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FIG. 8

Call Sign Call sign for the rcporting airport

Date Date

MaxTemp Maximum temperature for that day

MinTenp Minimum temperature for that day

AvgTemp Average temperature for the day

DepNorm Departure from normal

AvgDew Average dew point

AvgWet Average rainfall for that day

HeatDays Days cooler than some specified temperature when customers are likely
to use heaters

CoolDays Days warmer than some specified temperature when customers are likely
to usc AC's

SigWcath ‘Wecathcr station idcntificrs

Rain Amount of rain in inches for that day

AvgStPR Average atmospheric pressure for that day

AvgSeaPR Average sea pressure for that day

ResWdS Average resultant wind speed for that day

ResWdD Average resultant wind direction for that day

AvgWdS Average wind speed for that day

5SMaxS Maximum sustaincd wind spced for 5 scconds for that day

5SMaxD The dircetion of the maximum sustaincd wind speed for 5 scconds for
that day

2MMaxS Maximum sustained wind speed for 2 minutes for that day

2MMaxD The direction of the maximum sustained wind speed for 2 minutes for
that day

Lightning Strikes Total number of lightning strikes that day

Without Exclusions Total number of outages for that day

With Exclusions Total number of outages minus the total number of outages caused by

allowable exceptions for that day

Weathcr.With Exclusions

Total numbcr of weather outages for that day

Weather.Exclusions Only

Total number of directly correlated weather related outages minus the
number of directly correlated weather related outages caused by
allowablc cxccptions for that day

Outages.(Blank)

Total outages caused by unknown reasons for that day

Outages.Accident

Total number of outages caused by accidents for that day

Outages.Animal

Total number of outages caused by animals for that day

Outages.Corrosion/Decay

Total outages caused by corrosion and decay for that day

Outages.Dummy CFR

Total number of dummy tickets for that day

Outages.Equipment Failure

Total number of outages caused by equipment failures for that day

Outages.Improper Process

Total number of outages caused by improper process for that day

Qutagcs.Other Total numbcr of outages causcd by other rcasons for that day
Outagces.Request Outages causcd by customer request

Outagcs. Transmission Total numbcr of transmission outages for that day
Outages.Unknown Total number of outages caused by unknown reasons for that day

Outages.Vegetation

Total number of outages caused by vegetation for that day

Outages.Weather

Total number of outages caused by weather for that day
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Nwx versus AvgTemp, Rain, 2MMaxS, LS ... ALL THREE YEARS

The equation is

Nwx =

Predictor Coef SE Coef
Constant -7.274 1.743
AvgTemp 0.10781 0.02076
Rain 3.3354 0.3644
2MMax$S 0.42938 0.03697
LS 0.036178 0.002912
S = 4.9441¢6 R-5g = 41.8%
Analysis of Variance

Source DF SS
Regression 4 18676.7
Residual Error 1062 25%60.3
Total 1066 44637.0

T

-4.17

11.61
12.42

R-Sq(adj)

MS

4669.2
24.4

QOO O oo

P
.000
.000
.000
.000
.000

F
181.01

P
0.000

- 7.27 + 0.108 AvgTemp + 3.34 Rain + 0.429 2MMax3 + 0.0362 LS
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FIG. 10B

Nwx versus AvgTemp, Rain, 2MMaxS, LS ... 2001 and 2002

The equation is

Nwx = — 8.81 + 0.136*'AvgTemp' + 2.71*'Rain' + 0.378*'2MMaxS' +
0.0510*'LS’

Predictor Coef SE Coef T P

Constant -8.813 2.147 -4.10 0.000

AvgTemp 0.13634 0.02578 5.29 0.000

Rain 2.7096 0.4169 6.50 0.000

2MMax$S 0.37760 0.04264 8.86 0.000

LS 0.050977 0.005828 8.75 0.000

S = 4.78320 R-8Sg = 36.2% R-Sg(adj) = 35.8%

Analysis of Variance

Source DF SS MS F P
Regression 4 9125.8 2281.4 989.72 0.000
Residual Error 704 16106.8 22.9

Total 708 25232.6
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FIG. 10C

Nwx versus Raw

The equation is
Nwx = 2.41 + 0.818 Raw

Predictor Coef SE Coef T P
Constant 2.4061 0.5626 4.28 0.000
Raw 0.81813 0.04663 17.54 0.000

S = 5.33992 R-Sg = 46.4% R-Sq(adj) = 46.2%

Analysis of Variance

Source DF 53 MS F P
Regression 1 8777.6 8777.6 307.83 0.000
Residual Error 356 10151.3 28.5

Total 357 18928.9

MTB > Regress 'Nwx' 1 'Modeled’;

SUBC> Constant;
SUBC> Brief 1.

FIG. 10D

Regression Analysis: Nwx versus Modeled

The regression equation is
Nwx = 1.69 + 0.872 Modeled2

Predictor Coef SE Coef T P
Constant 1.6915 0.5594 3.02 0.003
Modeled? 0.87181 0.04606 18.93 0.000

S = 5.14776 R-5g = 50.2% R~-3Sg(adj) = 50.0%

Analysis of Variance

Source DF SS MS F P
Regression 1 8495.1 9495.1 358.31 0.000
Residual Error 356 9433.8 26.5

Total 357 18928.9
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FIG. 11A

Desired Output and Actual Network OQutput
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FIG. 12 (continued)
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FIG. 14 (continued)
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FIG. 15B
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FIG. 16A
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FIG. 16B
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FIG. 16D
Prediction = 16
N | %P N or Fewer | %P N or more
5 217 100.00
6 |4.35 97.83
7 |6.52 95.65
8 |[8.70 93.48
9 |13.04 91.30
10 | 15.22 86.96
111 21.74 84.87
12 | 26.09 78.26
13 | 34.78 7391
14 | 45.65 65.22
15 | 47.83 54.35
16 | 58.70 52.17
17 | 60.87 52.17
18 | 71.74 39.13
19 | 78.26 28.26
20 | 82.61 21.74
21 | 86.96 17.39
22 1 91.30 13.04
23 | 95.65 8.70
251 97.83 435
37 | 100.00 2.17
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Max  Min Avg Avg Avg Lightning
MA Date Temp Temp Temp Dew Rain StPR 5SMaxS 2MMaxS 2MMaxD  Strikes
BV 2/1/2001 80 62 71 64 0 3005 16 15 5 0
Exemplar# | Output1
1| 14.4517241
2| 24.4736214
3| 31.9973412
4 | 25.1667843
51 9.22947407
6 | 10.6609602
7| 9.69117737
8 | 10.3598309
Tm N| %P N or Fewer| %P N or more
: 2 1.43 100.00
10 | 11.3376131 3 3.57 98.57
4 7.14 96.43
5 12.14 92.86
B 6 17.86 87.86
7 25.71 82.14
Prediction = 10 8 35.00 74.29
9 45.71 65.00
10 53.57 54.29
11 64.29 46.43
10 | 12 76.43 35.71
13 80.00 23.57
14 82.14 20.00
I= 15 85.00 17.86
3 16 88.57 15.00
g 5 17 90.71 11.43
18 92.86 9.29
19 94.29 7.14
20 95.00 5.71
21 96.43 5.00
0_I‘IIHII\Illl\\IIIIII|IIIIII\II|IIIIIIIII|II\II\IIIlI\IIIH\Il 22 97'86 3'57
o 10 20 30 40 50 80 23 98.57 2.14
N Actual 26 100.00 1.43

C D
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FIG. 18

[l output picturisation by Latitude % Longitude

14

§ Cugtput 1

L: M_Actual
Date MA |area Airport |zip code |latitude longitude State |Country |Output1 |N_Actual
5/3/2003 |G |Gulf Stream [HWO 33318 264080317 [-80.06111 FL  [US 10 4
5372003 [NO [Morth Dade [OFF  |33084 25907 -80.2783888 |FL  |US 11 10
5/3/2003 |[PM _[Pompano  [PMP |33061 262469444 |-80.1108333 |FL |US ] 7
5/3/2003 |50 [South Dade [TMB [33158  |256477773 [-B0 4327773 |FL  |US 13 13
5/372003 WG [Wingate FLL 33315 |26.06667 -80. 16667 FL |US g g
5/3/2003 |CE |Central MIA, 331071 2578325 -80.290558  |FL  |US 13 13




U.S. Patent Mar. 25, 2014 Sheet 65 of 68 US 8,682,623 B1

Fitted Line Plot
N= 7879-2.076 T
+0.01523 T**2
201 S 1.56052
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FIG. 21
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R. Squared Values for Modeled vs. Raw Weather Data by MA
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ELECTRIC POWER DISTRIBUTION
INTERRUPTION RISK ASSESSMENT
CALCULATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part to co-pending
U.S. patent application Ser. No. 12/108,975, filed Apr. 24,
2008, the contents of which are herein incorporation by ref-
erence, which application claims priority to U.S. Provisional
Patent Application 60/913,689, filed Apr. 24, 2007, the con-
tents of which are herein incorporated by reference.

FIELD OF INVENTION

This invention relates to the effects of the weather on
electrical power distribution systems. Specifically, the risk of
interruption of electrical power distribution caused by com-
mon weather conditions.

BACKGROUND

The reliability of power distribution systems is dependent
on many variables such as load capacity, customer base,
maintenance, and age and type of equipment. However, the
variable that is most often responsible for degraded reliability
is weather, and common weather conditions are often over-
looked in reliability analysis. These conditions include, but
are not limited to, rain, wind, temperature, lightning, humid-
ity, barometric pressure, snow, and ice.

Common weather does not include catastrophic events,
such as hurricanes or tornados, which exceed reasonable
design or operational limits of the electric power system.
There are existing methods that define major reliability
events, including catastrophic weather events and that
exclude the resulting interruptions from the calculation of
reliability indices.

Much of the focus of modeling the effects of weather on
power distribution systems has remained on extreme weather
conditions. There are also existing methods that include
weather as a factor in the analysis of specific fault causes.
However, methods that use the combined effects of common
weather conditions to predict the total number of daily or by
shift interruptions are not presently available.

There is a need for methods that can predict daily or by shift
power distribution system interruptions based on common
weather conditions, and for interruption risk assessment
based on immediate weather conditions.

SUMMARY

The present invention includes a method of predicting the
total number interruptions in a given region caused by the
combined effect of various weather conditions. Research that
utilizes daily, by shift, and hourly weather data to predict the
number of interruptions in a region has never been done
before.

The invention includes a method of predicting the power
distribution interruptions in a given region based on common
weather conditions and assessing the risk of interruptions
based on immediate weather conditions. Using daily and
hourly weather data, the method predicts the number of daily
or by shift interruptions.

The common weather conditions addressed include, but
are not limited to, rain, wind, temperature, lightning, humid-
ity, barometric pressure, snow, and ice. These conditions do
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2

not occur simultaneously at any one place, and the range of
combinations is great; therefore, the invention was developed
to allow broad application.

BRIEF DESCRIPTION OF THE DRAWINGS

For a fuller understanding of the invention, reference
should be made to the following detailed description, taken in
connection with the accompanying drawings, in which:

FIG. 1 is a pie chart that shows the distribution of reported
causes of interruptions for the region under study during the
period of study.

FIG. 2A is a set of histograms representing the actual
number of interruptions for 1,458 days combined from sev-
eral adjacent Management Areas (MAs) of the utility com-
pany.

FIG. 2B is a histogram representing the predicted number
of interruptions for 1,458 days combined from several adja-
cent MAs of the utility company.

FIG. 3 is ahistogram of the actual number (as a percentage)
of interruptions, N, that occurred for the days when the pre-
diction given by an embodiment of the present method was
eight interruptions.

FIG. 4 is a table listing, on the left side, the cumulative
probability, based on the actual number of interruptions, of N
or less interruptions occurring and, on the right side, the
cumulative probability of N or more interruptions occurring.

FIG. 5 is a bar graph of predicted values verses actual
number of interruptions, N, for six MAs for one week in 2008.

FIG. 6 is a screen shot of an exemplary ‘Introduction’ sheet
of an application of the present invention in Microsoft
Excel®.

FIG. 7 is a partial screen shot of an exemplary ‘Data’ sheet
of an exemplary application of the present invention in
Microsoft Excel®.

FIG. 8 is a table of exemplary input variables for use in the
predictor method according to an embodiment of the present
invention.

FIG. 9 is a flowchart of the predictor method according to
an embodiment of the present invention.

FIGS. 10A-10D are charts showing an exemplary set of
equations used to develop the breadboard of the predictor
method according to an embodiment of the present invention.

FIGS. 11-14 are graphs and charts that are generated when
inputs are processed through the developed breadboards.

FIG. 15A-15B are a series of exemplary partial screen
shots of the ‘Output’ sheet of an application of the present
invention in Microsoft Excel®.

FIG.16A-16D are a series of exemplary screen shots of the
‘Comparison’ sheet of an application of the present invention
in Microsoft Excel®.

FIG. 17A-17D are a series of exemplary screen shots of an
application of the present invention in Microsoft Excel®.

FIG. 18 is an exemplary mapping of six different locations
and a comparison of their respective predicted and actual
numbers of interruptions.

FIG. 19 is a fitted line plot of the variation of mean N verses
average temperature.

FIG. 20 is a fitted line plot of the variation of mean of N
verses wind.

FIG. 21 is a series of four plots showing the R? values of
modeled verses raw weather data by MA and by weather
parameter.

FIG. 22 is a scatter plot comparing R* values of modeled
vs. raw weather data by MA.

FIG. 23 is a table of p-values by predictor and by MA.
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FIG. 24 is histogram of the percentage of occurrences of
average temperatures.

FIG. 25 is a line graph of the history of automated observ-
ing systems.

DETAILED DESCRIPTION

In the following detailed description of the preferred
embodiments, reference is made to the accompanying draw-
ings, which form a part hereof, and within which are shown
by way of illustration specific embodiments by which the
invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be
made without departing from the scope of the invention.

Power interruption data was provided by a utility company
and weather data from the National Climatic Data Center
(NCDC) was used for creation and testing of the present
invention. The NCDC weather data is reported by 886 Auto-
mated Surface Observation Stations (ASOSs) located at air-
ports around the country.

By modeling the daily common weather data received from
the NCDC, the total daily number of interruptions can be
consistently stochastically predicted with an R* value as high
as 50% in simulations using actual interruption data as the
target value (see A. Domijan, Jr., A. Islam, W. S. Wilcox, R. K.
Matavalam, J. R. Diaz, L. Davis, and J. D’ Agostini, “Model-
ing the Effect of Weather Parameters on Power Distribution
Interruptions” presented at the 7 TASTED Int. Conf. Power
and Energy Systems, Clearwater Beach, Fl, USA, November
2004; which is incorporated herein by reference). This indi-
cates weather invisibly affects other interruption causes.

Aside from the obvious culprit for interruptions, lightning
and ground or line-to-line faults caused by vegetation and/or
wind, the effects of common weather conditions on power
reliability events has rarely been addressed. When such
effects have been studied, only broad attention has been given
to common weather conditions. Previous studies have been
limited to a few factors such as cold temperatures, wind, or
rain. Tests performed on contaminated insulators have shown
the electrical characteristics of the insulators are altered when
exposed to natural wetting, such as humidity or rain. Coronal
effects are more pronounced with lower barometric pressure
and can affect flashover rates. Other weather or environmen-
tal phenomenon may also contribute to power reliability
events in ways that have not been considered.

Because the interruption data used to generate the existing
methods included all interruptions described by all interrup-
tion causes for an entire day and the weather data used was
daily maximums or averages collected from point sources not
usually central to the area being studied, the existing methods
were created based on relatively inaccurate data. The fact that
the results were consistently good indicates that there is a
hidden weather component in many of the interruption causes
other than weather and those hidden components can be mod-
eled more precisely by decreasing the period during which
the weather data is collected from daily to hourly and by
improving the location of the point weather source.

The present invention translated NCDC data and the utility
company interruption data into the proper shapes and findings
to create a method of predicting the reliability of power dis-
tribution systems, including predicting the number of inter-
ruption in a system over the course of a shift or day and
assessing the risk of interruption, in real-time, in a given
region.

Analysis and Processing

The utility company provided reliability data for three con-

secutive years. The NCDC provides daily, hourly, and half-
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hourly weather data. The NCDC collects its data from ASOSs
located at airports around the country, Weather Observation
Stations (AWOSs), and smaller weather observation stations.

FIG. 1 is a pie graph of reported interruption causes. The
graph shows that direct weather, such as lightning, has been
determined to be the cause of 10% of the interruptions. How-
ever, the inventors have found that, by considering daily
weather variables in the modeling function, the resulting fore-
casts of the daily number of interruptions can be stochasti-
cally predicted with an R? value in the neighborhood of 50%
in simulations using actual interruption data as the target
value. This indicates that there is a weather component in
most, if not all, of the interruption causes illustrated in FIG. 1.
Additionally, many of the interruption causes are directly
affected by weather, such as vegetation growth, corrosion,
equipment failure, etc. Time-series analyses have shown
promise for the use of daily weather data to predict vegetation
related interruptions.

The present inventions improves reliability assessments
first by using hourly (or half-hourly) weather data, and reor-
ganizing the interruption data that is reported by substations
into datasets that are geographically centered on ASOSs.

The daily summary data used in developing and testing the
method often created files with up to 40 columns and 14,000
rows for analysis. The inclusion of hourly reporting and the
use of interruption data from additional sources increased the
amount of data that required archiving and correlation tre-
mendously. Therefore, a database was created that could
manage the large amount of data. Additionally, the weather
data available from the NCDC is in ASCII format and was not
readily importable to the analysis software. Custom software
was created to extract the daily weather information from the
NCDC files and format it properly. Additional software was
also created to handle the hourly and half-hourly NCDC data,
the weather data provided by the utility company’s weather
stations, and all other required data.

Load flow prediction that involves the use of temperature
and humidity to calculate the comfort zone is a mature tech-
nology that was of use in this project and these studies were
not repeated. The probability of flashover due to ice buildup
has been studied extensively and was also of use. However,
load flow prediction does not address power reliability
directly, and the studies of flashovers due to ice buildup are
geographically and causally specific.

Validation of the present method was done by producing
significantly accurate predictions of the number and fre-
quency of interruptions through simulations using actual
weather and interruption data. The predictions are probabi-
listic rather than deterministic, and provide a means of risk
assessment rather than a fixed value for the number of inter-
ruptions that can be expected. This provides a real capability
to determine risk. The R? value of the predictions will be a
statistic of interest for daily and by shift predictions. Nar-
rower periods include hourly risk probability assessments.
Simulation for Prediction

The invention was developed using three years of daily
interruption and weather data. The analysis that led to the
development of the methods was performed with statistical
and neural network software.

Three years of daily weather and interruption data from
five Management Areas (MAs) in the utility company’s area
of operations was compiled, for approximately 5400 exem-
plars. Initial analysis was done by multivariable regression,
using the total number of daily interruptions as the target
value and the average temperature, the total daily rainfall, the
maximum two-minute sustained wind-gust speed, and the
total daily number of lightning strikes as regressors. Second-
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ary analysis was done using a back-propagation neural net-
work with one hidden layer for function approximation. Both
analyses were done using the same training data sets to
develop, in the case of the multi-variable regression, a regres-
sion equation, and in the case of the neural network, a trained
network. Both the regression equation and the trained net-
work were then applied to the same sets of test data to prevent
over fitting and to simulate actual application. The actual
numbers of interruptions in the test data were then used as
target values in single variable linear regressions with the
number of interruptions predicted by the multi-variable
regression equation and the trained neural network as regres-
sors. The statistic of interest was the R* value. The trained
neural network consistently returned a higher R? value, which
indicated that there were hidden effects that could be
accounted for by taking into account the weather data.

Methods for modeling rain, wind, and temperature were
developed. These methods were based on suspected effects,
such as vegetative saturation (which would weaken tree
limbs) and soil saturation (which would weaken the support
of root balls), and known effects, such as the third-order
equation that describes the power of wind and the quadratic
load/temperature curve (this curve can also be seen in inter-
ruption/temperature plots), and further analysis of the
weather and interruption data. The results were that rain was
categorized as a piecewise variable, wind as a cubic variable,
temperature as a quadratic variable and lightning as a linear
variable.

The average temperature shows a quadratic relationship
with the mean of the number of interruptions, N. The increase
in N at low and at high temperatures can be attributed to the
increase in power demand due to the heating and cooling
requirements of the customers. The relationship between the
average temperature and the mean of N can be expressed as a
regression equation drawn from the fitted line plot of FIG. 19.
The equation is N,,,,=78.79-2.076T+0.01 523717, where N
is the mean number of interruptions and T is the average
temperature.

The temperature at which the minimum number of inter-
ruptions occurs is found by taking the derivative of the equa-
tion and setting it equal to zero. By then solving for T, a
temperature of 68.15° F. The data has integer values for
temperature, so the optimal temperature (OT) was considered
68°.

Because the demand for power varies with temperature, the
effect of ambient temperature movement away from the opti-
mum temperature (OT=68) was modeled. Two parameters
were defined, heating degrees (HD) and cooling degrees
(CD). These parameters are available with the ASOS data;
however, they are fixed with an OT of 65°, so it is desirable to
recalculate using local conditions. HD is defined as the num-
ber of degrees below the OT existing on a particular day, and
CD is defined as the number of degrees above the OT.

This model will also have second order terms for HD and
CD, as the relationship between the average temperature and
Nis quadratic. The model equation for average temperature is
N=Y,+A , HD+A,HD?*+A,CD+A,CD? where A, A,, A; and
A, are the coefficients and are not equal to zero.

FIG. 1 shows the relationship between wind speed and the
mean number of interruptions in the region under study for
the period spanned by the data. The scattering seen above 32
miles per hour in FIG. 30 is due to the sparse data at those
speeds.

The cubic relationship between wind speed and the mean
number of interruptions allow for an equation for the effect of
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wind on total number of interruptions as N, =Y;+B,S+
B,S?+B,S?, where S is the two-minute maximum sustained
gust.

The effect of rain on the mean of N showed a regression
distribution, which has a piece-wise relationship. This may be
due to saturation effects on the vegetation. The total range of
rainfall was divided into three segments: R1=0"<Rain<1" and
0 elsewhere, R2=1"s<Rain<2" and 0 -elsewhere, and
R3=2"<Rain and 0 elsewhere. The complete dataset of rain
was segmented accordingly and the regression analyses was
done using the following equation for rain: N, =Y ,+C,R1+
C,R2+C4R3.

Because lightning tends to occur in storm cells that may be
localized and pass over a sparsely populated area, or a heavily
populated one where the majority of power lines are buried,
LS can have a random, though important, effect on N. Light-
ning also has a combined effect as it is generally accompanied
by high winds and rain. Because there was no more evidence
for a narrow time-frame model of the effects of lightning, it
was used as a linear predictor and represented by the equation
N,,;=Y,+D, LS, where LS is the daily total number of light-
ning strikes.

The equations for temperature, wind, rain, and lightening
were combined to give a composite equation for the effect of
weather on N: N=Y ;+A HD+A HD?*+A ,CD+A ,CD*+B, S+
B,S?+B,S*+C,R1+C,R2+C;R3+D,LS. The results were
then compared with the results of a combined equation for the
raw weather data, N=Y .+ AxT+BxR+CxS+DxLS, and the
results of each of the individual temperature, wind, rain, and
lightening equations.

Regression analyses were performed on each of the five
MAss individually using the equations for average tempera-
ture, wind speed, rain, lightening, the combined raw weather
data, and the combined modeled data. Because the R? value of
the regression equation, called the multiple coefficient of
determination, describes the proportion of the total variation
accounted for by the predictor variables, that value was cho-
sen as the statistic of interest.

The regression analysis on weather and N data with the raw
data showed R? values ranging from 36.9% to 43.3% for
different MA’s. The regression analysis on weather and N
data with the modeled equation showed values ranging
between 45.2% and 50.1% for different MA’s. Similar results
occurred when applying the regression to individual weather
parameters. FIGS. 21 and 22 chart the results.

To determine whether the association between the
response and the predictor(s) in the equation is statistically
significant, it is necessary to set an a level and compare the
p-value for each predictor against the a level. The usually
accepted a level is 0.050, and if the p-value is larger than this,
the predictor is considered statistically insignificant. The
table in FIG. 23 lists the p-values for each predictor by MA.

FIGS. 22 and 23 show that the equations return a consis-
tently higher R value than equations that rely on raw weather
data, and consequently, account for a larger percentage of the
variance from the mean number of daily interruptions.

Although lightning seems to have a dominant role, there is
no single weather parameter that is a primary cause. Since the
R? value of the combined equation is not the sum of the R?
values of its components, it is apparent that there are some
combinatorial effects. For example, lightning rarely occurs
unaccompanied by wind and rain, but high winds and rain
occur often without lightning, so the role of lightning may be
overstated by the fact that it has the largest R? value (FIG. 31)
of the weather parameters in the model. Also, it appears from
the R? values for average temperatures, that it does not play a
significant role in N. However, the histogram of the tempera-
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tures of one region shown in FIG. 24 shows a relatively
narrow range of commonly occurring temperatures, with
95% of the average temperatures ranging from 60 to 86
degrees, a 27-degree spread, which may not be true for other
regions.

Explanations for large p-values can be either very small
coefficients, or uncommon occurrences of that variable in the
dataset. In addition, when variables have large p-values, their
contribution to the R? value is marginal.

Although HD and HD? rates rejection as model predictors
four out of ten times in the table in FIG. 23, FIG. 24 shows that
there may not have been enough days below the OT to con-
sider them significant. CD, however does not seem to be
significant in any of the MAs. This may be due to the domi-
nance of the second order CD? term in the heavily skewed
FIG. 24. The two times that CD? is rejected, neither HD or
HD? is rejected, lending support to the belief that the actual
distribution of heating and cooling days among the MAs is
quite different than FIG. 24 suggests.

Regardless of the possible combinatorial effects of the
weather parameters, or the occasionally large p-values, the
consistent improvement of the R* values, whether in isolation
or in combination, in the modeled equations shows that the
method is valid.

The inclusion of barometric pressure as a weather variable
and recent daily interruption data as a system variable that
reflects the weather trend increased the simulated R values to
an average of 50%. However, despite repeated simulations
involving data sets from 14 different regions within the utility
company’s area of operation, and multiple year sets, the R*
value ceased improving beyond 50% (average) except in
occasional instances, indicating that additional variables and
more precise data was needed.

One consistency throughout all of the simulations can be
seen inthe histograms of FIG. 2. FIG. 2 A is a histogram actual
number of daily interruptions and FIG. 2B is a histogram of
the predicted number of daily interruptions. The histograms
of FIG. 2 represent the predicted and actual number of inter-
ruptions for 1,458 days combined from several adjacent MAs
within the utility company’s area of operation. It can be seen
that, although the distribution is similar, the number of lower
valued predictions is much less than the number of actual
lower values. This has occurred in all of the simulations. It
becomes less pronounced the larger the data set becomes, as
in this case, and simulations with smaller data sets will not
usually predict values below five interruptions. This indicated
that the model was incomplete. Either there were variables
missing from the overall model that would have a negative
impact on the predictions, or one or more single variable
models need to be reconsidered, or both. However, the R*
value for this particular simulation was 61.3%. This was
much better than usual and it has been seen that increasing the
size of the data set has a positive effect on the accuracy of the
predictions.

The histogram of FIG. 3 and the table of FIG. 4 were
created with neural network function approximation using
the same data as was used for FIG. 2 and show the probabi-
listic risk assessment for a prediction of eight interruptions.
The histogram in FIG. 3 shows the actual number (as a per-
centage) of interruptions that occurred during this simulation
for the days when the prediction was eight interruptions. The
left side of the table of FIG. 4 lists the cumulative probability,
based on the actual number of interruptions, of up to N inter-
ruptions occurring. From the table, it can be seen that, for this
region, if the prediction was eight interruptions, there is a
90% confidence level that the actual number of interruptions
will not be greater than 12.
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The predicted value can be linked to the confidence level
that is defined for a utility service area. For example, if a
specific service area requires an 86% confidence level for any
predicted interruption value, then, from the table of FIG. 4, it
can be seen that for a predicted value of 9 interruptions, the
actual value of interruptions will be anywhere between 5 and
12. Such charts (histogram and table combinations) have
been developed after exhaustive studies for each service ter-
ritory and the mapping is done for each predicted value. These
charts then act as a lookup table for management to make a
decision on each prediction for the day.

Expansion of these analyses to include hourly weather and
interruption data provide information on weather variables
that are not available in daily summaries such as humidity,
dew point, and rain rate. As the time frame for which the
modeling is performed narrows, the range over which the
probability assessments shown in the table of FIG. 4 will also
narrow. Additionally, real-time interruption risk assessments
can be implemented based on immediate weather conditions.

Simulation of a neural network model using combined
weather data from more than 10 management areas was also
completed. The results showed that the predictor method was
able to predict number of interruption for this large area
analysis with a good level of accuracy. It was seen that as the
geographic area increases and tries to predict the number of
interruptions for the whole region, the accuracy of the system
decreases. However, the accuracy of the system was
improved by increasing the number of rows of data and by
reducing the duration of the data collected. FIG. 5 shows a
snapshot of actual and the predicted values from six MAs for
one week of 2008. For the region of study, the MA’s are
grouped together to form a service area (SA).

Practical Application

To put the prediction method to work, a customized soft-
ware program was created. The function of the program is
demonstrated using the Microsoft Excel® spreadsheets
shown in FIGS. 6, 7, and 15-18. The program utilizes six
sheets, each labeled according to its function: Introduction,
Input, Output, Storage, Comparison, and Data.

As shown in FIG. 6, the ‘Introduction’ sheet gives a short
explanation of the program itself and the predictor is launched
from here. The ‘Input’ sheet is a programmed sheet, which is
unchangeable by the user.

The ‘Data’ sheet is where the user inputs the weather data,
such as maximum, minimum, and average temperature, light-
ning strikes, and amount of rain. A screen shot of a portion of
a sample ‘Data’ sheet is shown in FIG. 7. A list of input
variable and their descriptions is shown in the table of FIG. 8.

FIG. 9 is a flowchart of an embodiment of the predictor
method.

FIGS. 10A-10D are charts showing an exemplary set of
equations used to develop the breadboard (shown in the flow-
chart of FIG. 9) of an embodiment of the predictor method.
The input variables shown in FI1G. 9 are used to develop these
breadboards. This process is independent of a neural network.
Any other non-linear technique will also work.

FIGS. 11-14 show reports that are generated when the
inputs are processed through the developed breadboards.

The inputs (FIG. 8) are fed into the system wherein the
various weights are defined and the complex non-linear rela-
tionship of all the variables are identified. The equations
(FIG.10A-10D) and its coefficients define the weights for the
formation of the breadboard. The system is then optimized
and fine-tuned to achieve the lowest error process. The stabi-
lized system is formed and saved as the product that can be
installed in the service station to predict number of power
interruptions in a MA.
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The ‘Output’ sheet displays the results of the predictor. An
example of the ‘Output’ sheet are shown in FIGS. 15A and
15B. The program implements an artificial neural network
DLL that will accept predicted weather values entered on the
‘Data’ sheet and returns a predicted number of interruptions
in column 2 (FIG. 15A) of the ‘Output’ sheet. The actual
number of interruptions (without and with exclusions) is
shown in the third and forth columns (FIG. 15A). To demon-
strate its accuracy, the program also creates bar graphs, like
the one shown in FIG. 15B, comparing the predicted number
of interruptions with the actual number of interruptions.

The “Storage’ sheet allows the user to store results.

The analysis of the prediction with percentage histograms
for actual number interruptions, historically, per prediction is
available on the ‘Comparison’ sheet. Examples of graphs and
tables displayed on the ‘Comparison’ sheet are shown in FI1G.
16. FIG. 16A shows a regression plot of the actual verses
predicted number of interruptions with 95% prediction inter-
vals. The percentage of occurrences of actual values is also
displayed on this sheet. For example, as shown in FIG. 16B,
only 1% of the days entered on the input sheet had no inter-
ruptions, while 8% of the days had seven interruptions. The
sheet also includes a graph showing the chance of having N
interruptions provided a certain predicted value. For example,
as shown in FIG. 16C where the prediction for that day was 16
interruptions, the chance of having 10 interruptions is just
above 2% and the chance of having 18 interruptions is just
above 10%. The sheet also provides tables that give the risk of
N or more interruptions and N or less interruptions occurring
for a certain predicted value. For example, as shown in FIG.
16D, when the predicted number of interruptions is 16, the
chance of having 10 or fewer interruptions is 15.22% and the
chance of having 18 or more interruptions is 39.13%.

FIG. 17 is another example of the input and resulting analy-
sis of the program. FIG. 17A shows the weather data for
management area ‘BV” on Feb. 1, 2001 used as input on the
‘Input’ data sheet. The resulting output that would be dis-
played on the ‘Output’ sheet is shown in FIG. 17B. ‘Exem-
plar’ represents the date and ‘outputl’ is the predicted N, or
the predicted number of occurrences for that date. Once the
predicted N is known for the date in question, the ‘Compari-
son’ sheet is used to assess the risk of that predicted number of
occurrences actually occurring. As shown in FIG. 17C, when
the predicted number of occurrences is 10, 90% of the time
the actual number of interruptions was between 5 and 17. The
table in FIG. 17D gives the risk of N or fewer and the risk of
N or greater interruption actually occurring when the pre-
dicted number was 10.

FIG. 18 demonstrates the accuracy of the predicted number
of interruptions at six different locations in Florida by dis-
playing a map including the locations with bar graphs dis-
playing both the actual and predicted number of interruptions.

CONCLUSION

Several methods exist for modeling and predicting extreme
weather condition failure rates, and there are methods that
account for the baseline failure rates due to aging and other
causes of equipment failure. Interruptions as a function of
common weather conditions comprise a gap between those
models, and the present invention will bridge that gap.

As can be seen from FIG. 25, the same number of ASOSs
were available as there are today, for both FAA and NWS
stations. Although other types of weather stations provide
data for a limited number of weather parameters, the ASOS is
the station of choice due to the comprehensive surface
weather data it collects. This type of research was not possible
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before the expansion of the network to today’s size; conse-
quently, the field of reliability research has not enjoyed access
to data that can significantly affect both the direction and
value of future research.

There is a hidden weather component, in most, if not all of
the traditionally defined causes of interruptions as shown in
FIG. 1. Additionally, the hidden component is amenable to
stochastic analysis and the prediction of interruptions similar
to that shown in FIG. 2. This novel method of reliability
analysis can be applied to a broad range of environmental and
climatic conditions.

The predictor method provides the power industry with an
opportunity to reduce the downtime of power interruptions by
proper distribution of the service work force. This will, in
turn, improve short-term planning and optimize manpower. It
can also help identify circuits and systems prone to failures
due to common weather conditions. The model offers an
economical tool with negligible maintenance costs to utility
companies to improve its SAIF] and increase its power trans-
mission.

Short-term benefits to the power industry include efficient
deployment of service staff, improved maintenance schedul-
ing, and optimization of the number of staff members per shift
and per region. Long-term benefits include an improved abil-
ity to explain to management and share holder about failures,
improved SAIDI, efficient selection of equipment and man-
power, improved predictions on whether new investment will
bring the desired result, and elimination of dependency on
annual average calculations for finding the number of inter-
ruptions. Until now, no other method was capable of assess-
ing the probability of a specific range of interruptions for a
region during common weather conditions.

This method can also be used for research into the relative
reliability of a system under different weather conditions or at
different times. Actual weather and interruption data can be
used to train the predictor models and then theoretical
weather data can be entered into the trained models. The
predictions can be used to rate the robustness of a system to
common weather conditions. In addition, this process can be
repeated at intervals before and after maintenance or reliabil-
ity enhancement programs are implemented. This will enable
researchers to determine whether these programs are produc-
ing the desired results.

Itwill be seen that the advantages set forth above, and those
made apparent from the foregoing description, are efficiently
attained and since certain changes may be made in the above
construction without departing from the scope of the inven-
tion, it is intended that all matters contained in the foregoing
description or shown in the accompanying drawings shall be
interpreted as illustrative and not in a limiting sense.

It is also to be understood that the following claims are
intended to cover all of the generic and specific features of the
invention herein described, and all statements of the scope of
the invention which, as a matter of language, might be said to
fall there between.

What is claimed is:
1. A computer program product for enabling a computer to
predict power interruptions, comprising:
software instructions for enabling the computer to perform
predetermined operations; and
a computer readable medium bearing the software instruc-
tions;
the predetermined operations including:
compiling common weather data comprising a plurality
of weather variables for a predetermined historical
period,



US 8,682,623 Bl

11

compiling the number of historical interruptions for the
predetermined historical period,

establishing a model equation for the average value of a
first weather variable,

establishing a model equation for the average value of a
second weather variable,

establishing a composite model equation by combining
the model equation for the average value of the first
variable and the model equation for the average value
of the second variable, and

establishing a plurality of interruption prediction values
for a predetermined future period by performing
regression analysis using the composite model equa-
tion,

wherein the computer predict power interruptions.

2. The computer program product of claim 1, wherein the
first and second weather variables are selected from the group
consisting of rain, wind, temperature, lightning, humidity,
dew point, barometric pressure, snow, and ice.

3. The computer program product of claim 2, wherein at
least one variable selected from the plurality of weather vari-
ables is temperature.

4. The computer program product of claim 3, wherein the
predetermined operations further comprise:

establishing an optimal temperature value;

establishing a heating degrees value; and

establishing a cooling degrees value.

5. The computer program product of claim 4, wherein the
optimal temperature value is the temperature at which the
lowest number of interruptions occurred during the predeter-
mined period; wherein the heating degrees value is the num-
ber of degrees below the optimal temperature value on a
predetermined day; and wherein the cooling degrees value is
the number of degrees below the optimal temperature value
on a predetermined day.

6. The computer program product of claim 5, wherein the
model equation for the average value of temperature is
expressed as:

N=Y+4 HD+A,HD?*+A43CD+A4,CD?;

wherein N=daily total number of interruptions;

wherein A=is a coefficient that is not equal to zero;

wherein HD=heating degrees; and

wherein CD=cooling degrees.

7. The computer program product of claim 2, wherein at
least one variable selected the plurality of weather variables is

wind speed and the model equation for the average value of

wind speed is expressed as:
N=Y3+B S+B,5%+B,5%;

wherein N=daily total number of interruptions;

wherein B=is a coefficient that is not equal to zero; and

wherein S=two minute maximum sustained wind gust.

8. The computer program product of claim 2, wherein at
least one variable selected from the plurality of weather vari-
ables is rainfall and the model equation for the average value
of rainfall is expressed as:

N=Y+C,R1+C,R2+C;R3;

wherein N=daily total number of interruptions;

wherein C=is a coefficient that is not equal to zero;

wherein R1=rainfall that is greater than or equal to zero
inches, but less than 1 inch and zero elsewhere;

wherein R2=rainfall that is greater than or equal to 1 inch,
but less than 2 inches and zero elsewhere; and

wherein R3=rainfall that is greater than or equal to 2 inches
and zero elsewhere.
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9. The computer program product of claim 2, wherein at
least one variable selected from the plurality of weather vari-
ables is lightning and the model equation for the average
value of lightning is expressed as:

N=Y,+D,LS;

wherein N=daily total number of interruptions;

wherein D=is a coefficient that is not equal to zero; and

wherein [.S=daily total number of lightning strikes.

10. The computer program product of claim 1, wherein the
composite model equation is expressed as:

N=Yg+d HD+AHD?+A43CD+A4,CD?+B  S+B>5>+
B3S+C,R1+C,R2+C5R3+D, LS;

wherein N=daily total number of interruptions;

wherein A=is a coefficient that is not equal to zero;

wherein B=is a coefficient that is not equal to zero;

wherein C=is a coefficient that is not equal to zero;
wherein D=is a coeficient that is not equal to zero;
wherein HD=heating degrees;

wherein CD=cooling degrees;

wherein S=two minute maximum sustained wind gust;

wherein R1=rainfall that is greater than or equal to zero

inches, but less than 1 inch and zero elsewhere;
wherein R2=rainfall that is greater than or equal to 1 inch,
but less than 2 inches and zero elsewhere;

wherein R3=rainfall that is greater than or equal to 2 inches

and zero elsewhere; and

wherein [L.S=daily total number of lightning strikes.

11. The computer program product of claim 1, wherein at
least one of the plurality of interruption prediction values is
selected from plurality of interruption prediction values from
a probability density function of interruptions based on at
least one of common weather data for the predetermined
historical period and the number of historical interruptions
for the predetermined historical period.

12. The computer program product of claim 11, wherein
the predetermined operations further comprise:

calculating the probability of experiencing the number of

interruptions equal to the interruption prediction value
or more.

13. A computer system adapted to predict power interrup-
tions comprising:

a processor; and

a memory including software instructions that cause the

computer system to perform:

compiling common weather data comprising a plurality
of weather variables for a predetermined historical
period,

compiling the number of historical interruptions for the
predetermined historical period,

establishing a model equation for the average value of a
first weather variable,

establishing a model equation for the average value of a
second weather variable,

establishing a composite model equation by combining
the model equation for the average value of the first
variable and the model equation for the average value
of the second variable, and

establishing a plurality of interruption prediction values
for a predetermined future period by performing
regression analysis using the composite model equa-
tion,

wherein the computer predicts power interruptions.

14. The computer system of claim 13, wherein the first and
second weather variables are selected from the group consist-
ing of rain, wind, temperature, lightning, humidity, dew point,
barometric pressure, snow, and ice.
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15. The computer system of claim 14, wherein at least one
variable selected from the plurality of weather variables is
temperature.

16. The computer system of claim 15, wherein the memory
further includes software instructions that cause the computer
system to perform:

establishing an optimal temperature value;

establishing a heating degrees value; and

establishing a cooling degrees value.

17. The computer system of claim 16, wherein the optimal
temperature value is the temperature at which the lowest
number of interruptions occurred during the predetermined
period; wherein the heating degrees value is the number of
degrees below the optimal temperature value on a predeter-
mined day; and wherein the cooling degrees value is the
number of degrees below the optimal temperature value on a
predetermined day.

18. The computer system of claim 17, wherein the model
equation for the average value of temperature is expressed as:

N=Y+4 HD+4,HD?+A4,CD+4,CD?;

wherein N=daily total number of interruptions;

wherein A=is a coefficient that is not equal to zero;

wherein HD=heating degrees; and

wherein CD=cooling degrees.

19. The computer system of claim 14, wherein at least one
variable selected the plurality of weather variables is wind
speed and the model equation for the average value of wind
speed is expressed as:

N=Y3+B,S+B>5%+B;5%;

wherein N=daily total number of interruptions;

wherein B=is a coefficient that is not equal to zero; and

wherein S=two minute maximum sustained wind gust.

20. The computer system of claim 14, wherein at least one
variable selected from the plurality of weather variables is
rainfall and the model equation for the average value of rain-
fall is expressed as:

N=Y,+C,R1+C5R2+C,R3;

wherein N=daily total number of interruptions;

wherein C=is a coefficient that is not equal to zero;

wherein R1=rainfall that is greater than or equal to zero
inches, but less than 1 inch and zero elsewhere;

wherein R2=rainfall that is greater than or equal to 1 inch,
but less than 2 inches and zero elsewhere; and
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wherein R3=rainfall that is greater than or equal to 2 inches

and zero elsewhere.

21. The computer system of claim 14, wherein at least one
variable selected from the plurality of weather variables is
lightning and the model equation for the average value of
lightning is expressed as:

N=Y,+D,LS;

wherein N=daily total number of interruptions;

wherein D=is a coefficient that is not equal to zero; and

wherein [L.S=daily total number of lightning strikes.

22. The computer system of claim 13, wherein the com-
posite model equation is expressed as:

N=Yg+d HD+A,HD?+A43CD+A4,CD?+B  S+B>5>+
B3S>+C\R1+C,R2+C5R3+D | LS;

wherein N=daily total number of interruptions;

wherein A=is a coefficient that is not equal to zero;

wherein B=is a coefficient that is not equal to zero;

wherein C=is a coefficient that is not equal to zero;
wherein D=is a coeficient that is not equal to zero;
wherein HD=heating degrees;

wherein CD=cooling degrees;

wherein S=two minute maximum sustained wind gust;

wherein R1=rainfall that is greater than or equal to zero

inches, but less than 1 inch and zero elsewhere;
wherein R2=rainfall that is greater than or equal to 1 inch,
but less than 2 inches and zero elsewhere;

wherein R3=rainfall that is greater than or equal to 2 inches

and zero elsewhere; and

wherein [L.S=daily total number of lightning strikes.

23. The computer system of claim 13, wherein at least one
of the plurality of interruption prediction values is selected
from plurality of interruption prediction values from a prob-
ability density function of interruptions based on at least one
of common weather data for the predetermined historical
period and the number of historical interruptions for the pre-
determined historical period.

24. The computer system of claim 23, wherein the memory
further includes software instructions that cause the computer
system to perform:

calculating the probability of experiencing the number of

interruptions equal to the interruption prediction value
or more.
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