< —©— Any Violations
S L
;’ 90 e Voltage Violations
_5 80 - Line Loading Violations
8
o
= 70
> D50 DO bibo 50 DO bIH 5O DO B MO H DO LB MDD ]
2 60
= $
() |
N 50 |
2 5
& 40
5
& 30 ®
L | o
— i
S 20 e
9 é M‘“n“‘f"
E 10 i ﬁnm.’“’m..-”
§ mﬂ"’"”
[0 osssvsosssssnssndvsubssssvsbsibdpdi Oeee®
@ %1 2 3 4 5 e 71 8 9 10
PV Size (MW)

Figure 91. Percent of PV scenarios at each PV size with violations under 50% load.

After observing the effect of PV system size on scenario violations, the maximum
allowed system sizas investigated foreach of the 200 PCC buses before a violation
occurred for bth the halfload and the peaload cases. The maximum possible PV
system sizes are plotted on the circuit topology, shovidigare 92, varying both marker
size and color to correspond to relative maximum system size.

This clearlyshows the PCC locations that are causing theltiading violations
and the large disparity between allowed system sizes on the backbone versus that of the
laterals. However, these figures also show an interesting similarity: there is little
difference vinen considering the hdibad and the peaload case between the maximum
allowed PV system size on a bMghen the load is doubled the maximum PV system size
allowed on the feeder increases 8.4% from 14.95 MW to 16.2 MW. The average
increases 4.6% from &9VIW to 6.86 MW. Because the limit for maximum PV system
size allowed is generally a result of the line ratings ttos feeder, the change in
allowed PV size under different values of feeder load is a function of the downstream
load. For examplehe change in current flow through a lateral is similar for different

load magnitudes, so the maximum allowed PV system size has little change.
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Figure 92. Maximum allowed PV size at a single buat A) 50% load, B) peak load

This research developed a method to analgearpacts of a central PV system
on various locations of a feeder for multiple PV system sizes and feeder loads. It was
found that for the example feeder Ckt7, the size of the PV plant, regardless of location, is
mostly impacted by thermal limits as opposed to voltage limits. For this feeder, the feeder
load has little impact on the allowed system size before these thermal violations occur.
With regard to voltage violations, the biggest factor is impedance frorR@& to the
substation. The location of PV on the feeder, because of its impact on impedance to the

substation, will affect the rate at which an increageMrsize increases PCC voltage.

5.4 State of Voltage Regulators and Capacitors

In the previous angsis for Ckt7, there was no voltage regulation equipment. In
this section, He analysismethodologyis expanded toinclude voltage regulation
equipment such as substation load tap changers (LTC), line voltage regulators (VREG),
and switching capacitorsThe developed methods consided testhe range opotential
states that are within the control limits of the regulators and capacitors.

For stochastic steaeState simulations, the actual system state (regulator tap

position and capacitor connectiois) unknownand ould be in several differertbut
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equally likely states. This is due to the facttHatla v ol t age regul ati on
VREGO s, switching capacitors) have a volt.
around this setpointvhich are seto maintain the voltage withithe voltage band. To
prevent an excessive number of operations for the physical hartveaoontributes to
degradation and wear, the bands on the voltage regulation equipment are set to be fairly
large. Havinga large regulation band also helps prevent the hardware from nuisance
changes which are when the voltage regulation equipment operates only to have to
operate again because the initial operation was-oweective. If several voltage
regulators are in s&$ with each other along the feeder, the regulation band provides a
buffer so that every time one regulator changes taps, every other regulator in the series
does not also have to change taps.

The presence of the voltage regulation bands st a giverpower flow can
have several solutions, each equally valid depending on the states of the voltage
regulation controls. For example, consider the most common voltage regulator, which is
a 32tap transformer that can regulate the voltage +0.1 pu and hesaridwidth. Each
tap change increases the voltage by 0.0063 pu. The 2 V bandwidth on a 120 V base is
equivalent to 0.0167 pu. This results in regularly having three valid power flow
solutions, one for having the voltagegulatoron each of the thre@ps in the bandwidth.
An example is shown ifigure93a where taps 1R, N, and 1L are all inside the voltage
control band.

The number of possible solutions increa
of each othein succession on a long feeder. For example, if the upstream voltage
regulator picks the tap near the top of the band, the downstream voltage regulator could

have new possible solutions at lower tap positions.
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Figure 93. 32tap VREG with 2 V bandwidth illustrating multiple possible solution
states for tap position and the top/bottom of band solution algorithm.

Switching capacitors in voltage control mode also have a deadbahysteresis,
in order to avoid constant switchin@apacitorsare generally set to connect to a grid at a
low voltage and disconnect from the grid at a high voltage. In between the on and off
voltage thresholsl the capacitor could be in either the connected or disconnected state

due to the hysterestontrol. This is shownn Figure94.

4 Voltage Controlled Capacitor State
Connected
9
s
N
S
K3
S
% Disconnected
O 1
1
: >
Voltage Turn On Turn Off

Figure 94. Capacitor state voltage hysteresis.

For distribution system simulationsemgrally the state of the capacitor and
VREG tap can be found using externaformation. Historical SCADA datean include

the state of the system for each time period, or analysis of SCADA data can be used to
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detect switching eventsWhen performing timeseries simulations, the particular tap at
each instant is dependent on thevous state, so the tap is known from the historical
load profile and the correct VREG control algorithm implemented in simulation. The
possibility of several valid solutions on different taps creates an issue fhiogtiag
capacityanalysis methodolyy because the impact of PV to the distribution system is
studied using steaestate snapshot simulations. There is no hisgbiméormation, either
SCADA or previous simulation timesteps, to know which tap each voltage regulation
device should be on imte the allowed voltage bands. To prevent this uncertainty, we
developed a method to investigate each scenario with all voltage regulation at both the
top of bandandthe bottom of band separately. Each power flow solution and check for
violations inclueés two independent power flow solutions at each side of the band to
represent all valid power flow solutions. For voltage regulators, the tap is forced to the
top of band or bottom of band by reducing the bandwidth of the control and changing the
VREG sepoint for each top/bottom of band power flow solution. This is illustrated in
Figure93b. If the voltage control capacitors amgthin their hysteresis band, they are
also checked for both the on and off stalde top of band solution represents the high
voltage extremes, so the capacitors @menectedf they are in the band. For bottom of
band solutions, the capacitors in the hysteresis band are set to off. Every PV scenario is
solved for both top and bottoof band control points.

The differences in the feeder voltage profile depending on the top or bottom of
band can be substantial. An example of the top and bottom of band voltages for feeder
ML1 are shown inFigure 95. The subgtion LTC in ML1 has a sepoint of 121.8V
(LDC at R=6 V and X=2 V)with a 3.15V band on a 120base Figure 95a shows
ML 1 &®C being forced to the top of the regulating band wikiigure 95b shows it

being forced to the bottom of the bandn example is also shown for J1 kigure 96.

J16s substation LTC and 3 v eoittaf gV anckaggul at o
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bandwidth of 2V on a 120¥%ase Figure96a shows the circuit being forced to the top of

the regulating band whileigure96b shows it being forced to the bottom of the band.
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Figure 95. Circuit plots for ML1 contoured by bus voltage (120\‘base) with the
regulators set to a) the top of their bands and b) the bottom of their bands
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Figure 96. Circuit plots for J1 contoured by bus voltage (120%ase) with the
regulators set to a) the top of their bands and bthe bottom of their bands

With multiple possible taps inside the control band, the voltages in the system and
hosting capacity of PV can be significantly impacted by whaghis selected in the
power flow solutions. As example of the implications of wp#taegulation being at the

top or bottom of their band&igure 97a demonstratethe locational hosting capacity of

139



Murray Lake if all of the voltage regulation equipment is forced to thetdgand while

Figure 97b shows the locational hosting capacity if all of the voltage regulation
equipment is forced to the botteoftband. In both simulations the voltage regulation
equipment is locked on the specific tap at the top or bottom of band in the basetase a

not allowed to change during the analysis. ©@xatage violations are considered for bus
voltages outside ANSI Range A and thermal violations are considered at 100% of
component rating. For the former, the average hosting capacity is 5.73 MW. For the
latter, it is 1151 MW. This shows a more tha@% increase in average hosting capacity

for this feeder. Moreover, the taf-b and scenari o has 94% of
capacities dictated by steadtate over voltages. Conversely, the botwband cae

has 90% of its busesd hosting capacities
profound effect ofap choice inhosting capacity evaluation. Therefore, it is imperative to

account for it in such an analysis.

PV Size (M)
PV Size (MW)

# Line Overloading
4 Bus Over-Voltage
+ Xfmr Overloading
B Multiple Violations

Line Overloading

Bus Over-Voltage
Xfmr Overloading
Multiple Violations

(@) Top (b) Bottom
Figure 97. ML1 at 70% load showing locational hosting capacity with voltage
regulation locked at a) the basecase tepf-band and b) the basecase bottorof-band

e+ -

5.5 Temporary OverVoltages (TOV) from PV Ramps

In order to accurately characterize extreme voltalgasmay occur on the feeder

due to PV, it is necessary to simulate ramps in PV pawedetect any potential
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temporary overoltage (TOV) conditions that may occur before the regulators react after
their delay period Solar irradiance can have very largeiability and significant quick

ramp rates. While, the size of the geographical footprint of the PV plant can smooth the
expected variability compared to a point irradiance sefisef§], the power output can

sti || ramp many Mékbeme dases. &or the disuilbugon systiethetine
shortterm variability is significant because it can occur faster than the voltage regulation
equipment can react. Most voltage regulation equipment has a delay of 30 to 90 seconds,
so the Iminute ramp renps provide a reasonable comparison for the magnitude that PV
can change before the distribution system has reacted. To analyze the impact of PV
variability on the distribution system, the worst case scenarios with the highest ramp rates
are studied. Lddng at the top 0.1% of-tinute ramps, a 32 MW plant can ramp more
than 10.56 MW, and a 24.5 MW plant can ramp 8.58 M. Similarly, a 80 MW

plant can ramp more than 14.4 MW in a minfkd(. From this, it is assumed that a
large plant can ramp approximately 10 MW in the time delay of the distribution system.

For smaller plants, theepunit ramp rates are higher, but the ramp in MW per
minute is smaller. Small systems generally have 99.9% of their ramp rates under 50% of
capacity. The worst ramp can be higher almost up to 70%, but almost all systems have a
1-minute ramp rate of 0.8t 99.9%. This can be seen for a 5 MW systefii4], a 4.5
MW system in[14(Q, 13.2 MW system in[141], and three systems greater than 10 MW
in[143.

To simulate the impact of extreme PV power output ramps rates, a simple formula
is used to calculate the ramp size. For smaller systems undeM20aMb0% ramp
magnitude is studied. For larger systems greater than 20 MW, a 10 MW ramp magnitude
is used in simulationBoth up ramps and down ramps are simulated for system impact.
For the up ramp, the appropriate ramp magnitude is subtracted fraatahBV size and
OpenDSS is used to solve for the state of the voltage regulation equipment at the smaller

PV output. The voltage regulation equipment is then locked and the PV output is
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increased to full output. This is done for every PV deploymemt @nd location. The
down ramps are studied using a similar method of locking the voltage regulation
equipment at full PV output and decreasing the PV size by the ramp magnitude.
The effect of PV ramping events is demonstrated on the voltage patiéleup
and down ramps. Feeder ML4 shown inFigure 98 and J1 is shown ifrigure 99. A
2.5MW PV plant was placed on both feeders, as shown by the star on each plot. Voltage

regulation in each case is being forced to the top of their bands.
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Figure 98. Circuit plots for Murray Lake at full load contoured by bus voltage
(120V-base) with a 2.5MW PV system and voltage regulation at the top of their
bands shown for the 4 different solve modes: a) Steagstate b) PV down ramp c)
Steadystate before up ramp d) PV up ramp
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Figure 99. Circuit plots for J1 at full load contoured by bus voltage (120Vbase)
with a 2.5MW PV system and vitage regulation at the top of their bands shown for
the 4 different solve modes: a) Steadgtate b) PV down ramp c) PV steadistate
before up ramp d) PV up ramp

Figure98a andFigure99a depict the results of a steashate solve. For this solve
mode, the PV is outputting rated power and the voltage regulation equipment is allowed
to act freely, so as to settle into a steathte solution at the top of the regulations lsand
Once this steadgtate solution is obtained and the pertinent data is recorded, the
regulation equipment is locked. The PV system is then set to output half of its rated
power (i f the PV systembs rated poratedr i s
power minus 10MW). After solving, we obtain the plots showRigure98b andFigure

9%. The overall voltage profile of each feeder has decreased.
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Now, with the PV gstem still outputting half its rated power, we once again
allow the regulation equipment to act freely, obtaining a ststatg solution for the half
PV case. This solution is shown kigure 98c andFigure 99c. This change allows the
voltage profile to return to a state more similar to those shovgire 98a andFigure
9%. Lastly, to smulate an up ramp, the regulation equipment is now locked the PV
system is set to output its rated power. The results of this are shdvigune 98d and
Figure99d. As expected, this results in the most extreme high voltagée figures

While ramping events create more extreme voltages, they are also only
temporary. For example, after 45 secorfdgure 99d will return to Figure 99a as the
regulators change taps. The temporary -sadtages (TOV) should not be compared to
the ANSI C84.1 Range A standaibltage must béess than 126 VYhat applies to 1.0
minute average voltage in normal condition§ince a ramp would be a temporary
voltage violation and deviation of arour@D secondsuntil the voltage regulation
equipment operatesANSI C84.1 Range B (less than 127 V) can be used for these
infrequent and limited periods where the corrective measures of ttegeakgulation
equipment bring the voltage back into Range Alternatively, the CBEMA/ITIC
threshold (less than 132 V) for evaluating fluctuations could be[ag4ét

In the steadhstate simulations without ramping everd$ voltages in the system
are compared to the ANSI C84Rhnge Astandard134]. All voltages in the simulations
are also broken into the two service voltage categories using the 600 V thréstwotde
steadystatesimulations the acceptable vealge range is 0.975.05 pu on the primary

and 0.951.05 pu on the secondary.
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Figure 100. ANSI C84.1 Voltage Ranges

ANSI C84.1 FigureNotes:

a) The shaded portions of the ranges do not apply to circuits supplying lightirsg load

b) Theshaded portion of the range does not apply to 12600 V systems

c) The difference between minimum service and minimum utilization voltages is
intended to allow for voltage drop in the
greater for service at m® than 600 volts to allow for additional voltage drop in
transformations between service voltage and utilization equipment.

As an example, the locational hosting capacity is calculated for each bus in J1
using the ANSI C84.1 Range B threshold for deteing overvoltage violations during
PV ramping events Figure 101 shows a pie chart afhat type of violation limited the
locational hosting capacity for all buseslih atpeakload. When considering steadiate
(SS) scenarios along with the up and down ramps, 49% of the violations forpé&hlat

load are cause bgvervoltages during a PVip-ramp. When neglecting these scenarios
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and only considering steadyate violations, the hosting capacity at those bus&g3s

kW higher on average.

17%
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I over-voltage SS
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B ine Loading

[ ] Multiple Violations

49%

Figure 101 Pie chart of violation causes for J1 apeak load when considering ramp
and steadystate violations

5.6 Analysis Methodology

The flow chart inFigure 102 shows the entir@osting capacitynethodologyfor
analyzing each bus location by increasing the PV size until 10 MW or until there is a
violation. Thefour power flow solutions are shown for steady state of PV ougadwn
ramp, and an up ramp PV output. The loop for trying the possible extreme ends of the
power flow solutions inside the band of each voltage regulator device is shown when the

VREGO6 s an darecset pé&attont obbarsl and then top of band.
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Figure 102 Flow chart of solution methodology for hosting capacity for single large
PV plants.

For some feeders at certain load levels, violations exrishe feedebefore PV is
even added. Thisouldcause the simulations émd immediately and the hasgi capacity
to be listed as zerBV that can be added to the feeder, due to thexisting violation.
In some cases, the violation is an undeitage, and PV actually improves the voltage,
alleviating the violation at higher penetration levels. Situmstilike this should not
classify the PV hosting capacity as zero, even though there is a violatiother words,
if the utility has allowed specific voltages or line loading on the feeder (even if it is
slightly overloaded or outside standards), P¥rioonnections should be allowed as long

as theyimprove the state of the feeder
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For each violations analysis, the basecase values are stored for each load level.
For example, the voltage at each bus will be compared to the voltage at that bus in the
baecase. If the increase in PV system size is alleviating the violation (decreasing a
maximum voltage / increasing a minimum voltage), the analysis does not consider this a
violation caused by PV, even though the values are outside the standdrelssame
methodology is applied for the thermal loading of each line and transformke
simulation proceeds to increase the PV system size until the hosting capacity is reached
when values are outside standards amygl values being checked for violaticen® worse

thanthe basecase.

5.7 Determining FeederPV Impact Signatures

In order to improve the interconnection study process, the udeederPV
impact signatures are proposed to group feeders by allowable PV size as well as by their
limiting factors for theinterconnection. The feeder signature separates feeders into
different impact regions with varying levels of PV interconnection risk, accounting for
impact mitigation strategies and associated costs. This locational information improves
the speed and aa@acy of the interconnection screening process. The interconnection
risk analysis methodologis based orthe feeder andnterconnection parameters such
as: feeder type, feeder characteristiasdlocation and size of PVPV impact signatures
arecalcdated andlemonstrated for four distribution systems.

The work in thissectioncontributes to the overall objectives of developing a
Feeder Impact Risk Score Technique (FIRST), which seeks to quantify the risk level of
interconnection requests by compariagd matching feeders to clusters of known
prototypical feeder topologies and characteristics. The category of feeders will display
similar interconnection risks, limiting factors, interconnection zones, and optimal
mitigation strategies, thus improvindpet speed and accuracy of the interconnection

screening process. By performing thorough PV interconnection simulations on several
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feeders, the most critical characteristics that cause adverse impacts can be collected and
analyzed for general feeder behanand universal applicability.

The analysis is demonstrated for four distribution feeders. These feeders
represent a range of possible topologies and characteristics, which result in very different
feeder impact signatures. The topology and locationsajbr circuit elements are
shown inFigure 103A throughFigure 103D, and relevant feeder details are listed in the
table inFigure103E. The four feeders being used are refeteeds Ckt5, Ckt7, J1, and

ML1. Ckt5 and Ckt7 are publically available as example feeders in OpgriR3S

4 %600 kVAr
| AT
— — 4.07 km
1.2 MVAr
% Sy 12MvAZ” j <

* Substation

€ LTC/VREG

E Fixed Capacitor

& Switching Capacitor

& End of Feeder (3ph)

a Ckt3 Ckt7 J1 ML3

Voltage Class (kV) 12.47 12.47 12.47 19.8

Peak Feeder Load | 7.72MW | 2.96 MW | 12.09 MW | 7.06 MW
Backbone Conductor 4/0 AL 1000 AL 47TAAC 1000 AL

Type 619 A 634 A 732 A 635 A
Ratio Min Daytime
Load to Peak Load 0.231 0.394 03 0.26
Number of 3-phase 201 100 346 733

Buses

Figure 103 Information for four example distribution feeders: A) Ckt5 topology, B)
Ckt7 topology, C) J1 topology, D) ML3 topology, and E) feeder characteristics.

The hosting capacityanalysismethodology presented in the prays sections is
used to iteratéhrough possible interconnection locations, sweeping through a range of
PV sizes up to 10MW at each location. The number of potential interconnection locations
on 3phase buses varies between feeders, shown in the tabiguire 103E. The total
number of scenarios considered is a function of the total number of PCC locations

multiplied by the total number of PV system sizes.
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For each scenario, the algorithm solves the power flow and checks for any
violations on the feeddil36]. For each scenario (i.e. each specific PV size and PCC
combination) both the maximum and minimum daytime |l@ad simulated where
daytime is defined as being between 10am and [H3mn Any feeder violations that were
observed at eitlieof those load levels are flagged for the scenario at which it occurred.
Steadystate and the extreme PV up and down ramps described in the previous section are
simulated, along with the separate simulations for all voltage regulation equipment forced
to the top and bottom of its band.

After iterating through all of the scenarios, the data and violations of each
scenario are stored’he extensive analysis results allow for thorough feeder impact
assessments. Details of the problematic scenarios givehtinsigthe most important
feeder and PV characteristics that result in violations. This allows for a more technically
customized approach than current screening methods.

After performing the analysis of hundreds of thousands of PV scenarios for each
of thefour feeders, the results can begin to be classified by how often a given PV size is
permissible at different locations around the feeder. The figures bé&liguwre 105 -

Figure 108 classify the violatins into regions based omither voltage or thermal
violations. The definition for each region is shownkigure104 Region A and Region

B both contain allowed interconnection locations that have no violations. RegionéA is th
area that would be found using a total feeder hosting capacity approach that would give
one number for the maximum allowed PV anywhere on the feeder. The feeder hosting
capacities, i.e. the boundary between Region A and Region B, are shown for each feed
in Table 15. Region A includes the PV sizes below which a system could be
interconnected anywhere on the feeder without further investigation. The other regions
refer to system sizes that require further consideration beé&teendining the feasibility

of a PV system. Region B contains interconnections that are ultimately allowed but must

use some locational details such as PCC distance to the substation and/or conductor type
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before making this assessment. Regions C, D, aall iaclude interconnections that

have at least one violation and therefore cannot be connected given the current state of
the feeder without some mitigation. Regions C, D, and E contain interconnections that
respectively result in either only voltage kations, only thermal violations, or both

voltage and thermal violations.

Below Hosting Capacity/No Violations

Pass Screen,
interconnect

No Violations

© @ (>

Only Voltage Violations

Impact Study -

Only Thermal Violations Mitigation Strategy

m| O

Voltage and Thermal Violations

Figure 104. Feeder regions legend.

The feeder signatureBifure 1057 Figure108) show the differencebetween the
feeders in the defining factofor their area of risk. The best way to analyze the figures
is to look at individual vertical slices in the graph. For example, for the vertical profile of
a 5 MW PV interconnection on Ckt7, 11% of the pblkesinterconnection buses are in
Region E, 55% are in Region D, and 34% are in RegionCRBt7 is almostentirely
defined by line thermal limits, which makes this 3.5MW threshold a costly barrier to
surpass.C k t hastsng capacity, on the other hand, mmpletely defined by over
voltage violationsThe barrier present around M3 is easily increased toS+ MW by
altering LTC ségpoints. Feeder ML1in contrast to the other two, is a combination of only

voltage limits and only line thermal limits.
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Figure 105 Ckt 5 feeder signature regions.
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Figure 106 Ckt7 feeder signature regions.
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Figure 107. J1 feeder signature regions.
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Figure 108 ML1 feeder sgnature regions.

Looking atTablel5, there is significant possible improvement in the 15% of peak
load interconnection scre¢f3]. For example, the 15% screen would allow quite a few
PV scenarios up to 1.8 MWh J1 that would cause issues on the distribution system. In
fact, 8% of the cases allowed by the 15% screen for J1 arepiadseves. The other
argument is the number of PV scenarios that waoldcause any violations that the 15%
screen does not allow. On average for the four feeders, there are 6.4 timeawec: a

PV scenarios (Region A + Region B) than are allowed by the 15% screen.

Table 15. Percent of PV Interconnection Scenarios in Each Region.

15%cree

Hosting
Regi on
Regi on
Regi on

Regi on

Regi on

The simulation results presented show how a PV hostipgcity analysis can be
used to obtain a feeder impact signature. This feeder signature separates a feeder into

different impact regions that present varying amounts of PV interconnection risk. The
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regions relate to specific zones of the feeder wherei$®asily interconnected, possibly
requires some impact mitigation strategies, or definitely presents risks that may-be cost
prohibitive. Incorporation of locational information improves the speed and accuracy of
the interconnection screening process pyoviding a more technicalipased
determination of the PV limits of a feeder. This analysiexpanded to a larger set of

feeder topologies and PV interconnection tyipdater sections

5.8 FeederPV Impact Zones

The purpose of performing the larggmber of PV scenario simulations is to
begin analyzing patterns of feeder characteristics that can be translated into levels of
feeder risk for PV interconnection impacts. As seen in the previous section, there is
significant advantage to including int®nnection locational information in the screening
criteria to allow for interconnections without violations in Region B that are greater than
the hosting capacity. In each of the examples, Region B contained the greatest number of
cases, indicating thalis could be a very beneficial realm to exploit. Simple parameters
such as distance to the substation and conductor type can allow a distribution feeder to be
classified into interconnection zones. For example, the hosting capacity of Ckt5 is 1.6
MW, but the locational hosting capacity of specific points on the feeder is much higher.
In Figure 109, the feeder interconnection zone map for a 6 MW interconnection on Ckt5
shows that there are 25% of the buses that are capabladiingasuch a system. The
feeder zone maps also improve interconnection screening through showing the risk
associated with the interconnection. At 6 MW, half the buses with interconnection issues
are only caused by voltage violations that may be easigdfby changing voltage

regulation equipment settings or adjusting the power factor on the PV inverter.
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Region B: No Violations

Region C: Only Voltage Violations

Region D: Only Thermal Violations
Region E: Thermal and Voltage Violations

BEd4dD>e

Figure 109 Feeder interconnection zone map of-Bhase line sections for a 6 MW
PV plant on Ckt5.

5.9 Analysis of50 Distribution Feeders

The PV hosting capacity work presented in the previous ssaiias developed

to analyze the risk associated with different feeder topologies and characterigies.
analysisis performedfor a large range of different distribution syste under high PV
deployment scenarios. In totdl0 different feedersare simulated so that the risks
associated with interconnecting PV on different feeder topologies can be determined.
This novel and very detailed analysis has never been performed orarsy feeders
before. Previous work includes hosting capacity analysis of 18 fef@rsand 28
feeders[155. The 50 feeders analyzed will provide new insight into the feeder
characteristics and locational information that correlates with high penetrations of

distributed PVbeing able to be installedFirst, the database of %@eders is described,

along with an overview of the characteristics of these feeders. Second, the hosting

capacity analysis results are presented for the feeders.
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5.9.1 Feeder Characteristics

Each of the 50 feeders am actual distribution systems Idea around the United
States. For proprietary information reasons, the locations of each feeder cannot be
disclosed, and all names have been removed. The models were provided by
approximately 10 different utilitiegncompassing everythirfgpm the westcoast to the
east coast.For all except 3 feeders, the utility also provided at least a year of substation
SCADA measurements fdhe feeder. There is also a nice range of feeders, including
industrial, urban, commercial, rural, and agricultural. Eaddeh includes the full
details about substation impedance, voltage regulator settings, and capacitor switching
controls. The load allocation methaded for each feeder varies depending on the data
provided, such as billing kWh data, metered peak den&ind,In each caséhe feeder
peak load measurement was ussthe load allocation timeEach feeder also includes
an approximate model of the secondary system, often using standard transformer
impedances by kVA size and 100 feet of 1/0 triplex chletereen the transformer and
the customer Due to the number of feeders, some infrequent features are captured, such
as 3wire feeders without neutral wires and feeders with multiple voltage levels due to
stepdown transformers.

The voltage classes of theetiers range from 4 kV to 34.5 k\Figure110shows
the number of feeders at each voltage class. As expected, approximatétyrdeaf
the feeders are at the 12/12.47 kV voltage class. There is also a range in the incoming
transmission system voltage at the substation for each feeder. Theohage

transmission side ranges from 46 kV to 230 kV.
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Number of Feeders by Voltage Clag

33KV, 34|.5kV, 1 4kV, 2

20.78kV,

16kV, 1
13.2kv, 1

Figure 110 Pie chart of the voltage class of the 50 feeders.

The majority of the feeders (41 of 50ave no voltage regulators on the feeder
itself, butas seen ifrigure11l, there can be up ® regulatorgper feeder In total, there
are 25 voltage regulators in the database of 50 feeders. There are several different types
of voltage regulators, including wy@nnected phase regulators, gapgrated delta
connected regulators, and opaglta regulators. Two of the feeders also include boosters

thatincreasdhe downstream voltage using a fixed tap.

40
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Number of Feeders

—
1 2 3 4 5 6
Number of Regulators

Figure 111 Histogram of the number of voltage regulators on each of the 50 feeders.
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Both the fixed and switching capacitors are modeled for each feédeseen in
Figure 112 the feeders have between 0 to 7 capacitors peefeetihe feeder with 7
capacitors has a total of 9.9 MVAR cdipacitancen the feeder. Most of the switching
capacitors are voltageontrolled, but there are also tiroentrolled, temperature
controlled, kVARcontrolled, time-biasedvoltagecontrolled, and seasonalkgontrolled

capacitors.

Number of Feeders

0 2 4 6
Number of Capacitors

Figure 112 Histogram of the number of capacitors on each of the 50 feeders.

Figure113shows the range in the peak load for each of the feeders. The lowest
feeder mly has a peak of 0.6 MW, and the highest is 28.5 MW. Of course the feeder
peak load is highly correlated with the voltage class of the feeder. For the hosting
capacity analysis, the minimum and maximum load measured during the period of 10am
to 2pm forthe year is used. As a percentage of the peak load, the minimum daytime load
ranges from 12% to 75% of peak load. The maximum daytime load ranges from 71% to

100% of peak load depending on the feeder.
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Figure 113 Histogram of the peak load (MW) for each of the 50 feeders.

The 50 feeders range in length from 1.8 km to 29.4 lkngure 114 shows the
total length of3-phase and 1&phase mediunvoltage (MV) conductor vs. the farthest
3-phase bus for eackedder There is a significant spread in the length and amount of
conductor for each feeder. The ratio gbt3ase conductor to neBiphase conductor also

varies significantly between feeders.
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Figure 114 Total 3-phase and 1&2phase mediumvoltage (MV) conductor vs. the
farthest 3-phase bus for each feeder.
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Similar to the length of feeder, the number of buses in each feeder waosl
significantly from 125 to 6001buses per feeder Many of the key characteristics are
shown fa each of the 50 feeders rable 16 and Table17. For the hosting capacity
analysis, only3-phase buses that are at least 20 meters away from the substation and at
the voltage class of the feedme tsted. The number of PV test buses for each feeder is
shownrangingfrom 69 to 1275 buses. The ampacity ratings of tpdhaése medium
voltage (MV) conductorss shown for each feeder in the tables. The feeder backbone
defined asthe 3-phase MV line wih the highest angzity rating that has at least 500

meters of conductan the feeder.
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