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ABSTRACT
A model centric approach for Monte Carlo simulation for
evaluating the economic and reliability benefits of
automated switches for storm restoration is presented. A
very detailed circuit model with over 20,000 individual
customers modeled is used in the simulation. The simulation
uses non-constant equipment failure rates based upon
actual utility measurements. As part of the Monte Carlo
storm simulation, a reconfiguration for restoration
algorithm is employed in determining the response to each
outage. The reconfiguration for restoration algorithm can
work with either manual or automated switches, or both.
System reliability with and without automated switching
devices is investigated. Cost benefits as well as reliability
benefits are considered.

1. INTRODUCTION
Storm response and restoration expenses can be
devastating. The data from 14 utilities shows that the average
cost is $48.7 million per major storm [6]. This is because the
cost of storms involves equipment repairs, logistics, and
generally very large man power efforts [1],[5],[7-8],[16-18].
When a major storm hits, utilities have to rely on their support
network of contractors and often, borrowed crews from other
utilities, if they are available. Insufficient outside resources or
inefficient crew dispatching can lead to a much larger price tag
for the utility, which turns into to a surcharge to customers, and
has a negative impact on the reputation of the utility
management.

Quantitatively evaluating the economic worth of distribution
automation and the impacts on reliability under storm
restoration has not been addressed in previous literature. In this
paper, a model-centric simulation approach that provides a
quantifiable assessment for both reliability and economic
benefits obtainable from distribution automation is presented.
Monte Carlo simulations of storm restoration coupled with
automated system reconfiguration is employed. Traditionally, in
previous work it has often been assumed that the failure rate of
equipment during adverse weather conditions is a constant [1719] for each weather stage, but this assumption does not agree
with real storm data. Therefore, the simulation we performs
here takes into account that the number of equipment failures
fluctuates as a function of the hour of the storm[2,16]. The
simulation results benefit from the detailed, multiphase
distribution network model with all individual customers
modeled, which has not been considered in previous studies.
The highlights of the study reported in this paper is as
below:
• Given an automation design plan for a distribution
system, a software simulation approach for evaluating the
economic and reliability benefits of the automation is presented
• Commonly existing utility data is used to perform the
storm simulations
• A very detailed model of the distribution network is
used in the analysis
• A unique model centric approach is used to make the
fast computation possible, which involves large amount of data
and real-world size system model

1

Copyright © 2014 by ASME

• The simulation uses non-constant equipment failure
rates, which are based upon actual utility measurements, for the
storm simulation
•
As part of a Monte Carlo storm simulation, a
reconfiguration for restoration algorithm is employed in
determining the response to each outage
2. MODEL CENTRIC APPROACH
The model centric approach considered here integrates a
detailed physical network model, multiple sets of data , and
interacting, computational algorithms into one simulation
architecture. In Fig. 1 the Integrated System Model (ISM)
Container includes all components in the distribution network,
from substations to all customers. Load modeling for each
customer is based on customer class load profiles and customer
kWHr measurements. Parameters such as weather based failure
rates can be attached to each component. The container
manages system topology by maintaining topology iterators for
all components. The topology iterators offered by the container
are employed by algorithms, such as reconfiguration for
restoration [20-23]. All calculations are based on Graph Trace
Analysis [22] and object oriented programming. GTA can be
viewed as a combination of ideas from physical network
modeling, graph theory, and generic programming. By utilizing
topology iterators, fast traversing of ISM system components to
determine reconfiguration strategies is possible. Changes in
topology, such as occur when components are failed by the
Monte Carlo or when switches are operated, do not take any
additional processing time with GTA.

Fig. 1. Monte Carlo Simulation Architecture
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In our work here historical Outage Management System data
are mined to extract the data needed for the storm related
outage simulations. The weather data was obtained from
weather stations located in this distribution system. Weather
conditions such as wind speed, temperature and others are
recorded at least every hour at both weather stations. In the
outage data, outages are associated with the weather
measurements from the closest weather station.
Storms are classified by temperature and wind speeds as
shown in Table I based on our previous study [2].
TABLE I
STORM CLASSIFICATION

Storm
Type

Description

Temperature
Range( oF )

Wind Speed
Range (mph)

H

High temperature,
no strong wind

MaxT > 80

WS <= 20

HS

High
temperature,
strong wind

MaxT > 80

WS > 20

L

Low temperature,
no strong wind

MinT < 32

WS <= 20

LS

Low temperature,
strong wind

MinT < 32

WS > 20

M

Moderate temperature,
no strong wind

MaxT <= 80
MinT >= 32

WS <= 20

MS

Moderate temperature,
strong wind

MaxT <= 80
MinT >= 32

WS > 20

MaxT: maximum temperature; MinT: minimum temperature; WS: wind speed

The study here provides a simulation that mimics what is
observed during each type of storm. For each storm hour, the
Monte Carlo simulation randomly picks components to fail,
based on measured, weather related failure statistics as a
function of the hour of the storm. The reconfiguration algorithm
then operates sectionalizing devices to restore power, where the
type of sectionalizing devices used in the reconfiguration may
be specified, such as automated or manual devices of certain
types. After isolating failures, the algorithm illustrated in Fig. 2
tracks and updates a list of devices bordering the outage area
(OA). If closing a device in the list results in over currents or
under-voltages, the algorithm re-opens the device and removes
it from the list. This process is repeated until either the outage
area is fully restored or until there are no devices which can be
closed to restore power. The final list of devices reported by the
algorithm includes the isolating devices, and the list of
boundary devices that can be closed to restore power without
violating system constraints.
Therefore, the simulation approach we presented here considers
the alleviation of the original storm failure events destructive
impact by performing reconfiguration for restoration, which is
what utilities practice during storms. The customers lost power
information is then collected after performing reconfiguration
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for restoration. Monte Carlo simulations are built on the
principle that a random sampling tends to show the same
properties as populations from which it is drawn [15,18]. In our
study we simulate 6000 storms for each type of storm.

different storm conditions. The simulation of the non-automated
design allows all sectionalizing devices except protective
devices to be operated, were manual switching operations are
simulated.
The automated design includes SCADA operable devices that
are the only switches operated in the restoration simulation. The
automated design attempts to place an automated switch for
each 250 customers. It is assumed that the automated device
operation takes 0 hours. From utility operating experience with
manual switching operations for a given outage, it takes 1 hour
for the crew to operate the first switch and 15 minutes for each
additional switch operation.
Since all individual customers are modeled, the reliability
calculations are performed in terms of customer hours of
interruption, and reliability parameters are a function of storm
type. As shown in Fig. 4, the automation design considered
reduces the number of customer hours for all types of storms.

Total Hours of Interruption

3,000,000

Fig.2. Reconfiguration for restoration algorithm

3. SIMULATION APPLICATION

Automated Switching
Manual Switching

2,500,000
2,000,000
1,500,000
1,000,000
500,000
0

A sufficiently large system is needed to test the
reconfiguration capabilities of the distribution automation. The
system used in the study is shown in Fig. 3 and includes seven
substations and fourteen feeders with ten different types of
customers.

Customer
Count =
21,991

Asset
Count =
13,730

Fig.3. 7 Substations and 14 feeders model

The simulation compares the relative effectiveness of using
automated switching devices over manual operations under

H

HS

M

MS

L

LS

Fig. 4. Comparison of interruption Hours by storm type

The economic evaluation is performed by comparing the
operating costs of the alternative designs – manual operation
versus automated operation. Table II shows the 10 year
estimated savings across storm types extrapolated to the entire
utility, which consists of 260 feeders. The number of crews and
hourly storm cost come from utility practical experience. The
number of storms are the average number of storms for each
type in 10 years period.
For example, consider the high temperature (H) storm. For
the storm restoration the manual design requires 40 crew hours
more than the automated design. During a high temperature
storm there are on average about 100 crews employed for the
storm restoration, with a restoration cost of about $70k per
hour. On average there are 13 high temperature storms over a
10 year period, and thus the non-discounted savings are about
$364k. For all 6 storm types, the automated design has a
savings of about 9 million in storm restoration over the nonautomated design. Thus, the study shows that deploying
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automated restoration procedures can bring the system back
faster with significant economic benefits.

[4]

[5]

TABLE II
10 YEAR SAVINGS ACROSS STORM TYPES
Storm
Type
H
M
HS
MS
L
LS

Manually
Switching
Crew
Hours

40
60
213
168
127
403

Number
of
Crews

100
142
171

Hourly
Storm
Cost ($k)

Number
of
Storms

Nondiscounted
Savings ($k)

13
70
12
17
100
23
7
120
10
Total Savings

364
504
2,550
2,721
624
2,828
9,592

[6]
[7]
[8]

[9]

[10]
[11]

4. CONCLUSIONS
The deployment of automated switches can benefit the utility
by decreasing storm restoration hours. In this paper a model
centric approach is proposed to provide quantifiable benefit
evaluation. A Monte Carlo simulation is used to mimic storm
equipment failure events, followed by reconfiguration for
restoration and power flow evaluations. The customer outage
status and duration are examined. Changes in reliability for the
system with and without automated switching devices are
investigated. Operating cost benefits of utilizing smart grid
automated devices are considered. A large system model was
used to determine the benefits of the reconfiguration, where
each individual customer is modeled. Reliability statistics were
determined by counting customers without power and using
statistics from utility operating experience. Improvements in
reliability and operating costs are shown to be significant for the
automated design. Finally, it should be noted that there are
other value streams for automated switches beyond storm
restoration, including blue sky operations and reconfiguration
for minimum loss.

[12]

[13]
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[15]
[16]
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[18]
[19]

[20]

[21]

[22]

ACKNOWLEDGMENTS
The authors would like to thank Electrical Distribution
Design, Inc, Orange & Rockland and Brookhaven National
Laboratory for providing data, funding, and technical
assistance.
REFERENCES
[1]

[2]

[3]

[23]

[24]

N.C Abi-Samra, W.P. Malcolm, “Extreme Weather Effects on Power
System”, Power and Energy Society General Meeting, 2011 IEEE, 24-29
July 2011, pages 1-5.
D. Zhu, D. Cheng, R. Broadwater, C.Scirbona, “Storm Modeling for
Prediction of Power Distribution System Outages”, , Elsevier Electric
Power System Research, volume 77 issue 8, June 2007, pages 973-979.
Hydro Quebec Technical report, “Environmental performance report
1998”, 1998

4

R. E.Brown, S. Gupta, R.D Christie, S.S. Venkata, R. Fletcher, “
Distribution system reliability assesment: momentary interruptions and
storms” , IEEE transaction on power delivery, Vol.12, No. 4, October
1997.
D. Lubkeman, D. E. Julian, “Large scale storm outage management”,
Power Engineering Society General Meeting, 2004. IEEE, Vol. 1, June
2004, pages 16-22.
Bradley W. Johnson, “After the Disaster: Utility Restoration Cost
Recovery”, , Edison Electric Institute Report, February 2005
Brad Johnson, “Utility Storm Restoration Response”, Edison Electric
Institute Report, January 2004
Missouri Public Service Commission Staff, “AmerenUE’s Storm Outage
Planning and Restoration Effort Following the Storms on July 19 and 21,
2006”, Case No. EO-2007-0037, November 17, 2006
Karin Alvehag, and Lennart Soder, “A Stochastic Weather Dependent
Reliability Model for Distribution Systems”, Proceedings of the 10th
International Conference on Probabilistic Methods Applied to Power
Systems, 25-29 May 2008
USA Federal Energy Regulatory Commission, “Smart Grid Policy”, July,
2009
Litos Strategic Communication, US Department of Energy, “Smart grid:
An introduction”, No. DE-AC26-04NT41817, 2009
US Department of Energy. “FERC accelerates smart grid development
with proposed policy, action plan.” Federal Energy Regulatory
Commission, Docket No. PL09-4-000, 2009
Kezunovic, Dobson, Dong, “Impact of Extreme Weather on Power
System Blackouts and Forced Outages: New Challenges”, 7th Balkan
Power Conference, 2008
R. N. Allan and R. Billinton, Reliability Evaluation of Power Systems:
Springer, 2001.
R. Billiton and W. Li, Reliability Assessment of Electrical Power Systems
Using Monte Carlo Methods: Springer, 2006
R. E. Brown, S. Gupta, R. D. Christie, S. S. Venkata, and R. Fletcher,
"Distribution system reliability assessment: momentary interruptions and
storms," Power Delivery, IEEE Transactions on, vol. 12, pp. 1569-1575,
1997.
M. H. J. Bollen, "Effects of adverse weather and aging on power system
reliability," Industry Applications, IEEE Transactions on, vol. 37, pp.
452-457, 2001.
R. Billinton, Reliability Assessment of Large Electric Power Systems:
Kluwer Academic, 1988
R. Billinton and K. E. Bollinger, "Transmission System Reliability
Evaluation Using Markov Processes," Power Apparatus and Systems,
IEEE Transactions on, vol. PAS-87, pp. 538-547, 1968.
D. Kleppinger, R. Broadwater, “Generic Reconfiguration for
Restoration,” Electric Power Systems Research Journal, Volume 80, Issue
3, March 2010, Pages 287-295.
D. Kleppinger “Prioritized Reconfiguration of Interdependent Critical
Infrastructure Systems, Ph.D. Dissertation, Virginia Polytechnic Institue
and State University, March 2009.
D. Cheng, D. Zhu, R. Broadwater, S. Lee, “A Graph Trace Based
Reliability Analysis of Electric Power Systems with Time Varying Loads
and Dependent Failures,” Electric Power Systems Research Journal,
Volume 79, Issue 9, September 2009, Pages 1321-1328.
Danling Cheng, Yishan Liang, Dan Zhu, Robert P. Broadwater, RealTime Power Electric System Modeling, Assessment and Reliability
Prediction, Power Systems Conference and Exposition, 2009. PSCE '09.
IEEE/PES, 15-18 March 2009
U.S. Department of Energy Case Study “Model-Centric” Approach to
Smarter Electric Distribution Systems”, January, 2012

Copyright © 2014 by ASME

