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SUMMARY power systems for over a hundred years. Voltage sags were
not considered a significant problem decades ago because
This paper describes the methods for collecting, characterizingae |oads connected to electric distribution systems were
storing, and analyzing rms voltage variation measuremenisanera|ly immune to their effects. For this reason, electric
during a distribution system power quality monitoring program uieq djig not need to maintain power quality statistics to

The measurements were collected from the primary distributio . h | b L H ith
systems of 24 utilities in different geographic regions of th etermine what was normal or abnormal. owever, Wit

United States. The objectives for the site selection process 4f¢ World-wide proliferation of advanced but sensitive
offered.  The techniques for measurement triggering afeOWer electronic equipment and the increasing integration
explained. Novel techniques regarding the characterization @f microcomputers in process control and automation, these
rms voltage variation quantities by resolution into measuremestame power system characteristics considered relatively
components are described. Key results with regard to rmgimportant before can now be very expensive in terms of
variation magnitude statistics are submitted. process shut-downs and equipment malfunctions.

INTRODUCTION In order to better understand the statistics of rms voltage

variations, as well as other power quality phenomena, the
ectric Power Research Institute (EPRI) conducted a
Bwer quality monitoring survey of 277 monitoring

This paper provides a discussion of rms voltage variatio
— power system disturbances characterized by a deviati

n the.rms value of vqltage waveforms from a NOMMJycations located on the primary distribution feeder of
operatmg va'llue: The chief causes of rms voltage Va”at'op\ﬁenty-four electric utilities across the United States [2].
on the dlstrlbunqn system are faults; less frequent Ca.uséammonly known as the Distribution System Power
include the switching of large loads and regulatlor(bua”ty Monitoring Project, or the EPRI DPQ Project, the
problems. study spanned the period from June 1993 to September
2%‘995. It resulted in the collection of over 6.7 million

easurements now stored in a 30-gigabyte database. This
(,Péper focuses on only one component of the total

onitoring effort by describing the methods used to collect,
\Q)Earacterize, store, and statistically analyze the rms voltage
variation measurements. We will also present some key
statistical results from the project’s final report.

This power quality phenomenon involves events typified
either a fall or a rise in the rms value of the system volta
Listed in order of the probability of occurrence on
distribution system, we are interested in sags (also kno
as voltage dips), swells, interruptions, undervoltages, a
overvoltages. IEEE Std. 1159-1999Recommended
Practice on Monitoring Electric Power Qualjtyrovides
definitions for these five terms [1]. Note that IEEE 1159

suggests that sag, swell, and interruption events shoWEASUREMENT COLLECTION
usually be used in conjunction with a modifying prefix to

signify the duration of the event (i.e., instantaneousnitial plans of the power quality monitoring program
momentary, or temporary).

Substation Monitor
RMS Voltage Variation
Phase B

May 8, 1995

An example rms voltage variation appears in Fig.] 12:93:53 PM EST

recorded by a power quality monitoring instrument durin
an atypically severe instantaneous voltage sag. The volta
reduction resulted from the increased voltage drop acrg
the power system’s impedance during an up-line fault.

the plot, the upper trace represents the rms voltage dur
the full duration of the measurement, while the lower trad
displays one cycle of the instantaneous voltage before f
measurement began followed by the ten cycles after triggg
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involved placing three hundred monitors on sites on thdeasurement Count

twenty-four volunteer utility systems over a two-year

period. Consistent with the first objective noted above, tHéetween 1 June 1993 and 1 June 1995, a total of 277
researchers found it necessary to select one hundred feedRguments recorded 107834 rms variation three-phase
from the twenty-four electric utilities that volunteered tgneasurements during 146661 days of monitoring. Of these,
host the project. The utility names are listed in [3]. The#8% of the three-phase measurements was triggered by
feeders needed to adequately represent the range OBfy one voltage phase; the voltage on the other two phases
characteristics seen on distribution systems throughout thnained in the normal operating range. Another 19% was
United States. This required the researchers to uselriggered by two phases, meaning that the rms voltage
controlled selection process to ensure that both commérepped below 0.95 pu or rose above 1.05 pu on two
and uncommon characteristics of the national distributigfhases. The remaining 13% of the 107834 rms variation
systems were well represented in the study sample. Wh&gasurements was triggered by all three phases.

relating the results of the study to the volunteer utility
population, weighting is employed to reflect the resultin
unequal sampling probabilities. The paper given in | EASUREMENT CHARACTERIZATION

provides an in-depth description of the multistage proceggiy, any discussion of rms voltage variation analysis, a
used to select the sites for monitoring. It also provides t quently asked question is “What do you define to be an
distribution characteristics of the sites actually selected, o> The question is important because the total count
including length of feeder, voltage rating, type ofof “events” would be very different if three-phase
customers, type of construction, and size of SUbStatioll?reasurements were counted as three single-phase
Exampl_gs_ demonst_rating the methods for using Se_IeCtiﬂﬂaasurements. The approach the project team developed
probabilities to weight measurements are found in thg, yhe monitoring project was to collect small elemental

report listed in [2]. components of measurements (i.e., measurement

The result of the site selection process was a set of ls%lnp?nents) an:j_aggregate them at analy3|s tlme_. The

primary distribution feeders in the voltage range of 4 to 3\gord aggregate” literally refers to the collection of units or
garts into a mass or whole. Power quality data aggregation

kV. The project team decided to arbitrarily place Onrefers to the data reduction technique of collecting man
monitor on the line side of the feeder substations to create a q 9 y

subset of monitoring locations which could be identified g IStinct measurement components into a single aggregate

being distribution substations only. To still provide a Ievellrfvii r:S folzct)r\;\? tﬁgr&c:asaesuo:e(;:;?swgr:?;renrgir?:(;f%:amirr:fiz d
of randomness, the project team decided to place two mor((-,;i ) P

monitors downline of the substation on the feeder itseff" the specific needs of a particular analysis session.

This identified a total of 300 sites for monitoring. TheTemporaI Aggregation. The goal of temporal aggregation

actual number of sites at which monitors were installed Was to collect all measurements taken by a monitoring

the host utilities totaled 277 on 95 feeders. The sites r\ﬂgtrument or instruments that were due to the same power

installed generally were victims of individual utility budgetSystem occurrence, and identify them as one event. A

CUtb"’.ICkS' queyer,_ the project's statistician Q'd Nolystem event is the real-world incident that triggers any
consu_:ier the. missing sites to b(_a of gregt concern since Me¥nber of measurements to be recorded by a monitoring
were in the limits set by the project design. instrument. Examples include two conductors being blown

together, a tree branch being brushed against one or more
Measurement Triggering lines, lightning strikes, or the unfortunate act of an animal

that creates an arc between part of the system and a
The power quality monitoring instrument designed for thgrounded object. Other system events are planned, such as
study had eight input channels, four of which were devoté&@pacitor switching, and voltage reductions. The chief goal
to voltage and four to current. Its sampling rate was 29®re is to create a one-to-one relationship between
points per 60 Hz cycle for voltage and 128 points per cyctemporally aggregated data and power system occurrences
for current. Although IEEE Std1159-1995 defines the when computing system performance indices.

minimum possible duration of an rms voltage variation to o ) o
be half of one cycle, the minimum duration of rmd® good method of obtaining the one-to-one relationship is

measurements possible with the project’s instrument wi USe time stamps. Once the first measurement has been
one cycle. It was designed to compute rms by integratiffdgntified, all measurements recorded by a single

the sampled points during successive full cycles. instrument within the next one to five minutes were
considered part of the same temporal aggregate period.

The power quality monitor was designed to trigger dhe time length chosen for aggregation is arbitrary.
disturbance recording to variations in both instantaneot#wever, a one-minute aggregation time period agrees with
and rms voltage. For the purposes of this paper, whithe |EEE Std. 1159-1995 definition of the minimum length
focuses on rms voltage variation analysis, we will onl?f a sustained interruption. A five-minute period concurs

discuss the rms triggering methods. Reference [3] providégh the maximum length of a momentary interruption
a more detailed explanation of other triggering. event defined by the final draft of IEEE Std. 1366-1999,



IEEE Trial Use Guide for Electric Power Distribution
Reliability Indices[6]. To consider the impact of voltage
sags to an industrial load, some utilities have adopted a 1
minute or 30-minute aggregation period.

Sag and Interruption Rate Magnitude Histogram
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The measurement collection and characterization process
the monitoring project resulted in a database of single
phase measurement components, each with a number of r
voltage magnitude and duration characteristics. The proje
team took care to preserve as much information abouttl =25 gS S L C e 05885t o s o
measurements without having to maintain all measured da LeAERE8 S
on-line at one time. Note that the original measurement RS Voltage Magnitude (%)
were not deleted, but rather archived on magneto-optical Fig. 2. Sag and Interruption Rate Magnitude Histogram, 1-Minute

storage media for future investigations. The resulting Temporal Aggregation, 1/6/93 to 1/6/95, Treated by Sampling Weights,
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database was manageable in size to facilitate any number of All Sites

different statistical analyses. period (1 June 1993 to 1 June 1995). The results include
the application of sampling weights and represent all

Calculation of Unbiased Estimated Averages project monitoring sites. Spatial aggregation was not

necessary as rate data is not impacted by multiple monitors
We needed to complete several important steps in orderexperiencing the same power system occurrence. From
compute the unbiased estimated average made possibleFigy 3 we can say that the average site in our project
each site’s selection probability. The calculation of angxperienced 1.18 incidents in which the minimum voltage
unbiased estimated average is given by (1), wii¢iie the during a 60-second window was between 85% and 90% of

sampling weight computed for site the site’s base voltage, as well as 0.38 interruption incidents
(less than 10% voltage). The only events which were
n excluded from this plot were those in which the duration
Z RW below 0.90 per unit was longer than 60 seconds.

Unbiased Estimated Average =L
Ignoring the interruption voltages, the height of each

giw (1) column from Fig. 2 can be fit to a function with a surprising
degree of accuracy. In (2) we present a function which we
determined to be an adequate estimate of the project’s sag
rate for a given voltage range. A similar equation was
We considered another factor when computing composﬁ@rived in [10] that assumed that a faulted distribution
statistics for the projects measurementsnonitor SyStem could be modeled as a source voltage and
availability. Most rms variation power quality indicesimpedance with two parallel current pataone to a load
relate a rate of some sort, e.g, the number of voltage s&¥l one to a fault. The expression derived in [10] is similar
per thirty days. When combining indices taken froniO ).
different monitoring sites, it is vital that the total time that

Monitor Availability

each monitor was available is taken into account. To Sag Rate\( )= +125 (2)
compute a measurement rate index, the count of 10(1-V)

measurements should be divided by the number of actual

days (i.e., monitor-days) that an instrument was available where 01V < 090

rather than by the number of days between the start and end

of the monitoring period. It was not unusual during th&ig. 2 represents equal weighting of each of the three sites
course of this monitoring project to experience periodsn the feeder in order to arrive at an average feeder rate.
when an instrument was offsline due to instrumentow the rates differ, between the substation and feeder
calibration or malfunction. Poor data managemendites, is important because many of the feeders in the
practices can also result in missing measurements. project had reclosers installed downline from the substation
circuit breaker. Since the reclosers were capable of
interrupting independently of the breaker, one would expect
to see more interruptions at the feeder sites than at the
ubstation sites (which only would experience an

terruption if the substation breaker or a transmission

Feaker operated). Table 1 summarizes the individual sag
and interruption rates for substation and feeder monitors.

STATISTICAL RESULTS

Fig. 2 illustrates the project’s final results for sag and
interruption magnitude rate, using one-minute tempor
aggregation, for the events recorded during a two-ye



As indicated in the table, the feeder interruption rate Note that the calculation of the SARflindex is not
approximately 140% of the substation value. complete unless the number of customers impacted by the
depressed voltage is known. We did not have that
Another interesting question regarding interruptiongnformation available to us when computing our project
involves the number of recloser/breaker operationgsults. We would have had to perform some sort of our
recorded during a single event. Results for the one-minyiewer quality state estimation to determine the voltage sag
aggregation indicate that 87% of the events involve a singd&perienced by customers throughout the systems we were
operation, 9% involve two operations, 2% involve thregnonitoring. Without the added information provided by
operations, and 2% involve greater than four operationsate estimation, the assessed system must be segmented so
We excluded sustained interruptions from our calculationghat every point in the system is contained within a section
These rates would seem to substantiate the widely heftbnitored by an actual power quality measuring
belief that a vast majority of power system faults argstrument. Thus, the number of monitoring locations
temporary in nature. Fig. 3 summarizes this information. within the assessed system becomes the number of constant

voltage segments upon which the indices are calculated.

While Fig. 2 provides valuable information regardingzecayse this process of monitor-limited segmentation
average sag and interruption rates, an understanding of Nﬁ_S) results in only a few segments per circuit, the
range on values measured at different sites is also usefllicylated index values are less accurate than those

To plot a range of values, we need to identify just one valygcyjated using state estimation concepts. Nonetheless,
of interest. If we consider just the incidents in which thg; g il yields indices that are informative.
minimum voltage fell below 0.90 per unit and temporally
aggregate them with a 60-second period, then we Cgfy. 4 summarizes the number of one-minute aggregate
compute an index identified in [12] to be SARf-hich is  periods during which the rms voltage dropped below 0.90
a special case of SARFlan index first introduced in pu, 0.70 pu, 0.5 pu, and 0.10 pu for each site — hence
reference [12]. SARE] defined by (3), represents thedistributions of SARRh, SARFkL, SARFL, and SARF,
average number of specified rms variation measuremeflues using MLS. Normalizing by the number of days
events that occurred over the assessment period Rgiich the site's monitor was on-line and weighting using
customer served, where the specified disturbances are thgampling factors resulted in a SARistribution centered
with a magnitude less than x for sags or a magnitude greageris incidents per year with a maximum of 82 and a
than x for swells. SARFKlonly includes IEEE 1159 short minimum of 0. The mean and standard deviation were
duration measurements (i.e., less than 60 seconds ctimputed using ratio estimators, which means that the sites
duration). with larger sampling factors contributed more to the
calculation of mean and standard deviation than the sites
SARF _ZNi () with smaller sampling factors. The mean and standard
L= . : i
N+ deviation were used to estimate the 95% confidence
interval for the population of all feeders on the host
where utilities’ distribution systems. For Fig. 4 we can say, with
95% confidence, that the true mean rate of voltage with
X = rms voltage threshold; possible values - 140, 120, 110, 90, 80, 70, %{}ops below 0.70 pu per site per year is between 14 and 20.
and 10 . . .
Table 2 summarizes Fig. 4 by showing the mean rate
Ni = number of customers experiencing short-duration voltage deviatioRdeasured at all of the project’s monitoring locations.

with magnitudes above X% for X >100 or below X% for X <100 due to
measurement event Stormy weather has long been to blame for many rms

_ voltage variations. Strong winds often blow branches onto
Nt = number of customers served from the section of the system to EBnductors or bring conductors together, while lightning
assessed . . . !
strikes cause insulation flashover that may lead to faults.
. During the winter, the weight of ice and snow build-up
Number of Interruptions sometimes leads to downed conductors. It should not be a
per 60-Second Aggregate Period . . .
surprise then to see a relationship between the seasons and
sag and interruption rates.

Four or More
2%

Three One TABLE 1
’ Summary of sags and interruptions per Site per 365 days, 1/6/93 to

1/6/95, treated by sampling weights, all sites, One-Minute Temporal

Two

9% Aggregation
Average Yearly Rate Substations| Feeders Feeder
Only Only Average
Interruptions V<10% 3.65 5.08 4.58
Fig. 3. Number of Interruptions per One-Minute Temporal Aggregate |Sags 10%<V<90% 43.60 46.22 45.31
Period, 1/6/93 to 1/6/95, Treated by Sampling Weights, All Sites Sags and Interruptions 47.25 51.30 49.90
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Fig. 5. Sag and Interruption Rate by Month, One-Minute Temporal
Aggregation, 1/6/93 to 1/6/95, Treated by Sampling Weights, All Sites

TABLE 2
MLS Mean for Different SARFI Values, One-Minute Temporal
Aggregation, 1/6/93 to 1/6/95, Treated by Sampling Weights, All Sites

RMS Variation Index [Mean Value | Standard
Deviation
MLS SARFlio 4.57 0.53
MLS SARFIsg 9.44 0.92
MLS SARFI7g 17.72 1.63
MLS SARFlgo 49.72 3.73

We recalculated the data for Fig. 2, but this time separated
the data by month. The resulting table was cross tabulated
and plotted in Fig. 5. Clearly, peaks in sag measurements
occurred during the summer periods of June, July, and
August duringl993, 1994, and 1995.

To Explore Further. We also found it very important to
analyze both the magnitude and the duration of rms
variations. We refer the reader to [2] for a work that
focuses on this two-variable examination. Additionally,
recent work in characterizing voltage sags by both
magnitude and phase shift is proving valuable in terms of
predicting equipment sensitivity.

CONCLUSIONS

Electric utilities traditionally have been committed to
supplying their customers with reliable power. However,

Fig. 4. Sag and Interruptions Below 90, 70, 50, and 10% Voltage per S&gstomer needs are Changing with the addition of

per Year, One-Minute Temporal Aggregation, 1/6/93 to 1/6/95, Treated

Sampling Weights, All Sites

%phisticatedr but sensitive- power-electronic based end-
use equipment. This industry revolution is increasing the
need for a better power quality uninterrupted, high-
quality power with minimal voltage variations. Results
from this project provide critical data regarding existing
rms variation statistics from a study performed at a national
level.
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