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Abstract

This report describes the results of the modern grid technology task
of EPRT’s three-year distribution grid resiliency (DGR) initiative.
The overall goals of this research were to 1) document the challenges
and opportunities that key modern grid technologies present with
respect to DGR, 2) gather and document utility practices intended to
manage these challenges, 3) communicate and identify opportunities
that can be exploited for the benefit of the industry, and 4) identify
and scope specific proposals for EPRI research to overcome difficult-
to-manage challenges, or further exploit high value opportunities.

The research focused on modern grid technology issues identified

during 2012 industry workshops, as follows:

* Configuration and operation of outage management systems
(OMS) and distribution automation (DA)/automated restoration
systems during severe impact storms

* Hardening of key poles with modern grid technology to mitigate
and prevent damage to these expensive assets

* Design and protection standards

* The use of advanced metering infrastructure (AMI) for outage
and restoration detection

Keywords

Advanced metering infrastructure
DGR

Distribution automation
Distribution grid resiliency

Grid hardening

Modern grid technology

Outage management system
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Executive

Summary

EPRI undertook a three-year Distribution Grid Resiliency (DGR)
research project to study six tasks of most importance to utilities to
enhance distribution resiliency. This report describes the results of

the modern grid technology DGR task.

Background and Obijectives

The research focused on modern grid technology issues identified
during 2012 industry workshops, including configuration and
operation of outage management systems (OMS) and distribution
automation (DA)/automated restoration systems during severe
impact storms, and hardening of key grid poles with modern grid
technology to mitigate and prevent damage to these expensive assets.
Additional issues include design and protection standards and the use
of advanced metering infrastructure (AMI) for outage and
restoration detection.

The overall goals of this research were to 1) document the challenges
and opportunities that key modern grid technologies present with
respect to DGR, 2) gather and document utility practices intended to
manage these challenges, 3) communicate and identify opportunities
that can be exploited for the benefit of the industry, and 4) identify
and scope specific proposals for EPRI research to overcome difficult-
to-manage challenges, or further exploit high value opportunities.

Results

Building on a literature review and industry scan performed in 2012
and a Modern Grid Technology Grid Resiliency Survey performed
in 2013, EPRI identified two major areas of opportunity or gaps
where modern grid technologies could potentially support severe
storm restoration: 1) maintaining distribution modern grid
functionalities during storms, and 2) enhancing existing functionality
to improve safety and reduce outage duration. Research commenced
to investigate these gaps in present technologies and address them
using innovative new solutions or wider scale implementation of
solutions that have been demonstrated in the industry.

< vii »



Following are key insights identified in this research:

Maintaining and enhancing distribution automation
(DA)/automated restoration through various approaches will
improve restoration of service to customers through a range of
storm severity (minor storm through major storm), but will
provide no additional benefit as storms reach catastrophic
damage levels.

Adaptive protection (in the form of fuse saving and additional
reclosing) may prevent many transient or temporary faults from
becoming sustained outages, reducing the number of restoration
jobs during all storms.

The development, cost optimization, and widespread application
of sensors (for example, pole down, line down, and overhead
faulted circuit indicators) will reduce damage assessment, fault
location, and overall restoration times during all storms.

While a number of recommendations have been developed and can
be implemented, the following additional areas offer the opportunity
for continuing research and demonstration:

Cost optimization of pole down and line down sensors

Development of an application guide for overhead faulted circuit
indicators

Development of the DA battery disconnect switch
Study of reclosing success rates in different weather conditions

Improvements in AMI to support outage and restoration
detection

< viii »
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Section 1: Introduction

This section provides an overview of the Distribution Grid Resiliency (DGR)
project, describes the motivation for the Modern Grid Technology DGR task,
describes the scope of this task, and outlines the organization of this report.

Overview of Distribution Grid Resiliency Project

When hurricanes, ice storms, and other significant weather events occur, the
electric distribution system is vulnerable to damage and outages. The impacts and
costs of these storms can be exorbitant, given the critical nature of electric power
systems and their interdependency with other critical infrastructures, such as
natural gas and oil, water supply systems, banking and finance, transportation, and
others. The frequency and severity of recent storms has focused industry attention
on the need to enhance the resiliency of the distribution system so that it will
experience less damage during these events. Distribution resiliency improvements
can include changes in design standards, construction practices, maintenance and
inspection practices, and restoration practices. The appropriate set of activities to
harden a distribution system is utility-specific. A significant challenge for utilities
is to determine the optimal set of distribution improvements that are acceptable
within their regulatory framework, address their particular system parameters and
weather characteristics, improve reliability, enhance resiliency, and enable more
rapid recovery during and after extreme events.

In response to this challenge, EPRI gathered input and feedback from utility
experts on distribution resiliency around the country, and based on this direction,
established a three-year research project on grid resiliency.

The overall goal of this research is to create actionable information that utilities
can apply to enhance the resiliency of their distribution systems to major weather
events. Resiliency can encompass the following forms:

* Damage prevention — Hardening of overhead lines to resist damage,
undergrounding, and vegetation management.

» Easier repair — Maintenance, retrofits, or new designs to facilitate damage
repair; limit pole damage and cascading failures.

* Isolation and reconfiguration — Isolation of damage to minimize the number
of customers affected.

* Recovery — Improved technologies and processes to accelerate restoration.

<1-1>»



* Community sustainability — Improved communications with customers and
the community (for example, estimated restoration times) and maintaining
electric supply to critical infrastructure, such as traffic signals, prisons,
hospitals, and cell towers.

The project is organized around the following six DGR tasks (see Figure 1-1):

DGR Task 1 — Overhead Structures: The objective of this task is to identify
options for improving the resiliency of overhead distribution infrastructure via
hardening, graceful degradation, and ease of repair. This task is described in a

separate EPRI report [1].

DGR Task 2 — Vegetation Management: The objectives of this task are to
better understand the mechanisms of vegetation-caused damage to distribution
infrastructure during storms; gather and document utility practices related to
vegetation management (VM) programs, specifically related to storm damage;
and determine if there are new options for VM programs that could result in less
system damage during major storms. This task is described in a separate EPRI

report [2].

DGR Task 3 — Undergrounding: The purpose of this task is to compile
representative cost data on the undergrounding of distribution infrastructure so
that utilities may better assess this option for improving distribution grid
resiliency in major storms, such as wind and ice storms. This task is described in

a separate EPRI report [3].

DGR Task 4 — Modern Grid Technology: The goals of this research are to
document the challenges and opportunities that key modern grid technologies
present with respect to distribution grid resiliency; gather and document utility
practices intended to manage these challenges, and identify and communicate
opportunities that can be exploited for the benefit of the industry; and identify
and scope specific proposals for EPRI research to overcome difficult-to-manage
challenges, or further exploit high value opportunities. This task is the subject of
this report.

DGR Task 5 — Storm Response Practices: This task leverages the
collaboration that exists among utilities to identify, document, and share leading
practices for major storm response. This task is described in a separate EPRI

report [4].

DGR Task 6 — Prioritization of Options: In this task, EPRI aims to provide
utility decision makers with guidance for prioritizing and selecting among the
resiliency options identified in the other five distribution grid resiliency (DGR)
project tasks. This task is described in a separate EPRI report [5].

<12>



Vegetation Undergrounding Modern Grid

Overhead ,“" = Storm
Structures w Response
I Practices

Management Technology

7
R 4 4

Fmanual Considerations

Prioritization of
Resiliency Investments

Figure 1-1
The six DGR tasks

Table 1-1 lists the titles and product identification (PID) numbers for the six
DGR reports.

Table 1-1
DGR reports and publication numbers

Distribution Grid Resiliency: Overhead Structures 3002006780
Distribution Grid Resiliency: Vegetation Management 3002006781
Distribution Grid Resiliency: Undergrounding 3002006782
Distribution Grid Resiliency: Modern Grid Technology 3002006783
Distribution Grid Resiliency: Storm Response Practices 3002006784
Distribution Grid Resiliency: Prioritization of Options 3002006668

Motivation for the Modern Grid Technology Task

After the series of severe impact storms affecting North America culminating
with Superstorm Sandy (see Figure 1-1), the electric distribution industry and
consultants, government agencies, and independent research organizations
realized that grid resiliency was an issue that required much attention and
research. Given the proximity of the timing of these severe impact storms with
the global financial crash of 2008 and the subsequent US Federal Government
stimulus investment in the smart grid, industry stakeholders asked the same
intuitive question: “What can the smart grid do to improve grid resiliency?”
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Many industry outsiders concluded that billions of dollars of investment in smart
grid technologies should provide significant benefits to all aspects of running the
electric distribution business, including distribution grid resiliency. As the
GridWise Alliance workshop correctly pointed out, “Grid modernization
technologies alone are not sufficient to increase the grid’s ability to withstand
very large-scale events” [6].

The DGR project included Task 4 on modern grid technology to study real
world, applicable solutions that can have a direct impact on grid resiliency in the
short- to mid-term future.

Scope of the Modern Grid Technology Task

The goals of this research were to:

*  Document the challenges and opportunities that key modern grid
technologies present with respect to distribution grid resiliency.

*  Gather and document utility practices intended to manage these challenges.

* Communicate and identify opportunities that can be exploited for the benefit

of the industry.
* Identify and scope specific proposals for EPRI research to overcome
difficult-to-manage challenges, or further exploit high value opportunities.
The research focused on these modern grid technology issues identified during

2012 industry workshops:

» Configuration and operation of outage management systems (OMS) and
distribution automation (DA)/automated restoration systems during severe
impact storms

* Hardening of key poles with modern grid technology to mitigate/prevent
damage to these expensive assets
The research also focused on these additional issues:

* Design standards and hardening of modern grid communications assets to
maximize their effectiveness during severe impact storms

»  Use of advanced metering infrastructure (AMI) for outage and restoration
detection
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Figure 1-2
Superstorm Sandy - Source: NOAA GOES-13 satellite image, Oct. 29, 2012,
showing Superstorm Sandy off the coast of Maryland and Virginia

EPRI has identified the following two major areas of opportunity where modern
grid technologies could potentially support severe storm restoration:

* By maintaining distribution modern grid functionalities during storms

* By enhancing existing functionality to improve safety and reduce outage
duration

In general, technology is at the forefront of coping with extreme weather, and
post-storm audits over the past decade have increasingly promoted technology-
based solutions. Looping systems and DA allow utilities to reroute power and
mitigate outages. Geographic information systems (GIS), asset management
databases, advanced OMSs, and advanced metering hasten restoration, allowing
utilities to generate accurate estimated times of restoration (ETRs), and facilitate
data gathering for further analysis. However, technology on its own is not the
solution; it must be used in conjunction with traditional hardening and response
techniques.

Extension of Existing Capabilities

One challenge is to extend existing capabilities further into the storm recovery.
Modern grid technologies provide benefits to the electric distribution utility on a
daily basis, whether it is a blue sky day, minor storm day, or severe weather day.
These technologies enable utilities to reduce sustained outages and restore service
more rapidly, dispatch crews more effectively to trouble locations, determine
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whether outages have been fully restored, and provide a variety of other useful
benefits, as detailed below. However, as a storm progresses, the damage caused
may disrupt these technologies, eliminating the benefits they provide. Examples
of this type of disruption include the following:

= DA/fault location, isolation, and system restoration (FLISR) automated
restoration capabilities may be disrupted for various reasons:

— DA switch pole damage

— DA communication disruption

— DA switch battery failure after long duration outages

—  Multiple contingency outages overwhelming DA control logic

— Too many feeders locked out to support any useful restoration operations

* Automated metering outage and restoration detection capabilities may be
disrupted for reasons including:

— Too many concurrent outage notifications overwhelming the AMI
communications network

—  Outages impacting mesh AMI communications, preventing restoration
notifications or ping checks from restored meters

*  OMS call analysis algorithms may provide incorrect analysis because of long
delays in processing hundreds of thousands of outage calls, and the
prevalence of nested outages.

Thus, one goal of this task research is to identify, test, and validate technologies
and methods to extend existing capabilities further into the storm.

Enhanced Capabilities

Along with maintaining existing capabilities of modern grid technologies, one of
the key aims of this research was to identify, prototype, evaluate, and report on
new or enhanced technologies that may offer grid resiliency benefits. These new
technologies may range from new methods for the application of existing
technologies, to brand new devices or algorithms. Examples of the enhanced
capabilities studied in this task include the following:

* Advanced DA/FLISR logic that is able to continue to restore service beyond
the first contingency or around communications or device failures to the
maximum extent possible given conditions.

* Innovative OMS settings that optimize call analysis results in the face of
excessive call volumes, delayed AMI outage notifications, or highly nested
outage situations.

* New classes of sensors to detect downed poles by measuring the change in
their position.

* New classes of sensors to detect downed conductors by measuring the change
in their position.
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= Adaptive application of fuse saving settings during storm situations to take
advantage of the reduction of sustained outages, without impacting customer
satisfaction from excessive momentary outages.

= Adaptive setting of DA recloser and substation circuit breaker reclosing to
provide additional attempts at reclosing during high wind or lightning events
that may reduce sustained outages, without impacting equipment health due
to excessive through faults or customer satisfaction from excessive
momentary outages.

* Extended usage of AMI data to track storm progress, localize zones of high
outage impact, and eliminate truck rolls related to outage jobs that have
already been restored.

Organization of this Report

Section 2 summarizes the results of an industry scan and a survey that was
conducted of the participating utilities to uncover their existing approaches to
using modern grid technologies to support resilience. Sections 3 through 15
include one of the following two types of information:

* Some sections include the results of research that was conducted to facilitate
the extension of existing high value capabilities further into a severe impact
storm event. These include Sections 3 through 6 for DA and Section 9 for
OMS.

* Some sections include the specific results of research that was conducted to
develop enhanced capabilities to improve resilience using modern grid
technology. These include Sections 7 and 8 for DA, Sections 10 and 11
for adaptive protection, Sections 12 through 14 for sensing, and Section 15
tor AMLI.

Each of these sections includes the goals of the research, specific research steps
taken, research results, recommendations that the research supports, and
cost/benefit analyses that support investment in the recommendation.

Section 16 summarizes and compares the costs and benefits of the technologies
and approaches described in Sections 3 through 15. Section 17 includes
conclusions and recommendations. Section 18 includes references and
Appendix A includes acronyms used in this report.
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Section 2: Industry Scanning Activities

This section provides summaries and key outcomes of the industry scanning
activities conducted in the modern grid technology task.

Overview

An exhaustive review of research reports, workshops results, white papers, and
demonstration case studies was inconclusive regarding the role of modern grid
technology in efforts to improve grid resiliency. In the thousands of pages of
reports reviewed, “smart grid” is mentioned frequently in the same paragraph as
“grid resiliency.” Some of these documents lack substance, recommend future
opportunities (for example, microgrids, or using stored power in plug-in hybrid
electric vehicles or community energy storage facilities), suggest additional
research, or promote concepts that are not realistically applicable. The review
surfaced few practical solutions for addressing resiliency challenges.

Summary of Modern Grid Technology Survey Results

A survey of existing utility practices related to the use of modern grid technology
to achieve greater distribution system resiliency was developed and delivered
within the first six months of the project. The purpose of this survey was to
identify the breadth of existing solutions represented by the DGR project funders,
characterize the variations of solutions to similar problems, identify gaps that
could be filled by further research, and identify innovative solutions or ideas that

could be more broadly shared. The survey was limited to discussions related to
DA/FLISR, OMS, AMI and system protection and control.

The survey was developed as a document and sent to each of the participating
utilities. Instead of simply requesting that the utilities respond in written form and
return the surveys, individual interviews were scheduled with subject matter
experts from each utility. This process allowed EPRI staff to delve more deeply
into topics of particular interest or experience with the participating utilities, while
moving quickly past topics of little interest or experience. In this way, each utility’s
unique perspectives and lessons learned were captured most efficiently.

The key results of each topic are reviewed in Sections 3 through 15 of this report,
as each specific area of research is covered.
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The project team conducted a follow-on survey to delve more deeply into the
details of utility practices with respect to advanced protection and control
tunctions directed at improving system performance during storms, particularly
with efforts to automatically restore as many temporary faults as possible without
blowing fuses or locking out reclosers or circuit breakers.

Outcomes of Industry Scan Activities

Among all of the white papers, case studies, and solid thought into the problem of
managing the distribution system in the face of severe impact storms, a few ideas
stood out:

* The answer is that there are no easy answers; there is no one solution or magic
bullet. The answer is a sequence of small improvements that will results in the
ultimate improvements.

* Solid, intelligent preparation is key to making unplannable events more
survivable.

*  Preventing all impacts from all storms is not feasible, due the very high cost
involved.

Two important issues, summarized below, surfaced that require consideration:
*  CAIDI metrics

* Turning non-reportable storms into reportable events
CAIDI Metrics

The customer average interruption duration index (CAIDI) is a reliability index
commonly used by electric power utilities. CAIDI provides the average outage
duration that any given customer would experience. CAIDI can also be viewed as
the average restoration time. CAIDI is measured in units of time, often minutes
or hours. It is usually measured over the course of a year, and according to

IEEE Standard 1366-1998, the median value for North American utilities is
approximately 1.36 hours.

CAIDI = sum of all customer interruption durations = SAIDI
total number of customer interruptions SAIFI

The CAIDI metric does not necessarily reflect the improvements that
DA/FLISR provides. This is because DA/FLISR turns some short duration
outages into momentary outages. Thus, these outages are removed from both the
numerator and the denominator of the CAIDI arithmetic. The following example
illustrates this problem:

<22>»



Without DA/FLISR the feeder experienced the following outages in a calendar

year:

* 1200 customers out for 1 hour
= 1200 customers out for 2 hours
= 1200 customers out for 1 hour

= 1200 customers out for 4 hours
CAIDI is calculated as (1200+2400+1200+4800)/4800 = 2.0

With DA/FLISR these outages become:

= 600 customers out for 1 hour; 600 experience a momentary outage
= 600 customers out for 2 hours; 600 experience a momentary outage
* 600 customers out for 1 hour; 600 experience a momentary outage

= 1200 customers out for 4 hours
Thus, this shows the improvement that DA/FLISR provides.
Turning Non-Reportable Storms into Reportable Events

Another unintended consequence of implementing DA/FLISR to improve
reliability is beginning to gain notice in the industry. Some state regulators define
thresholds in which the storm changes from reportable (meaning it is included in
reported reliability performance statistics) to non-reportable (meaning it is
excluded from reported reliability performance statistics).! Following are a few
examples of these thresholds:

*  Maryland — 10% of utility customers or declared state of emergency
*  Pennsylvania — 10% of utility customers
*  New Jersey — 10% of utility customers

*  Ohio - 2.5 beta method not counting transmission outages

! The largest events are often considered non-reportable, as the severity of conditions in these events
is considered to exceed the level of design necessary to deliver normal levels of reliability. Regulators

often recognize this by allowing utilities to exclude statistics from the largest events so as not to skew
reported reliability statistics.
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This scan of the industry has uncovered that in at least two utilities, there have
been examples in which the reliability improvements directly attributed to
DA/FLISR have caused storms to improve from above the non-reportable
threshold to below the non-reportable threshold. Without examining the
mechanics of a numerical example, it is easy to imagine a situation in which
avoidance of 20,000 customer interruptions in a major storm may lead to this
condition, ultimately making the reported SAIFI and SAIFI worse than they
might have been without DA. Obviously the answer is not to avoid deploying
DA, so the industry needs to begin to consider how to clearly communicate this
phenomenon to the state regulatory agencies and develop a common approach to
gaining credit for reducing the number and duration of outages.
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Section 3: Extension of DA — Backup
Power Supplies

Motivation for this Study

An area of significant potential improvement for maintaining functionality during
significant impact storm events is in DA switch power management. Currently, a
DA switch, controller, and communications device rely on batteries as a backup
power source during an outage, when local power from the circuit is de-energized.
Under normal conditions, these batteries need to be replaced every 3 to 4 years.
During large storms, depending on their innate functionality and how they are
configured, they may drain to the point where they cannot be recharged, requiring
utilities to replace all of their DA batteries after restoration, at significant expense
of dollars and time.

Background/Relevant Survey Information

DA switch and recloser controllers and communications devices are typically
equipped with a backup power system to allow operation and monitoring of the
device during a power outage. In fact, a power outage is “prime time” for DA
device operation, when they are required to monitor system conditions,
communicate to other DA devices or to the Distribution Control Center

DA master station, respond to remote control commands, perform switching
operations (open or close), and report their final status. Proper backup power
systems (batteries, chargers, and changeover circuits) are critical to ensure that
sufficient energy exists to power these functions, ensuring that the maximum
number of customers is restored automatically within five minutes.

Typically these backup power systems utilize valve-regulated lead acid (VLRA)
batteries as the storage device. The batteries are specified and sized to afford “at
least X hours” of backup power under typical operations (powering the controller
and communications device with an assumed level of activity). There are wide
variances within the industry about how long is sufficient, with some utilities
sizing the batteries for 12, 24, or even 48 hours of life after a loss of power, while
others are satisfied with only 1 or 2 hours. The background and rationale for these
decisions may not be consistent with the present state, as many utilities initially

deployed DA in “supervisory control and data acquisition (SCADA) mode” and
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have since evolved their deployments to “automatic mode.” Fully automatic DA
typically requires less “backup time” to complete the FLISR processes than would
be required if the utility was using “SCADA mode” and relying on a distribution

control center operator to initiate control.

Most of these controllers are designed with a battery test function that attempts to
simulate loading of the battery to determine the status of the battery, and alarm if
the battery voltage drops below a trigger level or by a trigger percentage. Some
controllers are also designed to shed load (for example, the communications
device) in an attempt to preserve the battery for critical functions (for example,
local control or protection functions). This is important, because there are several
examples in recent years when utilities have been forced to replace a significant
population of batteries after an extended outage, due to them being deeply
discharged and unable to recharge.

A survey of DA switch battery issues conducted in 2014 found that nearly all of
the respondents who have a dedicated recloser inspection program also replaced
batteries on a fixed cycle. The majority (89%) of survey participants have a
dedicated recloser battery replacement program (see Figure 3-1). The time
between change outs varied from as little as three years at one utility to seven years
at another (see Figure 3-2). Some of the key findings included that several utilities
have started tracking their batteries by creating a database that tracks the battery
from installation until it is pulled from service. This allows them to not only keep
track of when to change out batteries but also identify potential issues with the
batteries themselves.

Q
11% BYes
BNo

89%

Figure 3-1

Survey results: Does your company have a regular battery replacement cycle?
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50%

17%

Figure 3-2
Survey results: How many years between battery replacements?

The survey also addressed how different utilities sized and test their controller
batteries. Figure 3-3 shows the minimum length of time that a battery should be

sized for an outage.

< 1 hour
B | hour to 6 hours
B> 24 hours

14%

43%

43%

Figure 3-3
Survey results: What would be the minimum amount of time that you would size the

battery for2
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Purpose of this Study

The purpose of this study was to conduct investigations and research to determine
methods, practices, and technology solutions that can lead to better DA switch
backup power system performance during severe impact storms. Specific goals of
this study are to determine solutions that will:

* Prevent the occurrence of wide-scale battery failure following extended outages
* Reduce the number of DA switch failures due to backup power supply failure

* Extend battery life, allowing extension of the battery replacement cycle

Study Approach

To begin this study, the DGR team characterized how most of the commercially
available DA switch controllers operate (see Figure 3-4) [7].

SEL351-R SEL351-R Faleon Schneider Nu-Lec
ADVC2

3L
T Y
Cooper Form 6 Cooper Form § S&C 6801 Nu-Lee PTCC
S&C 5801

Figure 3-4
Controllers evaluated for backup power functions [7]
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Table 3-1 compares the various controllers’ backup power systems.

Table 3-1
Comparison of various controllers’ backup power systems [7]

Cooper Form 5 Recloser 4 years
Cooper Form 6 Recloser 4 - 6 years Yes Yes
Nu-Lec PTCC Switch 5 years No No
S&C 5801 Switch 5 years Yes No
S&C 6801 Switch 5 years Yes No
Schneider Nu- Recloser 5 years Yes Yes — Recloser
Lec ADVC2 Switch No — Switch
SEL351R Recloser 4 years Yes Yes
SEL351-R Recloser 4 years Yes Yes — Recloser
Falcon Switch No — Switch
SEL65TR Recloser 4 years Yes Yes

Once the existing controllers and backup power supplies were characterized,
gaps/opportunities were identified, and solutions were conceived to fill those
gaps/opportunities.

Key Findings

Most of the controllers perform a routine battery test to determine how the
battery responds if needed to operate a switching device or power the controls
during an ac source loss. Identified factors that contribute to low battery voltage
and thus effectively shorten the expected battery discharge time of the battery are:

* Extreme temperatures

* A defective battery

= A battery nearing the end of its useful life

*  Number of recloser trip and close operations

One interesting finding is that the battery voltage is higher at colder temperatures
and lower at warmer temperatures. This indicates:

* Need for temperature compensated charging circuitry.

= Trickle current charging may not be right answer

* Float charging of the voltage may be a better charging mechanism.
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Another interesting note is that a few of the controllers completely disconnect
from the battery after a set period of time without ac power.

Key Outcomes

Two actionable gaps/opportunities identified were:

*  Many controllers lack a circuit to disconnect and protect the battery from deep
discharge, and potential failure, during an extended outage.

* Batteries are significantly impacted by temperature, and the temperature
within the switch controllers that exceed the designed battery temperature.

Battery Disconnect Switch

During the DGR project, one of the issues with DA switch controllers was the
post-storm costs of replacing batteries after they have been exhausted and need to
be replaced during the restoration process. To prevent this from occurring, some
utilities dispatch meter crews to disconnect the batteries in the controller cabinets
to prevent permanent damage to batteries. To address this issue, EPRI has
initiated design and development of an external battery disconnect switch (see
Figure 3-5). During an outage, the switch is programmed to turn off after a
specified period of time. When the controller power returns, the disconnect switch
senses that ac power has returned and the battery is reconnected.

The intended sequence of operation when an outage occurs is:

1. The battery disconnect circuit detects than an outage occurred by measuring a
change in the direction of current flow into the battery and waits X minutes,
where X is user-programmable.

2. The battery disconnect circuit also detects when the battery has reached a
state of charge of 20%.

3. Once X minutes have passed with no restoration of ac power and the state of
charge of the battery has reached 20%, the disconnect switch opens and the
battery is completely disconnected from the control.

The battery disconnect switch is designed to reconnect the battery to the
controller under the following conditions:

*  Field crews press a manual restoration button on the battery disconnect
switch.

*  When ac power has been restored.

— The disconnect switch senses the voltage on the controller side until it
returns.

— The disconnect switch then closes, allowing the battery to begin to be
charged by the ac power.
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Figure 3-5
Conceptual diagram of battery disconnect switch

Controller Temperature Control

Temperature is the enemy of battery life and performance. While most car owners
are concerned with the impact of very cold temperatures on battery performance,
the significantly high temperatures frequently present within DA switch control
cabinets leads to significant reduction in battery life. High temperatures lead to a
reduced lifetime for all batteries, and high temperatures cannot always be avoided
such as when placed in metal controller enclosures. As a general guideline, for
each 8°C rise in temperature, the life of a sealed lead acid battery is cut in half. A
valve-regulated lead acid (VRLA) battery that was designed to last for 10 years at
25°C would only last five years if operated at 33°C for its entire life. The same
battery would last only 2.5 years if operated at a temperature of 41°C.

The capacity of the battery cannot be restored once it is damaged by heat.

Figure 3-6 shows temperature measurements near the processor on a SEL-351R
control that is in an enclosure in Greensboro, NC. For a significant portion of the
year, the battery operates in a condition that significantly degrades the lifetime of
the battery. This temperature may be higher than the temperature at the location
of the battery because it is near the control processor. A more in-depth study of
enclosure temperatures is underway which may shed some light on one of the
major factors in the cause of early battery change outs.
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Figure 3-6
Plot of the temperature in a SEL-35 1R control enclosure that is located in
Greensboro, NC, over the period of one year. This temperature was measured by

the control itself. The green line is located at 25°C, and the red line is located at
33°C.

A simple analytical model was developed to determine the effects of using a
thermoelectric cooler (TEC) to reduce the temperature of the control enclosure
interior. Figure 3-7 shows an example of a TEC known as a Peltier cooler.

Jan

Metal Conductors

Ceramic Plates 17
“~Cold Bide
7

Thermoelectric PN junctions
(bismuth and telluride)

Figure 3-7
Peltier cooler
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Figure 3-8 shows that the analytical model follows the same trend as the measured
temperature data when modeled with solar loading on the cabinet from January
2014 to January 2015. This model takes into account the location, time of year,
estimated cloud cover, and enclosure mounting including orientation. It also
assumes that the TEC is always running and only removes energy. No
temperature controls or details of the thermoelectric system were included in the
initial model. Figure 3-8 shows that the temperature of the enclosure cabinet can
be lowered using a TEC. The location for the model was Greensboro, NC, and
the enclosure is mounted on a pole with the back of the enclosure blocked from
the sun. The day of the month for which the model is computed is defined as the
“characteristic day” for that month.
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Modeled Temperature Impacts of a Thermoelectric Cooler (TEC)
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Section 4: Extension of DA — FLISR Storm
Settings

Motivation for this Study

The automated restoration aspect of DA, referred to as fault location isolation and
service restoration (FLISR), fault detection isolation and restoration (FDIR), or
fault isolation and service restoration (FISR), is a new phenomenon in the electric
distribution industry. There are a variety of approaches and schools of thought on
how these should be operated as a utility progresses from a blue sky day, through
adverse weather, minor storms, major storms, and severe impact storms. These
approaches may be based on utility specific issues (for example, a higher than
normal potential for flooding, the level of dependence of the automation solution
on communications, and so on) or more general issues (for example, concern
about lack of familiarity with the solution by foreign crews working on the system,
desire to keep automatic operations to a minimum when large numbers of
personnel are in the field, and so on).

Background/Relevant Survey Results

A key issue in the architectural design of a DA/FLISR solution is how the
solution will operate during adverse weather, minor storms, major storms and
severe impact storms. The 2013 survey conducted as part of this research obtained
input from participating utilities on how they presently operate their automation
during severe impact storms compared to normal operation (see Figure 4-1).
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FLISR Storm Settings
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Figure 4-1

Survey results: Storm modification of FLISR settings (Utilities)

The following responses were received:

One utility “disables schemes after weather has passed through and damage
assessment and restoration efforts are beginning.”

One utility reports that “Right before a major storm hits they ‘radialize’ their
extensive 4-kV grid system by opening reclosers and blocking them open.
This step is on the electric operations checklist and is intended to improve
safety by reducing the possibility of downed conductors outside of a protection
zone due to automated restoration reconfiguration.”

One utility reports that “Depending on the severity of the event, automated
reconfiguration will be disabled after the weather system has moved through
and restoration work is underway.”

One utility reports that “We don’t do anything to turn off the restoration logic.
It will continue to work as long as the normal logical conditions are met.”

One utility reports that they “turn automated restoration off once a storm
reaches major storm classification, but may also turn it off in a local area that
has experienced localized severe storm impacts.”

One utility reports that they “keep automated restoration enabled during all
storm situations.”

One utility reports that “Automated restoration is kept active during all storm
situations.”

One utility reports that they perform “no changes to the restoration logic; the
system will restore what it can until there is nothing left to do.”
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Purpose of this Study

The purposes of this study are to expose and investigate all of the utility specific
and common issues related to the decision of if and when to disable or modify DA
automated restoration logic, and provide decision support for utilities when
considering this decision for their own systems.

Specifically, the goals of this study are to:

* Document key issues and the range of decisions and the rationale behind
those decisions

*  Produce a decision support table to guide utilities in their efforts to make
these decisions.

Study Approach

Because the industry has not settled on a common approach to this issue, the
DGR project decided to study the topic and assemble all of the rationales to either
disable or maintain DA automated restoration logic, enabling each utility to
determine the appropriate decision for their situation.

Key Findings
The results of the survey were used to determine particular utilities to investigate
more thoroughly for insight as to when and why the company decided to make

specific decisions regarding automated restoration logic. The results of these
investigations are presented in Table 4-1.
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Table 4-1

Issues and rationales for disabling or maintaining DA automated restoration logic

Issue
Damage Assessment, Standby
Crews, Foreign Crews on
System

Abnormal Configurations

Multiple Contingencies

Lack of Tie/Restoring Feeders

Flooding

Rationale to Disable

Safety concern about the large number of personnel on
the system who are unfamiliar with DA automated
restoration. They may need specific training to
recognize and be aware of the automation.

Manual switching may have taken place, changing the
configuration in ways not visible to the DA automated
restoration logic, resulting in unexpected overloads or
unintentional outages.

The DA automated restoration solution may not be able
to perform restoration of multiple contingency events
common in severe impact storms.

When a severe impact storm has passed through the

service ferritory, so many feeders will be affected that
the “restoring” feeders may not have the capacity to

restore.

DA facilities are in areas prone to flooding, and the
automation (and perhaps the electric service itself)
should be disabled to reduce damage and unwanted
operations.
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Rationale to Maintain

DA automated restoration is no different than
other automatic functions (such as fuses blowing
or reclosing) that can operate to connect or
disconnect the primary.

Normal procedures to specifically disable
automatic restoration on feeders that are being
switched manually should be followed.

If the DA automated restoration solution is
incapable of performing multiple contingency
restoration, nothing further will happen
automatically anyway.

If the DA automated restoration logic is
sophisticated enough to perceive these situations
(through integration with SCADA or OMS), the
logic can be left operational, and restoration is
decided on a case-by-case basis. Otherwise, it
must be disabled to prevent overloading or
burning down restoring feeders.

If flooding is an issue, disabling may be the only
solution.



Table 4-1 (continued)

Issues and rationales for disabling or maintaining DA automated restoration logic

Preserving Batteries

Wires Down/High Impedance
(HiZ) Faults

Rationale to Disable

There have been examples of DA switches involved in
multiple day outages experiencing such significant drain
on their batteries that they cannot be recharged and
must be replaced. An answer for this is to disable the
controller (disconnect it from the battery) after some
period of time (for example, 6 hours) to preserve battery
life, and restore the controller only after AC has been
restored to one side or the other of the DA switch.

There is concern that DA automated restoration
operations may energized downed conductors or
restore conductors experiencing high impedance faults -
both of which could create safety issues for line workers
and the public. There is also concern that restoration
switching may extend feeders beyond their zone of
protection, increasing the chances of live wires down
without tripping a protective device.
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Rationale to Maintain

As opposed to switching off automation on every
DA switch during a severe impact storm, local
controller functions (or accessories — see above)
may be utilized to manage this on an individual
DA switch basis.

Downed conductors should always be considered
“live and dangerous” by the public and line
workers. This is no different than situations
created by reclosing or by DA operations during
normal days.

Many utilities use reclosers as the tie switch and
deploy settings that extend the zone of protection
as far as necessary to ensure that all faults fall
within a zone of protection and cause a
protective device to trip. This practice actually
improves the situation from the traditional use of
disconnect switches as tie points.



Key Outcomes

As planned, this study did not intend to answer the question of whether a utility
should disable its DA automated restoration during severe impact storms, and if
so, when it should actuate the switch. That decision is best left to each utility
considering its specific DA scheme, work practices, feeder design and operating
limits, and experience. The key outcome of this study is a set of issues and
rationales from multiple utilities that equip each utility with the knowledge to
consider its unique situation and make the most appropriate decisions.
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Section 5: Extension of DA — Protecting
Critical Infrastructure

Motivation for this Study

Protecting DA switch poles during a storm event is one straightforward step
towards maintaining the functionality further into severe impact storm situations.
The loss of a DA pole is far more significant than a normal pole in that the cost to
replace the switch, switch controller, communications module and the cost of
programming and commissioning the DA switch are quite significant.
Additionally, this work requires a number of craft resources over and above a
construction crew, potentially including telecommunications technicians,
SCADA technicians, and protection/control technicians, depending on the
severity of damage. A vice president of a prominent investor-owned utility was not
too far off when he suggested a DA switch installation was like installing a “Lexus
on a pole.” Along with the cost and complexity of repairs, many of the
components have long lead times (3-6 months) and utilities typically do not keep
a large stock of spares for maintenance.

Background/Relevant Survey Results
Several utilities have begun programs to change their design standards to harden
DA switch poles. A survey conducted by the EPRI DGR project in 2013 provided

the following results, showing about 50% of the utilities surveyed had some sort of

DA switch pole hardening in the works (see Figure 5-1).
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Figure 5-1

Survey results: DA switch pole hardening

For example, one utility revised its construction standards to improve the
reliability of its most critical infrastructure during storm events. The storm
hardening revisions were made to ensure that the most important facilities, such as
sectionalizing device structures, can withstand a category 3 hurricane (wind speeds
of 110 to 130 mph). These updates were not only for new construction, but are
being employed on a retrofit basis to the remainder of its system. The utility is
hardening its automatic sectionalizing unit (ASU) structures. The key components
of this storm hardening effort are as follows:

* The minimum class pole for the ASU installation and its adjacent poles shall
be H1 (see Figure 5-2).

= There shall be no major distribution equipment mounted on adjacent poles

* The utility avoids installing ASU structures in locations that are subject to
overhanging tree limbs

» The utility limits the number of main telephone company trunk lines (2-in.
diameter) to two, on the ASU structure and adjacent structure on each side to
minimize pole loading.

* In designing ASU structures, the sum of the angle between the ASU and its
adjacent poles shall not exceed 4 inches.

Conductors on the adjacent poles to the ASU structure are double dead ended.
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Figure 5-2
New class H1 pole being installed on an existing DA switch location

Similarly, another utility decided after Superstorm Sandy to increase the size of
poles by one level on DA switch poles. For example, if the construction standard
called for class 2, the company would upgrade to class 1. This change will be

implemented as poles are installed or need to be replaced.
Taking a page from utilities with heavy coastal exposure, another utility has

upgraded to concrete poles for DA switches on a case-by-case basis (see Figure 5-3).
These poles robustly resist damage from wind, storm surge, and falling trees.
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Figure 5-3
DA switch on concrete pole

Purpose of this Study

The purpose of this study was to conceive of and test potential approaches to
protecting critical DA poles and installed equipment from catastrophic damage as
a result of the typical failure modes due to a severe impact storm event. Analysis of
available (anecdotal) data indicated that the most likely failure modes were
lightning, damage from direct hits from tree limbs or storm debris, and the pole
being pulled down by a large tree falling on the lines. The failure mode of DA
poles being pulled down by large trees falling on the OH conductors was
identified with the highest potential for innovative solutions, in coordination with
the work conducted in the DGR Task 1 (aerial structures) project.

The specific goal of this study was to determine solutions that reduce the
probability of DA switch pole failure due to trees falling on adjacent lines.
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Study Approach

Building on the specific research of the DGR Task 1 project, the concepts of
“hardening by strategic weakening” of OH structures was tested on DA poles. At
EPRI’s Lenox, Massachusetts laboratory, the DGR team developed and tested a
break-away system consisting of sacrificial pole spans on either side of the
protected pole (DA switch, AMI backhaul pole, and so on). Connectors designed
to disengage wires from poles when impacted by falling trees or other large storm
debris were prototyped and installed on both ends of these sacrificial spans,
protecting the protected pole from the large stresses that might cause them to
break. Figure 5-4 shows the complete design, including a deployment of
conductor and pole down sensors, which will be further discussed in a following
section. Note that in Figure 5-4, the base station represents the critical DA
infrastructure to be protected.
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Figure 5-4
Schematic of break-away DA switch pole protection design
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EPRI engineers and technicians conducted four tests using various construction
types and connectors to demonstrate the concept that break-away connectors in
this configuration could protect the DA switch pole from significant impact due
to trees falling on the lines. During the first test, the break-away pins did not
function due to misalignment. During the next two tests, the pins did break.
Figure 5-5 shows the pins machined (in red) to reduce their strength.

Figure 5-5
Break-away pins

A control test was conducted using standard hardware that caused visible damage
near the ground line of an adjacent pole. During the two successful tests, the
sacrificial spans absorbed enough of the energy of the simulated tree falling on the
lines, to prevent the protected pole from breaking (see Figure 5-6).
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Figure 5-6
OH conductors break after impact of simulated tree on OH lines
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Key Findings

Figure 5-7 shows the test setup. Comprehensive details of testing (forces, specific
construction specs, and so on) of the break-away device is covered in the DGR
Task 1 report. Refer to that document for more details [1].

While the concept of break-away connections to protect DA poles was proven,
demonstrating the practicality of this solution as a grid resiliency strategy remains
a goal. The following issues were identified as challenges to moving forward with
this sort of remedy:

* Designing a break-away connector with sufficient strength to meet strength
requirements, while being weak enough to break before the DA switch pole
was broken remains a challenge. The line components should meet ice- and
wind-loading requirements depending on zone, while exceeding those
requirements by some margin (say 20%). The right breakaway size will
probably be based on general line loading calculations, coordinating with the
rest of the mechanical system (similar to fuses and the electrical system).

»  Testing in-service DA switches to determine if the violent shaking and
twisting forces subjected to the DA pole during the event would damage the
bushings, controller, or internal components of the DA switch was outside of
the scope of this proof-of-concept testing.

Figure 5-7
Testing of break-away connections to protect DA poles
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Key Outcomes

This research proved the concept that sacrificial spans could indeed protect critical
DA pole installations from being impacted by their poles. Additional work on this
concept will continue in future years within the base research of EPRI’s Program

180 (Distribution).
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Section 6: Extension of DA — Architectural
Considerations

Motivation for this Study

The choice of control and communications architectures impacts the ability of the
DA solution to function during severe impact storms, and also impacts the ability of
the distribution control center (DCC) to monitor and manage the automatic DA
functions from a central location. The motivation for the study performed as part of
this research is to detail these issues, expose the pros and cons of key architectural
decisions, and provide decision support into DA architectures that enhance or
degrade resilience of the DA system in the face of severe weather events.

Background/Relevant Survey Information

One of the basic decisions required for any control system is how the control logic
is architected. Specifically, this leads to the question of whether the control logic is
tully centralized, fully decentralized, or something in between. There are
advantages and disadvantages to each of these approaches, which are somewhat
different when considering severe impact storm situations than when considering
less extreme situations. This background section presents information contained
in the EPRI report on Distribution Management System Planning Guide: How fo
Run a Distribution Automation Program [8]. As a result of this DGR research, the
advantages and disadvantages have been enhanced and updated to reflect issues
specific to severe impact events.

Five distinct types of control logic have been identified that can accomplish the
primary goal of FLISR — the successful isolation of the fault and restoration of
unaffected sections:

* Stand-alone distributed intelligence
»  Peer-to-peer distributed intelligence
*  Substation-based decentralized intelligence
* Centralized rules-based intelligence

* Centralized model-based intelligence
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The results of the 2013 survey show that a higher proportion of utilities are
deploying one of the forms of centralized intelligence control architectures (the
final two listed above), but representative samples of each of the other approaches
are in full production (see Figure 6-1).

Control System Architecture

M Architecture

2 | '
0 I 1 1 1
Stand Alone Distributed Substation Centralized

Figure 6-1
Survey results: Control system architecture

Stand-alone Distributed Intelligence

Stand-alone distributed intelligence includes schemes that are able to isolate faults
and restore service without any communication between field devices. In these
schemes, each device has sufficient information with which to determine whether
it should open or close. An example is an auto-loop scheme in which two or more
teeders are tied together. In an auto-loop scheme, local logic observes the pattern
of fault current, loss of load, and loss of potential to determine whether midpoint
reclosers should open to isolate the fault and whether tie reclosers should close to
restore service. In the three-recloser loop example shown in Figure 6-2, a normal
sequence of operations for a fault upstream of recloser R1 is:

1. Breaker B1 senses the fault, goes through its normal reclosing cycle, and
locks open.

2. Recloser R1 senses loss of voltage and opens.

Recloser R2, the tie recloser, senses loss of voltage on the feeder and closes in.
Because R2 can be switching into a fault, normally it is set for one shot; if the
fault is there, it trips and stays open.
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Figure 6-2
Example of an auto-loop scheme

More reclosers can be added to divide the loop into more sections, but
coordination of all of the reclosers is more difficult. Consider the five-recloser
loop shown in Figure 6-3. Each feeder has two normally closed reclosers, and
there is a normally open tie-point recloser. If feeder 1 is faulted close to the
substation, breaker B1 locks out, recloser R1 opens, and the tie recloser closes.
This constitutes a long radial circuit with the station breaker in series with four
reclosers, which is difficult to try to coordinate. To ease the coordination, some
reclosers can lower their tripping characteristics when operating in reverse mode.

i O <
Bl R R2
Normally oper
A y ope
R3O tie recloser
0 O O
B2 RS R4

Figure 6-3

Five recloser auto-loop
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In this example, recloser R2 would drop its pickup setting. R2 sees much lower
fault currents than it usually does, and R2 should trip before recloser R3 or R4.
For a fault between B1 and R1, the five-recloser loop responds similarly to a
three-recloser loop:

1. Breaker B1 locks out.

2. R1 opens on loss of voltage.

3. Recloser R2 drops its trip setting.
4

R3 senses loss of voltage on feeder 1 and closes in.

For a fault between R1 and R2, the sequence is more complicated:

1. Recloser R1 locks out.

2. Recloser R2 drops its trip setting and goes to one shot until lockout.

3. R3 senses loss of voltage on feeder 1 and closes in (and closes in on the fault).
4

R2 trips in one shot due to its lower setting.

In a variation of this scheme, utilities use sectionalizers instead of reclosers at
positions R2 and R4. Sectionalizers are easier to coordinate with several devices in
series. Remotely controlled switches are another option for automating a
distribution circuit. The preferred communication is radio. Remotely controlled
switches are more flexible than auto-loop schemes because it is easier to apply
more tie points, coordinating protective equipment is not a concern.

Peer-to-Peer Distributed Control

With the fully distributed approach, the main automatic restoration logic resides
in controllers that are mounted locally in the field at the automated switches
themselves. The decision on whether to open or close a switch is based on local
current/voltage measurements and status indications detected at the switch
location. This local information is supplemented by information received from
nearby switches (“peer” devices) via a high-speed communication network.

Like the centralized and substation centered approaches, the fully distributed
peer-to-peer approach automatically detects the fault, locates the fault (between
two or more automated switches), opens the appropriate switches to isolate the
faulted segment of the feeder, and then restores service to as many customers as
possible via the original sources and backup sources without overloading any
facilities (see Figure 6-4).
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IntelliTeam operation diagram (Courtesy of S&C Electric)
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Decentralized (Substation-Based Approach) Control

With the decentralized substation-based approach, logic resides in a smart remote
terminal unit (RTU), substation data concentrator, programmable logic controller,
or other processor located in the substation (see Figure 6-5). The system uses logical
rules along with a basic knowledge of feeder topology to determine the appropriate
switching actions. The topology model (which requires information on how devices
are connected) is much simpler to maintain than a full power flow model (which
requires topology and electrical characteristics for the distribution assets).

Figure 6-5
Substation controller example (Courtesy of Schweitzer Engineering Laboratory)

In a substation based FLISR scheme, rules-based algorithms are scripted based on
pre-engineered evaluation of each automated feeder. Someone, typically an
operation support engineer, evaluates the feeder at peak loading conditions and
documents a preferred restoration plan for a fault located on each feeder section.
These plans are configured in the rules-based logic. When a fault occurs and a DA
switch or substation breaker locks out, the rules-based logic is triggered. The rules
include checks of substation and feeder loads, voltages, permits/tags, switch
statuses, and so on. If all of these checks are successful, the logic proceeds to
execute the pre-engineered restoration switching plan.

Centralized Control

With the centralized approach, the main logic that determines what switching
actions to take resides in the control center or other central location (see Figure 6-6).
The main application logic can be distribution management system (DMS) model-
driven or rules-based logic. With the DMS model-driven approach, feeder
reconfiguration actions are determined by applying field measurements and status
indications to the as-operated distribution system model. Following is a simplified
description of the model-driven FLISR application. A DMS topology processor is
used to determine the fault location. The topology processor starts at the feeder
extremities (points that are furthest from the source substation) and traces back
towards the substation until a DA switch is encountered. If the DA switch indicates
that it has seen a fault, then the faulted feeder section is between the DA switch and
the feeder extremity. If the DA switch has not seen a fault, then tracing continues
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until another DA switch is encountered. If the second DA switch has seen the fault,
then the faulted feeder section is located between the two DA switches, and the
application proceeds with isolating the faulted segment. If the second DA switch has
not seen a fault, then the process continues until the breaker is reached.

Figure 6-6
Example of centralized control (Courtesy of Alstom Grid)

Once the faulted feeder section is isolated, the DMS switch order management
(SOM) application is used to generated a suitable switching plan to restore service
to as many customers as possible without creating any adverse electrical conditions
(equipment overloads, low voltage violations, and so on) on the faulted feeder and
any adjacent feeder to which load may be transferred.

A rules-based algorithm is scripted based on pre-engineered evaluation of each
automated feeder. Someone, typically an operation support engineer, evaluates the
teeder at peak loading conditions and documents a preferred restoration plan for a
fault located on each feeder section. These plans are configured in the rules-based
logic. When a fault occurs and a DA switch or breaker locks out, the rules-based
logic is triggered. The rules include checks of loads, voltages, permits/tags, switch
statuses, and so on. If all of these checks are successful, the logic proceeds to
execute the pre-engineered restoration switching plan.
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Regardless of whether the logic is rules-based or model-based, a FLISR algorithm
must address each of the following issues in a structured, repeatable, and testable
manner to satisfy a utility to the extent that it will allow fully automated
restoration to occur:

= Safety

*  Opverloads

*  Manual switching

* Load shedding/underfrequency (UF) relaying tripping
*  System protection coordination

* Equipment/lines tagged out of service

* Cold load pickup

= Multiple contingency events (more than one fault)

= Tack of data/loss of communications
Purpose of this Study

The purpose of this study was to consider each of the potential architectural
approaches to DA with a focus on the unique challenges present in a severe
impact storm. The goal was to identify key strengths and weaknesses of each
approach, considering those challenges.

Study Approach

The approach for this study was to consider the strengths and weaknesses of the
DA architectural options presented in EPRI’s Distribution Management System
Planning Guide [8] and update this information considering the unique
challenges present in a severe impact storm. Key among those unique challenges
considered were:

* A high number of simultaneous outages affecting the same feeders or
substations (multiple contingencies)

= A higher than normal probability of local area communications failures
= A higher than normal probability of wide area communications failures

= A higher than normal probability of foreign crews working on the system
Key Findings
The key factors that impact whether or not a particular DA architecture is suitable

in a severe impact storm situation were analyzed with respect to each of the
identified challenges. Table 6-1 shows the results of this analysis.
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Table 6-1

How different DA architectures manage severe impact storm situations

Architecture

Stand-Alone
Distributed
Intelligence

Peer-to-Peer
Distributed
Intelligence

Substation-Based
Decentralized
Intelligence

Centralized Rules-
Based Intelligence

Multiple Contingencies

Unable to operate beyond pre-
configured first contingency
operations. If system is in an
abnormal condition, this may
result in overloads and/or re-
tripping of tie reclosers.

This type of solution is able to
continue to sectionalize, isolate
faults and restore service beyond
the first contingency without the
need for central intelligence or
DCC involvement.

This type of solution is able to
continue to sectionalize, isolate
faults and restore service beyond
the first contingency without the
need for central intelligence or
DCC involvement.

Unable to operate beyond pre-

configured rules based operations.

If system is in an abnormal
condition, the rules will likely
prevent any restoration switching
from taking place.

Loss of Local
Comm.

Local
communication is
not required for
operation of the
restoration logic.

Local
communication
between peer
devices is essential
to this approach.

Local
communication
between peer
devices is essential
to this approach.

Local
communication
between the
substation and DA
switches is essential
to this approach.
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Loss of Wide Area
Comm.

Wide area communication is
not required for automated
restoration switching, but is
required to disable
automatic operations.

Wide area communication is
not required for automated
restoration switching, but is
required to disable
automatic operations.

Wide area communication is
not required for automated
restoration switching, but is
required to disable
automatic operations.

Wide area communication is
not required for automated
restoration switching, but
communication to the
substation is required to
disable automatic
operations.

Foreign Crews on System

Foreign crews must be made
aware that DA switches may
open or close automatically
unless they are placed in
manual mode and the
appropriate clearances issued.

Foreign crews must be made
aware that DA switches may
open or close automatically
unless they are placed in
manual mode and the
appropriate clearances issued.

Foreign crews must be made
aware that DA switches may
open or close automatically
unless they are placed in
manual mode and the
appropriate clearances issued.

Foreign crews must be made
aware that DA switches may
open or close automatically
unless they are placed in
manual mode and the
appropriate clearances issued.



Table 6-1 (continued)

How different DA architectures manage severe impact storm situations

Centralized Model-
Based Intelligence

Stand-Alone
Distributed
Intelligence

Peer-to-Peer
Distributed
Intelligence

Unable to operate beyond pre-

configured rules based operations.

If system is in an abnormal
condition, the rules will likely
prevent any restoration switching
from taking place.

This type of solution is able to
continue to sectionalize, isolate
faults, and restore service beyond
the first contingency by analyzing
the “as operated” configuration
maintained at the DCC.

This type of solution is able to
continue to sectionalize, isolate
faults and restore service beyond
the first contingency without the
need for central intelligence or
DCC involvement.

Local
communication is
not required for this
approach.

Local
communication is
not required for this
approach.

Local
communication
between peer
devices is essential
to this approach.
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Wide area communication
between the DCC and the
DA switch locations is
essential for both automated

restoration However,

automatic control may be

disabled at the DCC.

Wide area communications
between the DCC and the
DA switch locations is
essential for both automated

restoration, however

automatic control may be

disabled at the DCC.

Wide area communication is
not required for automated
restoration switching, but is

required to disable

automatic operations.

Foreign crews must be made
aware that DA switches may
open or close automatically
unless they are placed in
manual mode and the
appropriate clearances issued.

Foreign crews must be made
aware that DA switches may
open or close automatically
unless they are placed in
manual mode and the
appropriate clearances issued.

Foreign crews must be made
aware that DA switches may
open or close automatically
unless they are placed in
manual mode and the
appropriate clearances issued.



Key Outcomes

Tables 6-2 to 6-6 list strengths and weaknesses of the five architectures when
considering the specific issues of a severe impact storm. Ultilities can weigh these
issues against similar but different analysis presented in EPRI’s Distribution
Management System Planning Guide [8] when considering the more general
weather situations.

Table 6-2
Stand-alone distributed control logic strengths and weaknesses

This approach does not depend on the  If communications are not provided,

availability of communications, this approach does not allow the utility
information from other DA switches, or | to disable automation on a feeder,

the availability of monitoring and substation, regional or system-wide
control from a centralized DA master basis.

at the DCC.

This approach cannot operate beyond
the first contingency.

This approach cannot adapt protection
settings to abnormal distribution or
transmission configurations.

Table 6-3
Distributed control logic strengths and weaknesses

This approach can handle multiple Communications assisted protection
contingencies that are common in schemes to enable more protective
severe impact events, restoring as devices to “coordinate” are highly
many customers as possible with the dependent on reliable communications.

remaining sources of power, until no
alternatives exist.

With this approach, there is no need  This approach requires peer-to-peer

for communications to the control communications to be fully operational
center to be functioning to perform to pass information and direct switching
restoration. activity.
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Table 6-4

Decentralized control strengths and weaknesses

With this approach, the critical
communication connection is between
the substation and field devices, which
may be simpler and more resilient than
a wide area communications network.

Table 6-5

If communications fails to the
substation, the DA solution cannot be
centrally controlled.

Without integration to a centralized
DMS/OMS server, this approach lacks
information about as-operated states
(manual or automated from another
substation).

Centralized rules-based control strengths and weaknesses

Makes switching decisions based on
the as-operated condition down to the
complexity of the simplified model
employed. If the feeder is reconfigured
for any reason, then the as-operated
model is updated and the FLISR actions
are based on this latest configuration.

Distribution system operators are fully
aware of all switching actions and the
current status of the feeder at all time.
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The system relies on wide area
communications for system operation.
In some cases, communicating over a
wide area may introduce considerable
latency that can delay service
restoration. The overall reliability of the
wide area communication system may
be lower than other alternatives,
particularly in severe impact events.

Rules-based approaches do not include
complete models enabling manual
configuration changes to be reflected in
the switch plan.

Rules-based approaches do not include
an on-line powerflow to enable ad hoc
on-line studies of candidate restoration
plans prior to execution.



Table 6-6

Centralized model-based control strengths and weaknesses

Strengths

Makes switching decisions based on
the as-operated condition, including
due consideration of any temporary
reconfiguration that has occurred (cuts,
jumpers, manual switching, efc). If the
feeder is reconfigured for any reason,
then the as-operated model is updated
and the FLISR actions are based on this
latest configuration.

Distribution system operators are fully
aware of all switching actions and the
current status of the feeder at all time.
Since all feeder reconfiguration actions
originate in the control center, no
switching will take place.

All possible switching plans are
analyzed and assessed using an on-
line power flow program rather than
simplifying assumptions.

The model-driven FLISR solution
identifies SCADA switching actions
and also identifies possible switching
actions on manual switches that
narrow the de-energized area. This
assists field crews in responding to the
incident.

The DMS solution is able to use all
available sources to pinpoint the
specific fault location within the
damaged section. Available
information sources include the OMS,
protective relay distance to fault
information from protective relay
intelligent electronic devices (IEDs),
and predictive fault location results.
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Weaknesses

The system relies on wide area
communications for system operation.
In some cases, communicating over a
wide area may introduce considerable
latency that can delay service
restoration. Furthermore, the overalll
reliability of the wide area
communication system may be lower
than other alternatives, particularly in
severe impact events.



The primary challenge is to determine which of the architectures is better when
considering performance during a major event. This is a difficult decision,
particularly given that it is unlikely a utility can make its DA decisions based solely
on these events. It is suggested that individual utilities pay close attention to
functionality that is necessary. For instance, if the utility must have a system that
can be disabled during severe impact storms, then it must deploy some sort of
central intelligence (or at least central override of a peer-to-peer approach).

<614 »



Section 7: Enhancement of DA — Multiple
Contingency Restoration

Motivation for this Study

The majority of contemporary DA/FLISR (automated restoration) solutions are
only able to restore service for the first contingency (fault). This is because most of
the automated restoration solutions are pre-engineered with automated rules or
logic that only goes this far. In adverse weather or minor storm situations, this is
sufficient as the potential for multiple events affecting the same feeder or
substation are relatively low.

When storms progress in severity, this likelihood of multiple faults affecting the
same feeder or group of feeders increases dramatically. During that progression,
there is a period during which additional logic to respond to the second or
subsequent contingency may enable additional restoration of customers, which
may be beneficial. Of course, if the storm continues to increase in severity, there is
an upper limit where no amount of enhanced restoration makes a difference
(essentially when all of the potential restoring feeders are impacted).

Background

Typical DA/FLISR algorithms are configured to isolate a fault between two
automated switches and then close an available automated tie switch to restore
service. The majority of algorithms presently deployed are configured to respond
to the first event (contingency) and will not continue to attempt further
restoration if a second fault (contingency) occurs. Following is an example of a

typical FLISR operation:

The FLISR application function automatically detects that a fault has occurred,
locates the fault (between two medium voltage switches), issues control commands
to open the switches that bound the damaged area to isolate the damaged section
of the feeder, and then closes other switches (where possible) to restore service to
healthy sections of the feeder. The current state-of-the-art allows all of these
actions to be completed without manual intervention (fully-automatic control).
These steps are detailed below in an example showing a set of interconnected
overhead feeders. Note: the numbers shown on the diagrams represent individual

phase load in amperes (common on SCADA displays).
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Fault Detection and Location

FLISR should only operate following a short circuit (fault) on the feeder itself or

in the facilities that normally supply the feeder. FLISR should not operate when a
teeder becomes de-energized due to manual switching activities or due to a system
wide emergency that triggers underfrequency or undervoltage load shedding. To
meet this requirement, one or more fault detectors are needed to trigger FLISR
operation when fault-level currents are detected. Common practice is to either use
a protective relay intelligent electronic device (IED) in the substation or a line
recloser with self-contained protection facilities to determine that a fault occurred.
In this example, Figure 7-1 shows the feeder scheme with normal status, and
Figure 7-2 shows that recloser j locks out in response to the fault.
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Figure 7-1

Feeder automation scheme — normal status
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Figure 7-2
Fault is detected and located

Fault Isolation

FLISR then issues control commands to open recloser k to completely isolate the
damaged section of the feeder based on the fault location analysis described above
(see Figure 7-3). It is common practice for FLISR to defer these control actions
until the standard automatic reclosing sequence has been completed. This ensures
that feeder reconfiguration by FLISR is only performed following a permanent
fault (should not reconfigure the feeder if fault is a self-clearing “temporary” fault).
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Figure 7-3
Fault is isolated
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Service Restoration

Once the damaged section of the feeder is isolated, FLISR attempts to restore
service to as many healthy sections of the feeder as possible via the available
sources. Available sources include the normal source of supply to the feeder, as
well as any available backup sources that are connected to the faulted feeder via
normally open, remotely controlled tie switches. Any feeder section that is
upstream of the faulted feeder section (closer to the substation) can be restored
from the original source with no further verification of available capacity.
However, to restore feeder sections that are downstream of the faulted feeder
section, the feeder must have at least one backup source with sufficient capacity to
carry the additional load being transferred. If suitable backup sources do not exist,
FLISR provides no additional benefit beyond what can be gained through regular
line reclosers without supervisory control and FLISR software. FLISR compares
the pre-fault load on each healthy feeder section and then compares that load with
the spare capacity on backup sources. If sufficient capacity exists, then the tie
switch is closed to restore service. If sufficient capacity does not exist, then the
section in question remains de-energized until field crews arrive on the scene. In
this case, tie recloser p is closed to restore the healthy portion of feeder 2 (see

Figure 7-4).
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Figure 7-4
Service is restored
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Purpose of this Study

The purpose of this study is to investigate the benefits and challenges of multiple
contingency automated restoration, when considering the unique challenges of a
severe impact event, and then provide recommendations as to the benefits and

costs of implementing this form of solution. Specific goals for this study include:

* Identifying and describing existing solutions to multiple contingency
restoration

* Identifying and describing challenges to multiple contingency restoration

Study Approach

Early in the investigation of the state of the industry, a few examples of fully
implemented solutions for multiple contingency restoration were identified. These
solutions were varied, but each solved the key issues related to this desired
functionality. Given this availability, the approach for this study was to document
specific case examples of this functionality that have been deployed by DGR-
participating utilities, and then document the key functional requirements of a
multiple contingency solution for restoration.

Key Findings

Investigation of available solutions to address multiple contingency operations
revealed two commercially available approaches: 1) centralized model-based and
2) distributed. Of the participating DGR utilities, two utilities have deployed
centralized model-based solutions that include multiple contingency restoration,

and one utility has deployed a distributed logic solution providing this capability.

During the 2014 DGR Summit, a second utility demonstrated another
commercially available solution from S&C Electric. Its IntelliTeam SG solution
extends the capability to perform automated restoration in a distributed
intelligence fashion by enabling the linkage of many existing teams into a larger
mesh of many interconnected feeders. This extends the ability to continue to
perform automated restoration beyond a first contingency event. During the
summit, the utility replayed a captured event in which a substation feeding three
35-kV feeders locked out. Within 90 seconds, multiple switches were opened to
sectionalize the de-energized feeders, and all three feeders were fully restored by
interconnected ties to three other 35-kV feeders supplied by a different substation.
Figure 7-5 is a screen shot from a video replay of this event.
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Figure 7-5
Utility replay of multiple contingency restoration
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At EPRT’s 2015 Smart Distribution and Power Quality Conference, a third utility
presented the results of its newly deployed pilot DA solution, which employs a
central model-based solution provided by Alstom Grid, with innovative
automated restoration code specified by the utility. This new automation solution
has a number of innovative features including:

= Ifthere is a loss of communications to a DA switch, automated restoration
does not fail. In this case, the algorithm simply combines feeder sections on
either side of the non-responsive switch.

* Single-phase fault isolation and restoration are enabled by this logic.

*  Volt/VAR/CVR is fully integrated into the DA automated restoration logic,
which ensures that American National Standards Institute (ANSI) B voltage
limits can be met before performing restoration switching.

The utility demonstrated an actual event in which a substation supplying four
teeders was fully restored by four other feeders supplied by three different
substations in a complex multiple contingency restoration effort (see Figure 7-6).
Included in this automated response was a domino transfer reducing the load on
one of the restoring feeders, enabling it to pick up enough load to enable full
restoration.
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Figure 7-6

Utility example of multiple contingency restoration
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Key Outcomes

Even with the distinct approaches used by the above-mentioned utilities, the
general high-level functional requirements for this functionality are consistent (see
below). These requirements are identified and described in detail for those utilities
seeking to innovate, specify, or deploy multiple contingency restoration solutions.

Requirement 1. Adaptive Logic — The algorithm must adapt to any
combination of one or more faults without reliance on a fixed set of rules or
conditions. Instead, the algorithm should analyze the as-operated situation and
automatically develop a sequence of switching steps to isolate the fault(s) and
restore the maximum number of customers.

Requirement 2. Automatic Control — The algorithm should automatically
execute the developed restoration switch plan, ensuring at each step that
commanded switching operations have succeeded in the field before proceeding to
the next step in the plan.

Requirement 3. Protection Settings — The algorithm should incorporate the
ability to switch to alternate protection settings or alternate sectionalizer settings,
as necessary, to maintain coordination after restoration switching has occurred.

Requirement 4. Loss of Communications — The algorithm should adapt to any
loss of communications or failure to operate by an individual switch, rerouting the
switch plan to continue to restore service without involving the non-responsive
switch. If there is no alternative, the solution should cease automatic operation

and log the problem.

Requirement 5. Detailed Logging and Reporting — While not waiting for
centralized intervention to proceed, the solution should create a detailed log
including the intended switch plan, every step of the restoration activity,
monitored loads and voltages, and any alarms or failures. Status changes should be
displayed on the SCADA interface for the DCC operators as soon as possible.

Requirement 6. Voltage Limits — The algorithm should maintain at least ANSI
B voltages to all restoring and restored feeders.

Requirement 7. Load Limits — The algorithm should ensure that no emergency
loading limits are exceeded on restoring or restored feeders.

Requirement 8. Protection Coordination — The algorithm should ensure that

restoration switching does not create scenarios where fault currents on the feeder
mains are too low to be visible within a zone of protection.
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Section 8: Enhancement of DA - Single-
Phase Automation

Motivation for this Study

Up until the recent past, most utilities deploying DA utilized switching devices
that operated on a ganged three-phase basis. This means that all fault isolation
and restoration switching took place as a three-phase system. This is counter to
consistent utility experience that most (some estimates put it at 70%) distribution
faults only affect a single phase. Thus, opportunities to further isolate the fault
(on a per-phase basis) and maximize the number of customers restored are missed.
In recent years, this has led to the development of the single-phase operating
automated recloser, sectionalizer, or pulse closer.

Although these individual-phase operating devices have existed for a number of
years, most utilities that deploy them do so in a “single-phase trip, three-phase
lockout” mode. This means that they allow single-phase operation only for the
automated trip, reclose, trip, or reclose sequence. Once the programmed reclose
sequence hits the lockout step, this mode forces all three phases to open and lock
out. This approach has the benefit of minimizing the impact of transient or
temporary single-phase faults (which are a significant percentage of faults), but
does not improve reliability for permanent single-phase faults. In fact, the single-
phase trip, three-phase lockout mode only improves the number of momentary
outages, and does nothing to improve the number of sustained outages over the
reliability provided by a three-phase, gang-operated switch.

To take full advantage of the investment in individual phase operating DA
switches, utilities can explore migrating the switches to single-phase trip, single-
phase lockout mode, and adapting their FLISR algorithms to take full advantage
of the sustained outage improvement afforded by single-phase fault isolation and
service restoration switching.
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Background/Relevant Survey Information

The 2013 survey of DGR participants showed a sizable portion of utilities are
deploying single-phase operating devices as part of their DA program (see
Figure 8-1).

Types of Devices Used for DA

* Some Utilities Use More Than One
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Figure 8-1
Survey results: Types of devices deployed for DA

Because the vast majority of distribution customers are supplied with single-phase
service, deployment of single-phase trip and lockout devices on the mains can
offer significant additional reliability benefits for almost the same cost of
deployment. With the advent of automated single-phase trip and lockout devices,
a number of utilities have adopted schemes that take advantage of one of two of
the key rules of thumb of reliability engineers: Approximately 70% of faults on
the overhead system are due to phase-to-ground contact. Various studies and
anecdotal evidence also indicate that approximately 80% of overhead faults are
temporary, meaning that they will restore successfully following one or more
reclose cycles.

Purpose of this Study
The purpose of this study was to explore and expose the opportunities and

challenges surrounding the deployment of single-phase operating DA/FLISR

on the distribution system.
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Study Approach

Theoretical knowledge, reliability statistics, and real-world experience were used

to demonstrate the pros and cons of this evolutionary next step in DA/FLISR.

The following theoretical idealized example of a feeder with single-phase

automation is presented for consideration. In this example, the feeders is broken

into three sections starting from the left with a substation breaker, with single-

phase operating reclosers as the mainline sectionalizing device, and normally open
three-phase reclosers at ties. The phases should be interpreted as A on top, B
in the middle, and C¢ at the bottom (see Figure 8-2).

N.O.
—HF

N.O.
-
[ ]

Figure 8-2

Example of single-phase automation - initial condition

When a fault occurs on A, the A recloser goes through its trip cycle.
Customers upstream of the recloser, as well as those on B¢ and Ce, are not

affected. If the fault is permanent (which is typically only the case 30% of the time
on OH circuits), the A@ recloser goes to lock out (see Figure 8-3).
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A® fault
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A® trips and
locks out

Figure 8-3

Example of single-phase automation — fault occurs and recloser locks out

The downstream recloser opens to sectionalize all three phases and isolate the

fault (see Figure 8-4). This decision-making logic may take place locally, using

just the information available to the recloser, or it may be directed centrally using

information available to the central control logic. In either case, the important

decision points are that the recloser experienced a sustained loss of potential on

one or more phases and that it did not experience any fault current. All three
phases are tripped to avoid the potential of having different phases fed from
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different directions on the same section. It is correct to note that customers on B
and C¢ downstream of the second recloser are subjected to a momentary
interruption by this control logic, but is also correct to note that they would have
experienced a longer outage if the first recloser had locked out all three phases.
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A® fault
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Senses loss of potential
on A® and opens to
sectionalize all 3®c.

Figure 8-4

Example of single-phase automation - fault isolated

Once the fault has been isolated between the first and second recloser, control
logic directs the closing of the 3¢ tie switch, restoring all customers downstream
of the second recloser (see Figure 8-5). At the end of this operation, only one
ninth of the feeder experiences a sustained outage. A similar event with three-
phase switching would have resulted in one third of the feeder experiencing a

sustained outage.

A® remains interrupted
88% of feeder restored
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Figure 8-5

Example of single-phase automation — restoration

As a specific example, utilizing the latest generation of individual phase
trip/lockout reclosers, one utility conceived of, and had their vendor perfect, a
centralized DA algorithm that takes full advantages of the benefits of single-phase
operation (minimizing fault impact and maximizing restoration capabilities) while
minimizing safety concerns (does not allow automation to create interleafed
situations where a three-phase line section is served from both directions — one
phase from the left, and two phases form the right) and minimizing solution
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complexity (does not perform individual phase restoration switching). As shown
in Figure 8-6, the system automatically compares alternative solutions and
performs the restoration switching that maximizes customers restored, while
meeting predefined restrictions on single-phase switching.

Ag fault

Customers
Exit 1 R1 R2 R3 R4 Device | Action Out
Relay Operation
Exit1 |OpenAe | 590
Prctv Switc Prctv Pretv Switc FISR Action
10 h 1o 1o h
10 18 R2 Open 3o 1,030
Note: Exit 1 is a 1o device, R1 is in SWITCH mode R3 Chg SetGrp | 1,030
. 3 R4 Chg Set Grp 1,030
A gustalned fault occurs on _Aﬂ in POD 2 R Close 3o 330
Exit 1 Ae opens by relay action
R1 Open 32 610
FISR starts -
R2 is opened 3o to isolate fault (440 more cust outaged) Exit 1 Close 30 460

R3 and R4 have correct setting groups asserted

R4 is closed to restore service to PODS 384 (restore 700 cust / 260 from relay and 440 from FISR)
R1 is opened 3@ to isolate fault

Exit 1 is closed 3@ (i.e. Ag) restoring service to POD1

(Last 2 steps don’t happen)

Figure 8-6
DA FISR single-phase operation example

The algorithm only directs three-phase sectionalizing and restoration, preventing
automation from creating “interleafed” situations. This means that it will not
create situations in which phases on the same feeder section are being supplied by
different feeders (as shown in the example in Figure 8-7). It may be permissible
for skilled operators to create these situations for short periods of time, given their
knowledge of the system and field conditions, to maximize restoration, but this is
deemed too complicated for the automation to manage.

Skilled Operators can inter leaf phases for short periods

When operating FISR SHALL - Perform only 3@ switching

R4 Exit 2
POD2 I POD1 .
Prctv Prctv

16 1o

Figure 8-7
Inter leaf is not allowed by FDIR logic.
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Recognizing the value of single-phase protection and FISR, the utility decided to
use single-phase reclosers as the substation feeder device, in the place of a three-
phase operating breaker or recloser (see Figure 8-8). This provides the benefit of
enabling single-phase fault isolation and restoration in the first feeder section out
of the substation. An additional benefit was that this substation device was
essentially the same recloser and controller as feeder level DA reclosers, saving on
training, SCADA mapping templates, and reducing errors. To further standardize
equipment, the same recloser/controller, with all of the inherent three-phase
current and two-x-three-phase voltage sensing capabilities, is deployed, even
where over-current protection functions are not utilized.

\ .
T =

Figure 8-8
Individualphase operation substation recloser
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Key Findings

A few utilities have developed and deployed innovative new FLISR algorithms
that take advantage of single-phase automated switching. The deployments are
quite different, but they follow some basic rules:

Operational and restoration practices involving single-phase switching must
adhere to normal operating practices.

No “mixed phases” (for example, phases flowing in different directions on the
same section)

Adhered to existing customer tariffs, allowing the utility to single phase
3¢ customers

It is permissible to allow the automation to cause intentional momentary
outages on unaffected phase(s) to serve the greater purpose of turning
sustained outages into momentary outages on affected phase(s).

A solution to the issue of not being able to coordinate multiple series reclosers
is to intentionally miscoordinate one or more of them, also known as “setting
them as a sectionalizer.”

Ground protection settings must be evaluated to ensure that temporary
intentional phase imbalance caused by singe-phase operations do not
inadvertently trip the breaker or reclosers.

Several issues/opportunities were addressed differently between utilities.
Table 8-1 presents these issues, without recommendation, but with the
alternatives defined and explained.
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Table 8-1

Alternatives for addressing issues of single-phase automated switching

Using Single-Phase Reclosers Provides benefits of single-phase automation

at the Substation Feeder
Head

Performing Single-Phase
Switch, Single-Phase
Lockout, and Single-Phase
Sectionalizing

on the first section out of the substation.

In some configurations/fault locations,
performing single-phase lockout or
sectionalizing enables the restoration of
unaffected phases on the affected section

(POD) automatically.
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Substation must be configured to enable installation of single
phase reclosers (for instance, this would not work in a
switchgear station). As an alternative, at least one utility has
deployed single-phase reclosers outside of the substation to
provide the benefits of single-phase switching on the feeder.

There is a concern that sefting up this situation automatically is
too complex for the automation, and that this level of
additional restoration should be directed only by human
operators.



Key Outcomes

A number of significant learnings were developed as a result of this study:

The experience of several utilities shows that single-phase FLISR works, is
predictable, meets protection and control restrictions, and does not cause
customer complaints.

Single-phase FLISR improves both momentary and sustained outages
statistics (frequency and duration). In the ideal example examined in this
section, it enabled restoration of 88% of customers after a single-phase-to-
ground fault on the three-phase mains versus 67% restored with 3&J
switching. This estimate is consistent with actual field experience of utilities

that have deployed singe-phase FLISR.

Field and control center operational concerns can be addressed through
adherence to existing work practices, and adherence to existing permit and
tagging procedures.

Single-phase switching devices can be deployed for essentially the same cost as
three-phase, gang-operated switching devices. The only incremental difference
is the prices difference of the switch, and the need for individual-phase voltage
sensors.
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Section 9: Extension of Outage
Management System — Storm
Settings

Motivation for this Study

One of the key tools necessary for a successful storm response is a modern Outage
Management System (OMS). The OMS performs many functions including
maintaining the as-operated feeder model, predicting which protective devices
have operated based on customer outage calls, managing crew assignments,
tracking individual outage jobs through their entire life cycle, and managing the
overall storm operations. OMSs have been designed with blue sky days, adverse
weather, minor storms, and even major storms in mind, but the unique
catastrophic characteristics of a severe impact storm may not have been
considered. In the wake of the events that led to establishment of the DGR
Project, many utilities have expanded their storm response drills to much higher
levels of calls, system damage, and outages to fully test their OMS’ ability to
perform under newly perceived maximum threat levels. This is necessary and
highly recommended.

One area that has not been fully explored is the many configurations and settings
that manage the call processing and protective device prediction algorithms. These
configurations are often established based on typical blue sky or minor storm
levels, but there is evidence that they should be rethought based on the volumes of
calls present in major or severe impact storms, and other evidence that the
availability of AMI-generated outage notifications may also necessitate a fresh
look at these settings.

Background/Relevant Survey Results

The OMS performs many essential functions needed to assist distribution system
dispatchers when customers are experiencing service interruptions. One of the key
OMS functions is outage protective device prediction. The OMS applies
individual customer outage telephone calls (or, more recently, /ast gasp messages
from AMI meters) to its distribution system model to determine which
calls/messages appear to be related to the same outage event. After the
calls/messages have been grouped, the OMS uses the model to search upstream
(closer to the substation) to determine which fault interrupting device operated for
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this event. This information is used to direct field crews to the approximate
location of the root cause of the outage event. The OMS often includes facilities
for dispatching first responders and field crews to the outage location for fault
investigation, damage assessment, and repairs.

OMS Model

The OMS normally includes a detailed, as-built electrical and connectivity model
of the electric distribution system. The electrical model should include the entire
distribution primary circuit, including main line portions of the circuit, feeder
laterals, and underground loops that are tapped off the main trunk of the feeder.
The distribution system model should accommodate three-phase portions of the
teeder as well as single-phase and two-phase line segments and laterals. However,
many utilities lack phasing information, and as a result, outage prediction must be
accomplished without phasing information.

Outage Prediction

The typical settings of an outage prediction engine include the following:

= Minutes after first call to perform initial outage prediction (for example, wait
for receipt of enough before predicting an outage)

*  Minutes after first call to close the outage prediction (for example, cease
allowing any additional calls to be combined, but instead create a separate
outage event)

*  Number of individual calls to bump up to a transformer prediction (for
example, how many customer premises below a transformer cause the analysis
to predict a failed transformer instead of multiple individual customer outages)

*  Number of calls behind different transformers to bump up to a protective
device prediction (for example, how many transformers below a protective
device with outage calls cause the analysis to predict a protective device
operation instead of multiple individual transformer outages)

The outage prediction works best on the radial network. Normally mesh (aka
secondary mesh) is not modeled in the OMS, or if it is modeled, outage
prediction is not supported by many vendors. The leading vendors support outage
prediction in a mesh network, but usually predicted location is an upstream

common node. In absence of AMI and/or SCADA/DA devices, the OMS is not

capable of predicting outage-clearing devices in a mesh network.

Given the much higher probability of multiple outage events on the system during
severe impact events compared to normal storms, these basic outage prediction
settings may not be optimal for severe impact storms. Other factors must also be
taken into account when considering these settings, including communications
congestion due to the call volumes experienced during severe impact storms, as
well as overloads of the analysis engine and OMS servers during these events.
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Outage Engine

In most OMSs, trouble analysis rules control the trouble analysis engine (also
referred as the prediction engine or outage engine). These rules determine how
outages and events are handled and how calls are grouped. The analysis engine
receives all device operations (either user initiated for manual devices or SCADA
provided) that are factored into outage analysis. It also interfaces with external
systems such as an AMI to request and receive outage analysis data.

Often multiple rules are grouped into rule sets. The rule sets are defined based on
weather condition (for example, blue sky, minor storm, major storm).

The purpose of the set is to provide analysis rules specific to the situation. For
instance, during normal operation, it may take three calls to predict a fuse, but
during severe impact storm mode, it may take five calls to predict a fuse out,
accounting for the higher probability of multiple fault events.

Trouble Calls
Clues

Clues are a subset of calls that add value to the system by providing additional
information to set the outage priority or outage prediction. Usually an application
that takes OMS trouble calls or the utility’s customer relationship management
system prompts customers to provide additional information about the outage
being reported.

The outage prediction is driven by clues provided by the caller. The OMS often

determines the priority/severity of an outage based on these clues:
= All power out
» Partial outage
*  Area outage
* Blinking
* Dim lights
»=  AMI last gasp
* Hazard condition
—  Wire down (pole to pole, pole to house, and so on)
— Pole broken
—  Pole fire
—  Sparking
— Explosion/loud noise
— Leaking oil
—  Sagging wire
— Manhole open/manhole fire
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Trouble Calls-Priority

Priority calls are calls that have a priority value set by the system (for example,
critical customers, hazard calls). The priority value of a trouble call determines
how the call is grouped. A call with multiple trouble codes has the highest

priority.
AMI Last Gasp

The AMI last gasp or outage notification is treated by most OMS vendor’s outage
engine as any regular trouble call. The AMI last gasp is still not being treated
differently than customer-initiated trouble calls because:

* Even though AMI last gasp has become reliable, there still could be false

positives

= OMS has been around before AMI became mainstream, and OMS vendors
have not enhanced the OMS prediction engine to treat AMI last gasp
difterently. However most OMS vendors identify the trouble call source as
AMI so the user (or system) can ping the meter upon restoration.

OMS identifies AMI as a source of the trouble call, which enables the OMS
to display various symbols in the map viewer to identify trouble calls reported

by AMI.

During a storm situation or feeder lock-out, the AMI can send a number of last
gasps. Often the OMS is not integrated with the AMI head-end system directly
but via a meter data management (MDM) system. The MDM provides grouping
or filtering capability, or OMS vendors use holding tables to store the last gasp
before grouping them.

Outage Prediction Rules

The OMS outage engine or prediction engine analyzes the as-operated condition
of the distribution network to infer (predict) the probable cause device for
reported outages. In most OMSs, the outage engine predicts only those devices
that are specified as an outage clearing device. The prediction rules are driven by
configuring various threshold parameters.

The outage prediction parameters are driven normally by a configuration table in
the OMS database. Most vendors permit at least two levels of outage prediction
parameters — blue sky day, and storm mode. There are also various permutations
of prediction rules that allow the vendor to configure the system for different
weather conditions, such as winter storm, thunderstorm, major storm, and so on.
In essence, it changes one or more outage prediction parameters. During the
storm situation, the threshold parameters have higher values.

Each of the parameters listed and described below can potentially be adjusted and
customized for different storm situations, including severe impact storms.
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Number of Calls before Re-prediction

The amount of time before trouble calls are assigned probable status is also
defined by the system configuration. Eventually the number of customers
reporting an outage exceeds a threshold number or percentage, and the prediction
engine predicts that the common transformer is most likely malfunctioning. An
incident is created on the transformer, and the individual incidents previously
created for the service points are rolled into one. Any customer call records
associated with the previous service point incidents are also rolled into the new
incident. When the outage engine makes a prediction, it checks whether or not
call count threshold parameters for the zone are exceeded, and determines whether
the count of troubled downstream devices exceeds specified parameters.

Most OMSs allow the system administrator to specify this number based on
feeder network type and area of responsibility (AoR).

Percent Customers

If a prescribed minimum percentage of customers report a problem for a specific
branch, then a protective device on that branch is predicted to have operated by
inference. This condition is more useful when AMI is reporting last gasp, because
there is more predictability about the outage notifications being received than
customers calling.

Deadband

If a trouble call is submitted within a certain number of minutes of the restoration
time of an event in the same affected area, it is normally grouped with the restored
events.

Number of Service Outages before Reprediction

This parameter specifies the number of service outages that must be present on a
branch before upstream grouping may occur. Under normal circumstances,
multiple customer calls are required to infer a service transformer outage.
However, for utilities serving rural areas where service transformers often have
only one customer, a single customer outage can trigger the service transformer
outage as well.

Number of Device Outages before Reprediction

This parameter is the number of predicted device outages before an outage is
regrouped (repredicted) on an upstream branch to the next protective device.
Parameters used for below level/zone or above level/zone inferencing logic are
different depending on what part of the distribution network is being analyzed.
For example, lowest level network devices (fuses at a lateral) and service
transformers downstream of the fuse may have different count parameters than
prediction rules for devices above the lateral fuse.
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Count Devices

If the count of troubled downstream devices exceed a defined parameter, then the
device is identified as a probable outage device.

Transformer Count

If the count of troubled transformers exceeds a set parameter value, then the
protective device upstream of all transformers is predicted.

Group by Phase

If a protective device is a probable fault clearing device and phase operable, then
trouble call grouping is applied by phase (for example, the system does not predict
that all three phases are out, but rather determines the likely de-energized phase
based on trouble calls).

Group Outage Max Age

Trouble calls that come into the system that could be grouped to an already
predicted outage may not group automatically if the difference between the call
time and the predicated outage start is more than x.

Event Distance for Device Outages

This rule specifies the event distance to use when grouping individual device
outages. If two or more devices have predicted outages, then the system looks for a
common upstream device that may have operated. The OMS may automatically
predict that the next upstream device is an outage device. The OMS may allow the
user to set a number without event distance, so the OMS always predicts the next
upstream "outageable" device for all the candidate devices. Here, event distance is
n. The combined count of "outageable" devices on all the paths from the candidate
devices to the shared common upstream device must be less than or equal to n,
excluding the shared common upstream device itself and the candidate devices.

Street Intersection Grouping

Most leading OMSs can also group non-customers (or also referred to as fuzzy)
calls. Often, a customer is listed in a utility’s customer information system but the
OMS cannot find a record of that customer in the OMS database. (For various
reasons, there could be a mismatch between customers in the CIS and OMS). In
such a scenario, customer service representatives prompt customers to provide the
nearest street intersection.
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Similarly, a passerby, police officer, or fire department personnel may call to report
an outage or hazard condition and provide the street intersection. The OMS can
either associate the outage reported on a street intersection to the nearest device or
to an on-going outage. If customers in a particular area are not found in the OMS
database, then the OMS can also allow the user to interactively group all trouble
calls into a single outage and dispatch the crew.

Trouble Analysis Rules-Mesh Networking Grouping

Because mesh networks do not have any flow direction, radial upstream and
downstream prediction rules do not apply. The mesh network prediction may
utilize the following criteria:

* Distance — Merge outages on two mesh nodes if there are a specified number
of branches between them.

*  Calls Before Upgrade — This defines the number of calls required on a mesh

device before a service outage is upgraded to a device outage.
Proximity

One of the key concepts for grouping is event distance, or the measure of how far
apart outages can occur before grouping them into a single outage. The combined
count of protective devices between the candidate device and the common
upstream device must be less than or equal to the event distance for grouping to
occur. The candidate device is the originating device that is experiencing an
outage. There can be more than one candidate device.

For example, Event Distance = Path A + Path B

= Path A = the number of protective devices between the first outage device and
the common upstream device.

* Path B = the number of protective devices between the second outage device
and the common upstream device.

Nested Outages

The OMS also keeps track of nested outages. Some of the vendors use
terminology called frozen outage, in which a single service outage is frozen after x
number of minutes. Even if another outage is reported upstream, the frozen
outage is not merged with the upstream outage. This enables users to keep track
of downstream outages and dispatch crew to the location after the upstream
outage is restored.

Storm Mode Outage Prediction
OMS:s also provide call processing for environments with large call volume.
During a storm situation, functionality changes the way calls are handled.

Normally, when a call is received, the OMS immediately processes the call by
adding it to an existing incident or creating a new single premise incident.
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During a storm situation, the prediction engine also looks for an upstream
incident. If it does not find one, the call is held for a configurable amount of time.
When the prediction engine processes a call, it determines whether the call can be
added to an existing incident or if it must create a new incident. At this time, the
prediction engine considers all calls (processed and unprocessed). For example,
assume that several customers on the same transformer call to report no power.
When the prediction engine processes the first call, it considers all other
unprocessed calls and adds those calls associated with the same outage into the
incident. This means that several calls are processed and added to a single incident
rather than creating incidents on multiple service points before rolling them up to
the transformer.

The 2013 survey asked whether utilities deploy different settings/configurations
during storms. The results of that survey are shown in Figure 9-1.
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Figure 9-1

Survey results for OMS storm settings

Some notable comments to this question included:

*  One utility reported that “As part of coastal storm plan, we put the OMS into
storm mode (relax ETRS and modify call analysis parameters).”

* Another utility reported that it “experimented with changing OMS settings
and concluded it was best to leave them the same as normal conditions.”

* Another utility reported that it employs, “storm mode settings which slow
down the prediction engine.”
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This survey also inquired whether utilities have experienced a severe impact storm
with its OMS, and if so what was learned/changed as a result of the experience.
The results are presented in Figure 9-2.
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Survey results for OMS has experienced a severe storm

Some notable comments to this question include:

*  One utility reported that “Customer call percentages are much higher because
customers are now able to use other technologies (internet and smart phones)
to report outages.”

= Another utility reported that based on storm experience, the company
“modified the program that transfers outage calls between the Customer
Information System and OMS and the throughput was much improved
during Superstorm Sandy.”

*  One utility reported that its “OMS client front end is web based. During one
storm we found that the web server was slowing down. During this big storm
they enabled the test server to provide additional capacity. This has become a
standard practice to maximize throughput during storms.”

=  Another utility reported that “Recent severe events indicate the need for OMS
systems to be able to handle much larger events than originally projected.
Increased server size and call processing capabilities will be necessary.” They
also report that, “We failover the OMS system periodically to exercise the
failover functionality. This is performed once or twice a year, and not just a
test on the “test server” but a real operation of the production system.”
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Purpose of this Study

The purpose of this study was to explain and expose the opportunity to modify
OMS settings from normal operations to alternate settings, and determine if they
add any value from a storm analysis perspective. Benefits might include faster
analysis and prediction of trouble, more accurate prediction of trouble, and better
handling of nested outages.

Study Approach

This study analyzed the impacts of typical severe impact storm conditions on the
variables typically configured into an OMS. These conditions include:

* Higher than normal number of nested outages.

* Longer than normal duration outages with complex restoration.

* Longer than normal duration situations with temporary repairs and partial
restoration.

* Foreign crews present on the system.
* Longer time lag between restoration and as-operated model updates in OMS.
* Higher likelihood of model errors as the storm progresses into multiple days.

* Potential for additional storms to erupt in the days following the initial storm.
Key Findings

While some utilities modify OMS analysis settings during storms, the practice of
doing this, and the settings that are employed, are very inconsistent. The data
demonstrating whether or not this is worth the effort and additional complexity
does not exist, although there is anecdotal evidence of improved accuracy. An
example of typical normal and storm mode settings is shown in Table 9-2,
although there is some evidence/speculation that a third level of settings may be
applicable for a severe impact storm.
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Table 9-1
OMS analysis settings in normal mode and storm mode

Ovutage Prediction Rules — Normal and Storm Mode Examples

Tuning Parameter Normal Storm Mode Description
Analysis Cycle . 5 H<_3w often the outage engine runs to analyze outages in
minutes.
Customer Calls 9 5 The number of customer calls (or AMI last gasps) before service

outages are grouped and system predicts service transformer.

Trouble calls submitted within x minutes of the restoration time
Deadband 300 600 of an event in the same affected area that are automatically
grouped into the restored event.

Group By Phase Fuse Fuse Only fuses have phase-sensitive grouping applied to them.

Fuzzy calls that are in a specific geographic area are grouped

F -cust | 1 : :
Group Fuzzy (non-customer calls) . together into a single event.

Trouble calls are no longer automatically grouped into the
probable outage if the difference between the call time and the
probable outage start time is greater than x number of
seconds. The trouble call generates a new prediction.

Outage Maximum Age 10000 30000

Number of Calls before

reprediction 2 °
Number of predicted outages 9 4 The number of predicted service or outages before regrouping
before regrouping takes place.

In the course of normal grouping activity (as dictated by the
Move Up Isolated Outage 1 configuration of the four rules above), promotes a device
outages that occur on laterals with only one device.

When a predicted device outage is manually re-predicted to
2 5 downstream, and if the number of calls is less than x, then calls
are treated as service outages.

Downgrade Device Outage to
Service Outage

Whether manual grouping of outages on different feeders is

Manual Grouping No Yes allowed
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Table 9-1 (continued)
OMS analysis settings in normal mode and storm mode

Tuning Parameter Normal Storm Mode Description
The count of downstream devices threshold. If the count
Count Device 2 4 exceeds this parameter, the device is eligible for an inferred
outage.
Lowest device in the network is inferred when the downstream
Count Transformers 2 5

service transformer exceeds this parameter.

The number of minutes the engine waits before freezing

S A 2 2 2L (locking a predicted customer outage).

The number of minutes the engine waits before freezing

Device Freeze Time > 20 (locking a predicted device outage).
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The impact of AMI last gasp outage alarms on OMS analysis is an opportunity
ripe for an innovative solution. Because OMS analysis fully predates AMI last
gasp outage and restoration notification, the entire OMS analysis process must be
re-engineered to take full advantage of these capabilities. Also, because AMI was
deployed with significant focus on the meter-reading application, there remain
sizeable improvement opportunities for both the outage and restoration
notification processes.

Key Outcomes

This study identified the opportunity to set the OMS in one or more stages of
alternate configurations/settings to account for the unique situations when
progressing from blue sky to minor storm, major storm, and severe impact storm.
The storm settings proposed in Table 9-1 attempt to address the list of conditions
typically present in a severe impact storm, including:

* Higher than normal number of nested outages.
* Longer than normal duration outages with complex restoration.

* Longer than normal duration situations with temporary repairs and partial
restoration.

* Foreign crews present on the system.

* Longer time lag between restoration and as-operated model updates in the

OMS.
* Higher likelihood of model errors as the storm progresses into multiple days.

* Potential for additional storms to erupt in the days following the initial storm.

To continue to study the impacts of these alternate OMS settings, EPRI’s
distribution program will propose additional base program research to collect
actual OMS outage analysis performance using various combinations of OMS
analysis parameters, both with and without the availability of AMI last gasp
information. The goal of this research will be to identify which, if any, analysis
parameter settings leads to more accurate OMS outage predictions.

<913 >»






e

Section 10: Enhancement of Adaptive
Protection Shots of Reclosing

Motivation for this Study

Sometimes the simple fixes make a big impact on reliability, particularly when
considering the differences between blue sky days and storm days. One major issue
that impacts reliability is the phenomenon of temporary faults, which can be
successfully restored with one or more reclosing cycles. Determining the proper
number of reclosing cycles is a balancing act between multiple important issues:
reliability, safety and equipment life. The protection engineer must balance the
desire of the reliability engineer to reclose multiple times to maximize the
potential for a successful restoration, with the concerns of the asset management
engineer to minimize repeated through faults to breakers and conductors caused
by reclosing, with the concerns of everyone about minimizing the amount of time
that a dangerous fault is present on the system. Most utilities choose to reclose an
OH feeder between two and four times.

Recognizing that lightning and wind are the root causes of many temporary faults,
some utilities have studied the success rates of reclosing in different weather
conditions and found that reclosing is more successful in windy conditions. This
has led to several different adaptive relaying approaches that should be studied to
determine if there are opportunities for the industry as a whole to perform better
from a reliability perspective while addressing critical safety and asset management
issues.

Background and Relevant Survey Information

Faults on the electric distribution system are divided into three categories based on
their cause and their ability to clear. These types are defined below:

* Transient Faults — Lightning, lines slapping, and wind-induced tree contact
are the most common causes for transient faults. The overvoltage from the
lightning may cause a flashover of insulators, while wind may cause incidental
tree contact or lines to slap into each other. The arc from these faults may not
extinguish until the line is tripped, allowing for de-ionization of the fault
path, after which it can be successfully reclosed if no permanent damage has
resulted. As a rule of thumb, 80% of all overhead faults are transient and
reclose successfully on the first shot.
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* Temporary Faults — Wildlife and fallen or broken tree limbs are common
causes of temporary faults, which persist longer than transient faults. These
faults can often be burned clear by one or more additional reclosing shots. As
a rule of thumb, 10-15% of all overhead faults are temporary and reclose
successfully on the second or third shot.

*  Permanent Faults — Downed conductors, trees fallen into the lines, or cable
failures are causes of permanent faults. Additional reclosing does not clear the
fault and only results in additional stress on distribution equipment due to
repeated through-faults. If, after a few attempts, this trip-reclose sequence
fails to clear the fault, the fault is determined to be permanent, and the
breaker or recloser is allowed to trip and lockout, causing a sustained
interruption that must be cleared by a line crew.

Reclosing is commonly set to occur two to four times before the device (breaker or
recloser) locks out. Figure 10-1 shows a breaker set for three recloses. Once the
fault occurs, the device trips on its instantaneous setting and recloses. If the fault
persists, the recloser trips again on its instantaneous settings and recloses a second
time. If the fault continues to persist, the recloser trips again on a delayed setting
and recloses a third time. If the fault still persists, the recloser trips on a delayed
settings and then locks out.

CURRENT
Y
FAST OPERATIONS DELAYED ODPERATIONS
{C?IQCTG{RE CLOSED) [EUDIIACTS ARE.CLOSED)
/ " /

FAULT INITIATED RECLOSING INTERVALS
(CONTACTS ARE OPEN)

RECLOSER LOCKS
OPEN (LOCKOUT)

Figure 10-1

Diagram of trip-reclose sequence
As part of the industry scan on this topic, two studies of distribution system

reclosing success rates were discovered. Their results are consistent and
summarized in Figures 10-2 and 10-3.
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Successful Reclosing Rates for a Typical
Distribution Utility

M 1st Shot

m 2nd Shot

m 3rd Shot
Locked Out

Figure 10-2
Source: ABB Auto-Reclosing Pamphlet RK 85-201 E, 1979

Reclose Success Rate for Successive Multiple
Reclosures, ref IEEE std. C37.104-2002

M 1st Shot
m 2nd Shot
m 3rd Shot

Locked Out

Figure 10-3
Source: IEEE Guide for Automatic Reclosing of Line Circuit Breaker for AC
Distribution, July 2012

As part of the DGR Task 4 project, EPRI conducted a survey of reclosing
practices among participating utilities, to determine the typical reclosing settings.
Ten responses were received, indicating the variety of reclosing shot settings
utilized and whether the utilities implement any adaptive reclosing settings for
storm situations. The results are presented in Figure 10-4.
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Figure 10-4
Survey results: Shots of reclosing to lockout

During the industry scan, it was discovered that a few utilities adaptively modify
their reclosing practices based on weather conditions. Specifically, at least one
utility adaptively changes from two shots of reclosing during blue sky days to three
shots of reclosing when it switches the OMS into storm mode. The purpose of
this adaptive protection scheme is to take advantage of perceived increases in
success of the third reclosing shot during windy conditions, while lessening the
impact of less successful third reclosing shots during blue sky conditions. Based on
this discovery, the participating DGR Task 4 utilities were asked if they have
performed any similar studies on their reclosing success rates (see Figure 10-5).
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Yes

0% 10% 20% 0%

Answer Choices
Yes
No

Total

40% 50% 60%

Responses
70.00%

30.00%

Have you ever performed any studies to
quantify the success rate of reclosing by
shot?

Answered: 10  Skipped: 0

70% 80% 90% 100%

10

Figure 10-5
Survey results for success rate study

One utility performed an analysis of one year’s worth of detailed information
regarding reclosing success rates and reported that, “for data from 3/1/2014 -
2/28/2015 for 10,167 events (where an event means that a reclosing sequence was
initiated), 69.5% of faults cleared on the first reclose, 20.9% of faults cleared on
the second reclose, 1.7% of faults cleared on the third reclose, and 7.9% of the
faults did not clear due to breaker lock out. The above data is consistent with an

analysis that was performed in late 1990s, mid 2000s and 2010.” The data is

summarized in Figure 10-6.

<105 >




B 1st Shot
B 2nd Shot
M 3rd Shot

Locked Qut

Figure 10-6
Reclosing success at one utility

One utility reported that reclosing success “Varies widely...but reclosing is less
successful where short reclosing intervals are used.”

Another utility reported that “We have [conducted studies], and if reclosing is
successful it is roughly even at 50% success rate between the 1st and 2nd shots.”

A third utility reported that they have “not [performed] a rigorous study, but
informally the anecdotal evidence suggests minimal success in preventing recloser
lock-outs with more than one reclose attempt.”

A fourth utility reported that “Reclosing saves between approximately 40% and
60% of outages. The difference in range depends on weather for days being studied.”

Another utility reported that “80% faults clear on first reclose, while 20% go to
lock out.”

Purpose of this Study

The purpose of this study is to expose and investigate the issue of adaptive
protection related to reclosing shots, and provide a clear description of
opportunities and challenges related to this potential improvement.

Study Approach

The approach for this study was to uncover utility data that enabled correlation
between weather conditions and reclosing success rates. Utilities with reclosing
success rate data were polled to determine if that data could be broken up by
weather conditions to further study the impact of wind speed (sustained and top
gust), and lightning conditions on the success of the second, third or fourth
reclosing shot.
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If this data pointed to limited success of the third reclose, a recommendation to
only perform two recloses (one fast and one slow) may be offered. If the data
pointed to success of the third reclose on a significant number of faults, a
recommendation to stay with three recloses may be offered. If the data pointed to
limited success of the third reclose on blue sky days, but significant success on
weather days (with the definition of a weather day to be determined), then a
recommendation to deploy adaptive protection may be offered.

Key Findings

While there is significant anecdotal evidence that adaptive reclosing may improve
performance during storm conditions (wind and lightning), this research
determined that there is not sufficient published or available data to prove the
concept conclusively.

Key Outcomes

What is needed is more data to prove this concept. EPRI’s Distribution Program
plans to work with member utilities within the base research program (P180F) to
begin the process of collecting data and determining the success rate for reclosing
on each shot during blue sky and storm conditions. If the data correlates the

hypothesis, a strategy to reclose just as much as necessary on blue sky days, while

adding more shots during storms (as led to by the data), would be developed and
published.
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Section 11: Enhancement of Adaptive
Protection Fuse Saving

Motivation for this Study

Having just discussed the benefits of reclosing on the successful restoration of
transient and temporary faults, one must consider that most faults occur beyond
tap or lateral fuses that cannot perform the reclosing function. They are designed
to simply melt in the presence of fault current beyond a very short time duration,
without the ability to reclose and restore temporary or transient faults. Clever
protection engineers of the past conceived of the ability to intentionally
“miscoordinate” an upstream circuit breaker or recloser with downstream fuses on
the first shot of reclosing, enabling the upstream circuit breaker or recloser to
attempt to clear the approximately 80% of faults that successfully reclose on the
first shot. Since this action “saves the fuse,” it became known as “fuse saving” and
the alternative became known as “fuse sacrifice.”

This study was an initiative to address the wide variances between utility
application of fuse saving versus fuse sacrifice, and the potential of deploying fuse
saving adaptively with modern IED relays and recloser controllers.

Background/Relevant Survey Results

Typical protection coordination is designed and configured so that the protective
device immediately upstream of the fault operates before any protective device
turther upstream. This is achieved by coordination of the time current curves
(T'CC) as shown in Figure 11-1. This process is designed to ensure that the
minimum number of customers are disconnected by the action of a protective
device.
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Figure 11-1

Typical TCC coordination of fuse, recloser and circuit breaker achieving full
coordination

As described, fuse saving refers to the practice of setting substation breakers,
substation reclosers, or line reclosers with a low-set instantaneous trip setting that
intentionally operates before downstream fuses in an attempt to clear temporary
faults (see Figure 11-2). In this case, there is no coordination of the instantaneous
overcurrent element with the downstream fuses. The breaker is tripped before the
tuse protecting the faulted section begins to melt. If this first reclosing attempt
fails, the low-set instantaneous element is disabled and a high-set instantaneous
element, as well as a time-overcurrent element that both coordinate with the
downstream protective devices, are used. The advantage of fuse saving is that in
case of a transient fault, the fuse does not melt (that is, the fuse does not require a
replacement and results in a momentary interruption of the load during the dead
interval of the reclosing sequence). This can be important, especially in cases in
which the fuse is at a remote location, and under difficult weather conditions,
when it will take a long time for the crew to get to the location and replace the
tuse. A fuse saving scheme prevents longer outages due to a blown fuse caused by
a temporary fault, but may cause more temporary outages to more customers
because everyone on the feeder is disconnected instead of just allowing
interruption of the customers downstream of the fuse.
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Coordination showing fuse saving

Fuse sacrifice (sometimes also referred to as “fuse clearing” or “fuse blowing”) is
the opposite approach in which the circuit breaker or recloser is set to fully
coordinate with downstream fuses, and faults beyond fuses are always cleared by
the fuse blowing. No attempt is made to clear transient faults with the upstream
recloser/breaker. The advantage of fuse sacrifice is that only those specific
customers downstream of the fuse are affected, and most of the customers on the
teeder never see their power interrupted. The disadvantage is that the fuse needs
to be replaced for all faults, even temporary ones, and the customers fed through
this fuse are without power until the linemen can drive out to replace the fuse. If
the fault is temporary, all customers, including those downstream of the fuse,
might have been restored after a brief interruption when the recloser opened, if a
tuse saving scheme had been used instead of a fuse blowing scheme.

Figure 11-3 provides an additional example comparing fuse saving with fuse
sacrifice on a system coordinating a breaker with downstream distribution fuses.
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As part of Task 4 of the DGR project, EPRI conducted a survey to better
understand the spread of deployments of fuse saving by participating utilities.

The results are presented in Figure 11-4.
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Q2

Do you employ FUSE SAVING or FUSE
SACRIFICE on your distribution feeders?

Answered: 10 Skipped: 0

Yes

No-

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Answer Choices Responses

Yes 80.00% 8

No 20.00% 2

Total 10
Figure 11-4

Survey results: Fuse saving (Yes) versus fuse sacrifice (No)

During the initial investigation of this topic, it was discovered that several utilities
adaptively deploy fuse saving during adverse weather or storm situations (see
Figure 11-5). The prevailing logic is that because there are more transient faults
(lightning and wind induced) during storms, the success rates of fuse saving will
be much higher. Additionally, customers are likely to be more forgiving of
momentary outages during storms. As a result, adaptively using fuse saving during
storms and fuse sacrifice during blue sky conditions provides a best of both worlds
situation.
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Do you adaptively switch from FUSE
SAVING to FUSE SACRIFICE based on
operating conditions (temperature, weather
conditions, etc.)?

Answered: 10 SKipped: 0
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Answer Choices Responses

Yes 30.00% 3

No 70.00% 7

Total 10
Figure 11-5

Survey results: Adaptive protection (Yes)
The following detailed responses accompanied the survey:

One utility reported that “Fuse sacrifice is standard....Weather stations
(automatic) or SCADA (dispatcher directed) is used to enable fuse saving during
specific operating conditions.” More specifically, the company has developed what
it calls “adaptive fuse saving” using local weather conditions monitored by weather
stations installed at the distribution substation to drive automation that regulates
whether fuse saving settings are in force.

Another utility reported that “We are currently in the midst of reprogramming
our reclosers to better coordinate with the fuses offering some level of fuse
sacrifice. This is not intended to change during blue sky vs stormy days.”

A third utility reported that “Yes all DA devices have fast trip enabled based on
the following criteria:

*  Wind speed: Summer: greater than 20 mph sustained, 35 mph gusts

*  Winter: greater than 25 mph sustained, greater than 35 mph gusts

* Lightning projection: 5000 strokes when gust are expected to exceed 35 mph
or a storm with predicted high lightning volume.”
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Another utility reported that “During predicted weather events we activate
‘lightning mode’ on many of our reclosers which activates a quick trip mode which
is faster than the first downstream fuse.” More specifically, this function is enabled
when weather related events are expected. To project the reliability impact, the
company determines the customers impacted if lightning mode (quick trip) for the
recloser was not in place. For instance, the company calculates the average
numbers of customers beyond all fuses above 30K due to the fact that these
smaller fuses would typically beat the fast trip of the recloser. The average number
of customers was 60 customers, and the company assumes the event duration of

60 minutes. These assumptions yield 3600 customer minutes saved for each
successful recloser operation in lightning mode.

Another utility provided an example of fuse saving with an electronic recloser and
65K and 100K fuses (see Figure 11-6). The company reported that “the smallest

line fuse we use is a 40K. The next smaller size down we stock is a 20K and it
doesn’t coordinate well with transformer fusing.”
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Figure 11-6

Example of fuse saving coordination
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Purpose of this Study

The purpose of this study is to expose and investigate the issue of adaptive
protection related to fuse saving versus fuse sacrifice, and provide a clear
description of opportunities and challenges related to this potential improvement.

Study Approach

The approach for this study was to explore the challenges and opportunities
related to the application of fuse saving on the distribution system, in particular as
they apply to the conditions of a severe impact storm. Once these issues have been
tully explored, the study explored demonstrated and potential methods for
applying fuse saving in an adaptive fashion based on weather conditions. Adaptive
protection solutions that have been deployed were discussed, and a general
recommendation related to their application was provided.

Key Findings

A detailed study of the challenges and opportunities presented by the application
of fuse saving has resulted in a number of findings that are presented below.

Coordination Limits of Fault Current

If the available fault current at the substation is too high, coordination with the
downstream fuse may not be possible, thus fuse saving should not be applied. The
tuse melting point and feeder breaker clearing must be compared for the expected
fault current level at the fuse location to determine if a fuse saving scheme can be
implemented. If the fuse melting time is less than the sum of the protection and
breaker operating times for the calculated short circuit value at the fuse location,
the fuse saving scheme should not be applied. As demonstrated in the circuit
diagram and associated TCC curve in Figure 11-7, the fuse melts before low-set
instantaneous overcurrent can operate for a current of 9000 amperes at the fuse
location. In this example, fuse saving should not be applied, because it results in the
tuse blowing, or perhaps worse, the circuit breaker and the fuse both operating.
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Example where fuse saving cannot be applied

If a fuse with a different TCC curve is applied to this system, the application of
fuse saving becomes possible (see Figure 11-8). This demonstrates that the
application of fuse saving is not a one size fits all solution, and that some amount
of specific analysis is required for each utility to best understand when and where
it should be applied. These challenges have led some utilities to abandon the
practice of fuse saving and instead migrate to a fuse sacrifice philosophy.

Single-Phase Fuse Operation versus Three-Phase Breaker
Tripping

Recalling the rule of thumb that 70% of faults on the OH system involve only one
phase and ground, and understanding that circuit breakers and many reclosers trip
on a ganged three-phase basis, it should be well understood that the difference
between the number of customers supplied by the fuse and the number of
customers supplied by the circuit breaker are not only different because of the
amount of the feeder they protect, but the customers affected by the blowing of a
single-phase fuse are only approximately one-third of that number if the fault only
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affects a single phase. Re-examining Figure 11-7, assuming that 1000 customers
are supplied by the circuit breaker and 150 of them are supplied by the fuse F1, a
single-phase fault at F1 may only impact 50 customers. Thus, by implementing
fuse saving, a momentary outage to 1000 customers is accepted to avoid a
sustained outage for 50 customers.

Customer Satisfaction/Reliability Statistic Impacts of Fuse
Saving

It is well known that fuse saving results in sustained outage reduction for some
customers, while increasing momentary outages to a larger set of customers. Thus,
SAIFT and SAIDI are improved, while momentary average interruption frequency
index (MAIFI) degrades. When the fuse sacrifice is employed, the tradeoff is
reversed — reduced momentary activity comes at the expense of more frequent
sustained outages. Utilities should carefully consider their customer base, and the
inherent sensitivity of their customers to momentary outages in comparison to the
benefits of sustained outage reduction when determining when and if to deploy
fuse saving.

Issues Particular to Severe Impact Storms

Unlike normal adverse weather or storm events, during a severe impact storm,
customer concerns shift from the annoyance of momentary outages to the strong
desire to avoid a sustained event. An outage that might normally take two hours to
restore might take multiple days given the huge numbers of events affecting the
utility. The utility and their customers share a keen interest in automatically
clearing and restoring as many transient or temporary faults as possible, reducing
the overall volume and duration of restoration efforts. Even if fuse saving is never
employed during normal operations, for these reasons utilities may want to explore
deploying it on an adaptive basis for severe weather events.

Innovative Approaches to Fuse Saving

The industry scan revealed several innovative approaches to fuse saving that are
described in the sections below.

Adaptive Fuse Saving

Several utilities have deployed fuse saving only during adverse weather or storm
situations in an attempt to have the best of both worlds when balancing the
reduction of sustained events versus increases in momentary events. Part of that
logic includes the expectation that during blue sky days, crews are available to
rapidly respond to small sustained outages, minimizing the duration of those
events. These adaptive strategies have been deployed centrally by some utilities,
while other utilities have deployed their strategy in a distributed fashion. Two
examples are presented to compare this alternative.
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One utility implemented SCADA control of fuse saving so that when its OMS
switches into storm mode, a command is issued from the SCADA to enable fuse
saving (where possible). In this manner, the company operates in a fuse sacrifice
mode during blue sky conditions and fuse saving when in official storm mode.

Another utility has developed and deployed a distributed approach to adaptive
protection. Essentially when a combination of wind and lightning measurements
from substation-deployed weather stations exceed X mph and X strikes, fuse
saving is implemented for that station only. Fuse saving remains in force for

60 minutes after these levels are reached. If the wind worsens and exceeds X mph,
tuse saving is turned off with the assumption that winds above that level will result
in fewer temporary (more permanent) faults.

Intelligent Fuse Saving

S&C Electric proposed a new fuse-saving philosophy that it called “intelligent
tuse-saving” [9]. This approach was developed with the goals of extending the
range of coordination, eliminating unnecessary momentary outages, and
minimizing interference with downline devices. A custom time-current
characteristic (TCC) curve was developed to optimize coordination with
downstream fuses. This customized TCC curve allowed fuse saving to be applied
in troublesome high fault current situations. Their solution involved three
innovations:

* Develop optimized fuse-saving TCC curve. A unique fuse-saving TCC
curve is developed specifically for each of the downline fuse sizes and types
that are commonly used on distribution systems, such as Type T, K, QR,
KSR, coordinating speed, and others. This custom TCC curve is placed just
below the fuse’s minimum-melting curve, with appropriate allowances for
such items as the control response and mechanical interrupting time with
tolerances, fuse pre-loading, ambient temperature, and fault current
asymmetry.

* Partial range fuse-saving curve. Ideally, a “fast” fuse-saving trip should only
occur when the fault can actually be cleared before the downline fuse begins to
melt. If the fuse cannot be saved, fast tripping should be skipped and timing
should occur using a delayed curve that allows the fuse to operate before the
recloser trips. This technique garners all the benefits of successful fuse-saving
without the nuisance trips resulting from miscoordination at higher fault
currents.

» Single-phase tripping for fuse-saving. The concept of a separate fuse-saving
operating sequence can be taken one step farther by implementing single-
phase tripping for the fuse-saving trips. Even in locations where single-phase
tripping is not acceptable for any extended duration, it may be allowable to
have just the first trip occur on the faulted phase in an attempt to clear a
temporary fault in fuse-saving situations. If the fault current is higher than the
maximum fuse-saving possibility, the first trip would occur on the delayed
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curve, and this could be specified to be a three-phase trip. The advantage of a
single-phase trip is a further reduction of the MAIFI index by approximately

two-thirds because customers served by the non-faulted phase will not

experience a momentary outage.

Key Outcomes

An analysis of the available information related to fuse saving versus fuse blowing
can be easily summarized in a list of advantages and disadvantages, which are

presented in Table 11-1.

Table 11-1

Advantages and disadvantages of fuse saving

Advantages of Fuse Saving

In case of a temporary fault, the
breaker or recloser trips, protecting the
fuse so that it does not require
replacement. This results in a
momentary interruption of the load
during the dead interval of the
reclosing sequence.

This is important in cases where the
fuse is at a remote location and under
difficult meteorological conditions,
when it will take a long time for the
crew to get to the location and replace
the fuse.
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Disadvantages of Fuse Saving

All the customers supplied from the
feeder are affected by the interruption
during the reclosing cycle. The power
quality events in this case are a voltage
sag caused by the short circuit,
followed by a short interruption during
the reclosing dead time.

The decision to apply fuse saving
should be made based on the
sensitivity of the load connected to the
feeder to voltage sags or voltage
interruptions.



e

Section 12: Enhancement of Sensing —
Line/Pole Down

Motivation for this Study

One of the significant advancements in the era of modern grid technology is the
proliferation of sensors on the distribution system. Sensors are embedded in DA
devices to measure voltage and current to drive automated restoration algorithms.
They are co-installed with capacitor banks and voltage regulators to drive optimal
voltage and VAR control strategies. In recent years, with the proliferation of
distribution level communications networks (for example, AMI mesh networks),
sensors have been installed more deeply into the distribution system for various
applications. Sensors for the electric distribution system have primarily focused on
measuring current and voltage, and calculated parameters based on these measured
quantities.

Analogous to the substation and transmission environment, a set of additional
measurements may yield value in the areas of asset management, damage
assessment, and safety. Inspiration for this new breed of electric distribution
sensors is partially derived from the extensive EPRI research in recent years on
sensors in the transmission and substation programs. Measurements such as
temperature, vibration, partial discharge and others, coupled with existing precise
and accurate measurements of voltage and current, can yield solutions that provide
an entirely new set of benefits.

The DGR project has performed research into the application of other forms of
sensing aimed at supporting improvements in distribution resiliency. This research
generated significant interest in determining the state of key pole assets and OH
conductor installations, based on criteria such as distance from the service center,
type of OH construction, and installation location of the pole. One specific area of
concern is the deployment of spacer cable, which is a type of OH construction
involving covered, but not insulated, conductors. This type of construction is more
immune to incidental tree contact, preventing some faults and outages. The risk is
that if the conductor falls to the ground, its cover may partially insulate the flow of
fault current and result in live conductors on the ground, which is a potential public
and utility worker safety issue. Participating utilities are seeking ways to detect
whether this type of construction has fallen or if the pole has been knocked down.
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Background

In the area of enhancing functionality, the project team has explored using pole
down/wire down sensors (also called position sensors), originally developed for
transmission applications, on critical wires and poles (see Figure 12-1). The
sensors detect when their angle has been changed. Often during storms, poles
break due to trees falling onto spans supported by the pole. A need was identified
for the reliable detection of broken poles in order to quickly enable damaged pole
location to speed up damage assessment and restoration times. Deployed
strategically on poles and lines, these sensors can report whether a pole is leaning
or the pole is down. One key opportunity for deployment of wire down sensors is
on spacer cable (Hendrix wire) where covered conductor is deployed to prevent
incidental tree contact from causing an outage. A potential adverse side effect of
this design is an increase in the potential of high impedance faults, due to the
conductor cover increasing the fault impedance. Ideally this condition could be
quickly detected by a wire down sensor.

This background section presents information contained in the EPRI report
Innovative Distribution Sensors [10].

Figure 12-1
Prototype conductor sensor on distribution automation installation

Purpose of this Study

The purpose of this study is to test and prove the concept that a position sensor
installed on a conductor or a pole can be used to remotely determine whether a
pole has been knocked over (or is leaning) and whether a conductor has fallen (to
the ground or otherwise). Existing sensors developed by EPRI’s Transmission/
Substation group have been used for this proof of concept. As this has proven
valuable, work has proceeded to develop a cost and functionality optimized
solution for distribution applications.
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Study Approach

A survey that was performed during 2013 indicated significant interest in
determining the state of key pole assets and overhead conductor installations,
based on criteria such as distance from the service center, type of overhead
construction, and installation location of the pole. One specific area of concern is
the deployment of spacer cable, which is a type of overhead construction involving
covered, but not insulated, conductors. The benefit of this type of construction is
that it is more immune to incidental tree contact, preventing some number of
faults and outages. The risk is that if the conductor falls to the ground, its cover
may insulate the flow of fault current and result in live conductors being on the
ground, which is a significant public and utility worker safety issue. Utilities are
exploring ways to detect if this type of construction has fallen and are also
interested in determining when wires and poles are down. Outdoor testing of
EPRI developed accelerometer sensors was conducted as part of this project to test
each of these applications. The testing was performed at the EPRI Lenox
laboratory using the full-scale distribution test yard.

Sensor

EPRI Transmission and Substation programs have developed a sensor suite of
wireless radio frequency (RF) sensors. These existing sensors were utilized in this
proof-of-concept testing. The sensing transducer is a three-axis on-chip MEMS
accelerometer. The output response (Xou, You, and Zow) is determined by the
accelerometer’s package orientation to gravity (g) as shown in Figure12-2. The
sensors were powered for the proof-of-concept testing using high density lithium
polymer batteries that have a greater than 10-year life expectancy. The sensor
communicates to a base station located nearby using a low power radio frequency
wireless communication in the 2.4 GHz open band with a range greater than
1-km line of site.
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Figure 12-2
lllustration of the sensing transducer’s output response (Source: Analog Devices)
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Spacer Cable Construction Testing

During storms or other adverse weather conditions, conductors sometimes fall. In
most cases, this causes a protective device to trip, de-energizing the line. In some
cases, particularly with construction involving covered conductors such as those
used with spacer cable, a high impedance path to ground is formed.

Insufficient fault current is generated to trip a protective device. This situation is a
significant safety concern to both the public and to utility line workers. The goal
of this testing is to determine the feasibility of using a spacer cable sensor that
would provide an indication of a downed spacer cable and determine if the line is
still energized (eventually).

The EPRI accelerometer sensor was used to monitor spacer cable testing at the
Lenox laboratory. The line was not energized during this testing. A simulated tree
was dropped on the line during the testing. The accelerometer sensor was attached
to the spacer as shown in Figure 12-3. The goal of this testing was to demonstrate
that the onboard accelerometer can be used to detect movement of the spacer
cable and to detect a downed or low hanging set of cables.

Figure 12-3
Spacer cable testing at Lenox laboratory. Note the sensor is attached to spacer
during this full-scale test.
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The position of the spacer cable system before and after the test is shown in
Figure 12-4. Figure 12-5 shows the results of the testing performed using the
accelerometer sensor. This was immediately detected by the sensor that was
attached to the spacer mid-span and can be seen by the changes in the acceleration
in all three axes.

Figure 12-4
Position of spacer cable before and after test
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Figure 12-5

The X-Axis, Y-Axis, and Z-Axis average acceleration for the spacer cable fest.
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Standard Construction Testing

During testing of the breakaway connectors that was performed as part of this
project, the EPRI accelerometer sensors were used for the detection of a downed
or leaning pole (see Figure 12-6) and for the detection of downed wire. The use of
this type of sensor would be valuable to aid in damage assessment by quickly
determining how many broken or leaning poles are on a system and also the
location of any downed wires.

Figure 12-6
Example of a prototype sensor installed on a pole

The position of the accelerometer sensor that was placed on a conductor before
and after a test is shown in Figure 12-7.
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Figure 12-7
Position of the conductor sensor before and after the test

The conductor sensor was immediately able to detect that the conductor had fell,
and this can be seen by the changes in the gravitational pull on the sensor in all
three axes as shown in Figure 12-8.
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Figure 12-8
The X-Axis, Y-Axis, and Z-Axis average acceleration for the conductor accelerometer sensor 10299
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For this test, the data collected was transmitted from the base station in Lenox
through a cellular modem to servers located at EPRI Charlotte. The testing can
be viewed in a graphical web interface in real time. Figure 12-9 shows a screenshot
of the web interface before and after the testing occurred. For the particular
orientation of each sensor, a change in the y-axis acceleration signaled that the
wire had dropped down. The threshold was set for the y-axis to alarm, and this
alarming can be seen in the web interface when that particular box changes from
green before the test to red after the test.

<1210 »



-_— T — // N G = e
10403 102848
10403_¥ Accel 004 ]G 10299_X Accol [0 [ bl
10403_Y Accel [5 10293_Y Accel G 10328
1 Acc 011 10347 X Aceel 043 |G 1 el 10326 _X Accel 045 |G
(1040 _Battery Voltage| 354 |V 10347 ¥ Actel 5] (10253 Dattery VoRage| 266 [V 10326 Accel (=
10403 Board Temp | 1857 |'C 10347_2 Accel 093G 10253 Board Temp | 17.18]'C 10326_Z Accel 020 |6
10402_RSS1 9% 00| _dBm)| /M_Msi 363 |V 10293_RES _9E.00| B 110326_Rattery Voltage| 3 53 |V
O3 e s [N | Q| [10247 Boxrd Temp 1501 ['C 1032 Bowd Temp_[16 171'C
20146-13 08.20 10347_RSSI §9.00]-dBm 2014.6-16 08.20 10326_RSSI 99,00 -dBm
10347 Mrwyed Cyckes i, 10326 Messed = A,
2014-6-18 08:20 2014-8-18 08:20
-
-z ——
[ ] - — .
—_— =2l pe—a [ | b B Al e = — rra ~za it [ }2 bt
~ g - LiL, e F= o= =
| Bl —— 4 10299 T~k | BB —
h Ed 1000 K Acal Toi |6 AT B
T 10347 10299_Y Accel & T 10326
10347 _X Accel 040 |G 10299 Z Accel | 095 [G | 10326_X Accel .45 |G
i 10299 _Battery Vollage| 366 |V c
10403 Board Temp | 3181]°C 10347_Z Actel 094 |G 10290 _Boad Temp | 3191 [°C 10326_Z Accel 083 |G
10400_RSS -6 00| -dCm| 10347_Battory Voltage] 384 |V 10268 _RS5 -1€0. 00| -<0mn| 10326 _Bataery Volage| 184 |V
10403 Missad t,‘,Eles-NM. _@ 10347 _Board Temp | 2783 |°C 1074 Missed C A 10326 _Boerd Temp | 2788 |'C
2014-6-17 1125 10347_RSS -100.00{ -dBm) 14617 11.25 10326_RS3I -101.00].dBm
10347_Mrssed Cycles [ 10326_Missed Cycles HiA
2014-6-17 1125 2014617 1125
-
-
- L_=2s
Figure 12-9

Web Interface for viewing of data in real time. The screenshot on top shows before the testing occurred and the screenshot below shows
directly after the test.
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Key Outcomes
Early identification of poles/wires down could improve the damage assessment
process and enhance safety. EPRI will continue to work towards developing a

cost-optimized sensor within the base Distribution Program.

A proposed conceptual design of this sensor is shown in Figure 12-10.

Figure 12-10
Proposed conceptual design of pole/line down sensor

The EPRI base program research will continue along several paths:

» Additional testing at the outdoor laboratory at Lenox, Massachusetts. The
sensors will be installed on a full-scale system specifically to examine the
downed and low hanging conductor application.

» Technology demonstrators at several utilities are planned for the pole and
conductor downed concept.

*  Specific sensor requirements will be developed to match the sensor’s physical
design, installation features, communications capabilities, and cost structure
with the desired applications.

The application of accelerometers as an electric distribution utility sensor opens

the possibility of deploying other types of measurement devices and points the way
towards additional future research along these paths.
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Section 13: Enhancement of Sensing —
Overhead Faulted Circuit
Indicators

Motivation for this Study

Locating specific fault locations on overhead (OH) systems is not always as simple
as one might think, particularly during severe impact storms. Consider the
difficulty involved in patrolling a circuit through wooded areas, in the dark and
rain, with roads blocked, trees down, and flooding situations looking for broken
cross-arms, fallen conductors or broken poles. The difficulties are complicated by
a lack of information about where to even begin. The OMS analysis results simply
indicate which protective devices are believed to have operated, which may be a
recloser or fuse protecting a half mile of obscured OH feeder.

Due to the obvious difficulty inherent with locating faults on underground (UG)
systems, there is widespread deployment of faulted circuit indicators (FCls) to
assist with narrowing down the search to the individual URD cable. The same
widespread deployment has not occurred on OH lines, as the need for OH FCls
was not as great, development lagged, and costs were higher. In recent years, these
factors have improved, and new developments have resulted in FCIs that can
communicate remotely over D-SCADA or AMI networks. Utilities have begun
piloting deployments of OH FCls for a number of specific applications, and it

makes sense to study them with an eye on severe impact storms.
Background

Faulted circuit indicators (FCI) are small current sensors that provide local and/or
remote indication that the circuit has experienced a current level that should be
interpreted as evidence of a downstream fault. Faulted circuit indicators have been
used for many years, particularly on underground systems, to aid in the location of
faulted MV sections of feeders, enabling line crews, and later automation systems,
to isolate the fault and restore unaffected customers as fast as possible. Figure 13-1
illustrates sample underground FClIs. In underground applications, a utility usually
places a fault indicator at cable terminations along each primary cable. The
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indicators upstream of the fault have a fault indication, and the indicators
downstream of the fault remain in the normal position. As a result, the utility can
easily identify the faulted section of cable without undergoing a time-consuming
re-fuse and sectionalize process.

2000910200
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Figure 13-1
Typical Underground Faulted Circuit Indicators [11]

A classic example of the use of underground FCls is shown in Figure 13-2. Here
an underground residential distribution (URD) loop is fed from two sources,
which could be underground switchgear or separate fused supplies from overhead
circuits. These sources supply a series of pad-mounted transformers with FCIs
installed as indicated in Figure 13-2. Following a phase-ground fault on one

of the cables, indicated by the lightning symbol, one of the fuses blows due to
over current.

At the same time, the FCIs between the source and the fault have operated, as
indicated by their red color. A field crew, or control center operator, seeing this
situation, can correctly infer that the faulted cable lies between the last operated
FCI and the first non-operated FCI, and can proceed to isolate the cable, test to
ensure it has faulted, and then close the normal open point on the URD loop,
restoring all customers to service. Once the cable has been isolated and customers
restored, field crews begin work to further test the cable to determine the precise
location of the fault, and make physical repairs to the cable so that the system can
be restored to its normal operating configuration.
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Figure 13-2
Example of underground FCl operation

When a fault occurs on an overhead system, the visually easy-to-see displays

on overhead fault indicators help line crew identify the faulted section of line.
Figure 13-3 illustrates overhead FCIs. Overhead applications include un-fused
taps, long feeders with midline reclosers or sectionalizers, overhead-to-
underground transitions, substation exit riser poles, river or road crossings, rear
lot-line or alley distribution feeders, and feeders that experience recurring faults.

Figure 13-3
Examples of North American overhead FCls (SEL, Fischer Pierce, Eaton) [11,12,13]
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Overhead fault indicators have been used sparingly, but in recent years, with the
advent of remotely communicating FCls, their deployment has increased
significantly. One of the beneficial locations for FCls is at road crossings in areas
where the overhead distribution lines are run through the back yards or rear alleys
of residential communities (see Figure 13-4). These locations are often difficult to
patrol by truck or foot, because in many cases mature trees, fences, and dogs have
been added to the neighborhood since the homes and original distribution
facilities were built. The addition of strategically placed FCIs can save significant
time on restoration.

Good Spot St
FClI's —at Roadt

Figure 13-4
Overhead application of FCls - Rear lot street crossings

Another common application of OH FCls is at OH switch locations, because
these are also the locations were fault isolation switching will take place (see
Figure 13-5). FCI targets from these locations can be used to identify which
switches can be opened to quickly isolate the fault to one section of the feeder,
and which available tie switches can be closed to restore service to the unaffected
sections.
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Figure 13-4
Example of OH FCl application - disconnect switch locations

Purpose of this Study

The purpose of this study is to identify and investigate the issues related to the
expanded use of OH FCls to enhance the process of fault location, fault isolation,
and service restoration during severe impact storms.

Study Approach

This study investigated the key functional requirements for OH FCls,
documented the most beneficial implementation applications, and provided

guidance with regard to a methodology of determining cost-effective locations
tor the implementation of FCls.
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Key Findings

FClIs are a tool that specifically reduces the time necessary to find the fault, effect
available restoration switching, and make repairs. While many utilities have
deployed FClIs on the OH system as part of normal reliability improvement
projects, more rigorous methods have been demonstrated to specifically calculate
the reduction in customer minutes of interruption per investment in FCI
deployment.

Recent technological improvements have resulted in a number of commercially
available communicating FCIs, which can provide remote alarms via the
D-SCADA or OMS to the DCC operator. These communicating FCIs further
reduce patrol time by eliminating the need for field operations personnel to travel
to the FCI location and physically observe the local indication.

For example, Baltimore Gas & Electric demonstrated a statistical method of
determining the optimal number and location for FClIs by focusing on
improvements to CAIDI, as well as documenting a methodology for cost-benefit
analysis of FCI deployment. “Based on historical reliability indices, number of
faults, causes of faults and number of protective devices in the zone, analysis was
done to obtain the probabilities of fault occurrence in each zone. Normally,
historical data for the location of each fault is not readily available, and even if it
were available, it would not provide enough information for this type of analysis.
But that would not be the case anymore. For any desired number of FCls, analysis
was done using the Monte Carlo analysis and random mutation hill climbing
approach to calculate the expected average outage time, predict CAIDI and
perform the cost-benefit analysis and discounted cash-flow analysis” [14].

As a general approach, utilities can evaluate the benefits of FCIs by making the
assumption that fault locations can be identified more rapidly using FCIs than
without FCIs. The amount and value of improvement depends on several factors,
including:

» The types of challenges faced in the field (rear lot, heavy tree cover, long
sections, weather, darkness), which can dramatically extend the patrol time for
faults in a particular location.

* The use of communicating FCIs versus locally indicating FCIs (specifically
reducing the amount of labor required to physically visit the FCI locations)

*  Whether reduction in patrol times can translate directly into reduced costs
(specifically during storms when foreign crews or employee overtime is costing
marginal dollars over fixed labor expenses)

Key Outcomes
The wide scale application of FCIs on OH systems can directly lead to reduced
patrol times, reduced labor costs, and ultimately reduced total duration of

restoration efforts. The EPRI Distribution base program will take up the task of
developing a value driven application guide for OH faulted circuit indicators.
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Section 14: Enhancement of AMI - Outage
Detection

Motivation for this Study

The American Recovery and Reinvestment Act (ARRA) Federal stimulus program
of the last several years provided funding for dozens of utility projects under the
umbrella name of smart grid, many of which involved the implementation of smart
electric meters that provide a number of new capabilities beyond simply remote
access to meter data. These solutions are referred to as AMI, implying inclusion of
not only the smart meter, but also the telecommunications infrastructure to provide
two-way communications to each device, and the information technology
infrastructure to collect and manage the vast amounts of data provided. Along with
huge improvements and cost reductions to the metering/billing function of the
electric distribution utility, these AMI deployments support a host of line
tunctions, including supporting load planning by providing accurate power
consumptions data from every meter, supporting efficiency improvements by
providing accurate voltage data from every meter, and improving turn on/turn off
processes by enabling remote connect/disconnect. Utilities are exploiting these
capabilities across the globe, as deployment of these devices explodes.

Background/Relevant Survey Results

As AMI solutions became more widely deployed, utilities began to explore their
value to reliability and resiliency. Resiliency was likely not even mentioned in the
business cases for these investments, but as usual, bright utility engineers were able
to create value from new technologies in ways that were never original envisioned.
Utilities participating in the EPRI DGR project reported in the Task 4 survey
that they have used AMI meters for a number of advanced grid operations and
storm management functions (see Figure 14-1).
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Figure 14-1

Survey results: Use of AMI for operations/storm restoration (Note: CR =
conservation voltage reduction)

AMI is a highly communications-intensive solution, and the utilities participating
in the DGR project have deployed AMI using several different technologies.
Figure 14-2 shows that a majority have deployed mesh radio frequency (RF)
solutions, while a sizable number have also deployed tower-based RF solutions.
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Figure 14-2
Survey results: AMI communications solutions

One utility reported that with its L&G mesh AMI network, “Single call outage
restoration has been helpful. The AMI doesn’t get much additional use during
storms.” The company also reported that it hasn’t “used Outage Reporting
function because we've found that the last gasp feature of the meters has been
inconsistent and shown false positive outage reports.”

Another utility reported that it is “Using a tower based AMI network, and have
experienced outage calls that don’t make it in to the OMS due to congestions, but
have found that over 80% make it in within 2 minutes of the outage.” The
company also reported that “Restoration works much better, getting 99% of
restoration alarms. The timeframe is also within 2 minutes.”

Another utility reported that with its Itron mesh network the “only problem is
that we miss ’power downs.” In the Itron system, the meters send three power
downs to adjacent meters. This is only sent if the adjacent meters are powered.
Most of the power down messages comes from meters at the edge of the mesh
which can communicate directly with a battery backed-up collector. We
experience a similar issue with restoration notification.”

General comments indicated that tower-based communications provides better
support for meter outage and restoration alarms because it is far less likely that the
meter communication path will be interrupted versus a mesh network in which
the meter can be energized but no longer has a mesh path back to the collector.

Figure 14-3 shows the number of responding utilities with an AMI that

experienced a severe storm.
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Figure 14-3
Survey results: AMI experienced a severe storm

Purpose of this Study

The purpose of this study is to investigate and evaluate the key severe impact
storm management capabilities related to outage detection provided by AMI
deployments.

Study Approach

Anecdotally, utilities have reported direct benefits of AMI deployments to storm
operations. The most significant benefits reported were related specifically to the
ability to use this solution to automatically and remotely determine whether a
specific customer has experienced a power outage, and after repair and restoration
work is complete, whether they have been restored. These capabilities address
several problems that occur during every storm (small and large) and with every

utility.
Key Findings

This application relates to the need to determine exactly where the fault has
occurred and which protective device has operated. Since the beginning of the
industry, electric distribution systems have been largely unmonitored, relying on
communications from customers to become aware that an outage has occurred.
SCADA systems provided the ability to remotely monitor that a substation feeder
breaker has locked out, and D-SCADA systems monitor many reclosers and
sectionalizers. However, the myriad of unmonitored sectionalizers and reclosers,
as well as fuses, isolate faults without significant remote monitoring. Up until the
advent of AMI, when one of these devices operated, utilities were unaware of the
outage until one or more customers placed a phone call to report the outage to the
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utility. Using manual analysis, and later OMSs, utilities compare the patterns of
customer calls with the electric system configuration and apply logic to predict
which protective device operated. Crews are then dispatched to the location of this
protective device to begin searching for the fault to begin repairs.

AMI systems are able to send “last gasp” messages when they lose power to
inform the utility OMS that they have lost power. This capability provides a
number of benefits, including more accurate time for the beginning of the outage,
and a complete record of every meter that has experienced a power outage. When
this information is fed directly into the OMS, the result is more accurate outage
diagnosis, which leads to fewer hours patrolling and troubleshooting in the field,
and ultimately a more rapid and less expensive overall restoration effort.

Another situation that can be significantly improved by the utilization of AMI
outage detection capabilities is when OH conductors are broken and no protective
device operates. This may be the result of a high impedance fault resulting in
insufficient fault current to operate a protective device, or it may be the result of a
broken conductor that does not actually create a path to ground. AMI outage
detection can provide the benefit of detecting a pattern of outages that begin
downstream of a protective device indicating one of these conditions.

Key Outcomes

While reliability and resilience will never justify the 10s or 100s of millions of
dollars necessary to implement a utility-wide AMI deployment, when systems are
justified and deployed they can provide significant benefit to the process of
analyzing outages to determine which protective device has operated. Specifically,
the following recommendations are made with respect to AMI outage detection:

= Utilities and OMS vendors should integrate the AMI meter data management
systems with the OMS to direct AMI outage detection messages to the OMS
call processing algorithm. This recommendation maximizes the accuracy of
the OMS system’s protective device prediction algorithm.

*  OMS vendors should develop an algorithm to identify and create a job type
reflecting broken OH conductors or high impedance (HiZ) faults using AMI
outage detection data. This recommendation enables utilities to identify and
rapidly respond to wires down (broken conductors and HiZ faults) that do not
result in a protective device operation.

OMS vendors should develop animated graphic displays to show the overall
progression of storm related outages using AMI outage detection records. This
recommendation enables utilities to view and project the progress of storms
through the service territory in real time, enabling crews and other assets to be
deployed most efficiently.
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Section 15: Enhancement of AMI —
Restoration/Nested Outage
Detection

Motivation for this Study

The Federal stimulus program of the last several years provided funding for
dozens of utility projects under the umbrella name of smart grid, many of which
involved the implementation of smart electric meters, which provide a number of
new capabilities beyond simply remote access to meter data. Referred to as
advanced metering infrastructure (AMI), these solutions imply inclusion of not
only the smart meter, but also the telecommunications infrastructure to provide
two-way communications to each device, and the information technology
infrastructure to collect and manage the vast amounts of data provided. Along
with significant improvements and cost reductions to the metering/billing
function of the electric distribution utility, these AMI deployments support a host
of line functions, including:

*  Supporting load planning by providing accurate power consumptions data
from every meter

*  Supporting efficiency improvements by providing accurate voltage data from
every meter

* Improving turn on/turn off processes by enabling remote connect/disconnect
Utilities across the globe are exploiting these capabilities.
Background

During storms, particularly during severe impact storms, the number of outages is
so great that typically one fault occurs within another fault. This is called a nested
outage and may cause some customers to remain out of service after a repair has
been made. The opposite problem occurs when the OMS diagnoses one event as
multiple smaller events. In this case, after repairs have been completed, more
customers than expected are restored, and outage jobs remain in the OMS that are
actually restored.
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One of the key challenges to the use of AMI data for resiliency relates to the
architecture of the communications network. Most AMI deployments use either
tower-based communications in which each AMI meter communicates directly
with a communications tower (one to many), or an RF mesh-based communications
solution, in which meters form an ad hoc mesh and communicate in that fashion to
one or more communication master stations. EPRI’s DGR Task 4 survey revealed

the distribution of communications solutions among the project funders (see
Figure 15-1).

AMI Communications Solution

B Comm Used
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PLC Mesh RF Tower Based RF

Figure 15-1
AMI Communications Solutions (Note: PLC = power line communications)

Experiences of member utilities indicate some challenges when using mesh RF
systems for outage and restoration detection. Specifically, when portions of the
mesh are disrupted by outages, it may be impossible to communicate with meters
beyond that outage, even though they are supplied from another direction and
actually in service.

This could disrupt their ability to confirm restoration. One utility commented that
“Tower based communications provides better support for meter outage and
restoration alarms because it is far less likely that the meter communication path
will be interrupted verses as mesh network where the meter can be energized but
no longer have a mesh path back to the collector.”

Another utility described a similar experience, saying “Using a tower based AMI
network, experienced outage calls that don’t make it in to the OMS due to the
congestions, but have found that over 80% make it in within two minutes of the
outage. Restoration works much better. Get 99% of restoration alarms. The
timeframe is also within two minutes.”
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It is well understood that AMI communications solutions decisions are made for a
number of reasons (for example, cost, terrain, existing facilities) that have nothing
to do with resiliency, and that this issue will not drive changes to the architecture.
Nevertheless, it is important to understand this challenge and adapt OMS
restoration confirmation solutions to account for this uncertainty.

One utility reported publicly that during Superstorm Sandy, the company avoided
6000 truck rolls by using AMI meters to ping meters, which saved over $1 million
in restoration expenses [15].

Another utility reported that its PowerON OMS has implemented the use of
active pinging of its mesh-networked customer meters to confirm restored
customer power and to improve outage duration details. The company reports
that this capability is available. However, some issues must be improved before the
company plans to enable it for full-time use:

*  Mesh network/meter connectivity is not fast enough for real-time results.

*  Mesh reformation is slow.

*  Mesh is resilient but reliability for real-time data is poor.

= Meter reconnection after an outage is lengthy (more than 15 minutes).

* Mass pinging is not achievable; limits to the system seem to be approximately
a maximum of 50 requests.

When these issues are corrected, the expected benefits of meter pinging

information along with additional down/up information are:

* Improved outage data quality (precise outage durations)

* Improved outage customer count information

*  Future benefit to improve the real-time information to the field and DMS for

the overall restoration process

Another utility reported that between December 22, 2014, and the end of

May 2014, the company avoided 2488 truck rolls using meter ping functionality
(see Table 15-1).

Table 15-1
One utility avoided truck rolls using meter ping functionality

254 263

District A 9

District B 54 1612 1666

District C 49 510 559
112 2376 2488
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Purpose of this Study

The purpose of this study is to investigate and evaluate the key severe impact
storm management capabilities related to restoration detection provided by

AMI deployments.
Study Approach

Anecdotally, utilities have reported direct benefits of AMI deployments to storm
operations. The most significant benefits reported were related specifically to the
ability to use this solution to automatically and remotely determine whether a
specific customer has been restored from a power outage. This capability addresses
several problems that occur during every storm (small and large) and with every

utility.
Key Findings

One of the particularly difficult activities associated with severe impact storms is
the large number of overlapping and nested outages and abnormal switching
conditions. As the days progress, accurately determining which customers are
restored following a repair becomes increasingly difficult. This problem occurs
during normal storm situations, but is orders of magnitude more difficult during
major and severe impact storm restorations that may last days or weeks.

AMI provides the ability to actively interrogate individual meters or groups of
meters to determine whether they are energized. This functionality requires some
key capabilities including:

»  Maintenance of AMI communications
* Low to moderate latency of AMI communications (seconds to minutes)

* High bandwidth of AMI communications (to enable multiple parallel
requests)

Key Outcomes

As exciting as the capability of detecting meter level outages is for the utility
operator, the prospect of being able to verify restoration may provide more
tangible benefits in severe impact storms. The experiences of the member utilities
when discussing the progression of severe impact storm restoration is that during
the last one to three days of the restoration effort, a significant amount of time is
spent sending crews and line vehicles to locations that have already been restored.
This is not only a waste of resources, but it also delays restoration of those
customers who are still out of service.

Common practice is for utilities to utilize IVR systems or employees to call
subsets of restored customers to verify restoration. This is a time consuming, yet
far from accurate process, given the number of customers who are not home when
the call arrives. Utilities used to infer restoration status by the presence of
answering machines, but with modern voice mail, this inference is no longer valid.
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Fortunately, modern AMI systems’ ability to provide restoration verification (aka
the meter ping), enables utilities to obtain a complete, accurate picture of which
customers are restored, and which are still out of service.

= Utilities and OMS vendors should integrate the AMI restoration verification
capability with the OMS to automatically periodically ping customers
associated with active outages to ensure that all active outages are real and not
already restored by ongoing restoration efforts. This recommendation
eliminates phantom jobs, reducing truck rolls, saving dollars, and shortening
the overall restoration effort.

= Utilities and OMS vendors should integrate the AMI restoration verification
capability with the OMS to automatically verify restoration status, and create
new nested outage records if restoration is incomplete. This recommendation
identifies nested outages and ensures that these customers are not missed in
the restoration effort.
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Section 16: Options Assessed in this Task
That Enhance Resiliency

Introduction

The options that are summarized in this section vary from significant capital
investments in DA switch infrastructure hardening to modifications to OMS
settings that can be accomplished for essentially no investment. Modern grid
technology can assume many forms, and the options that have proven to be
fruitful follow that pattern. The options extend existing functionality or provide
enhanced functionality in ways that either addresses hardening or recovery as
shown in Table 16-1.

Table 16-1
Organization of Modern Grid Technology options
Hardening Recovery
e DA Pole Hardening e Multiple Contingency FLISR
Extended e Adaptive Shots of e OH Faulted Circuit
Functionality Reclosing Indicators

e Adaptive Fuse Saving e  AMI Integration with OMS

e Battery Disconnect Switch
Enhanced e Single Phase Automation
Functionality e OMS Storm Settings

e Pole/Line Down Sensors

The options discussed in this task are different from many of the options
discussed in other tasks because their potential for implementation depends
greatly on decisions the utility has already made with respect to DA, automated
restoration, protection and control technology, the OMS, and its AMI. In many
cases, deploying these options only makes sense if prerequisite decisions have
already been made. For instance, the benefits of using AMI for restoration
support are not nearly significant enough to justify AMI. Rather, if AMI has

been justified for others reasons, this can be a beneficial capability.
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Summary of Option Costs and Benefits

Table 16-2 provides an overview of the main options that have surfaced out of
research into modern grid technology. The table shows the options,
representative costs, the benefits associated with the option in terms of the
projected reduction in damage to assets for having applied the option, and
projected benefits of applying the options to overall storm performance expressed
in terms of projected reductions in duration, frequency, and storm cost. This
section of the report describes the contents of Table 16-2 in detail.

In this section, the first option (in the first row in Table 16-2) is briefly
described, including a description of the particular option, and discussion of any
practical application issues and risks. Then, for this first option, the contents of
each of the columns associated with that option are discussed, including:

* How the estimated costs of the option were derived (Costs)
* How the option-specific benefits were derived (Option-Specific Benefit)

* How the estimated projected benefits to storm duration were derived
(Duration)

—  Overall storm duration
—  Storm CAIDI

* How the estimated projected benefits to storm frequency were derived

(Frequency)
—  Storm SAIFI
—  Trouble cases/mile
—  Broken poles/mile
*  How the projected reduction in storm costs were estimated (Costs)
*  Other anticipated benefits to applying the option (Other)
This section then describes the second option, including any practical application

issues and risks. However, this description describes how benefits and costs were
derived only if the method differed from that of the first option.

The section concludes with a comparison of the various options.
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Table 16-2
Estimated costs and benefits for Modern Grid Technology options

$200 per DA Increase Reduce No impact No impact No impact | No impact Reduce post Eliminate
Switch availability of  probability of storm expense | need fo
DA and batteries associated disconnect
Battery success of DA | failing during wi'th replacing DA'botteries
X auto- extended failed during
Disconnect . .
. restoration outages batteries extended
Switch
outages (a
practice of at
least one
utility)
Utility-specific  Increase size No impact No impact No impact No impact = Marginal Reduce post NA
costs of DA poles impact, but storm expense
DA Pole or change to notI en'ougllw os.sl?ciotrd '
Hardening concrete to poles involved  with replacing
protect high to project damaged DA
cost benefits switches
infrastructure
Utility-specific | Increase Yes, but No impact Yes, but No impact | No impact No impact NA
costs number of estimate of estimate of
customers magnitude magnitude
Deploy . .
. restored not possible not possible
Muiltiple- .
. automatically
Contingency duri
uring storms
Auto
. and reduce
Restoration
overall storm
restoration
duration
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Table 16-2 (continued)
Estimated costs and benefits for Modern Grid Technology options

Utility-specific Increase Yes, but No impact Yes, but No impact | No impact No impact NA
costs number of estimate of estimate of
customers magnitude magnitude
Deploy restored not possible not possible
Single- automatically
Phase during storms
Automation and reduce
overall storm
restoration
duration
One+time study  Increase Yes, but Yes, but No impact No impact  No impact No impact NA
OMS Storm gnd _ accuracy of estimqte of estimqte of
n implementation = OMS outage  magnitude magnitude
Settings - . .
prediction not possible  not possible
engine
Depends on Automatically  Yes, but No impact Yes, but No impact  No impact No impact NA
Adaptive 'existing utility restore estimqte of estimqte of
. infrastructure temporary magnitude magnitude
Protection - f : .
aults not possible not possible
Shots of ated
Reclosing associate
with wind or
wildlife
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Table 16-2 (continued)
Estimated costs and benefits for Modern Grid Technology options

Depends on Automatically | Yes, but No impact Yes, but No impact | No impact No impact NA
existing utility restore estimate of estimate of
Adaptive infrastructure temporary magnitude magnitude
Protection - faults not possible not possible
Fuse Saving associated
with lightning
and wind
Currently $75  Improve Yes, but Yes, but No impact No impact  No impact Reduce NA
in quantities of  damage estimate of estimate of damage
. 100k assessment magnitude magnitude assessment
Line/Pole . . .
process with not possible  not possible costs
Down
actual data
Sensors f |
rom pole and
wire down
sensors
Approximately | Improve Yes, but Yes, but No impact No impact  No impact Reduce NA
$3000 per outage estimate of estimate of patrolling
OH Faulted  pole with restoration magnitude magnitude costs
Circuit communications = time by not possible | not possible
Interrupters pinpointing

location of OH
faults
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Table 16-2 (continued)
Estimated costs and benefits for Modern Grid Technology options

Nested
Outage/
Restoration
Detection
integrated
with OMS

Utility-specific
costs

Utilize AMI
network
integrated
with OMS to
automatically
confirm
restoration,
nested
outages, and
clear already
restored
events.

Yes, but
estimate of
magnitude
may vary.
Utilities have
reported
significant
anecdotal
value

No impact

No impact

No impact

No impact

Reduce cost
of sending
crews to
outages that
have already
been restored

Reduce the
duration of
the last
quartile of
storm

restoration
by
eliminating
outages that
have already
been
restored
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The modern grid technology options are described in the following sections.
Discussion of Battery Disconnect Switch Option

Option Description — This option involves the retrofit of existing DA switch
controllers with a newly developed battery disconnect switch to disconnect the
battery after an extended outage, preventing the battery from being drained
beyond recharging.

Practical Application and Risks — This option could be implemented at the next
regularly scheduled battery replacement visit (every 3-5 years typically).

Costs — The cost of the battery disconnect switch is projected to be in the $500
per unit range. Installation would require an additional 30 minutes per battery
replacement visit.

Option-Specific Benefit — This option aims to extend the capabilities of DA by
reducing the probability that DA switch installations fail to operate during
extended outages due to backup power supply failures.

Overall Storm Duration — There are multiple documented cases where utilities
have faced the mass failure of large numbers of DA switch batteries following
extended outages due to the deep discharge of batteries so they will no longer hold
a charge. These occurrences have not led to extended outage durations, but have
extended the post-restoration cleanup process, and added to the overall cost of the
storm restoration.

Storm CAIDI — No impact.
Storm SATFI — No impact.
Trouble Cases/Mile — No impact.
Broken Poles/Mile — No impact.

Costs — There are a number of cases where utilities have been forced to replace a
large number (or even all) of their DA switch batteries as a result of an extended
outage that so deeply discharged the batteries that they were unable to hold a
charge. This option fully prevents that from occurring, avoiding any additional
storm costs associated with battery replacement.

Other — Some utilities, in an effort to avoid such a group failure of batteries,
deploy field crews to DA switch controllers and physically disconnect the batteries
to prevent them from being deeply discharged. If the battery disconnect switch
were deployed, theses field crews could better be used as damage assessors or loop
restoration crews.
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Discussion of DA Pole Hardening Options

Option Description — This option involves changing construction standards for
OH DA switch poles to make the installations more robust to reduce the
possibility of damage during severe impact storms. These changes may be as
simple as moving up to the next pole size, or more complex including the
installation of shield wires or migration to concrete poles.

Practical Application and Risks — This option could be implemented as simply a
change of construction standards, an incremental retrofit program, or a dedicated
short-term retrofit program.

Costs — The cost of this improvement varies significantly depending on the type
of construction standard change specified by the individual utility and the
aggressiveness in which the change is planned to be implemented.

Option-Specific Benefit — This option aims to protect DA switch poles from
storm damage. The logic here is that DA poles have up to $50,000 of long lead

time equipment installed on them, and they requires additional protection.
Overall Storm Duration — No impact.

Storm CAIDI — No impact.

Storm SAIFT — No impact.

Trouble Cases/Mile — No impact.

Broken Poles/Mile — While this option could significantly reduce the probability
that a DA switch pole is broken during a severe impact storm, there are so few of
these poles that this does not significantly change the overall storm rate of broken
poles per mile.

Costs — This option protects some of the most expensive to replace poles on the
distribution system.

Other - N/A
Discussion of Multiple-Contingency Auto Restoration Option

Option Description — This option involves deploying enhanced decision making
logic that enables the DA system to continue to perform fault isolation and service
restoration functions beyond the first contingency.

Practical Application and Risks — This option could be implemented by
deploying enhanced centralized automated restoration logic that adapts to
changing conditions by continuing to restore as many customers as possible given
real time system configuration and loads. It could also be deployed by upgrading
distributed logic in an automated restoration architecture.

<168 >»



Costs — The cost of this improvement varies significantly depending on the

architecture and vintage of DA/FLISR deployed.

Option-Specific Benefit — This option increases the number of customers
restored automatically during storms. This has the impact of reducing overall
storm restoration duration.

Overall Storm Duration — There is a positive impact on overall storm restoration
duration, but it is not possible to develop a general estimate, as the impact

depends greatly on the level and type of DA/FLISR already deployed.
Storm CAIDI — No impact.
Trouble Cases/Mile — No impact.

Storm SAIFT — There is a positive impact on SAIFI, but it is not possible to

develop a general estimate, as the impact depends greatly on the level and type of
DA/FLISR already deployed.

Trouble Cases/Mile — No impact.

Broken Poles/Mile — No impact.

Costs — No impact.

Other - N/A

Discussion of Single-Phase Automation Option

Option Description — This option involves deploying single-phase fault trip and
lockout devices that enable enhanced automated logic to isolate faults and restore
service on an individual phase basis.

Practical Application and Risks — Implementation of this option requires the
upgrade/replacement of DA switches (mainline only, tie switches not necessary)
with single-phase operating devices. Additionally, new FLISR logic must be
deployed to manage fault isolation and service restoration switching on a per-

phase basis.

Costs — The cost of this improvement varies significantly depending on the

architecture and vintage of DA/FLISR deployed.

Option-Specific Benefit — This option increases the number of customers
restored automatically during storms. This has the impact of reducing overall
storm duration.

Overall Storm Duration — There is a positive impact on overall storm restoration

duration, but it is not possible to develop a general estimate, as the impact

depends greatly on the level and type of DA/FLISR already deployed.
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Storm CAIDI - No impact.

Storm SAIFI — There is a positive impact on storm SAIFI, but it is not possible
to develop a general estimate, as the impact depends greatly on the level and type
of DA/FLISR already deployed.

Trouble Cases/Mile — No impact.

Broken Poles/Mile — No impact.

Costs — No impact.

Other - N/A

Discussion of OMS Storm Settings Option

Option Description — This option involves developing and implementing new
OMS outage analysis parameter settings to improve the accuracy of predicted
protective devices during the unique circumstances likely during severe impact
storms.

Practical Application and Risks — This option could be implemented by
studying the impacts of OMS outage analysis settings and developing and
implementing those settings in the test systems and later in the production

systems.

Costs — The cost of this improvement involves the labor cost associated with
conducting the study and deploying and testing the new settings.

Option-Specific Benefit — This option increases accuracy of OMS outage
prediction engine, reducing field time associated with patrolling.

Overall Storm Duration — There is a positive impact on overall storm duration,
but it is not possible to develop a general estimate.

Storm CAIDI

Storm CAIDI — There is a positive impact on CAIDI, but it is not possible to

develop a general estimate.

Storm SATIFT — No impact.
Trouble Cases/Mile — No impact.
Broken Poles/Mile — No impact.
Costs — No impact.

Other - N/A
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Discussion of Adaptive Protection - Shots of Reclosing Option

Option Description — This option involves studying the benefits of adaptive
shots of reclosing, and implementing the results of that study in a protection and
control scheme that adapts the level of reclosing shots in a geographic area
expected to experience storm conditions (for example wind and lightning).

Practical Application and Risks — The implementation of this option is greatly
simplified by the availability of Intelligent Electronic Device (IED) relays where
adaptive settings can be implemented in logic. The overall control of these
adaptive protection functions could be guided by local weather stations, SCADA-
directed by centralized weather monitoring, or OMS-directed based on regional
storm status settings. Without IEDs, this option requires additional hardwired
logic and additional control and status points added to the substation SCADA
RTU.

Costs — The cost of this improvement varies significantly dependent on the
penetration of IED relays deployed.

Option-Specific Benefit — This option automatically restores temporary faults
associated with wind or wildlife, reducing the number of feeder and recloser
lockouts, and as a result reduces the number of outage jobs that must be

dispatched during the storm.

Overall Storm Duration — There is a positive impact on overall storm restoration
duration, but it is not possible to develop a general estimate.

Storm CAIDI - No impact.

Storm SAIFI — There is a positive impact on storm SAIFI, but it is not possible
to develop a general estimate.

Trouble Cases/Mile — No impact.

Broken Poles/Mile — No impact.

Costs — No impact.

Other — N/A

Discussion of Adaptive Protection - Fuse Saving Option

Option Description — This option involves studying the benefits of
implementing adaptive fuse saving in a protection and control scheme that adapts

the overcurrent protection in a geographic area expected to experience storm
conditions (for example, wind and lightning).
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Practical Application and Risks — The implementation of this option is greatly
simplified by the availability of Intelligent Electronic Device (IED) relays where
adaptive settings can be implemented in logic. The overall control of these
adaptive protection functions could be guided by local weather stations, SCADA-
directed by centralized weather monitoring, or OMS-directed based on regional
storm status settings. Without IEDs, this option requires additional hardwired
logic and additional control and status points added to the substation SCADA
RTU.

Costs — The cost of this improvement varies significantly dependent on the
penetration of IED relays deployed.

Option-Specific Benefit — This option automatically restores temporary faults
associated with wind or lightning beyond downstream fuses, reducing the number
of blown fuses, and as a result reduces the number of outage jobs that must be
dispatched during the storm.

Overall Storm Duration — There is a positive impact on overall storm restoration
duration, but it is not possible to develop a general estimate.

Storm CAIDI - No impact.

Storm SAIFTI — There is a positive impact on storm SAIFI, but it is not possible
to develop a general estimate.

Trouble Cases/Mile — No impact.

Broken Poles/Mile — No impact.

Costs — No impact.

Other — N/A

Discussion of Line/Pole Down Sensors Option

Option Description — This option involves deploying pole and wire down
sensors in various applications to remotely alarm when OH conductors have fallen
or when poles have been damaged or broken.

Practical Application and Risks — Wire down sensors may be installed on spacer
cable as an integrated feature of the spacer.

Costs — This device is being designed and developed; projected costs are yet to be
determined.

Option-Specific Benefit — This option reduces the risk of spacer cable falling on
the ground and not generating enough fault current to trip a protective device,
enabling wider application of this resiliency option. Pole down sensors may be
installed on poles in remote areas, providing more direct specific information on
pole damage and speeding up the damage assessment process.
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Overall Storm Duration — There is a positive impact on overall storm restoration
duration, but it is not possible to develop a general estimate.

Storm CAIDI — There is a positive impact on storm CAIDI, but it is not
possible to develop a general estimate.

Storm SAIFI — No impact.
Trouble Cases/Mile — No impact.

Broken Poles/Mile — No impact.

Costs — There is a positive impact on the cost of damage assessment, but it is not
possible to develop a general estimate.

Other - N/A
Discussion of OH Faulted Circuit Indicator Option

Option Description — This option involves deploying OH faulted circuit
indicators (FClIs) to address various operating scenarios (rear lot construction,
alley distribution, remote rural installations).

Practical Application and Risks — OH FCIs may be installed as either remotely

communicating or non-remotely communicating installations on OH conductors.

Costs — An order of magnitude cost estimate for a set of 3three remotely
communicating OH FCIs and the necessary communications remote units is
$3000. This cost may vary significantly depending on the particular OH FCI and
particular communications technology deployed.

Option-Specific Benefit — This option provides either remote real-time or field
data on the location of OH faults. Eliminating the need to patrol fenced back
yards, narrow alleys and remote forested areas on foot, these devices allow field
crews to patrol from their trucks, narrowing down the faulted section to the
distance between two successive OH FClIs. This improves outage duration, as well
as crew safety.

Overall Storm Duration — There is a positive impact on overall storm restoration
duration, but it is not possible to develop a general estimate.

Storm CAIDI — There is a positive impact on storm CAIDI, but it is not
possible to develop a general estimate.

Storm SATFI - No impact.
Trouble Cases/Mile — No impact.

Broken Poles/Mile — No impact.
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Costs — There is a positive impact on the cost of patrolling individual outages, but
it is not possible to develop a general estimate.

Other - N/A

Discussion of Nested Outage/Restoration Detection Option

Option Description — This option involves utilizing an AMI network integrated
with an OMS to automatically confirm restoration and nested outages, and clear
already restored events.

Practical Application and Risks — This application can only be deployed if a
tully implemented AMI solution is already in service, with capabilities of reporting
restoration status and/or pinging to confirm energization with low latency (less
than 5 minutes) and throughput capable of supporting the volume of messaging
associated with a severe impact storm.

Costs — The costs of this option involve the integration of the Meter Data
Management System (MDMS) and the Outage Management System (OMS),
assuming the base capabilities already exist in the AMI.

Option-Specific Benefit — This option enables the storm center to verify the full
restoration of outages after field crews report restoration has taken place,
identifying nested outages or incorrect customer connection data. This option
also, importantly, enables storm center personnel to pre-check the continued
presence of outages prior to dispatching field crews. This is particularly important
during severe impact storms, as utilities are typically left with large volumes of
small (house service, transformer level) outage jobs, many of which are the result
of inaccurate models/OMS analysis and have already been restored by other field
restoration activities.

Utilities can individually estimate the magnitude of this benefit by studying their
historical averages of trouble jobs found OK at the end of extended storms.

Overall Storm Duration — There is a positive impact on overall storm restoration
duration, but it is not possible to develop a general estimate.

Storm CAIDI — No impact.

Storm SAIFI — No impact.

Trouble Cases/Mile — No impact.

Broken Poles/Mile — No impact.

Costs — This option may significantly reduce the costs associated with sending
crews to outages that have already been restored, as well as reducing the overall

duration of the storm restoration, enabling the early release of foreign crews and
central storm organizations.

Other — N/A
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Section 17: Conclusions and
Recommendations

This research project has deeply studied a variety of modern grid technology
opportunities, many of which while unable to prevent poles or lines from falling,
are critical to efficiently managing the restoration effort. Many of these issues are
relatively new in the history of the electric distribution industry, so the level of
experience using these solutions during severe impact storms is limited. This
research has identified, investigated, surveyed participants, explored options,
exposed case studies, and in some cases identified innovate new solutions
associated with the use of modern grid technologies to positively impact efforts
to manage the restoration of severe impact events.

As summarized in the previous chapter, the costs associated with these
improvements may be definable (as with the downed pole sensor or battery
disconnect switch) or they may be highly utility dependent (as with
implementation of fuse saving or use of AMI for outage restoration confirmation).
The expected benefits of these improvements are not yet well supported by field
experience. Although logic and judgement point to their significant value, their
specific benefits cannot be accurately quantified at this time.

The most clearly supported recommendations are listed in Table 162, and
supported by the discussions in section 16. Additionally, throughout this research,
opportunities for additional future work have been identified and are summarized

in Table 17-1.
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Table 17-1

Summary of recommendations for future modern grid technology work

Research
Area

Backup Power
Supply

Backup Power
Supply

Protecting
Critical
Infrastructure

OMS Storm
Settings

Shots of
Reclosing

Fuse Saving

Line/Pole Down

Sensors

OH Fault
Indication

AMI Restoration

Future
Research

Prototype and
Test Battery
Disconnect
Switch

Test Battery
Cooling
Technology

Perfect Break-
Away Designs

Develop
recommended
storm settings

Develop
recommended
adaptive
seftings

Develop
recommended
adaptive
settings

Prototype and
Test Pole and
Line Down
Sensors

Develop
application
guide

Develop
application
guide

<172 >

Details

Develop cost effective
solution and evaluate its
performance and
potential benefits

Determine if battery
cooling can have a
positive impact on
battery life

Address the technical
challenges of breakaway
pins and sacrificial spans
to develop deployable
solutions which can be
field tested

Study alternative settings
and gather field
experience fo justify their
value

Study alternative settings
and gather field
experience fo justify their
value

Study alternative settings
and gather field
experience fo justify their
value

Develop cost effective
solution and evaluate its
performance and
potential benefits

Study alternatives and
produce a data drive
deployment guide

Study alternatives and
produce a data driven
deployment guide for
integration of restoration
detection into

OMS/DMS

Program
Area

P180H.023

P180H.023

P180D

P180F.013

P180OF.013

P180F.013

P180H.022

P180F.012

P180OF.012
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Appendix A:

AMI
ANSI
AoR
ASU
CAIDI
CVR
DA
DCC
DGR
DMS
EPRI
ETR
FCI
FDIR
FISR
FLISR
GIS
GPS
IED

IVR

List of Acronyms

advanced metering infrastructure

American National Standards Institute

area of responsibility

automatic sectionalizing unit

customer average interruption duration index
conservation voltage reduction

distribution automation

distribution control center

distribution grid resiliency

distribution management system

Electric Power Research Institute

estimated time of restoration

faulted circuit indicator

fault detection, isolation and recovery

fault isolation and service restoration

fault location, isolation, and system restoration
Geographic Information Systems

global positioning system

intelligent electronic device

interactive voice response
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MAIFI
MDM
NERC
OH
OMS
PLC
R&D
RF
RTU
SAIDI
SAIFI
SCADA
SOM
TCC
TEC
UF
uG
URD
VAR

VRLA

momentary average interruption frequency index
meter data management

North American Electric Reliability Corporation
overhead

outage management system

power line communications

research and development

radio frequency

remote terminal unit

system average interruption duration index
system average interruption frequency index
supervisory control and data acquisition

switch order management

time-current characteristic

thermoelectric cooler

underfrequency

underground

underground residential distribution

voltage ampere reactive

valve regulated lead acid (battery)
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