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Abstract—Lightning is a considerable source of downtime,
lost productivity, and reduced revenue for electric utility 4;

consumers. In order to quantify this impact, TVA has developed

an indicator to track impacts to large industrial customers. Itis ) 1
necessary to understand lightning trends in frequety and , '
magnitude to prioritize mitigation efforts in a way that optimizes o g
benefits for TVA customers. Through these effortéightning risk

is reduced and customer satisfaction is improved. Toterance and protection Curves
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l. INTRODUCTION

Electric utility customers have continuously inieg e
expectations Of. the power system. ConsequentackMg Figure 1 - Sensitive Industrial Equipment
reliability alone is no longer sufficient to assesstomer pain
with regard to events on the power system. Marstatoer-
based groups have developed curves like the ITI@ an s .
CBEMA curves to evaluate compatibility between A. Quantifying Power Quality

manufacturing processes and utility infrastructyt&EE, To better understand power system sourced evems, T
2012). In response, TVA's Transmission organizattas created the large sensitive consumer voltage s&LCVIS)
developed a team of folks to assess power quality. report to track power quality performance of large
manufacturing facilities within the TVA footprintThis
.  POWERQUALITY enabled TVA to begin finding trends in voltage dagues

Power Quality is defined as “any power prob|embased on location, frequency, type, and finanaomgact. These

manifested in voltage, current, or frequency déwiat that €nds, in tum, allowed TVA to prioritize work, vl
results in failure or missed operation of utility end user Maximizes the benefit to both customers and TVA.

equipment” (Roger Dugan, 2003). Necessarily, theeeetwo The data for the report comes from one of the L5@0er
aspects to power quality: the power source andetite use  quality monitors, digital fault recorders (DFRspdapower
equipment. By understanding the sensitivity of ipment  quality—enabled revenue meters. The data are tedletom
within the customer faCI'Ity decisions can be mabeut where these meters on a da||y basis and stored in PQViaWi®en a
to best remediate power problems. The figure belBRRI,  power quality meter is unavailable at a particidansumer,
2015) shows an example of a sensitive process fadide DFR data are used to represent performance at en giv
through capability of that equipment. location. If necessary, the events are manualledddto the
site inside of PQView.

After the events are in the system, each one iswed to
identify source and root cause. The source is Eité or the
consumer. Identifying a source as TVA enables persioto
focus on issues sourced on the transmission sy$terther, it
helps staff work with consumers to resolve issued fre
sourced on the downstream side of the meter. Nleatroot



cause is identified for each event. An example €aiss
lightning. In some cases, the root cause cannatdrgified. In
these cases, the event is categorized as unknown.

Many of the performance indicators within TVA haae
strong weather correlation. The LSCVS indicator rie
different. The indicator has a weather normalizatiactor to
account for years when lightning is particularlyvl@r high.
The indicator is adjusted accordingly.

After all of the categorization and normalizatiothe
indicator is produced and distributed within thenpany. All
of the voltage sags below 70% of nominal are calntdis
number is divided by the number of monitors to picela sag
rate for the month. A cumulative trend is trackbtbtighout
the year. The indicator is shown in the figureohel
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Figure 2 - LSC Indicator

B. Improving Power Quality

The indicator serves as the basis to identify impnoent
action plans. As part of the analysis, the roatseafor each
event is identified. From the graph below, it &seto observe
that lightning is the most significant downtime trdvutor. In
2015, over $8 million US dollars were lost due ightning
activity in the TVA region alone.
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Figure 3 - Downtime Causes

Consequently, customers started to ask if lightnives
getting worse. It is important to qualify what riseant by

getting worse. Getting worse could be taken to rmea
happening more frequently. Similarly, it could meaigher
peak kA. TVA attempted to answer whether lightnings
getting worse using the following approach.

1.  TRENDINGLIGHTNING

Lightning science is statistical in nature. Veitld is
known about lightning from a heuristic standpointviost
literature points to equations that mold lightnohega into bins
of expected values based on a few physical parasete

For instance, to determine the number of lightrflaghes
to a line per 100 kilometers per year, one possfletion is:

N=0.004CTT-3[(B+4CH %) (1)

where

N = number of lightning flashes to a line per 100
kilometers per year

T = keraunic level in the vicinity of the line
(thunderstorm days/year)

n = average height of the shield wires (meters)

B:

horizontal spacing between the shield wires
(meters).

In this example, the constants 0.004, 1.35, ané ar6 all
used to statistically fit the flash data to knowghtning
occurrences. These constants can be varied basdtieo
construction of the line, the location, the terratc. It should
be noted that this provides a great margin of eriven if all
constants are chosen to accurately represent tadataa year,
the next year would require a different set of ealu

Even the lightning data networks use a statistpgroach
to quantify lightning strikes. These networks @sseries of
detection sites and sensors working in tandemdatera best
guess for any particular strike. The equations aligdrithms
used by these detection networks are refined dwver, tas the
statistical models of lightning detection improves.

Since lightning determination is statistic, it ialvable to
use industry documentation a guide and develojywibecific
statistics. Quantifying lightning data is more qiex than
simply counting strikes in an area and settingeadrline.
With modern lightning data networks and data tofitejing
some additional insights in lightning trends caovervaluable
to the bottom dollar cost of improving lightningrfigmance
of utility assets.

With millions of strikes per year in the U.S. alolightning
determination is best summarized by three sub-tigias:
geographical location (latitude and longitude).gjrand finally
magnitude. Other factors can have some impact asisitrikes
per flash, incidence angle, area of certainty, ypé (such as
cloud to ground with positive or negative polarity,cloud to
cloud).

Location is the top tier data distinction sincealttien on
earth is the most influential part of any lightnisgatistic.
Some locations see much greater amount of lightmivam



others based on their geography. For exampleidél@ees a
much larger number of strikes per year than Califor Not

only is that facet of location an important part lightning

trending, but most utilities are only interestedtimeir own

footprint.

Density
Densty in samples/mi%year
0101476

SN TN

147610 28.24
2824104172
417210552
552106869

Bl -cs69

l'ln“lh

;Nf;

u,f"‘""'

S e R FY1l
Figure 4 - Lightning Flash Density Map

Time is the second most important way to sepatetelata
out. As climate follows a yearly pattern with Eestorbit, so
do lightning trends. The time deviations can be yaar,
month, hour, season, etc. However, yearly tremdsige the
best insight to lightning patterns in a given aré2elow is a
chart that shows lightning per year per month ia VA
service region from 2000 to 2014.
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Figure 5 - Flash Density

Finally, lightning magnitude is a way to furthererdify
lightning trends in a given area during a certaimeframe. It
is valuable to know besides just the number okesii the

number of high magnitude versus the number of lo

magnitude strikes.
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Figure 6 - Lightning Magnitude Probability

All this information together paints a picture wHeonking
at lightning performance of TVA assets. Some imiated
conclusions can be drawn from this data:

e Lightning density is higher in the west side of the

service territory than the east. This is becabsestst
side of the territory offers natural shielding frcime
ridges and trees as well as less weather thamotber |
wetter west.

e Summertime produces more lightning than winter.
This is due to storms developing more often in the
summer due to the higher humidity and daytime

heating.

e Average strike magnitude is about 20 kA and on
average is not moving much. This information helps

determine  equipment and

performance specifications.

ratings

IV.  QUANTIFYING LIGHTNING PERFORMACE

Lightning trending is best evaluated over multityea

studies, usually at least 5 years but preferablyol®5 years.
Answering the question “is lightning getting worse8 a
difficult problem to assess, while the customer iragkis
expecting a simple yes or no answer. The bottomduestion
being asked, however, reads more like “is my eqeignmore
exposed to damage-causing lightning than before?o
answer that we looked to the lightning statisticghie TVA
service territory.

Looking at the flash count for individual monthseo\5,
10, and 5 year studies show some trend in theefgmpected
lightning frequency. Looking at a 15 year windd@vnonths
trended upwards while 6 months trended downwards

whumber of flashes. With a 10 year window that geasnto 4

trending up and 8 trending down. Looking at 5 gealso
shows 4 up and 8 down. However, overall the triemdall
three durations shows an overall downward tremtuimber of
flashes.

lightning
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Figure 7 - Flash Quantity Trend

V. IMPROVING LIGHTNING PERFORMANCE

Lightning impacts the reliability of the transmizsisystem
by exposing protective equipment to fault condiion If
properly mitigated, transmission lines should bk d@b route
lightning energy around sensitive transmission comepts to
earth ground without interrupting anything.  Mitiige
techniques include increasing insulation (insuldtetls and
fiberglass cross arms), installing shield wire mpioving the
shield wire angle, improving ground resistance (terpoise),
or installing lightning arrestors.

Mitigation is applied on a targeted basis - thatassets

This can be taken to mean that there actually $s le With high exposure to lightning are identified ainaproved.

lightning being produced every year. Maybe dugdthution
or global climate shift or climate patterns in thitantic. Or it
can be taken to mean that algorithms for detedigfgning
flashes have evolved to determine fewer false dsash
Conversely, it is important to remember - lightnsaence is a
statistical game - and just like a roll of the ditlee previous
outcome does not affect the future. All that tg,saven
though there is a downward trend now, that mightahwvays
be the case. For TVA values, the average is ar@i0d
million flashes per year - an important numberdten

Another facet to consider is the average strength o

magnitude of the lightning. Stronger lightning da@ more
devastating and has a higher chance to break dosutation
due to the energy involved. On the contrary, wedghtning
has a chance to bypass shielding by coming invaglmgles.

Similar to the analysis of flash quantity, flash gnigaude
can be trended and depending on the window theslation
can be shown to be upward or downward. Again, dais is
subject to statistical anomalies and evolving atbors.
Lightning is not directly measured by an instrumeittis only
determined with best guess calculations developed time.
The TVA data shows a slight increase in magnituer time,
but the important point to take away is the averaggnitude
is about 20 kA.
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Figure 8 - Weighted Average Trend

The question should not be “is lightning gettingrse®”
Showing these trends without an associated analgsis
exposure or lightning caused outage rates the tiendot
meaningful. The takeaway is that on average T\Veires 3
million flashes a year with a normal magnitude 0fkA. The
guestion should be “what are you doing to makettiigiy
performance better?”

Data across several ‘trouble lines’ is analyzedramnd is given
in an order of severity. TVA maintains a rollingy&ar count
of the following categories as a result of lightnin

e CPI - Connection Point Interruptions - the numbgr o
connection points (customers and local power
companies) on a transmission line interrupted

¢ LNS - Load Not Served - the number of system miute
an asset is out and unable to serve load

* Interruptions - the number of bulk interruptionsatbne

Each category is interdependent and changes wih th
system configuration, but is an impact to the bdlity of the
grid. Each categorical list ranks the 30 worshdrission
lines for that particular metric. Each list is catenated into
an overall list, keeping rank data intact. Therage rank
across all three categories is taken and an ovyegeibrmance
list is created.

This list is used as a jumping point to start naitign
projects. Lines that have recently been mitigaedexcluded
since it often takes 5 to 15 years to realize tfierts of a
mitigation project.

After determining where lightning mitigation projeawill
be, the line is analyzed to show trends in itghthing
performance over time. A 15 year study is donghimw a few
key statistics that justify a project. For eachrydne following
data is gathered:

* The count of flashes within a 1 mile buffer
e The number of interruptions caused by lightning
* The length of the line

Valuable trends can be found with a little mathngsihis
data, including:

e Exposure - a graph showing the number of
interruptions as bars and number of flashes witime

mile as a line
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Figure 9 - Exposure

Outage Rate - Interruptions * Length / Number of
Flashes

0o This is a percentage that shows the

performance of the line over time while
taking into account the length of the line.

Shows the future number of interruptions
based on historical performance
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Figure 10 - Outage Rate
Tripout Rate - Interruptions * (100 km / Length)

0 This rate shows the performance of the line
over time with respect to other transmission
lines.
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Figure 11 - Tripout Rate

There is a great incentive to reduce transmissioa |
interruptions. The less interruptions there ar¢htoline, the
less there are to the customers fed from those.lif@argeted
mitigation and statistical analysis of historicabhtning

performance at TVA provides an efficient way toedetine
projects and reduce customer exposure to lightning.

VI. CUSTOMERSATISFACTION

A strong relationship exists between how TVA adsless
recurring customer issues and customer satisfaotioservice
delivery. The LSCVS indicator is one tool to allo0WA to
focus on one area important to the viability of ustty—
keeping equipment going. The chart below [Figuréowg
shows how weather conditions or other operaticsmlés drag
this rating down during years with high weatheriatgt or
other unusual operational events (such as 200&) Pth group
uses the LSCVS to kick off improvement teams andkwso
toward once again meeting operational needs. TVA ha
averaged a 93% satisfied customer ranking (with gvow
quality) over the past 10 years.
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Figure 11 - Customer Satisfaction

VII. CONCLUSION

Educating transmission staff on how their system
operations involving lightning impact industry is anportant
activity. Industries expect their suppliers to donally
improve performance and work on reducing recurgrgnts.

In 2003, TVA realized it did not have an indicator track
voltage sag performance at delivery points andstial#ished
the LSCVS transmission performance indicator. Sititat

Makes it easier to compare a 10 km line and &jme, TVA transmission has worked to reduce the Imemof

events impacting this indicator. One focused effovard
indicator improvement is to identify where lightgiproduces
significant impacts and work to mitigate that expes to
customers. The LSCVS indicator, along with focus on
individual customer concerns, has helped TVA awereger a
93% customer satisfaction rating for the large stdes over
the past 10 years.
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