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leader’s corner

Noel Schulz, President, IEEE PES

greetings from the
IEEE Power & Energy
Society (PES)

March 15, 2012
TO: Recipients of this 2012 IEEE PES
Smart Grid Reprint Journal:

T

OvEr ThE LaST SEvEraL YEarS,
we have developed this annual publication to highlight articles that were
published in PES’s Power & Energy
Magazine during the previous year.
The articles are re-packaged into this
special issue as a handy reference on
various perspectives on Smart Grid (SG).
With much coverage in the media, there
is more public awareness of topics
within the power and energy field than
ever before. additionally the definition
of Smart Grid and its impact continues
to grow into new industries and expanded fields of interest. PES and other
IEEE Societies are working together
to develop integrated solutions that
involve multi-disciplinary teams and
perspectives. Topics such as electrification of transportation are also creating
partnerships with other engineering
disciplines to solve difficult system
challenges.
The other interesting dynamic in
the area of the Smart Grid technologies
are the different challenges and solutions in different parts of the world.
Pilot projects have sprung up in many
locations at all different levels of implementation. Besides the technical
challenges of delivering electrical energy in the form and location needed, recurring issues of global standards continue and new increased expectations
and regulations for system integration
and cybersecurity for high levels of security and reliability continue to push
engineers in our field to examine creative solutions.

This compendium attempts to create a snapshot of the key issues in the
power and energy industry in 2011.
Themes in this year’s selected articles
include the impact of smart grid technologies on distribution systems as
well as how advanced computational
capabilities enable new opportunities.
With six articles the compendium cannot cover all areas of interest to professionals in the power and energy field.
however we have tried to include a
sampling to highlight the trends and
recent developments. here’s what you
will find included this year:
✔ “Charge It” provides an overview of
new techniques and recent advances
including microgrids, storage, photovoltaics and power electronics for
a more sustainable power system.
✔ “I Sing the Mapboard Electric” discusses how new computer software
and hardware is advancing visualization in control centers, mobile
workforce resources, and common
modeling and integration practices.
✔ “If These Walls Could Think” highlights the increasing opportunities
for industry and commercial and
residential customers to implement
energy efficiency and demand response strategies.
✔ “Power to the People” outlines how
Smart Grid technologies are making
distribution systems more intelligent
and flexible through next generation
distribution automation, advanced
metering infrastructure, and distributed generation.

✔ “Sim City” discusses the distribu-

tion system and looking at how advances in simulation and modeling
techniques provide platforms for
better operations and control.
✔ “Tools for Success” continues this
theme for distribution as better user
end models help improve techniques
for distribution design and planning.
IEEE and PES continue to be leaders
within the industry in the dissemination
of smart grid advances through on-line
resources, publications, conferences and
education. If you are not an IEEE and
PES member, we invite you to join us in
this challenging and exciting effort to
lead the power and energy industry to new
horizons. Your ability to network with
the brightest minds in the industry will
pay back your investment many times
over. In addition, if you’re ready to learn
more about Smart Grid, we invite you to
log onto the IEEE Smart Grid Web Portal at the following link: http://smartgrid.ieee.org/, follow the Smart Grid
tweet @ieeesmartgrid or join the discussion group “IEEE Smart Grid” on
Linked In. This site and social media
are intended to be your key resources for
everything about Smart Grid. We hope
you will get involved in developing
smart grid solutions.
Sincerely,

Noel Schulz
IEEE PES President, 2012-2013
n.schulz@ieee.org
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Reprinted from July/August 2011 issue of Power & Energy magazine

Charge It!
At first glance it may appear that to generate electricity by
an engine and then apply the current to turn a wheel, instead
of turning it by means of some mechanical connection with
the engine, is a complicated and more or less wasteful process. But it is not so; on the contrary, the use of electricity
in this manner secures great practical advantages. It is but a
question of time when this idea will be extensively applied
to railways and also to ocean liners.
—Nikola Tesla, New York, 17 December 1904

T

THE FIRST CENTURY OF ELECTRICAL NETWORKS POWered incandescent lamps in our homes and motors in our factories. Now, in the second century, the large-scale electrification
of air, sea, and land vehicles will undoubtedly transform the
way electricity is generated, transmitted, dispatched, and consumed once again. To cope with these new demands, a more
flexible, reconfigurable, and information-intensive cyber and
physical infrastructure—at least at the distribution level if not
throughout the entire system—is necessary. While the extent

© ARTVILLE, COMSTOCK

54
64

IEEE
ieee power & energy magazine

Digital Object Identifier 10.1109/MPE.2011.941321
Date of publication: 23 June 2011

1540-7977/11/$26.00©2011 IEEE

july/august 2011

Powering a More
Electrified Planet

and fi nal shape of this paradigm shift in design and operation of modern power systems is still being contemplated,
fundamental expectations for the next generation of power
systems have already emerged, and they point to a more
customer-centric perspective. In addition to expecting
digital-grade “perfect power,” consumers expect the nextgeneration “smart grid” to keep them informed, empowered, and secure.
Addressing these needs requires that new design
approaches build intrinsically on enabling technologies,
including power electronics, communication, distributed
decision making, distributed generation (including renewable sources), and integration of local energy storage in
stationary and mobile platforms. Against this backdrop,
fundamental concepts such as reliability may be defi ned
in terms of the quality of accessible power and information, and loads can be viewed as active participants in the
network, with the ability to autonomously modify their
behavior as needed to improve the security, reliability, and
availability of the electrical network. This point of view
will also introduce reliability as a stochastic optimization
process within a cyber and physical system in which loads
that can be scheduled, accessible local stored energy, and
renewable sources provide the operational flexibility to
mitigate problems before the onset of widespread blackand brownouts.
These increased requirements suggest that the distribution power grid of the future may benefit from overlaid ac
and dc links; Figure 1 illustrates one such possible configuration. The building block of this hybrid distribution, referred
to as a nanogrid, is made up of a multiport power electronic
interface that allows for the seamless integration of renew-

able sources of energy, intelligent management of the energy
storage element (whether stationary or mobile) and scheduling of the local appliances, an interface with the ac feeder
line, and a dc linkage with neighboring nanogrids to form
a dc loop among these intelligent elements. An important
advantage of this system topology is that it enables critical
loads to be fed from multiple dc buses with automatic bus
selection to ensure uninterrupted operation.
In addition to the physical contact that allows for bidirectional flow of power between the ac grid and other
consumers (i.e., nanogrids), a reliable and well-secured
communication network is essential. A system controller
will ensure bidirectional interaction (cyber and physical)
between the utility-side network and the customer-side
nanogrids. This unit, which may be physically centralized or distributed, oversees the local dispatch of energy
in such a way as to optimize system reliability, quality,
and the real-time trading of electricity. This central unit is
referred to as a microgrid controller; it may also contain
its own centralized renewable energy source and energy
storage unit.
This platform introduces flexible joints in the form of
extra interconnects into the currently rigid and inflexible
power grid. The introduction of power electronics will not
only provide better-quality power to appliances and electric cars, it will permit the highly efficient operation of
major loads such as electric vehicles and HVAC, thereby
helping to develop a greener environment. In addition to
peak shaving, this platform can provide active and reactive power during emergencies, thereby helping the central utility during periods of stress. Finally, using the
flexibility introduced by the nanogrid, a more balanced

By Babak Fahimi, Alexis Kwasinski,
Ali Davoudi, Robert S. Balog,
and Morgan Kiani
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substations or providing more
automated control to distribution
grids. Without proper coordination, however, these increased
Multiport
interactions between the smart
Power Electronics
Interface
grid and its users may not yield
satisfactory results. In order to
η-Grid
To Other
achieve such coordination and,
η-Grids
η-Grid
at the same time, avoid the single points of failure typical of
centralized controller architecη-Grid
tures and dedicated communication links, advanced smart grids
η-Grid
μ-Grid
should incorporate distributed
Controller
dc Link
and autonomous controllers but
ac Link
use advanced distribution automation (ADA) technologies at
figure 1. Example of future power distribution. (Used with permission from the
the utility side and home energy
University of Texas at Dallas.)
management (HEM) systems at
the user side. Greater numbers of
distributed
and
autonomous
controllers also reduce the risk
and harmonic-free operation in the ac feeder lines can be
achieved. This in turn can result in a significant reduction of intentional and unintentional outages due to breaches of
of losses within the distribution system, which tends to cybersecurity. There is an underlying paradox here, howbe current-intensive and therefore inefficient. Consumers ever: the more distributed and autonomous the control
and providers will both benefit from this arrangement. structure is, the more complex it also tends to be. Since
This article discusses various aspects of future power more complex systems may be more prone to operational
systems, commonly referred to as smart grids, including failures, without proper planning and design, distributed
resilience, energy storage, renewable energy harvesting, and autonomous control architectures may yield worse reliability performance than expected. Nonetheless, advanced
and environmental impacts.
two-way communications between smart grid utilities
and customers may help mitigate potential issues related
The Smart Grid
Smart grid development tends to be driven by one of two to the complexity of such distributed control architectures
principal visions for enhancing electric power interactions by providing a redundant level for the smart grid operafor both utilities and their customers: the European Union tions and management platform. Cybersecurity concerns at
and U.S. models. The European Union vision seems to be this additional communication level can be addressed both
driven primarily by environmental concerns, whereas U.S. locally and globally by means of firewalls and data encrypplanning for the smart grid has been motivated primarily by tion techniques.
In addition to distributed and autonomous controllers,
a desire for reliability improvements. In the United States,
desirable characteristics of the smart grid include self-heal- other approaches for enhanced reliability may include impleing transmission and distribution power architectures that mentation of redundancy or diversity. In reality, redundancy
will be resistant to intentional attacks and natural disasters is a technique already in use in conventional power grids,
and very high power quality levels along a broad range of particularly in transmission lines and in critical transformmetrics that go well beyond outage statistics. One of the key ers and inductors. In recent years, redundancy has also been
goals of model smart grids, such as the one being developed extended into the distribution portion of conventional power
by the Pecan Street Project in Austin, Texas, is to promote grids by providing the possibility of automatic commutation
active customer participation and decision making and thus to an alternative feeder when an active feeder experiences a
to create a new grid operational environment in which both fault. In some instances and for critical loads, however, the
reliability improvements provided by such redundancy techutilities and electricity users influence each other.
In smart grids, users can influence utilities both indi- niques may not be sufficient to achieve the desired power
rectly by reacting to pricing signals and other mechanisms availability levels. Furthermore, providing redundancy to all
and directly by adding distributed generation sources, power grid components is extremely costly, especially when
such as photovoltaic (PV) modules or energy storage at the limited improvements in terms of power system reliabilthe point of use. Likewise, utilities can improve reliability ity are considered. Hence, in most cases, risk assessment
indirectly through demand response programs or directly evaluation of the suitability of redundancy implementation
by adding distributed generation or energy storage at yields negative outcomes.
56
8
6

IEEE power & energy magazine
ieee

july/august 2011

Functional diversity can yield better risk assessment
outcomes than reliability, i.e., power availability can be
improved with respect to a conventional electric supply
from the grid at an acceptable cost. While redundancy
implies having more than the minimum number of equal
system components necessary to achieve some operational goal, diversity implies having more than one different entity performing the same function. The notion of
diversity as distinct from redundancy becomes clear in
disasters. Although it is common to fi nd that some critical loads, such as data centers, may receive power from
two feeders, during disasters affecting extensive areas
both feeders are likely to be affected because they are
ultimately connected to the same system—the power grid.
True functional diversity is thus nonexistent in conventional power grids. Natural disasters also serve to make
evident that conventional power grids are extremely fragile: as Figure 2 exemplifies, it is common to observe that
damage affecting a very small percentage of power grid
components (less than 1%) may yield outages affecting all
electricity users. Moreover, even relatively minor to moderate events such as Tropical Storm Hermine in 2010 can
produce damage, such as that to the transformer shown in
Figure 3, that can cause important outages. The fragility
of conventional power grids is a systemic issue, inherent
in their centralized architectures.
Advanced smart grids may be able to add several technologies and strategies that address these important issues
at a local level. These technologies and strategies could provide power supply diversity permanently through integration
of dispatchable distributed generation sources or temporarily through the integration of inherently distributed variable

renewable energy sources (such as PV modules) or physical or virtual energy storage. Although renewable energy
sources are variable, their main advantage is that they do
not have to rely on lifelines for feedstock (such as natural
gas distribution networks, in the case of microturbines) that
can also be affected by the same extreme event affecting
the bulk power grid. Still, a well-designed microgrid—i.e.,
a local area power and energy system—with diverse local
generation technologies may improve power supply availability by several orders of magnitude from that provided by
a conventional power grid and even have a high likelihood of
maintaining operation during extreme events. If dependence
on lifelines is a concern, local energy storage, virtual or real,
could be added to the local area power and energy system as
an effective way to decouple its reliability behavior from that
of its lifelines—including the power grid.
The smart grid technologies used to improve power supply availability—e.g., distributed generation and storage
and advanced distributed and autonomous controls—may
also be used as a way to improve power quality beyond
outage metrics. In reality, deficiencies in power quality
metrics different from outage statistics, such as harmonic
content, may be considered as indicating degraded service
conditions. Power quality indicators can thus be thought of
as “soft” reliability metrics. Moreover, deploying a more
resistant and flexible power grid may change the paradigm
of selling energy in the form of electricity into a new market structure in which energy-based services are provided.
A typical application of this environment has already been
demonstrated in Japan by the national telecommunications
company, NTT, as part of its microgrid trial in the city
of Sendai. In this application, a combination of ac and dc

Hurricane
Ike Track

Houston

Map Key
0–10%
10–25%
25–50%
50–75%
75–95%
95–100%
(a)

San Antonio

Infrastructure
Damage (%)

<1 %
1–10%
10–50%
>50%

(b)

figure 2. (a) Outage incidence caused by Hurricane Ike (source: Texas Public Utility Commission). (b) Observed damage
from field damage assessment.
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figure 3. Damage caused by Tropical Storm Hermine in
2010. The photo was taken within an hour of the center of
circulation’s passage through the area and while the effects
of the storm could still be felt. (Photo by Alexis Kwasinski.)

circuits powered by distributed generation sources located
at the local power generation site is used to provide not
only higher-quality and more reliable power than that of a
traditional main ac grid but different tiers of reliability and
power quality through various feeders. A utility with such
infrastructure could build a portfolio of energy products
differentiated not only by how much energy is used but also
by distinct levels of availability and power quality. Coincidentally, despite the severe earthquake that affected Sendai in March 2011, preliminary information obtained by
one of the authors indicates that this microgrid remained
operational during the entire event and its aftermath, even
when most of the rest of the city lost power, in some cases
for several days.

Stationary and Mobile
Energy Storage Systems
According to a recent U.S. Department of Energy (DOE)
report, a future smart grid should accommodate all generation and storage options. As opposed to conventional
low-speed controllers, smart storage options augmented by
voltage source inverters can effectively address the intermittency and power fluctuation of renewable energy sources,
58
10
8

IEEE power & energy magazine
ieee

load leveling, shifting power consumption away from peak
hours, improving stability margins, fast dynamic active and
reactive power support, and power quality improvement.
Given the indispensable role of intelligent storage for the
stable, secure, and reliable operation of smart grids, government incentives should accelerate the development of storage
technologies to reach 150 GWh of utility-scale storage by
2015. The various storage options can be categorized based
on technology and mobility (i.e., stationary storage versus
storage provided by electrified transportation).
Pumped hydro, compressed air, superconducting magnetic storage units, batteries, supercapacitors, and flywheels
are among the main stationary storage options envisioned for
smart grids. Pumped hydro and compressed air systems can
store hundreds of MWh and are cost-effective, large-scale
storage options, although they are geographically limited.
Currently, there are around 40 pumped hydro facilities in the
United States. Pacific Gas and Electric is currently studying
the feasability of building a 400–1,200-MW pumped hydro
energy storage system on the Mokelumne River in eastern
California. Total compressed air storage capacity will grow
to around 1.6 GWh worldwide by 2015.
Magnetic storage options, e.g., superconducting magnetic
energy storage (SMES) systems, are fast-acting and suitable
for load leveling, voltage and frequency stability, and improving power quality. Currently, total U.S. installed capacity is
around 50 MW. Micro SMES systems with a capacity of less
than 10 MW and low-temperature, superconducting materials are under investigation in Europe. Mechanical storage
systems, e.g., flywheels, are used for power quality applications, stability improvement, and load shifting. Low-speed
flywheels (those running at less than 10,000 rev/min) are
commercially available in uninterruptible power supplies
(UPS) applications with capacities up to several megawatts.
Recently, Beacon Power designed a flywheel frequency regulation plant with a power range of 40 MW and a response
time of less than 4 s.
Electrochemical energy storage options have been widely
adopted due to their desirable characteristics, such as rapid
responses, cycling capability, and relatively low cost. Lithium-ion (Li-ion) batteries are the fastest-growing battery
technology in utility-scale applications and will make up
more than a quarter of the US$4.1 billion stationary energy
storage market by 2018. Sodium-sulfur (NaS) batteries are
another viable large-scale storage option, given their high
energy density, high efficiency of charge and discharge,
long cycle life, and low material cost. Their high operating
temperature (300–350 °C) and the highly corrosive nature
of their sodium polysulfides make them more suitable for
stationary applications. Recent advancements of the technology include solid sodium metals linked to a sulphur
compound by a paper-thin ceramic membrane. Such batteries can operate at a lower temperature range (less than
90 °C) and store up to 40 MWh. It is expected that NaS will
become the major energy storage technology for smart grid
july/august 2011

In addition to expecting digital-grade “perfect power,”
consumers expect the next-generation “smart grid”
to keep them informed, empowered, and secure.
developments: Japan has installed more than 200 MW of
NaS storage. The largest utility-scale NaS battery in the
United States (4 MW), nicknamed “big old battery,” is
installed in Presidio, Texas.
Mobile energy storage systems, such as plug-in hybrid
electric vehicles (PHEVs), are viable storage options for
future smart grids. The overall energy capacity of electric
vehicles is expected to reach around 450 GWh by 2020.
They can provide ancillary service for load shifting and
small-scale reliability enhancement. PHEVs are charged
taking into consideration the driving pattern and history
of the vehicle, the required usage time, and the forecast
grid demand and are discharged at “idle” times. Using
integrated communication infrastructure, smart grid controllers collect information such as load demands, grid
voltages and frequencies, and real-time electricity prices
to control the charging and discharging process. During a
typical trip, a main smart grid energy management center
is updated every couple of minutes with the charge state of
vehicle’s energy storage unit and its location via a wireless
communication network. An onboard system also manages
the energy split between the internal combustion engine (or
fuel cell) and the energy storage unit by predicting driving
distance. This system shares the information with the main
energy management center through wireless communication and is updated with the instantaneous and future load
demand. After arriving at the destination, based on power
demand and smart grid regulation strategies, the storage
unit is charged.
Successful commercialization of PHEVs as mobile
storage options will correlate with onboard storage technology development. Li-ion batteries are a viable option;
their energy density is projected to reach the practical limit of 250 Wh/kg by 2025, and their cost should
decrease to US$250–300/kWh by 2030. Lithium sulfur
batteries are another high-density energy option (350
Wh/kg); their cycle life is expected to rise to 1,000
cycles by 2020. Lithium air batteries, with very high
energy densities of up to 1,000 Wh/kg, are expected to be
commercially available by 2020. Hybrid ultracapacitor/
battery storage systems can benefit from ultracapacitor
characteristics such as long cycle life, high charge and
discharge efficiency, and wide range of operating temperature. At a 2008 Los Angeles auto show, AFS Trinity demonstrated a PHEV with an ultracapacitor/battery
storage unit that it said is six times as durable as Li-ion
battery–based PHEV storage units.
july/august 2011

By integrating energy storage systems (stationary and
mobile), distributed energy resources, and fast-acting
converters, a new typology of distribution systems can be
imagined. A smart integration module coordinates, compensates, and regulates the storage units. In partitioned
command and control layers of smart grids, home area networks (HANs) are used for the communication network of
loads, sensors, and appliances beyond the smart meters. A
smart device controller monitors, controls, and coordinates
the smart appliances, solar panels, and PHEV onboard storage units on the HAN. Recently, Pacific Northwest National
Laboratory has developed a prototype PHEV smart charger.
The smart meter communicates with the utility to update
the electricity price and shares the information with the
charger controller through the HAN. A local area network
(LAN) is used to connect the various nodes of the communication network of integrated smart meters and gateways
that link distribution substations and consumers. A wide
area network (WAN) is used to implement the communication network of power plants, stationary energy storage
systems, and substations. The WAN/LAN and LAN/HAN
interfaces are facilitated by substation gateways and smart
meters, respectively.

Renewable Energy Sources
The worldwide demand for electricity continues to grow
even as energy conservation measures and advances in
power conversion efficiency reduce the consumption of
individual loads. To feed the energy appetite of the world,
renewable energy technologies are becoming feasible and
offer alternative generation options that enable consideration of the impact on the environment and other social and
economic factors. According to the U.S. Energy Information Administration (EIA), nonhydroelectric renewable
energy is one of the fastest-growing energy sources; its
contribution to total U.S. electrical generation is expected
to reach 14% by 2035. While much of the current renewable
generation is provided by wind, PV generation is enjoying
tremendous growth worldwide. In the United States alone,
grid-connected installations grew 102% to 878 MW of new
PV generation in 2010, which brought cumulative installed
capacity to 2.1 GW. Utility-installed PV represented only
28% of this growth, continuing a multiyear trend in which
the growth in PV was led by nonutility installations. The
PV industry is nascent, and much of this growth depends
on favorable government economic incentives. As the technology matures and manufacturing production economies of
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As the technology matures and manufacturing production
economies of scale emerge, however, PV is poised to assume a
more prominent role in the future electrical generation portfolio.

mechanical inertia of large, rotating steam turbines, many
renewable energy sources don’t have the overload and
short-circuit current capability of thermal-cycle generators.
Therefore the future power grid is likely to be designed and
operated very differently than the one originally conceived
by Nikola Tesla.
The most highly distributed source of renewable energy
is solar. Figure 4 illustrates the solar energy available in
the United States. Although the Southwest has the highest energy density, significant regions of the United States
receive ample solar energy. PV solar energy is the most
easily scalable type of renewable energy generation; it can

scale emerge, however, PV (particularly residential PV) is
poised to assume a more prominent role in the future electrical generation portfolio.
Aside from the obvious difference in the source of the
energy, most renewable energy sources generate power
in a manner that is fundamentally different than the way
power has been generated in the past. Whether direct-toelectricity, dc generation as with PV solar or variablefrequency, ac generation as with wind power, virtually all
renewable sources require a power electronics interface to
condition and convert the native format of the generation
so it becomes grid-compatible. Furthermore, without the

Photovoltaic Solar Resource of the United States
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figure 4. Solar energy available in the United States. (Used with permission from NREL.)
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be produced in amounts from a few kilowatts at the residential scale up to multiple megawatts at the utility scale. Solarderived energy sources like PV and wind are both variable
and intermittent. The intermittency of PV power stems from
the diurnal and seasonal cycles of the sun and is deterministic. Its variability is due to the fact that the instantaneous
power generation depends on the level of insolation (incident
solar radiation), which can vary due to atmospheric conditions. Advances in meteorological models will help remove
some of the uncertainty in the look-ahead prediction of generation capability, which could simplify generation dispatch
in the future and reduce the reliance on energy storage to
mitigate the uncertainty of generation.
The levelized cost of energy (LCOE) is a metric used to
compare the cost of electricity from renewable sources with
that obtained from conventional generation. Simply stated,
the LCOE is total lifetime energy output divided by total
lifetime cost; it amortizes the capital and operations and
maintenance (O&M) costs over the lifetime of the asset.
Thus, component replacement due to poor reliability is
accounted for in addition to the up-front costs of the project.
Key issues that affect the LCOE of PV power include energy
harvest, component cost, and reliability. Demonstration projects are under way to study the true costs and benefits of PV
generation. One such project, at Texas A&M University in
College Station, is investigating the performance of different commercially available inverters, the impact of aesthetic
and other built-environment restrictions on the installation
and performance of the PV system, and the potential for considering building-located PV generation as a campuswide
energy resource through the framework of a smart energy
campus network.

High
Voltage dc

Inverters
Since PV cells produce low-voltage, dc electricity, power
electronics hardware is required to boost the voltage and
convert the electricity from dc to grid-compatible ac. Wind
power also requires power electronics to convert the output of the generator into grid-synchronized power and to
provide voltage sag ride-through. Although inverter design
is not a new concept, the performance and lifetime requirements of a renewable energy system are vastly different
than those of other systems. As such, significant challenges
remain in the areas of increasing the energy harvested from
the sun, lowering the cost of components needed for the
energy conversion, and improving reliability so as to eliminate replacement costs during the life of the system. A true
turnkey PV system would have an inverter that carries a
warranty of the same duration as its PV modules and other
system components.

System Topology
In any PV system, numerous PV modules are interconnected
to aggregate the power from each module. In a dc system
topology, multiple PV modules are connected in series, and
a single inverter, called a string inverter, provides the energy
conversion and interconnection to the ac system, as shown
in Figure 5(a). A newer option, shown in Figure 5(b), is an
ac system in which smaller “microinverters” are located at
each PV module and the power of each module is aggregated
in the ac format. An inverter directly attached to a PV module is known as an ACPV module. Each system has advantages and disadvantages, including cost, reliability, energyharvesting effectiveness, and impact on balance-of-system
requirements.

Standard 120/240
Vac Writing

Inverter
(a)

Standard 120/240
Vac Writing
(b)

figure 5. Comparison of two PV system topologies for residential PV systems. (a) String inverter system. (b) ACPV/
microinverter system.
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The Pecan Street Project is carrying out a smart grid development
and demonstration projects in the United States that arguably
places more emphasis on customer participation than many other.
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figure 6. Expected net energy increase using module-level
maximum power point tracking.
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Because electricity in a PV system is generated by individual PV cells operating at low voltage and low current,
dozens of individual cells are arranged in series-parallel
configurations within a PV module, and tens to hundreds
of modules are then arranged in series-parallel arrays to
create high voltage and the desired power. But connecting
cells in series forces the same current to flow in each cell,
and connecting them in parallel enforces the same voltage.
This is acceptable if each cell is perfectly identical and
operates at the same temperature and insolation level. In
practice, however, because the voltage-current characteristics of the PV cell are nonlinear, even small differences
can result in substantial lost generation. Binning, the process of sorting cells based on tested performance by the
module manufacturer adds cost to the system and can’t
compensate for differences that occur to statistical divergence as the cells age. Techniques for maximum power
point tracking have therefore become standard practice.
The two system topologies in Figure 5 can be compared to
determine their performance under conditions of partial
shading. Figure 6 shows that when a portion of the array
is partially shaded (the middle portion of the figure), the
ac system in Figure 5(b), which makes use of maximum
power point tracking, generates up to 20% more output
power. So although a dc topology such as that shown in
Figure 5(a) may be a lower-cost option for a large utilityscale solar farm, an ac system like that in Figure 5(b) can
improve the LCOE for a residential system by increasing
the energy harvest.
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The power electronics necessary to integrate the renewable
generation with the ac grid contains two categories of costs:
costs that scale with power and those that don’t. The power
train—the components that process the power from input
to output, such as semiconductor switches, heats sinks, and
passive filter components—tend to scale with power, albeit
sometimes in discrete steps; this suggests a constant incremental cost per watt. Other components, like voltage and
current sensors, housekeeping power supply, and control
circuitry, all amount to overhead that is required regardless of the power rating of the converter. This is evident
in figure 7: at higher power levels the incremental cost (as
expressed in U.S. dollars per watt) approaches a constant
value, but at lower power levels it increases rapidly.
july/august 2011

The smart grid, along with its associated technologies,
is one of the most promising solutions for a future
sustainable energy system.

Grid Interoperation
The role of the inverter also includes synchronization with
the frequency and phase of the electrical grid as well as
anti-islanding protection, which prevents the inverter from
energizing a power line that was removed from service or
tripped off-line. While these operations are important from
the power system perspective, they seem counterintuitive
from the load-side perspective: a resource that is capable
of generating power is prevented from doing so. Consider
a residential neighborhood in which a large number of the
homes have PV systems. Yet during the aftermath of a natural disaster, this generation source is statutorily unavailable
because a problem in the utility system deenergized the distribution system. As PV and other highly distributed generation becomes more popular, it is likely that community-scale
microgrids will emerge to network local generation assets as
well as local energy storage, such as PHEV vehicles.

Environmental Impact
The traditional generation portfolio is dominated by nonrenewable hydrocarbon fossil fuels whose excessive usage
results in increased production of carbon dioxide and airborne particulates, which seem to be the main contributors
to climate change. The most recent data about international
energy consumption from EIA reveal that the consumption
of fossil-based fuels is still dominating world energy composition and is still projected to increase over the next 20
years. Since fossil fuels are nonrenewable and the tremendous environmental impact made by the consumption of fossil fuel can only be redressed by even more energy usage, the
traditional mode of energy flow from fossil fuel to electrical
energy product is unsustainable.
Realistically, fossil fuels are unlikely to be replaced at
the dominant energy source in the short run. The challenge
therefore lies in how to best harvest “free energy” and use
the energy efficiently. The design concept of “more electric” was first introduced in aerospace and vehicular engineering, since electrical components and electromechanical
actuators weigh less and operate more efficiency than their
pneumatic and hydraulic counterparts. In fact, electric components are being considered for and are gradually replacing many hydraulic, pneumatic, and mechanical elements
in a variety of applications. In spite of its advantages, wide
adoption of the “more electric” concept inevitably leads to
an increased burden on electrical power systems. Since the
transportation system and the electric power system are the
july/august 2011

two largest consumers of energy, they are pioneering solutions for the many challenges of engineering future sustainability. The energy chain of the conventional electric
power system involves three major elements: generation,
transmission, and distribution. The current electric power
system is built on the assumption that all electricity will
be generated at very large central plants. At the same time,
the advent of hybrid vehicles alleviates the consumption of
fossil fuels by incorporating renewable fuels and energy
storage methods that, in turn, introduce a more complex
hybrid power system. Therefore, the investigation of hybrid
power structures and power management is a crucial task in
vehicle power system design in order to achieve an optimal
balance among efficiency, performance, and durability of
system components.
The smart grid, along with its associated technologies, is
one of the most promising solutions for a future sustainable
energy system. By introducing localized, power electronics–based renewable energy harvesting, power conditioners,
and energy storage systems with intelligent management,
the bottleneck of transmission capability will eventually be
eliminated, and better local compensation and power conditioning can be achieved. By means of seamless integration
of local energy storage systems (ESSs), a smart grid solution
can provide resilience to contingency and involve consumers
actively in power system demand response. As prospective
super-energy-storage systems, personal hybrid vehicles can
also be integrated into smart electric networks; given access

figure 8. A sample house at the Mueller development, in
Austin, Texas. (Photo by Alexis Kwasinski.)
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to data about states and pricing of electricity, vehicle power
management systems can make sound judgments as to which
modes of operation to employ.
Renewable energy sources are getting more attention in
a broad range of applications. With “more electric” components in stationary and mobile applications, the demand for
power from the electric grid has been increasing. A collection
of renewable sources is a good addition to the conventional
electric power system for enhanced power capability. Typical integration strategies for renewable energy make use of
distributed generation, where centralized power plants and
renewable energy plants share the ac distribution bus. As
the ultimate environmental impact of electrified transportation depends in large part on the specific mix of electricity
sources, an increased share for clean sources of electricity
will demonstrate the effectiveness of these technologies in
reducing emissions. Transmission capacity still persists as
the principal bottleneck, however, since most centralized
plants are located in remote regions. As we get closer to
implementation of the smart grid, localized generation from
renewable sources will become the new generation pattern
that will lead to a further reduction in pollution and transmission infrastructure costs.

from project partners. The demonstration project at Mueller involves deploying and evaluating home energy management systems from multiple companies at 1,000 homes
(see Figure 8); testing new dynamic pricing models with
actual customers; studying the integration of distributed
PV generation systems, energy storage, and PHEVs; and
testing and evaluating emerging smart grid industry standards for technical, semantic and organizational interoperability. Testing additional technologies, including smart
appliances, LED lighting and residential dc power distribution systems, is also encouraged in this project. One of the
expectations coonnected with the project is to be able to
extend the lessons from these tests and the results from the
extensive data analysis to smart grid technology deployments worldwide and in a variety of conditions.
Exciting developments in smart grids that will change the
way we all use electricity are already occurring. Yet public support is equally important to technology development.
For this reason, smart grid projects focusing on consumer
technologies and services are crucial. Their successes will
encourage customer support and motivate further development in smart grid technologies.

A Customer-Oriented Smart Grid
Initiative: Pecan Street Project
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Smart grid technologies are revolutionizing electricity
utilization, particularly at the user level. The Pecan Street
Project, a smart grid research and development organization headquartered at the University of Texas in Austin,
is carrying out a smart grid development and demonstration projects in the United States that arguably places
more emphasis on customer participation than other smart
grid initiatives. At the same time it embraces most of the
technologies relevant to advanced smart grids, such as
distributed generation, energy storage, advanced loads—
including personal electric vehicles (PEVs) and PHEVs—
advanced communications, and home energy management
systems. In reality, Pecan Street Project is an organization
promoting R&D into technologies for advanced and effective energy utilization. Its focus on the customer side of
the meter is also evident from the broad, active community
involvement of its founding members: the City of Austin,
Texas; Austin Energy; the University of Texas; the Austin Technology Incubator; the Greater Austin Chamber of
Commerce; and the Environmental Defense Fund. Highlighting Pecan Street Project’s organizational objectives is
its ambitious Smart Grid Demonstration Project at Mueller
(a 711-acre, mixed-use development at the site of the old
municipal airport). The demonstration project is funded
by a US$10.4 million grant from the U.S. DOE as part of
the American Recovery and Reinvestment Act of 2009
(ARRA) and more than US$14 million in matching funds
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New Technology Lets
Virtual Control Centers Expand
and Contract to Meet Operational Needs

A

A FLEXIBLE, SCALABLE CONTROL
center environment has been the vision
and is now the goal of many distribution utilities. The traditional large, fixed
mapboard surrounding the control room
with cabinets full of paper maps impedes
efforts to improve the efficiency of distribution grid operation. Distribution operations will typically expand to multiple,
smaller control areas in response to high
system activity, such as a wide-area storm
event. Afterward, seamlessly contracting
back to a single (or a smaller) control center without interrupting normal operating
routines can be a major problem.
The technologies required to produce the operations control center of

©INGRAM PUBLISHING

september/october 2011

Digital Object Identifier 10.1109/MPE.2011.941829
Date of publication: 18 August 2011

1540-7977/11/$26.00©2011 IEEE

ieee
IEEE power & energy magazine

15
17
33

The convergence of many technologies
is allowing the virtual control center to become
a practical reality.
the future have been “almost there” for quite a while, but it
is only in very recent times that all the elements have come
to together to make it a practical reality. The display systems, high-performance desktop computers, and advanced
software—including geospatial modeling tools that combine
the mapping and asset management functions—are now all
available so that the long-desired transformation of the control center can finally take place.
In this article, the technical issues involved in transforming the traditional control center into an operations control
environment that can be relocated or resized to meet rapid
and frequent changes in operational needs are described.
Most important, the future operations control center must
replicate all the functionality provided by the fixed mapboard—a complete view of the grid, switch status, tagging,
safety documents, and operational notes—on a large-format
display. The future operations center thus becomes a virtual
control center that can be either expanded or contracted on
demand to meet the changing operational needs of the smart
distribution grid.
A virtual control center will do much more than simply
replicate the functionality of the conventional mapboard.
It will update changes in the distribution grid connectivity in real time. The distribution grid view on the large
displays or individual desktops will be able to be zoomed
and panned to provide a level of detail traditionally available only on paper maps. The distribution grid view will
also display the energization status of the distribution grid,
improving both the reliability and the safety of distribution grid operations. The distribution grid view will easily

figure 1. A typical fixed mapboard in a distribution control center.
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and automatically display changes in the grid due to new
construction. These new tools will make the operator more
effective and will facilitate goal achievement by leveraging the operator’s existing investment in geographic information system (GIS) technology. They will thus provide
for improvements in the overall performance of the distribution grid.

The Fixed
Mapboard Scenario
A typical distribution control center today consists of a number of desks for operators surrounded by a large fixed mapboard on the walls covered with a maze of lines, symbols
of distribution devices, stick-on objects, and possibly some
indicating lights. This is the operations mapboard. The layout of the desks is such that every operator has a clear view
of as much of the mapboard as possible.
The mapboard captures in one view all the key information relating to the area of the distribution network under the
responsibility of the operators in the room. It displays the
substations, feeders, switches, and other grid devices overlaid on a representation of main streets and roads. A typical
example is shown in Figure 1.
The mapboard is the focus for all the activities that take
place in the control room. It is the only consolidated source
of information about the layout and the current configuration of the distribution grid. The mapboard is used to display not only the static layout of the grid feeders but also
dynamic information about current switch status, configuration changes, faults, and maintenance work. The operator
frequently moves between the operations console and the
mapboard to update the status of the distribution grid.
As work is completed in the field, field personnel relay
the information on changes back to the operator in the control center, and the mapboard is marked up accordingly.
Colored magnets, pins, or some other equivalent are used
to indicate the status of switches. Other stick-on devices are
used to show safety tagging or information about maintenance activities.
The amount of information stored on the average mapboard is huge. Typically, a single mapboard covers up to
750 feeders incorporating 40,000 switches and other grid
devices such as regulators, capacitors, and line-post sensors.
To manage larger corporate distribution grids, there are usually multiple control centers, each with a separate mapboard
covering its assigned service area. The fixed mapboards do
not readily support transfer of control or a roll-up scenario
september/october 2011

The implementation of the electronic
mapboard facilitates the transition to the operations
environment of the future.
during low system activity for night, weekend, and holiday
operations.
The layout of the distribution grid on the mapboard is
usually a geoschematic presentation. This means that feeders are shown with the correct geographic directions but the
scales are distorted to expand the complex areas and compress the longer lines. In this way, the distribution devices are
more evenly spread across the whole area of the mapboard,
making it more readable. The mapboard typically shows the
principal roads and other land-base information to give some
reference points for the location of distribution grid devices.
The fixed mapboard thus becomes a physically large and
immovable object.
In addition to the main mapboard, special areas such as
the highly complex grids used in downtown precincts may
be displayed in an expanded view on supplementary boards.
These supplementary boards are sometimes mounted
on wheels and can be moved around in front of the main
mapboard as required. In doing so, the fixed mapboard has
obviously exceeded the capacity of the walls in the control
center. The inflexibility of the fixed mapboard becomes
even more apparent.
The mapboard is the first point of reference for all operational activities. Not only does it display the status of the grid,
it is used by the operators to plan future maintenance and
switching and—most important—to coordinate the activities
of field crews. The mapboard is the key resource for operators managing the distribution grid.
The fixed, wall-mounted mapboard has over time served
many utilities well as the main grid management tool, but
it does have significant limitations. The main issues are the
physical size and immovability of the board itself. Mapboards
pack in as much information as can be reasonably displayed
while still maintaining an acceptable level of readability for
the individual operators. Care and diligence are required to
ensure that the markup of the mapboard remains in place.
Moreover, the mapboard must be updated in a timely manner
so as to avoid losing the status of the distribution grid. This
means that there are inherent problems at times of aboveaverage or below-average activity. It is impossible to split or
expand the mapboard so that a particular area can be managed by multiple operators. Similarly, it is very difficult for
a single operator to manage an area of the grid that requires
physically moving from desk to desk to take in the whole
mapboard. Transfer of control among operating centers is
limited or inhibited because each center’s mapboard cannot
be reproduced in the other centers.
september/october 2011

The First Generation
of Digital Operations
To arrive at the first generation of digital operations in the
control center, the fixed mapboard was imported into the
desktop workstation. The drafting tools that were used to
draw the mapboard provided the source data for creating
a digital representation of the fixed mapboard. Initially the
functionality was the same for the operator, with one major
exception: now the operator could remain at the console,
where all of the operating tools were at hand. Software
tools development ensured the ability to maintain the status of the distribution grid, the reliability of the operational
information, and the availability of electronic updates to the
digital mapboard.
The digital environment facilitated an operational flexibility that the operator did not have with the fixed mapboard.
Transfer of control between operational centers became possible. A scalable solution made decentralization of control
possible during periods of high activity. The digital representation, however, was just that: a digital representation of the
fixed mapboard. Either the source data or the presentation
tools typically did not support a connected model. The digital representation was essentially the fixed mapboard with
some minimal options for creating a small-area view or rolling up to a large-area view. The digital representation could
not be connected to other data sources such as distribution
SCADA, an outage management system, or a work management system. The operator’s responsibility was to integrate
these dissimilar applications at the console to develop actionable operational decisions. The operator’s console consisted
of multiple monitors dedicated to displaying specific applications. The console arrangement for the first generation of
digital operations is illustrated in Figure 2.
Operational efficiencies were gained as the distribution
operations center transitioned into the digital operations era.
But further achievements in efficiency can now be achieved
in the control center by integrating the dissimilar operating
applications with a connected model of the distribution grid.
The promised benefits of the smart distribution grid will
become real when such an integrated distribution management system is implemented in the control center.

The Key Technologies
The emergence of the connected electronic mapboard and
the virtual control center has really been the result of the
concurrent availability of a number of technologies, each of
which contributes a key component. The integration of these
IEEE power & energy magazine
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The shift to a computer-based electronic mapboard
does much more than replicate the functionality of the
fixed mapboard.
technologies creates a complete operational view for the
operator with the overlay of distribution SCADA and outage
management data on the operational connected electronic
mapboard.
✔ GIS data: Most utilities have an asset management
database. This is usually implemented in the form of
a GIS. The system records every component of the
distribution grid with its spatial coordinates and also
records a large amount of attribute data, including
connectivity relationships to other components. The
system usually presents this information as distribution grid maps.
✔ Low-cost and powerful client workstations: Distribution grids are very large systems containing
hundreds of thousands of devices. The data models
used to describe and manage these grids are, consequently, very large. The manipulation and visualization of these large data models in near real time require a significant amount of computing power. It is
only in very recent times that this power has become
available economically enough that workstations that
provide the performance levels necessary for efficient
operation of the grid can be placed on every operator’s desk.
✔ Electronic display systems: The main purpose of a
mapboard is to display all the information in a single
view. Large-panel displays and projection systems are
now capable of replicating the resolution of physical
mapboards when viewed from the operator’s desk. In

addition, individual displays can be used to provide an
effective mapboard at each operator’s desk.
✔ Graphical client software tools: The display and
manipulation of high-resolution graphics are now
available as standard software tools. These tools
facilitate the development of a suite of functions
specifically suited to the needs of the distribution
operator.
✔ Communications: High-speed data communication
has allowed the location of the control center to be
independent of central computer systems. It is no longer necessary to have all the equipment located in a
single building to achieve the necessary response for
real-time operations.
✔ Standards for data exchange (real-time and data-modeling information): The standardization of
data interchange has been a major factor in the development of the electronic mapboard. Without these
standards, the integration of the electronic mapboard
system into the rest of the operational environment
requires expensive, proprietary data interfaces between the asset management system (GIS) and the
source of real-time data (SCADA). Such custombuilt interfaces are difficult to develop and very expensive to maintain. Three very important standards
are the Common Information Model (CIM), the
Generic Interface Definition (GID), and the InterControl Center Communications Protocol (ICCP).
The use of standard data interfaces such as CIM and
ICCP allows the integration of an electronic mapboard into the systems a utility already has in place
so that the utility has the option of replacing any part
of the system.

The CIM

figure 2. A typical console for the first generation of
digital operations.
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The CIM is a standardized definition for the description
of an electric power network. It is an abstract model that
represents all the major objects typically involved in
the operations of an electric utility enterprise. The CIM
provides a standard way of representing power system
resources as object classes with various attributes and can
also describe their relationships. This is accomplished by
defining a common language (i.e., a common semantics
and syntax). It is a schema, not a database or a specific
data file format.
While it is clear that the easy exchange of data among
systems is beneficial, it is also the case that the differing
september/october 2011

The mapboard captures in one view all the key information
relating to the area of the distribution network under the
responsibility of the operators.
requirements of each system mean that specialized internal
data formats are necessary to achieve the required performance and functionality. In order to leverage the benefits of
the common data exchange and provide flexibility within
the individual systems, therefore, it is essential that a neutral
data format be available to facilitate the data exchange. Such
a format is particularly well suited to the interchange of data
from an asset management system to create the data model
for an electronic mapboard system.
To achieve this, the CIM has the following key attributes:
✔ It is a schema, not a database (a standardized description or catalog of electric utility objects).
✔ It is capable of modeling the complete utility enterprise object structure (i.e., it provides access to all objects and the associated attributes within the electrical
system, both abstract and physical).
✔ It is file format independent (i.e., it can use simple
data structures such as CSV or XML). This provides
application integration flexibility, letting developers use the most effective file format for a particular
application.
✔ It is not vendor or application dependent (it lets utilities choose applications based on the application and
does not require them to be tied to one vendor or
provider).
✔ It is a standardized specification defined using UML
(recognized and understood throughout the industry
by developers and system integrators).
✔ It is a published international standard (this lets all
vendors and developers exchange data with a full
knowledge of the data object structure).
✔ As described by Boardman et al. extensions can be
added to the published standard to permit industrywide growth of the standard model.

The GID
The GID provides a common interface and language for
software developers and offers end users the opportunity to
mix best-of-breed applications and systems from different
suppliers without regard for the underlying technology or
platform. As outlined by Gillerman et al. (2002), the use of
the GID can minimize the effort required to integrate utility applications, to isolate applications from the underlying
middleware technology, to take full advantage of the CIM,
to limit the creation of overly fine-grained APIs that become
application specific, and to prevent the standardization of
incompatible control center APIs.
september/october 2011

The ICCP
The ICCP allows the interchange of power system data
among real-time control systems. In the case of the connected electronic mapboard, it allows SCADA systems to
provide real-time status and analog information to the electronic mapboard system. To the extent that the SCADA technology has penetrated the distribution grid, the connected
electronic mapboard presents the current, real-time state of
the distribution grid.

Smart Distribution Grid
Implementation Issues
While an electronic mapboard appears to focus heavily on
the provision of an appropriate user interface, it is essential
that the underlying infrastructure support future development such that the system can continue to grow with the
utility as additional functions are required and components
of the system are changed or upgraded. The core of the system is the operations model. This is the data structure that
holds all the information about the distribution grid. The
grid operations model contains all the necessary information about each network device, the topology of the network, and the real-time status of the devices. The operations model imports much of this information from the GIS
application and the real-time information available through
the SCADA application. The operations model is thus a synthesis of data that supports the display of grid diagrams plus
all the functionality required of the mapboard system: the
updating of status, the application of tags, the topological
analysis that identifies deenergized lines, and so on. The
design of the grid operations model is fundamental to the
scalability and maintainability of a mapboard system, and
it becomes even more important as the need grows for more
advanced functionality.
The implementation of an electronic mapboard is a
significant undertaking for two main reasons: the effort
required to establish the distribution grid operations model
and the level of cultural change imposed on users. An electronic mapboard requires the introduction of operational
equivalents for a large number of manual processes that have
become very familiar to users over a long period of time.
As with any major project, a clear definition of requirements must be in place prior to commencing implementation. A project team that adequately represents all the stakeholders in the project, particularly the end users, is essential.
While existing fi xed or fi rst-generation digital mapboard–based control centers inherently divide into
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geographical areas of responsibility, this no longer applies
to electronic mapboards. This may mean additional training is needed to ensure that operators have some familiarity with the parts of the grid that other control centers
previously managed.
Rules must establish the display of grid information in a
format that will facilitate a smooth transition from the existing fixed mapboard systems and at the same time remains
compatible with data import processes.
Symbology development should support the current fixed
mapboard system to provide for device state presentation
and state change of grid devices in terms of the symbol and
color used to represent the normal state and the symbol and
color used to represent the changed state. Special consideration must be given to ensure the system is usable by colorblind operators.
Electronic procedures need to be developed that provide
an equivalent or even an improved means of carrying out the
operating functions that operators perform manually. The
principal functions are:
✔ Tagging: Operators must be able to place supplementary symbols beside a device to indicate its operational
status and apply tags to devices in the field to control
their operational jurisdiction.
✔ Tracking safety documents: Operators must be able
to indicate the boundaries and status of clearances and
permits issued to local field personnel, construction
crews, maintenance crews, and so on.
✔ Inserting system notes: Operators must be able to
insert notes regarding the performance or state of
grid devices, information notes regarding grid faults
and restoration switching, and notes regarding the

temporary modification of the grid through the application of jumpers, cuts, and grounds.
In addition to the standard symbology that replicates the
functionality provided by a static mapboard, other symbols
are developed for the electronic medium facilitating the presentation of new data from automated devices, such as:
✔ SCADA devices
✔ switched capacitors
✔ regulator presentation for auto/manual.
The main issue is to provide the operators with an operationally compliant environment that allows for a smooth transition from the fixed mapboard systems to a screen-based
system. It is important that the electronic mapboard system
offer the operators direct benefits in terms of ease of use,
flexibility, and improved safety through clearer visualization
of connectivity and energization in addition to the benefits it
brings to the utility overall. The electronic mapboard system
does provide features, such as the dynamic display of device
states, not easily achievable with a fixed mapboard system.

Data Conversion and Maintenance

The electronic mapboard relies totally on the quality of the
data held in its grid operations model. It is vital to the success
of the implementation of any electronic mapboard that the
integrated solution quickly and efficiently create the initial
model and facilitate the regular maintenance of the model.
Building the static component of the electronic mapboard
operations model from the existing asset management system
or GIS is a very effective method and, as mentioned above,
has the advantage of leveraging the utility’s considerable prior
investment in the development of the GIS. As described earlier, the process can utilize an intermediate, neutral semantic
such as CIM. Figure 3 shows the
overall data flow for this process.
Such a process lets the asset manAsset
agement data extraction process
User
Management
Interface
nterface
develop in parallel with the rest of
Database
the system. Describing the network
(GIS)
in a standardized fashion means
(Model Extracted As
CIM Data Files)
that there is no need to spend time
developing and coordinating data
Dynamic
definitions from either side of the
process. The use of CIM data files
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is equally suited to both the initial
Operations
Converter
creation of the database and ongoModel
CIM Data
(Converts Data
(Data
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ing maintenance. By creating CIM
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Files to Network
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files that represent the portion of
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Performance)
One File Per
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Station)
Dynamic
Dynamic
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without the need for special synTrouble Call Location
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operating staff and the data manfigure 3. Data flow for creation and maintenance of the network operations model.
agement teams to ensure rapid
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correction of grid changes and data errors and the accurate
updating of mapboard data is vital to the maintenance of the
electronic mapboard. This process is traditionally slow in
many utilities, with the final updates taking weeks to appear
on the fixed mapboards used in the control centers or in the
field. In most cases, the operator compensates by placing
manual markups on the fixed mapboard used in the control
room. Reductions in processing times and delays are necessary to reach the point where all operators have confidence
that the data they are looking at truly reflect the current configuration of the grid. Furthermore, operators should be able
to trust that reported changes and corrections will appear
in the electronic mapboard in a very short time—preferably
within 24 hours (or even more quickly, if necessary).

Operator Workstations
The shift from the fixed central mapboard to an electronic
system opens up a range of opportunities for providing the
operator with more effective views of the distribution grid.
The provision of workstations with high-resolution monitors for each operator, as shown in Figure 4, means that the
system can present customized views to suit the operator’s
preference or the current task. The graphics capability of
commercial, off-the-shelf (COTS) PCs means that it is now
relatively simple to implement a system with a wide range
of high-performance viewing tools and functionality, i.e.,
expanded views, detail windows, controllable display of layers showing land base data (roads, buildings, waterways,
easement boundaries), and additional network detail such as
laterals, transformers, and customer connection points.
Updates to the network model made by each dispatcher
(such as the change of switch status or the application of
tags) are stored in the grid operations model, facilitating display to all other users of the system.
A large overview display using projection or flat-panel
technology may supplement the individual displays on each
operator’s workstation. This display may show a level of
detail or a part of the grid that is of particular interest rather
than just giving a fixed overview of the grid. The integrated
solution supports all of this without the need for special drivers or additional software.

function of the electronic mapboard system. Configurations
involving dual, redundant computer systems are now standard for SCADA systems, and a similar methodology should
be applied to the electronic mapboard system. Replacement
workstations, as COTS PCs, are readily available. With
redundancy, in the unlikely case of a grid or server failure,
operators will be able to continue in a stand-alone mode
using a local copy of the operations model.
The critical issue is availability. If the network model is
undergoing updates on a daily basis, it is essential that the
update process leave the operation of the grid unaffected.
The process of extracting data to intermediate files and then
converting and validating the data before it goes online must
be completed without any impact on the operational staff.
An appropriate architecture of the grid operations model
ensures that the process of putting new sections of the model
online is virtually transparent to the operator.
Consideration of the electronic mapboard system is
essential in the overall disaster recovery plan. In the case
of loss of a control center, the electronic mapboard must
be one of the fi rst systems restored so that grid operations
can continue.

Extended Capabilities
The shift to a computer-based electronic mapboard does
much more than replicate the functionality of the fixed
mapboard. It provides the opportunity to implement a
wide range of operation tools as well as to make the mapboard data available to a much wider range of users within
the utility. Some of these extended capabilities are discussed below.

Advanced Operating Tools
The electronic mapboard enables the following advanced
operational tools:
✔ Network tracing: The system can clearly display the
current connectivity of a portion of the network by
tracing from a given point upstream to the source of
supply or downstream to the load points. The results
are shown via highlighting of the traced sections of

System Integrity
The implementation of an electronic mapboard for the future
operations of the smart distribution grid represents a shift
from the durable format of a static mapboard to the highly
volatile nature of computer-based data. While computerbased systems offer significant improvements in performance, functionality, and flexibility, the implementation cannot neglect data integrity. It is essential that all of the systems
involved in the implementation of the electronic mapboard
have the appropriate levels of availability, redundancy, and
backup. Mapboards must be available on a 24-7 basis, with
little or no downtime. There must be no single device in the
system that can cause a loss of data or a degradation of the
september/october 2011

figure 4. Dispatcher using a desktop electronic mapboard.
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Advanced operations for the smart distribution grid
are becoming a reality in the distribution-operating
environment.
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line. The system can also display the number of customers connected to the traced section.
Feeder coloring: The nominal color of feeders is an
important operational tool that makes it easy to distinguish connectivity when there are geographically
overlapping feeders. An electronic mapboard can extend this by automatically coloring any piece of the
grid to reflect its supply feeder under conditions of
abnormal switching.
Energization status: A static mapboard is only able
to show the nominal status of feeders and lines. A distribution grid operations model, however, can determine the actual energization status of each portion of
the network, based on switch status and data from the
SCADA system. There are three categories of energization: normal energization, deenergized, or abnormal energization.
Automatically generated schematics of feeders
and loops: Visualization of certain parts of the distribution grid can be difficult using a geographic view,
due to the complexity or large number of geographically coincident devices. Schematic view techniques
available with the electronic mapboard can facilitate
the presentation of underground residential loops and
the full extent of feeders. The flexibility of the grid
operations model and the associated operator interface tools means that standardized schematic views
of defined grid components appear as required. These
schematic views show current real-time status and
provide the same operational functionality as the
geographic views.
Outage management system: Many utilities now
have an outage management system that tracks the
position of trouble calls and crew truck locations.
This information interfaces directly to the electronic
mapboard system, giving the operator a very effective
view of outage situations.
Feedback of permanent changes to the asset management database: The standardization of the data
interface provides the opportunity to pass data backward from the electronic mapboard system to the asset
management system. In this way, the system automatically updates the asset management system for temporary modifications or changes in the normal state of
switches.
Training simulator: A simple training simulator for
operators can easily replicate all or a portion of the

IEEE power & energy magazine
ieee

grid operations model on a separate computer system
that can be used for training purposes.

Wider Access to Data
The electronic mapboard makes the virtual control center
a reality. A control center environment can be set up by
establishing an operator workstation and linking it with
the corporation network. In emergency conditions, a standalone control configuration is available by using the latest
version of the distribution grid operations model directly on
the operator’s workstation. In this way, the number of operating positions expands or contracts as required. In special
conditions such as storms, local control centers are set up at
temporary sites or in trailers.
The accessibility of the mapboard data extends outside
the control center. The implementation of read-only clients
means that many other users in the utility can directly view
current system status without interfering with operational
activities; this can include nonoperating personnel, planning
engineers, and maintenance personnel.

Advanced Metering Infrastructure
An advanced metering infrastructure (AMI) is emerging
in the operating environment and can provide additional
data sources for the electronic mapboard and the virtual
control center. Aggressive deployments of AMI technology
are occurring throughout the industry. AMI meters provide valuable information, including energy usage, voltage
measurements, last-gasp outage messages, confi rmations
of service restoration, tamper detection, and so on. The
AMI meter can also become the portal to the customer for
“beyond-the-meter” services. These include programmable
communicating thermostats, in-home energy displays, direct
load control, electric vehicle charging, energy management
systems, and smart appliances. AMI meters support smart
distribution operations goals for the smart distribution grid.

Results and Benefits
The future operations environment is beginning to appear in
the utility’s distribution control center. The implementation
of the electronic mapboard facilitates the transition to the
operations environment of the future. The deployment of an
electronic mapboard at Alabama Power Company illustrates the beginning of the transition to future smart distribution grid operations. After two years of planning and software development, the transition to the electronic mapboard
began in December 2002 and continued through June 2003
september/october 2011

until the full 44,500 square miles
of distribution service territory
had been modeled electronically
for distribution control center
operations. The major direct benFusePredicted
efit of the implementation of the
Interruption
electronic mapboard system has
Device
been the capability to reduce the
number of staffed control centers
Crew Location
during periods of low grid activity.
Most important, operator response to the implementation of
Outage
Called
Indicator
Customer
electronic mapboard functional(Crew
ity in the control centers has been
Assigned)
very positive. The operators’
Lateralacceptance of the electronic operPredicted Out
Transformerating environment exceeded all
Predicted Out
expectations as familiarity with the
electronic system increased. They
abandoned the planned parallel figure 5. Conceptual data presentation for an electronic mapboard system.
operation quickly and ignored the
fixed mapboard. They have found
the electronic system to be much easier to use, and it provides client software, high-speed data communications, and data
them with a range of tools that lets them complete their tasks exchange standards are all very significant developments.
more quickly, efficiently, and safely.
Not having any one of these elements would mean that an
The operators are also eager to see additional functional- effective virtual control center environment would be less
ity included in the system, such as more detailed views of the viable. The low costs, positive returns on investment, and
grid and direct links to the SCADA control and alarm sys- use of industry standards mean that almost any utility can
tem. The flexibility of the electronic mapboard system sup- integrate an electronic mapboard into its existing operating
ports preparations for storm situations during which control environment. This is a significant change in the operating
facilities rapidly expand or relocate as required. The ability strategy for all utilities. It provides a range of operating
of operators to work from home to provide immediate addi- options that have never been available before. Advanced
tional support is also foreseen.
operations for the smart distribution grid are becoming a
The ready availability of accurate, up-to-date infor- reality in the distribution-operating environment.
mation about the grid has had significant spin-off benefits to the rest of the utility. There are now typically many For Further Reading
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system, reducing the amount of detail that the operator Rep. 1006778, Siemens Power Systems Control, Brooklyn,
needs to commit to memory. Operators are now free to New York, Feb. 2002.
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LARGE METROPOLITAN AREAS ARE PARTICULARLY
vulnerable to high energy rates. Many of these areas do not have
the luxury of building significant, cost-effective local generation.
Instead, central business districts around the country and the globe
face ever-increasing rates due to a confluence of factors, ranging
from congestion on the grid to an increasing demand for electricity
to the increasing cost of new generation and delivery facilities to
concerns about carbon emissions and restrictions on new generation facilities. The upward pressure on energy prices in large metropolitan areas has a direct and measurable effect on the viability
of local economies, especially as the high rates become a barrier to
economic recovery and growth.
Fortunately, sophisticated new technologies and operational
strategies are emerging to help large commercial and residential buildings mitigate rising energy costs through energy efficiency improvements and participation in demand response
programs. These technologies and strategies are based primarily on one thing: information. Information is the key that lets
consumers make informed decisions. We have the technology
to allow unfettered access to energy usage information; we can
make the policy decisions to give consumers that information;
and we (as consumers ourselves) can make informed decisions
using that information.
The purpose of this article is to examine how better access
to information, together with the added technological advancements emerging in the energy field, can greatly benefit consumers and society as a whole. We will explore demand response
initiatives that can be implemented in the emerging smart grid
environment in Chicago and, eventually, throughout every major
metropolitan city. Such initiatives will help modernize the energy
grid, which currently operates in an antiquated model that only
uses generation facilities to offset shifts in demand. Additionally,
advancements in technology will play key roles in maximizing
the benefits of the smart grid. These advancements will give consumers access to more information about their usage and allow
for informed decision making. Both of these benefits will help
lower energy prices, reduce the buildings’ load on the grid, and,
in turn, lower emissions of carbon and other greenhouse gases.
Finally, connecting buildings together is integral to the expansion
ieee
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Large commercial and residential buildings represent
a tremendous opportunity to achieve a level of system
efficiency that far exceeds that of today’s grid.

of a true smart grid. Acquiring new information is the fi rst
step, but retrofitting buildings will be necessary to fully
maximize the benefits of new technological advancements
and efficiency improvements.

Energy in Chicago
and Major Metropolitan Cities
Using new technologies and strategies and starting in
downtown Chicago, a new system is being constructed that
will aim to recognize the new frontiers of energy usage and
work to make it possible to create new business opportunities that will reduce overall energy usage. This reduction
will help alleviate the pressure that buildings exert on the
energy grid. Because large commercial buildings dominate
nearly every major metropolitan city’s central business district, the best practices and lessons learned can be replicated in other metropolitan areas throughout the country
and the world.
New revenue streams, accessed through this system,
will give building owners in Chicago incentives for more
efficient energy management, particularly at times of peak
demand. During these times, the cost of energy is extremely
volatile. The smallest change in demand can have an exponential effect on the price of energy, especially if the shift
occurs during high-priced periods. By reducing the buildings’ load during these times and shifting it to times of low
demand and significantly lower prices, demand response
programs and energy efficiency improvements in large commercial and residential buildings can effectively smooth out
the peaks and valleys of today’s energy prices. Accomplishing this shift in aggregate usage can have multiple beneficial impacts to the region by lowering overall energy prices.
Additionally, it can benefit society by reducing the need for
additional, costly generation.
Buildings in Chicago’s downtown “Loop” have a chance
to measurably affect many different and critical energy markets, including retail and wholesale marketplaces, emerging
carbon-trading markets, and existing demand-side industries. The ability to provide aggregated access to these markets—potentially in combination with other large buildings
across the country—represents a groundbreaking platform
for unlocking new value and income for building owners
and other investors. Smart technology provides a technical
opportunity to buildings, but it will take new business models to unlock this value and income for building owners and
other investors.
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Demand Response Improvements
Today’s system operators and planners rely on systems and
processes designed to maintain reliability using traditional
generation to provide grid-balancing services. This system
has evolved organically and has functioned reliably for many
years. But it has to be kept precisely in balance: energy is
a unique commodity that must be consumed as soon as it
is generated. Additionally, in the current system, the cost
of outages is tremendous. Despite its focus on reliability,
today’s system was designed to operate under the theory that
demand-side resources are only used during an emergency.
Generation resources are visible and controllable by engineers. As such, they are very heavily metered. On the other
hand, the millions of customers on the system have demands
that are not visible to system operators in real time and are
largely insulated from the signals sent through electricity
market prices. As a result, system operators see demand as
only mildly responsive and balance the system using expensive (and sometimes inefficient) generation. New digital
automation, control, and information technologies, however,
will let aggregated consumers become more responsive, saving themselves money and maintaining grid reliability at the
same time. In effect, the introduction of new smart technology and operational strategies will change the electricity
grid from a system of centralized control to a system where
coordinated communication through price maintains system
reliability with fewer emissions at a lower cost. In effect, the
availability of usage data in real time will transform the system from a grid that stops at the meter and rewards supply
increases into a system that motivates and includes the customers’ decision-making skills beyond the meter.
The price of energy changes constantly throughout any
given day. For instance, the price of energy in the service
territory of the PJM Interconnection, a regional transmission organization (RTO) that includes portions of 13 states,
including Illinois, as well as the District of Columbia, can
shift from more than US$250/MWh to negative US$40/
MWh in a 24-hour period (see Figure 1). While supply is
high, demand can drop so low that the market would literally
be paying customers that can access these wholesale prices
for the energy they use. A building can take advantage of
these swings in price by reducing its usage during periods of
high prices and increasing its usage when the price of energy
is extremely low. This is not a matter of conservation; it is a
matter of shifting energy usage from high-priced periods to
low-priced periods.
january/february 2011

Large commercial and residential buildings
are sophisticated energy consumers that can maximize
the smart grid’s benefits.

By thus capturing the value of the buildings’ response to
the price of energy, we can not only provide building owners with incentives to change how and when they consume
energy, we can also give other companies new incentives to
help buildings reduce their energy usage. This is an important innovation. When energy prices are high, buildings
will need new strategies with which to lower their overall
load. A myriad of vendors can supply these new strategies,
and new business models will therefore come into effect.
The relationship between the buildings and the vendors is
critical, and it will require a massive level of collaboration
to be successful.
The choices that building owners and vendors make to
respond to price signals must take advantage of the momentum inherent in building operation. However, the optimization of building operations and market participation cannot
be performed at the expense of the building’s tenants. A fundamental goal is for those in the buildings not even to realize
that any action is being taken. This will necessitate detailed
analyses of second- and third-order effects of the available
actions to ensure that they are undetectable.
Potential actions that can be taken include:
✔ moderate changes to a building’s HVAC system
✔ new operational strategies, including precooling on
hot days

✔ modifications to a lighting scheme, particularly in

naturally lit areas
✔ altering certain temperature zones
✔ stopping certain elevators
✔ integrating energy storage, including possibilities for
electric vehicles.
It’s important to reiterate that buildings should never take
an action that could spoil tenant comfort. In fact, many commercial buildings are contractually obligated to maintain
certain temperature and lighting conditions. It is critical to
make sure that shifts in energy usage are not felt by those
within the buildings.

The Role of Smart Technology
The introduction of smart technology into the power system
presents a number of new opportunities for customers—
particularly (in its early stages) for large commercial and
residential customers. These customers have the resources
and scale needed to break new ground. The lessons learned
can then be applied to smaller customers (either residential
or commercial) and aggregated groups of customers. While
innovations in technology are keeping up a strong pace,
the constraints on their adoption may very well depend
on the changes required from incumbent policies, regulations, and behaviors. So far, the opportunities for utilities
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figure 1. The price of energy in the PJM market.
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We explore demand response initiatives that can be implemented
in the emerging smart grid environment in Chicago and, eventually,
throughout every major metropolitan city.

have driven the discussion. The current public face of smart
grid technology is the meter—the utility-owned and utilitycontrolled meter.
Although meters represent a significant piece of the true
smart grid and advanced digital metering systems do provide
a significant amount of new data about a customer’s usage,
that data is just one new tool for the buildings. The quality and availability of data are clearly crucial for the true
implementation of a smart grid. Metering facilities that provide data quality necessary for market settlement must be
installed, whether by utilities or the customers themselves.
But regardless of the source of the metering infrastructure,
the information gleaned from these advanced digital metering systems is only the beginning of building benefits from
smart grid technology. Buildings and other customers need a
number of new strategies to unlock the full value behind the
newly available data.
These strategies include new automation technologies and
business process changes that will help building owners and
operators identify different revenue and usage opportunities.
They can then take action by reducing usage—or maybe
even by increasing usage—to provide moment-to-moment
balancing services. When aggregated buildings are working
together, such actions can have a significant and measurable
effect on systemwide reliability and prices. Additionally, the
overall reduction in load during high-priced periods will
greatly reduce carbon emissions. On a more profound level,
the availability of data and the development of automated
response strategies will fundamentally transform the electricity system—but only if consumers have instantaneous
access to their own consumption information.
Think of the smart grid’s development as being like the
evolution of the Internet. At one point, people had individual
computers that did not—and could not—communicate with
each other. The early years of the Internet sparked innovation, and suddenly we needed a much more robust communications network. Once users gained access to more information and higher speeds, they began using the Internet in
ways that were unimaginable only ten years ago. As these
consumers began exchanging information, making decisions, and creating new ideas, it became obvious that the
Internet was improving the way people lived their lives and
conducted their business. In the same vein, consumers who
have greater access to information about their energy usage
will be able to exchange information, make decisions, and
create new ideas about how to conduct their daily—and
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hourly—energy activities. The Internet evolved naturally as
consumers became able to access and rely on it; the smart
grid should likewise evolve naturally as energy consumers
gain the ability to access information and begin to rely on
that access.
While the discussion to date has focused on the smart
grid achieving lower distribution and transmission costs, its
true potential—and perhaps the greatest benefit to society—
can only be reached through increased levels of knowledge
and information available to consumers. Furthermore, the
actions consumers take based on robust data and information, particularly in the areas of energy efficiency and
demand response, will help control costs and maintain the
economic viability of the entire system. We posit that all that
is really required is consumer access to information.

Maximizing the Benefits
of the Smart Grid
Large commercial and residential buildings are sophisticated energy consumers that can maximize the smart grid’s
benefits. Automated and intelligent networks will help
buildings manage their energy use by dynamically balancing operational needs with the ever-changing cost of energy.
As far as the grid is concerned, buildings can be operated
in a way that helps them become energy storage assets and
generators that provide grid services more efficiently than a
traditional large central generating station. While a typical
generating station takes considerable time to respond to an
emergency event, a building has the potential to automate
split-second decisions based on market signals—and not just
during system emergencies. A coordinated effort on the part
of large consumers could benefit the entire grid by:
✔ reducing overall costs through peak shaving
✔ increasing efficiency through well-informed energy
and capital investments
✔ reducing environmental impacts through optimizing
flow from existing generation facilities and removing
inefficient resources.
New technology creates new opportunities. The new
opportunities available in large buildings require a set of
new operational strategies that have to be developed. In
short, this is not a technological problem; it is a problem
of momentum in policy and knowledge. It is a problem of
entrenched business interests that are risk-averse.
Building owners and operators have the potential to operate as fully integrated demand resources that can successfully
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The purpose of this article is to examine
how better access to information can greatly benefit consumers
and society as a whole.

supply energy reserves into the market. This has not been
successfully implemented to date. Buildings with unfettered
access to usage data, however, will be able to identify sophisticated improvements within their own structures to optimize
operation and even maximize environmental performance.
Buildings will need to determine efficiency and capital
improvements in a smart grid context that can maximize the
operational flexibility of each building and take advantage
of current advancements in demand response and energy
management. Every building represents a unique, localized smart grid system with different equipment vintages,
planned improvements, equipment staff members, and tenants. It is important to assess each building individually and
completely. Because each building is unique, these opportunities will vary from site to site, with different functional
constraints on the building’s current equipment based on
how that equipment is controlled. A successful assessment
will be one that takes into account the building as a system
resource—not simply a “taker” of energy.

Connecting Buildings to the Grid
The first step in a true smart building strategy is to install
the information, telemetry, and communication capabilities
needed to connect these large commercial and residential
buildings. These capabilities will have to be able to accurately participate in the various markets according to their
respective business rules. Although such an installation has
never been successfully performed, it is technically possible
right now. We suspect that the experience of installing this
technology in buildings will actually help refine the market rules to improve the operational linkages and reduce
transactions costs in a way that stimulates new participation.
Eventually, building automation systems in every building
will let buildings implement different strategies for individual markets and the associated available revenue streams.
These strategies have not yet been defined, but the opportunities and possibilities are all available.
In order to connect each building to the wholesale markets,
data management systems will need to be installed that can
report electricity usage in real time. While “real time” can
have different meanings for different people and firms, we
believe that the smart grid should set its sights on the fastest
access possible. Today’s society has access to information at
incredibly high speeds over the Internet, and consumers make
choices using this real-time information. The same should
be true for the smart grid. Just as consumers can react very
january/february 2011

quickly to instantaneous information from the Internet, buildings should be able to respond very quickly to instantaneous
information from the smart grid. In accordance with its building inertia profile, a building will be able to reduce or increase
its load on certain equipment to balance out the supply-anddemand nexus as quickly as possible. Dictating some sort of
functionality without realizing the maximum potential of data
access will limit the potential benefits from these technological improvements. Enabling the fastest and most robust data
access possible, however, will permit a true smart grid environment to develop.
Depending on the capability of the individual buildings,
enhancements will need to be made to focus on strengthening each building’s ability to respond to market signals
and further reduce energy consumption and carbon emissions. The enhancements will work on the buildings’ HVAC
systems through retrofitting and controlling system installation; on their energy management systems, servers, and data
gateways; and on their lighting systems and energy storage.
These enhancements will have a substantial effect on the
market and the energy grid. They will also help bolster the
U.S. economy and maintain the nation as a competitive center for knowledge and industry.

Conclusions
Large commercial and residential buildings represent a tremendous opportunity to achieve a level of system efficiency
that far exceeds that of today’s grid. Technology exists to
make this vision a reality; however, the policy and business
processes in place today have not been able to keep up with
the available opportunities. Technology is evolving, and the
smart grid needs to take advantage of advancements ranging from information technology to newly available energy
efficiency improvements. The only way to truly maximize
the benefits of the smart grid is to coordinate efforts among
buildings, technology firms, energy curtailment providers,
and other vendors. None of this will be possible without
increased access to data for customers. We believe that the
information is key, and that access to data in real time is the
first step in establishing this critical linkage.
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By Clark W. Gellings
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THE ELECTRICITY INDUSTRY REMAINS THE LAST MAJOR INDUSTRY
that has not fully exploited sensors, communications, and computational ability
to enhance service and reduce costs. Nowhere is this more evident than in the
electric distribution system. The vast majority of the 160 million electricity consumers in the United States are served by the distribution system, and it is that
portion of the electricity value chain that holds the greatest promise for the use
of advanced technologies—technologies that are just over the horizon.
To address the challenges of an aging infrastructure, outdated and conventional designs, the increased use of distributed resources, new loads from electric vehicles and other devices, and increased demand for higher levels of quality and reliability, advanced technologies will be needed.

New
Distribution
Technologies
on the
Horizon

Technologies for Tomorrow’s Distribution Grid
Tomorrow’s distribution system will use high-bandwidth communications to
all substations, a proliferation of intelligent electronic devices (IEDs) that provide adaptable control and protection systems, complete distribution system
monitoring that is integrated with larger asset management systems, and fully
integrated intelligence to mitigate power quality events and improve reliability
and system performance. These new technologies include the following:
✔ advanced distribution automation (DA)
✔ distribution feeder circuit automation, including intelligent reclosers and
relays at the head end of feeders and at strategic locations out on the feeders themselves; power electronics, including distribution short-circuit
current limiters; voltage and var control on feeders; and widespread use
of advanced sensors
✔ intelligent universal transformers
✔ multifunction solid-state switchgear
✔ distribution fault anticipation and location
✔ advanced metering infrastructure (AMI)
✔ local controllers in buildings, on microgrids, and on distribution systems
for local area networks
✔ distributed energy resources, including distributed generators, renewables, and energy storage facilities that are equipped with smart inverters
and other advanced controllers.

Advanced Distribution Automation
Digital Object Identifier 10.1109/MPE.2011.941830
Date of publication: 18 August 2011
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DA provides continuous monitoring and automatic control of key distribution
system assets, along with the integration of distribution supervisory control and
data acquisition (SCADA) systems. Advanced distribution automation (ADA)
1540-7977/11/$26.00©2011 IEEE
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ture but also into the distribution feeder circuits that link
these two essential parts of the grid. Intelligence that is
being added to the distribution feeder circuits includes:
✔ automating switches on the distribution system to allow optimal reconfiguration of the distribution network
✔ adding adaptive protection systems that will facilitate
reconfiguration and integration of distributed energy
resources (DERs)
✔ integrating power electronics–based controllers and
other technologies to improve reliability and system
performance
✔ optimizing system performance through
voltage and var control to reduce losses,
improve power quality, and facilitate the
integration of renewable resources.

© ARTVILLE, LLC.

includes intelligent sensors that gather and process information from various strategically important feeder locations,
advanced electronic controls, and two-way communication
systems to optimize system performance. The ADA system
collects and reports data on voltage levels, current demand,
megavoltampere (MVA) levels, var flow, equipment state,
operational state, event logs, and other important information
about the state of the electric distribution system, allowing
operators to remotely control capacitor banks, breakers, and
voltage regulators in an optimal manner. Substation automation, when combined with automated switches, reclosers,
capacitors, and advanced metering, will enable full smart
grid functionality.
ADA includes not only building intelligence into the
distribution substations and into the metering infrastruc-
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Intelligent Feeder Head-End
Reclosers and Relays
Replacing electromechanical protection and control systems
with microprocessor-based, intelligent relays and reclosers
is an integral part of the electric utility’s smart grid strategy. Approximately 70% of all feeders will include intelligent reclosers and relays by 2030. The advantages of using
intelligent electronic devices (IEDs) at the head end of the
feeder instead of conventional electromechanical relays and
controls include the following:
✔ It enables continuous monitoring and analysis of measurements (current, voltage, etc.) for the associated
power apparatus and the ability to process these measurements locally to compute other useful parameters
such as distance to fault.
✔ It provides the ability to transmit any parameter that is
measured or computed by the IED to external systems
and users via industry standards–based communication facilities.
✔ It offers self-diagnostic capabilities that enable IEDs
to detect many types of internal failures and automatically inform the distribution system operator or other
person in charge so that corrective action can be taken
before a device is called on to operate for a power system fault (and fails to operate correctly).
✔ It provides the ability to store multiple setting groups
and switch on demand to a more appropriate alternative setting group as needs dictate. This capability
is extremely valuable in smart distribution systems
that include a high penetration of highly variable
distributed generation sources (wind, solar, etc.) or
that undergo frequent reconfiguration.
✔ It offers benefits from smaller packaging. Most IEDs
combine more than one function in a single enclosure. For example, a single protective-relay IED may
perform instantaneous and time-overcurrent protection functions, automatic reclosing, and other feeder
protection functions, plus metering and equipment
condition monitoring, all in a single enclosure. This
reduces the amount of interdevice wiring and control
panel space required. It can be argued that putting
all these functions in a single enclosure with a single
power supply creates numerous single-point-of-failure
modes. The ability to detect some IED failures via
self-diagnostic capabilities, however, should mitigate
such concerns about overall reliability.

Intelligent Line Switches
The smart distribution grid will include a growing number
of intelligent line switches positioned at strategic locations
out on the distribution feeders themselves. These switches
will support the smart distribution utility’s requirements for a
“self-healing” grid and will also support the growing need for
optimal network reconfiguration for load balancing between
feeders and to achieve a better balance between feeder load
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and distributed generating resources. Intelligent switches
should display the following key characteristics:
✔ They should incorporate industry standards–based
communication facilities to support remote-control and
data acquisition capabilities. Ideally, the line switch
technology will include facilities that support communications back to the distribution control center for remote-control and centralized data acquisition purposes.
The switches should also include facilities that support
peer-to-peer communications with other field devices
(other intelligent line switches, switched-capacitor
banks, DERs, and so on); this capability will enable
line switches to support fully distributed, multiagent,
“autonomous” peer-to-peer control schemes, such as
S&C Electric’s Intelliteam SG automatic restoration
system. As smart distribution schemes gain in maturity, we expect that autonomous, decentralized control
schemes will grow in functionality beyond automatic
restoration to include integrated volt/var optimization
(VVO), coordinated control of DERs, and other smart
distribution applications. Robust and reliable communications are essential to support such applications.
✔ Each intelligent line switch should include an intelligent local (stand-alone) controller to support the needs
for local data acquisition and fully automatic switching.
✔ The intelligent line switches and associated controllers should support “bidirectional” operation. That is,
the switch and controller should be able to detect the
direction in which power is flowing through the switch
and respond differently depending on the direction of
flow. For example, it should be possible to have a onetime coordination curve (TCC) if power is flowing
toward the source substation and a different TCC if
power is flowing away from the substation. Bidirectional capability is needed to accommodate feeder reconfiguration (which is expected to occur frequently
on smart distribution systems) and high penetrations
of DERs located near the end of the feeder, which
can produce reverse-direction power flows and shortcircuit currents.
✔ Intelligent line switch technology should support both
single-phase operation (trip only the power line phases that need to be tripped) and three-phase operation
(trip all three phases simultaneously). Single-phase
reclosers trip only the faulted phase and thus help improve reliability by avoiding a service interruption on
the unfaulted phases. There are some conditions for
which single-phase switching may not be well suited.
If distributed generating units are located downstream
(further from the substation) of the intelligent line
switch, it may be necessary to disable the singlephase tripping feature to avoid damaging the generator, Single-phase switching may also adversely affect
three-phase loads that are connected downstream of
the switch.
september/october 2011
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Several new technologies in intelligent line switching
are currently being installed on the
distribution system.
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figure 1. (a) Intellirupter intelligent line switch and (b) pulse-closing waveforms. (Used with permission from S&C Electric
Company.)

The author estimates that approximately 25% of all distribution feeders will have intelligent line switches by 2030.
Several new technologies in intelligent line switching
have recently become available and are currently being
installed on the distribution system. These technologies promote the self-healing characteristic of the smart distribution
system and provide other valuable benefits.
S&C Electric Company’s “Intellirupter” [shown in Figure 1 (a)] uses a new concept, pulse closing, that enables its
intelligent switch to verify that a line is clear of faults before
reclosing. When conventional reclosers trip and reclose in
the presence of a fault, the switch and all power system
equipment located upstream of the switch are subjected
to potentially damaging high-energy fault currents. With
pulse-closing technology, switch closing on each phase is
timed to occur at a point on the voltage waveform that will
produce relatively low energy flow if the fault still exists on
the feeder. If the fault still exists on the feeder, fast-acting
control circuits detect the rise in currently flow and retrip
the phase in question before the current flow increases to
potentially damaging levels. Pulse closing eliminates the
potentially damaging effects of through-fault current on
upstream power system components and also reduces the
amount of voltage sag on the faulted phase that can occur
over a widespread area when closing a switch into a fault.
september/october 2011

Another promising technology for intelligent line switching is the “dropout” recloser, which is well suited for lateral circuits that frequently experience momentary faults.
Dropout reclosers (illustrated in Figure 2) interrupt a circuit
and reclose rather than allowing lateral fuses to blow. Key
benefits of this technology include avoiding lengthy outages

(a)

(b)

figure 2. Dropout reclosers. (Used with permission
from S&C Electric Company.)
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due to momentary faults and reducing the number of trips by
field crews to replace blown fuses.

components. This enables it to function as a key part of the
smart grid.

Power Electronics

Distribution Voltage and VAR Control

Advances in power electronics allow not only greater fault
protection but flexible conversion among different frequencies, phasing, and voltages while still producing a proper ac
voltage to the end user. Power electronics will be deployed
on about 5% of all substations by 2030. Several power electronics technologies are discussed below.

Voltage and var control is not a new concept. In fact, all
electric distribution systems require some form of voltage
and var control, the objectives being to maintain acceptable voltage at all points along the feeder and to maintain a
high power factor. Recent efforts by distribution utilities to
improve efficiency, reduce demand, and achieve better asset
utilization have underlined the importance of voltage/var
control and optimization in the overall smart grid strategy.
An estimated 55% of the 566,000 distribution feeders in the
United States will include voltage/var control by 2030.
From a technology standpoint, voltage/var control and
optimization have a significant advantage over other smart
grid initiatives because in many cases it is possible to
leverage existing facilities, such as voltage regulators and
switched capacitors, that already exist on many distribution feeders. Smart grid software will be able to combine
information flowing from the automated substations with
SCADA data points throughout the distribution system to
analyze and recommend reconfiguration of the distribution
system for optimum performance. Circuit optimization will
minimize line losses and integrate customer data from the
advanced metering infrastructure (AMI) to regulate voltage
while still maintaining acceptable levels for customers. This
functionality will help support conservation voltage reduction (CVR) strategies to achieve energy savings.
By 2030, an estimated 55% of existing U.S. distribution feeders will be integrated with advanced distribution
automation systems, and 100% of new feeders will be so
equipped by 2030.
The broader objectives of volt/var control and optimization in a smart distribution system can be achieved by adding communication facilities to connect existing controllers
with processors located in substations and control centers.
These processors use distribution system–level parameters
to determine the set of control actions needed to meet the
desired volt/var control objectives. Fortunately, many existing volt/var controllers (see Figure 4) are equipped with
communication facilities that support industry standards
such as IEC 61850 and widely used protocols like DNP3.
Traditionally, electric distribution utilities use such controllers in “stand-alone mode,” in which individual controllers determine appropriate control actions based solely on
local measurements (those taken at the device itself). This
approach has worked well for many years. But as electric
utilities seek to achieve additional operating objectives
(such as improving efficiency, lowering demand, and promoting energy conservation) in an increasingly dynamic
environment caused by frequent feeder reconfiguration
and grid-connected distributed generating units, the standalone controller approach may fall short. A dynamic solution that responds to the changing feeder environment and

Static VAR Compensators
One example of the use of power electronics to enhance
power quality is a family of power quality technologies
called “custom power.” Figure 3 shows such a piece of
equipment. These technologies incorporate power electronics and controls along with local storage capabilities that can
mitigate power quality disturbances of even a fraction of a
cycle. This is especially important when dealing with the
voltage and power flow fluctuations associated with highly
variable DERs (e.g., wind- and solar-powered generators).

Short-Circuit Current Limiters
Another example of the future use of power electronics is in
short-circuit current limiters (SCCLs). The SCCL is a technology that can be applied to utility power delivery systems
to address the growing problems associated with high fault
currents. The present utility power delivery infrastructure is
approaching its maximum capacity, and more generators are
being added to meet growing demand. This increased generating capacity in turn can lead to higher fault currents that
may exceed the ratings of existing power equipment.
The power electronics–based SCCL is designed to work
with the present utility system to address this problem. The
SCCL detects a fault current and acts quickly to insert an
impedance into the circuit to limit the fault current to a
level acceptable for normal operation of the existing protection systems. The SCCL incorporates advanced super
gate turn-off (super-GTO, or SGTO) devices for a higherperforming and more compact system that incorporates the
most advanced control, processing, and communication

figure 3. A distribution static compensator (DSTATCOM).
(Used with permission from S&C Electric Company.)
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coordinates the control actions for
the various volt and var control
devices must be used.
To achieve these objectives,
electric utilities need to deploy
volt/var control systems that provide coordinated control of all
volt/var control devices. There
are three main solutions to the
system-level approach to volt/var
control and optimization:
✔ SCADA “rule-based” solution: This approach determines the appropriate
(a)
(b)
volt/var control actions by
applying a predetermined
set of rules to the measured figure 4. (a) Voltage-regulator IED (used with permission from Beckwith Electric
quantities. This approach Company) and (b) capacitor bank controller (used with permission from Schweitzer
is straightforward, easy to Engineering Laboratories).
understand, and fully levertrol), are currently deploying adaptive technologies
ages existing equipment. It has difficulty, however,
for optimal volt/var control (see Figure 5).
handling feeders that are frequently reconfigured
and may also have difficulty with feeders with a high
penetration of DERs (especially those dependent on Smart Inverters
highly variable renewable energy).
Inverters are microprocessor-based units used to transform dc
✔ “ Mo de l - ba s e d” s olution: Advanced distribution power into ac power that can be used to connect a photovolmanagement systems (DMSs) may include an optimal taic (PV) system with the utility grid. The inverter is the sinpower flow solution that operates on a dynamic model gle most sophisticated electronic device used in a PV system
of the distribution system. This approach is better for and, after the PV module itself, represents the second-highest
handling volt/var control on distribution feeders that cost. It is also considered the weakest link. Whereas solar
change frequently. But the added capability comes at panels are very robust and carry 25-year warranties, inverter
the expense of added complexity and, of course, add- warranties have traditionally been offered for no more than
ten years. Inverter reliability, however, has been trending up.
ed expense.
There are many types of inverters. Some are stand-alone
✔ Adaptive solutions: Simply stated, this third category
of volt/var control and optimization solutions “learns” units isolated from the grid and used to support a standover time what control actions to take based on re- alone rooftop system; others are grid-tied, in which case the
al-time measurements of
electrical operating conditions and ambient weather
Distribution
Distribution Primary Feeder
conditions and past experiSubstation
End-of-Line
ence under the same conditions. A major advantage
of this approach is that it
does not require the utility
to maintain an as-operated
Closed-Loop
system model and is thus
Real-Time
Voltage Regulator
Voltage Monitoring
a highly scalable solution.
Control
The adaptive solution requires a processor that can
be installed in a substation
or control center location.
Several vendors, including
Smart Grid Communications Network
PCS Utilidata (Adaptivolt)
and Cooper Power Systems
(Integrated Volt-VAR Con- figure 5. Adaptable volt/var control (used with permission from PCS Utilidata).
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microprocessor circuits are more elaborate and require additional functionality, including lightning protection. Central
inverters are used in large applications. Many times they can
be connected according to “master-slave” criteria, where
the succeeding inverter switches on only when enough solar
radiation is available. Module inverters are used in small PV
systems, such as household rooftops.
A new generation of microinverters promises to increase
PV performance. With current PV designs, all solar panels
are connected in series, so that if any panel in the series is
shaded, it brings down the performance of the entire system.
Moreover, for a series module to work, all panels must have
the same orientation and tilt, which limits rooftop configurations. The microinverter scheme, on the other hand, allows
each panel to be connected to its own microinverter, increasing overall system performance and providing flexibility for
the staggered roof designs of many modern homes. Austin
Energy, among others, is testing new microinverter designs.
As PV power becomes more prevalent and as PV penetration on the grid increases, electric distribution utilities are
planning to use smart inverters (see Figure 6) for purposes
that go well beyond the basic purpose of dc-to-ac conversion.
Every inverter, from the panel level to the megawatt scale, is
part of the grid and has a role to play in its stability. Smart
inverter technologies can be used to provide ancillary services such as low-voltage ride-through (LVRT), automatic
provisioning, curtailment, and grid support in situations of
low and high voltage.

Intelligent Transformers
Conventional transformers suffer from poor energy conversion efficiency at partial loads, use liquid dielectrics that can
result in costly spill cleanups, and provide only one function:
stepping voltage. These transformers do not provide real-time
voltage regulation or monitoring capabilities and do not incorporate a communication link. At the same time, they require
costly spare inventories for multiple unit ratings, do not allow
supply of three-phase power from a single-phase circuit, and
are not parts-wise repairable. Future distribution transformers will also need to be an interface point for distributed
resources, from storage to plug-in hybrid electric vehicles.
The intelligent transformer is a first-generation, powerelectronic replacement for conventional distribution transformers. The Electric Power Research Institute (EPRI)

figure 6. A PV
microinverter (used
with permission from
SolarBridge
Technologies).
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has developed an intelligent transformer that can serve as
a renewable energy grid interface (REGI). The new concept includes a bidirectional power interface that provides
direct integration of PV systems, storage systems, and electric vehicle charging. It will also incorporate command and
control functions for system integration, local management,
and islanding.
REGI will become a key enabler in the overall smart grid
development strategy. It plays a transformational role by
combining the traditional functions of a power transformer
with new interface capabilities. It can seamlessly integrate
widespread renewable energy technologies, including energy
storage, electric vehicles, and demand response (DR), while
also providing an architecture that allows the operation of
reliable local energy networks. The controller will interface
with DMSs, energy management systems (EMSs), and DR
systems to optimize overall grid performance and improve
reliability.
EPRI has developed and demonstrated the first dc fast
charger using its medium-voltage Intelligent Universal
Transformer (IUT). The IUT technology replaces both the
independent power conversion units and the conventional
transformer with a single-interface system that can be used
for the fast charging of electric vehicles. The versatility
of the IUT provides an intermediate dc bus voltage at the
400-V level that can be directly used for a dc distribution
system or for electric vehicle fast charging. Figure 7 shows
the complete IUT-based fast-charging system. This configuration completely eliminates the conventional bulky transformer and associated large-gauge wiring.

Multifunction Solid-State
Switchgear Systems
EPRI is developing a multifunction solid-state switchgear
system (denoted 4-S). These are first-generation modular
power-electronic replacements for conventional distribution
switchgear that can be widely used in distribution switchgear
applications. The development is targeted at a 15-kV class,
SGTO-based transfer switch.
EPRI’s SGTO-based static transfer switch (SSTS) is a
power electronics IED for ADA. It is high-performance,
compact, highly reliable, and cost-effective. It includes
R&D100 Award–winning SGTO power electronics devices,
the latest controls and communication hardware and software, and state-of-the-art packaging and thermal management technologies. The SSTS is modular in design, uses a
standard building-block concept, and provides high quality,
excellent reliability, and a low cost of manufacturing as well
as a low maintenance cost. It is scalable from 5 kV to 38 kV.
SSTS will benefit a wide spectrum of utility engineering
and operating personnel. It provides system enhancement
in performance, a compact footprint, multifunctionality,
dynamic controls, and reconfigurability.
SSTS provides an improved technology for rapid loadtransfer capabilities in distribution applications. SSTS will
september/october 2011

More than a third of the conditioned and institutional buildings
in the United States have installed some form of energy
management and control.
also provide a communication link and monitoring capability in the 4-S that can be used to diagnose problems to support parts-wise repair and as part of a larger capability for
distribution system monitoring to support advanced automation and more efficient distribution system operations. SSTS
will be used in distribution-class power delivery systems. It
can also be applied to commercial and industrial applications. Its environmentally friendly design can be applied in
both urban and suburban installations. The active switching of devices is utilized in SSTS for real-time power flow
monitoring and maneuvering, sensing for preventive maintenance, and reliability of the power delivery system. It can
also serve as an essential element for protection of the system. It can be configured to limit the fault current, which
can reduce stress on the system. Stress on the transformer
can be reduced, substantially improving transformer life. It
adds tremendous value to all the above segments by minimizing downtime, providing continuity of plant operation,
and offering better power quality to loads.

Distribution Fault Anticipators

mented failures, with three previously undocumented failure
signatures added as a direct result of the most recent efforts.
Early results demonstrated the proof of this concept and
collected data from operating feeders by capturing, documenting, and characterizing signatures indicative of failures
and incipient failures. This entailed the instrumentation of
60 feeders at 14 substations of 11 utility companies across
North America and resulted in the collection of a massive
amount of operational feeder data and numerous signatures associated with various stages of apparatus failure.
Researchers then developed algorithms to characterize the
collected data and demonstrated the ability to use the data to
diagnose many faults and fault precursors.

Advanced Metering Infrastructure
An advanced metering infrastructure (AMI) involves twoway communications with smart meters, customer and operational databases, and various EMSs. AMI, along with new
rate designs, promises to provide consumers with the ability
to use electricity more efficiently and to individualize service. AMI will also enable utilities to operate the electricity
system more robustly.

Distribution fault anticipation (DFA) technology is demonstrating ground-breaking advances
in the use of sensitive monitoring to
Medium Voltage
detect subtle electrical precursors
Building Wire
Utility Grid
that signal an impending failure of
x3
line apparatus. Many failures and
LV AFE
Isolated
x3
incipient failures have been docuac/dc
dc/dc
CHAdeMO
mented using advanced instrumenConnector
Conventional
tation on numerous feeders across
Transformer
North America. Current efforts are
(a)
taking advantage of the installed
Medium Voltage
DC Distribution
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equipment to expand the library
Utility Grid
System Bus
AC Output
of signatures while concurrently
studying requirements and conx1
AFE
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dc-ac
straints for integrating the technolac-dc
dc-dc
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ogy into systems for practical use.
DFA technology can benefit
dc-dc
a wide spectrum of utility engiFast
neering and operating personCharger CHAdeMO
CHAdeMO
nel. By detecting precursors to
Connector
ctor
failures, it gives utilities tools to
DSP
achieve greater awareness about
(b)
the health of their systems and to
take preemptive action to avoid
outages. New signatures continue figure 7. (a) Conventional dc fast charger with low-voltage power electronics and
to be added to the library of docu- (b) EPRI’s dc fast charger with medium-voltage IUT.
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table 1. Key technical challenges for tomorrow’s distribution architecture.
Monitoring, Data
Management, and
Visualization

Operational
Area

Modeling, Simulation,
and Control

System
operations

Physical and distributed
models, real-time
simulation, local and
global system constraints

Widespread sensor
integration with
simulation tools
and expert systems;
visualization tools for
decision making

Market
operations

Aggregate resource
models; local versus
global optimization

Market and participant
awareness

Controllers for Local Energy Networks
Local energy networks are means by which consumers can
get involved in managing electricity by reducing the time
and effort required to change how they use electricity. If
usage decisions can be categorized so they are implemented
based on current information and that information can be
readily collected and processed, then consumers will purchase and operate such systems. A consumer could install
and operate a home area network (HAN): an electronic information network connected to an EMS, a decision processor.
The HAN will accommodate the flow of information to and
from network nodes. Each node is associated with a device
or element of the household’s electric system. Nodes can be
hard-wired devices that account for substantial portions of
electricity used, such as the HVAC system, a pool pump, and
lighting circuits. Nodes can also consist of smaller plug loads
such as TVs, entertainment centers, and multiple chargers.
Communication between the devices and the EMS is accomplished through wireless, wired, or power line carrier media
that define the HAN and make it operational.
An EMS is an intelligent device that acts as the coordinator for the devices that make up the HAN. It maintains userdefined rules for when appliances and other household loads
should be turned on or off. These rules can be based on the
price of electricity at a particular time (e.g., when it exceeds
some threshold), on current conditions (e.g., the time of
day a household service is typically expected to run), or in
response to a command to do so from an external agent (e.g.,
a curtailment order from a curtailment service provider).
The EMS is the brain, making decisions based on exigent conditions viewed in light of a predefined instruction
set, and the HAN is the neural system that conveys information about the state of the nodes and delivers commands
and verifies their receipt and enactment. It is an electronic
device whose purpose is to manage household electricity consumption better than the household can do so in its
absence. Achieving that result requires understanding how
the household members use and value electricity, establishing ways for them to negotiate differences in value systems,
and establishing a holistic household utility function that
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Advanced Control Architecture

Control Structure

Distributed control
architecture (local
optimization integrated with
system management using
simulation tools and expert
systems); visualization tools
for decision making
Market structures to support
distributed control architecture

Autonomous
control devices

Autonomous
control devices

establishes the relative value under different system states
and executes preestablished operational decisions.
Architectures are evolving for marrying the smart grid
with low-carbon central generation, local energy networks
(LENs), and electric transportation. A LEN includes a combination of end-use energy service devices, distributed generation, local energy storage, and integrated DR functions at the
building, neighborhood, campus or community level. These
architectures facilitate a highly interactive network based on
a distributed, hierarchical control structure that defines the
interactions among the LEN, the distribution systems, and the
bulk power system.
These architectures facilitate the inclusion of multiple
centralized generation sources linked through high-voltage
networks. The design implies full flexibility to transport
power over long distances to optimize generation resources
and to deliver the power to load centers in the most efficient
manner possible. In particular, these architectures enable the
inclusion of inherently less controllable variable resources
such as wind, solar, and certain kinetic energy sources by
offering a variety of balancing resources. To enable integration of these elements, these architectures must address the
key transformative technical challenges shown in Table 1.
The concept of these distribution architectures is to optimize performance locally without complete dependence on
the bulk power system infrastructure. This is accomplished
by taking advantage of the overall infrastructure to optimize
energy efficiency and energy use. A key transformative element will be the development of distributed, hierarchical control devices that will be able to constantly balance generation
and load at the device, home, neighborhood, city, area, and
regional levels. To achieve this vision, specific controllers will
need to be designed and prototyped, tested, and demonstrated
in field applications to verify their interactions.
It is estimated that by 2030, 10% of existing feeders and
25% of new feeders will incorporate LEN controllers.

Residential EMS Systems
A residential EMS is a system dedicated (at least in part) to
managing systems such as building components or products
september/october 2011
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figure 8. In-home displays.

and devices. Residential EMS systems are not typically called
portals in today’s parlance; portal is a term commonly applied
to a Web portal. A residential EMS can be divided into several
components, including resident EMS and intelligent home
devices (IHD). In addition, the system may handle customer
preferences and occupancy via a predetermined schedule, on
demand, or using occupancy-sensing automation. The line
between a residential management system that handles lighting,
family calendars, and shopping or replenishment and an EMS
has become fuzzy. While proponents of a dedicated device propose that a homeowner will eventually purchase such a device,
we are seeing the parallel development of other approaches
where the core of the system is a software application bundled
on a server located at a third-party data center.
Online energy management portals offer customers
insight into their energy usage and automatic management
of energy efficiency. Through a central view on a Web page,
for example, customers can access current energy usage statistics, historical usage patterns, and the amount of carbon
dioxide emissions avoided by utilizing a particular renewable energy source. The portal can also display price signals
and tie a customer’s energy consumption and production patterns into the utility’s rate schedule. New standards developments may also enable effective aggregation and third-party
information sharing that will promote the adoption of residential EMS systems. As of the writing of this document,
preliminary information regarding consumer purchases of
advanced residential EMS systems show promise, but adoption to date has been low.
These concerns make it difficult to pin a price tag onto
residential EMS systems. Many components have a dual
purpose and exist under separate financial justifications.
Consumer reluctance to purchase an EMS may be driven by
awareness of online options that could replace key parts of
the functionality of an EMS.

In-Home Displays and Access
to Energy Information
Providing real-time feedback on energy consumption holds
significant promise to reduce electricity demand. Several
september/october 2011

studies over the past 30 years have evaluated the effectiveness of energy savings from home energy displays of
varying sophistication (see Figure 8). Most of these studies
verified savings of between 5% and 15% with a longer-term
sustained impact at the lower end of this scale. Other studies have found that information alone does not appear to be
sufficient to achieve appreciable reductions. People need a
strong motivation to change, such as compensation, confidence they can change, and feedback that changes they make
are having an impact. As such, most successful approaches
provide more frequent feedback, as well as feedback on specific behaviors.
As the smart grid unfolds, various methods to provide
energy, cost, and environmental information are beginning
to emerge. A specific class of stand-alone devices has been
utilized extensively and is referred to as the in-home display (IHD). Typically, IHDs present basic information, such
as real-time and projected hourly electricity cost and electricity consumption in kWh. Some can display additional
information, such as electricity cost and consumption over
the most recent 24-hour period, the current month’s (and/or
the prior month’s) consumption and cost, projected usage,
monthly peak demand, greenhouse gas emissions associated with current usage patterns, and outdoor temperatures
for various periods.

Grid-Ready Appliances and Devices
So-called “grid-ready” appliances do not require truck rolls
in order to add remote communications and control capabilities. Grid-ready appliances and devices (often referred to
as “DR-ready”) are manufactured with built-in DR capabilities. The universal entry of grid-ready devices into the marketplace, fully anticipated to take shape in the next several
years, will lead to ubiquitous DR capability.
In the future, the grid-ready design is expected to become
part of a standard appliance design. Furthermore, we assume
that the appliances will have communication technology
built in that is justified for other, nonenergy usages and additional consumer benefits. Such capabilities should make the
extra cost of the technology negligible after ten years.
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figure 9. Line post sensors (used with permission from
Joslyn).

Plug-In Electric Vehicle Charging
Infrastructure and On-Vehicle Smart
Grid Communications Technologies
Plug-in electric vehicles (PEVs) are defined as any hybrid
vehicle with the ability to recharge its batteries from
the grid, providing some or all of its driving through
electric-only means. Almost all of the major automotive manufacturers have announced demonstration or
production programs for the 2010–2014 time frame; the
announced vehicles feature all-electric, plug-in hybridelectric, and extended-range electric vehicle configurations. Notable (and earliest) among these are globally
targeted production vehicles from General Motors (the
Chevrolet Volt, an extended-range EV) and Nissan (the
Leaf, a battery-only EV). It should also be noted that
Tesla remains the only manufacturer today producing a
two-seater roadster and that it is continuing work on its
lower-priced family sedan (the Model S).
For the first generation of PEVs, the technology options
for integrating PEVs with the smart grid will reside offboard, in the form of the closed, proprietary networks of
charging station operators such as Coulomb Technologies,

figure 10. A CVMI (used with permission from Lindsey
Manufacturing).
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ECOtality, and Silver Spring Networks. Whereas significant public funding (to the tune of US$300 million) through
stimulus awards from federal government and state and local
authorities has been directed at regional charging infrastructure build-out, the focus has been on enabling PEV technology adoption in early adopter markets rather than on the
scalability and cost competitiveness of these technologies
longer-term.
Collaborative research with the automotive industry
indicates that for PEVs to be widely deployed, the infrastructure overhead for them would need to be reduced
to “minimal to none,” with each PEV carrying its own
required technology for connecting to the nearest smart
grid node on board. PEVs would use either AMI and HAN
systems to connect to the smart grid through the “front end”
or the onboard telematics-based technology to connect
through the “back end” to utility back-office systems and
to meter data management systems via standardized serverto-server communications.

Communication Upgrades
for Building Automation
Today, more than a third of the conditioned and institutional
buildings in the United States have installed some form of
energy management and control. Automated DR (ADR) can
be accomplished by communicating with the building EMS
using an Internet-carried signal or some other form of direct
link. Open ADR involves a machine-to-machine communication standard that provides electronic, Internet-based price
and reliability signals linked directly to the end-use control
systems or related building and automated control systems.
The building automation system is preprogrammed to reduce
load according to the messages it receives, and it may also
report real-time energy consumption information to the utility or service provider.
Open ADR presumes the building is already equipped
with an EMS. There are two additional cost components
that will enable the building to respond to DR signals. The
first enables the existing EMS to receive the DR signals.
In some cases, this may mean upgrading the software; in
others, it may mean installing a “simple client” whose only
purpose is to receive the DR signals and pass them on to
the EMS system. Open ADR allows very simple and inexpensive clients to be built that can interface with existing
EMS systems via dry-relay contacts. Dry-relay contacts
seem to be the near-universal interface mechanism for
EMS systems.
The second (and perhaps largest) cost component is the
programming of load control strategies in the EMS. The
cost is primarily one of manpower and involves audits of
loads in the facility and specialized knowledge about how
to convert the EMS to implement load control strategies.
In this regard, the simple response levels sent as part of an
open ADR signal can be used. In many cases, it is more
convenient for the facility manager to think in terms of
september/october 2011

figure 11. Elbow sense
current and voltage
monitors (used with
permission from Lindsey
Manufacturing).

“normal,” “moderate,” and “high” response levels rather
than prices or specific dispatch commands. Also, it is not
insignificant that if the engineers set up their load control
strategies based on simple levels, then they can more easily move between different programs without the need to
reprogram the EMS system.

Electric Energy Storage
Advanced lead-acid batteries represent the most prevalent
form of electric energy storage for residential, commercial,
and industrial customers wanting to maintain an uninterruptible power supply (UPS) system. Commercial and
industrial systems can supply power for up to eight hours
at 75% efficiency and can maintain performance through
more than 5,000 cycles. Residential versions typically
offer a two-hour duration at 75% efficiency and 5,000cycle performance.
Both standby and online UPS technologies are available.
The online UPS is ideal for environments where electrical
isolation is necessary or for equipment that is very sensitive
to power fluctuations. Although once previously reserved
for very large installations of 10 kW or more, advances in
technology now permit use as a common consumer device,
supplying 500 W or less. The online UPS is generally more
expensive but may be necessary when the power environment is “noisy,” as in industrial settings; for larger equipment
loads like data centers; or when operation from an extendedrun backup generator is necessary.

Sensors
New developments in distribution sensor technology are
becoming available. These sensors offer opportunities for
greatly enhanced reliability and asset management. Examples of sensors that will increasingly be deployed on tomorrow’s power system include:
✔ Line-post sensors. Line-post sensors (Figure 9) are not
a new technology, but in the future they will be used in
new ways. Line-post sensors monitor current, voltage,
and current/voltage on the distribution system. Line-post
sensors offer important opportunities to monitor distribution feeders. They can be used to monitor a switchedcapacitor bank, feeder voltage regulators, and automated
distribution line switches. In advanced applications,
september/october 2011

these dissimilar applications can be coordinated with the
source substation.
✔ Current- and voltage-monitoring insulators. A
variation on line-post sensors is the expanded use of
current- and voltage-monitoring insulators (CVMIs)
(Figure 10). These insulators perform functions similar to the line-post insulators.
✔ Elbow Sense current and voltage monitoring. Lindsey Manufacturing’s Elbow Sense current and voltage
monitors (Figure 11) can be installed at transformer
and switchgear terminations.

Summary and Conclusions
Technology will play a significant role in accomplishing the
smart distribution networks of the future. Electric utilities
will need to leverage existing monitoring and control facilities and also find innovative ways to exploit the capabilities
of these facilities and of the new technologies being added
to achieve optimal distribution system performance. Communication and computer technologies will play a major
role in exploiting the capabilities of new and existing sensors and controllers.
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Model-Based Distribution Management

T

THE MOST SIGNIFICANT CHALLENGE IN
distribution management associated with the socalled “smart grid” is that the distribution system becomes an active system—with distributed
generation, smart customer loads, electric vehicle charging, smart inverters, distributed storage,
and so on. The challenge of an active distribution system affects both the planning functions
and the real-time operations of the system. The
transition to an active distribution system does
not change the need to maintain and improve
reliability. This means that the trend toward
automating the response to faults and outages
will continue, but it must work with the added
complexity of active devices (including customer
loads) throughout the system.
The Distribution System Analysis Subcommittee (DSAS) of the Power Systems Analysis,
Computing, and Economics (PSACE) Committee of the IEEE Power & Energy Society (PES)
presented a paper at the 2010 IEEE PES general
meeting outlining distribution modeling and
analysis needs for support of the next generation
of distribution systems. It is clear that the future
of distribution management will be based on
models that can support both planning and realtime functions. The Distribution Test Feeders
Working Group of the DSAS has already started
to develop example circuit models that can be
used to evaluate modeling and analysis tools,
taking into account the modeling requirements
of the smart grid. This article discusses the trend
toward model-based distribution management
and the requirements of a model-based management system.
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Distributed resources are
what make the distribution system
“active.”
Characteristics of an
Active Distribution System
There are many characteristics of the future distribution
system that must be taken into account in developing the
model requirements (see Figure 1). These characteristics
fall into the two broad categories discussed below.

Distributed Resources
Distributed resources are what make the distribution system
“active.” There are many types of distributed resources that
must be considered.
✔ Traditional distributed generation will be more widely
deployed. Localized generation can defer investment
requirements to meet local load growth, reduce distribution losses, and even support microgrids for special
reliability requirements of local systems.
✔ Renewable generation is a special case because it is
usually variable and intermittent. Both wind and solar
generation are becoming more common on distribution
systems, and future distribution planning tools will need
to consider the impact of much higher penetration levels.
✔ Distributed energy storage will help smooth the impacts of the variable generation and can also reduce
losses and defer investment requirements.
✔ Electric vehicles could be a special case of distributed storage but with much more difficult control requirements that will depend on consumer choices
and behavior. In the meantime, it will be necessary to

consider the impacts of increasing numbers of electric
vehicles on load characteristics, with the potential for (at
least) smart charging that will influence when the charging load occurs.
✔ Demand response will be widespread. Smart customer loads and demand response systems will be a
resource for local distribution systems as well as the
overall grid.

Monitoring, Communication,
and Control

One of the most significant challenges for the next-generation distribution system is implementing the communication infrastructure that will integrate widespread monitoring, device controls, distributed resources, and advanced
metering for customer integration. This communication
infrastructure is often referred to as the field area network
(FAN). This new communications infrastructure will enable
many new monitoring and control functions that must be
taken into account in the system model. Some of the important capabilities and functions that will need to be addressed
in the model include:
✔ Substation monitoring systems: Substation monitoring can provide valuable information for overall
feeder load profiles, fault location applications, and
protection functions. The substation monitoring information is the first level of monitoring data that needs
to be integrated with system models.
✔ Extensive distribution supervisory control and data acquisition
(SCADA): Distribution monitoring
will become more pervasive as part
of advanced controls at automated
switches, capacitor banks, regulators,
and other key locations on the distribution system. This monitoring and
control infrastructure provides opportunities for advanced protection
Substation
functions and optimization functions
that must be modeled both for realEV/PHEV
Demand Response
time applications and for planning.
High-Penetration PV
✔ Advanced sensors for asset manageEnergy Storage
ment: Condition-based maintenance
Control
will be more prevalent on transmission systems, but there are opportunities for sensor applications on distrifigure 1. Characteristics of the active distribution system that must be taken
bution systems as well to understand
into account in the distribution model of the future.

76
46
44

IEEE power & energy magazine
ieee

september/october 2011

Advanced metering infrastructure will have a
dramatic impact on distribution model
requirements.
asset conditions and to prioritize asset maintenance
and replacement. Underground cables, capacitors,
regulators, and transformers are important assets to be
tracked.
✔ Distributed controls: The distribution system of the
future will be a system of distributed controls and a
control system hierarchy. Local controls for smart
inverters, intelligent transformers, smart customer
systems, microgrids, and so on must be coordinated
with overall system controls. One of the biggest
challenges in model-based management will be the
representation of distributed control systems in the
overall distribution model.
✔ Advanced metering infrastructure (AMI): AMI
will have a dramatic impact on distribution model
requirements. AMI extends the model to every customer and provides rich data describing customer
characteristics as a function of many parameters.
This will result in significant modeling challenges in
order to accurately represent the dynamic characteristics of customer loads and to be able to use the AMI
information to continually update these models.

Integration Requirements
In the vision being described here,
the distribution system model will
be an integral element of virtually every distribution management and control function. This
results in a significant integration
requirement (see Figure 2).
The geographic information
system (GIS) is the source of the
model information. This system
describes the assets, their geographic locations, their characteristics, and their connections (electrical location). Ideally, when
there is a change made in the system, the GIS is updated, and the
system model is updated accordingly. A standard data interchange
format based on the Common
Information Model (CIM) will
allow the integration of different
vendor systems with the electrical
model.
september/october 2011

The GIS does not know the status of individual
switches on the distribution system (its real-time configuration). These data are required, however, to know
the specific configuration of the system at any moment
in time. Such information must come from distribution
SCADA systems and the outage management System
(OMS). The SCADA system provides information about
the status of switches, voltage regulators, and capacitor
banks that are monitored on the system. The OMS provides additional information about portions of the circuit
that may be out of service based on customer calls (and
information from advanced metering).
The reason for keeping the model up to date in real
time is so that it can be used for real-time simulation
functions. This kind of real-time simulation (sometimes
referred to as real-time state estimation) can support
reconfiguration functions by determining whether an
alternative circuit will be overloaded after a switching
function. The simulations can also support optimization
algorithms to minimize losses and control the voltage
(using capacitor banks, voltage regulators, and system
reconfiguration).
Even AMI will be interfaced with the distribution system
model. The metering data do not have to be available in real
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figure 2. Integration requirements for the distribution model as part of both
planning and real-time distribution management functions.
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The addition of distributed generation to the
electrical distribution system has been one of the key
drivers in the evolution of distribution system analysis tools.
Conservation Voltage
Reduction
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figure 3. Typical planning simulation providing a threedimensional view of system loading over an entire year
(8,760 hours).

time for the distribution model, but these data are the basis
for accurate load models based on the actual load profiles
of individual customers. With accurate data about individual
customer loads, the model will have accurate information
about the expected load profile around the distribution system at any moment in time. This loading information can be
calibrated based on actual load readings at selected circuit
locations in the SCADA system to improve the accuracy of
the real-time simulations.

Distribution Planning Functions
The accurate load data also provide the foundation for using
the distribution model for planning functions. One of the
key features of the planning function using the distribution
model is the capability to perform sequential power flows.
Accurate load profile data over the whole year allows planning simulations to take into account daily, weekly, and
seasonal load variations in loading studies, voltage studies,
and loss studies (see Figure 3). Even more advanced studies, like harmonic assessments and transient studies, benefit from the more accurate load representations. These load
representations are then adjusted based on forecasts for
new growth and changing load characteristics (efficiency,
demand response, electric vehicles, and so on).
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Conservation voltage reduction (CVR) is a very important
function that is a driver for many distribution management
system applications. This function continually evaluates
the voltage profile on the distribution system and optimizes the voltage to achieve the best energy efficiency
for customers on the circuit. A Pacific Northwest National
Labs study estimated that we can reduce energy use across
the country by more than 3% by implementing CVR on all
the circuits where it is applicable. Example circuits that
were studied in the EPRI’s distribution efficiency project (known as “Green Circuits”) found savings potentials
ranging from 2 to 5%.
One of the key requirements enabling the model
to support CVR functions is an accurate load model.
Advanced metering data provide the foundation for the
load model by characterizing the load profi le over the
entire year. This does not describe how the load responds
to different voltage levels, however. Sophisticated trials
are under way at a number of utilities to characterize the
load response to different voltages. This work will build
on initial tests performed in the Pacific Northwest showing that average residential loads have a CVR factor of
about 0.7. This means that there is reduction in energy use
of 0.7% for every 1% that the voltage is reduced. This is
different than the reduction in demand or power when the
voltage is initially reduced, which may be greater than
this factor.
The average CVR factor is really not adequate for
evaluating the impact of voltage reduction on individual
circuits, however. More accurate load response characteristics are needed. The response must be characterized as a function of different types of customers with
different types of loads in different geographical and
environmental regions. EPRI is conducting a collaborative project to perform this characterization, and the
results are being coordinated with the development of
a guide for load modeling with the Volt/Var Task Force
of the IEEE Smart Distribution Working Group. Figure 4
shows the development process necessary to arrive at such
load models.

Distributed and Renewable
Resource Integration
The addition of distributed generation (DG) to the electrical distribution system has been one of the key drivers
september/october 2011
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in the evolution of distribution system analysis tools over
the last 15 years. Three-phase circuit modeling and other
advanced features have been added to accommodate the
needs of DG modeling.
Introducing DG into existing systems requires that it be
carefully integrated with the power system’s operating practices. The key concerns include:
✔ voltage rise and regulation
✔ voltage fluctuations
✔ protective relaying and control functions
✔ impact on short-circuit analysis
✔ impact on fault location and clearing practices
✔ need for an interconnection transformer
✔ transformer configuration
✔ harmonics
✔ response to system imbalances such as open-conductor faults due to failing splices.
As the penetration of DG becomes more significant, the
need for more detailed analyses increases. Photovoltaic
(PV) generation is a particularly important type of distributed generation right now because penetration levels
are increasing rapidly and the generation has a variable
characteristic that can affect voltage profi les and equipment operation.
PV generation is subject to cloud transients. When a
cloud obscures the sun, PV output ramps down, resulting
in a drop in the voltage (see Figure 5). These variations
in generation can affect the operation of voltage regulators. After timing out, the regulators tap up to correct for
the drop in voltage. When the cloud passes, the PV output

Global Horlz. Irradiance (W/m2)

One of the key requirements enabling the model
to support CVR functions is an accurate
load model.

figure 5. Example of PV generation variations over the
period of a day, illustrating the effect of clouds passing over
the PV cells.

ramps back up, resulting in an overvoltage until the regulators tap back down (see Figure 6).
Simulating the impact of PV generation on voltage profiles requires not only a model of the PV generation around
the circuit but a representation of the regulator controls
and the ability to simulate with time steps in the range of
one second. PV systems around the distribution system
will have different variations at different times, creating

V (p.u.)

b6 Voltage Magnitude (p.u.)
105%

1.04
1.02
Equipment
Testing

Customer
Categories
Preliminary
Models

1.00

100%

0.98
Regulator Operations

Field Verification
and Model
Updates

figure 4. Development process for accurate load models that
include voltage response characteristics as a function of customer types and types of equipment in the facility or home.
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figure 6. Expanded view of the three phase voltages on a
distribution system during PV variations, illustrating regulator tap-changing operations in response to cloud transients.
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There are many different architectures
being considered and deployed for distribution
management systems.
the need for either stochastic models of the time variations
associated with the cloud transients or modeling of cloud
movements. A typical finding in high-penetration PV cases
is that utility regulator targets will have to be set 1–2%
lower to provide sufficient “headroom” to accommodate
this kind of power swing.
EPRI is working with an industry collaborative to
define the characteristics of a “smart inverter” that could
help control the voltage on the distribution system. This
inverter could be used with distributed storage systems
and with PV systems. An example function would provide
reactive power when the voltage is low and absorb reactive power when the voltage is high, automatically helping
to control the voltage on the distribution system. This is
another challenge for the distribution model and the simulation tools, as the specific control functions in each of
these smart inverters around the distribution system will
need to be represented.

Modeling the Distribution
Control Architecture and Systems

Consumption

There are many different architectures being considered
and deployed for distribution management systems (DMSs).
They range from very distributed controls that employ local
intelligence to substation-based control systems to completely centralized control systems. Of course, all kinds of
variations on these options are possible for specific functions, such as CVR.
The distribution model and the simulation engines and
tools must incorporate the distribution system controls for

Industry Coordination
Time of Day

figure 7. Accurate load models are critical for accurate
distribution system simulations to optimize performance.
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proper representation of actions and conditions when performing simulations over an hour, a day, a week, or a year.
Individual controllers that must be represented include
capacitor controls, regulator controls (including substation
load tap changers, or LTCs), switch controls, recloser controls, and so on. More centralized controllers for functions
like CVR may override the local controls and optimize the
system’s performance. It must therefore also be possible
to represent these central control systems. As described
above, controls for distributed generation and storage,
including new capabilities like smart inverters, must also
be represented. Controls for energy storage are particularly
ripe for research right now, as many different control functions are possible and different functions (peak management, reliability improvement with microgrids, voltage
control, frequency regulation, and others) may be appropriate for different applications.
Modeling of controllers is weak and inconsistent in
today’s distribution system analysis tools. For example, it
is common to assume that the substation LTC can correct
the voltage to the desired level without actually simulating this to see if it is possible. Also, the state of controllers is not easy to determine with a static power flow
solution. It is frequently necessary to simulate the daily
load shape to get all the voltage regulation devices (principally capacitors and regulators) to arrive at the proper
values. Simulation capabilities that accurately integrate
and represent the full range of control functions, both
local and centralized, are therefore critical for next-generation systems.
One of the biggest challenges for these models and tools
will be representation of the customer systems and their
local controls. As energy efficiency measures and demand
response become more and more prevalent, distribution
models must incorporate these characteristics into the distribution model. These may include smart appliances, smart
thermostats, control of electric vehicle charging, response
characteristics for dynamic prices, and interruptible load
(see Figure 7).
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Significant industry coordination is needed to achieve the
required interoperability and functionality of distribution
simulation tools and model implementations for the smart
grid. The CIM can be the basis of model exchanges and
integration of the model with different elements of DMSs.
Work on new load models for voltage control functions
september/october 2011

This new communications infrastructure
will enable many new monitoring and control functions
that must be taken into account in the system model.

Regulator
Capacitor

Substation
1,200 kvar
(Controlled)
900 kvar
(Controlled)

900 kvar
(Controlled)

900 kvar

figure 8. An 8,500-node IEEE test circuit that can be used
to evaluate simulation tool performance and capabilities, as
well as integration functions.

is being coordinated through the Volt/Var Task Force of
the IEEE Smart Distribution Working Group. The IEEE
Smart Distribution Working Group can also support information exchanges related to modeling of distribution control functions for optimizing performance and improving
reliability.
To facilitate the industry coordination as new models are developed and evaluated, open-source simulation
tools are available for benchmarking, model assessment,
and even implementation within commercial planning and
real-time simulation tools. EPRI has released the Open
Distribution System Simulator (OpenDSS) under opensource licensing terms to encourage and support advanced
modeling for a variety of smart grid applications. The U.S.
Department of Energy and Pacific Northwest National Labs
have released the GridLab-D simulation platform as opensource software as well. Open-source platforms facilitate
technology transfer. These tools are being used to develop
and verify new models for smart grid applications and
provide common platforms for industry researchers from
around the world.
As part of the industry coordination, it is important to
have example circuits that can be used to verify the performance of simulation tools that are used for both planning

september/october 2011

and real-time applications. The Distribution Test Feeders
Working Group of the DSAS has already started to develop
example circuit models that can be used to evaluate modeling and analysis tools, taking into account the modeling
requirements of the smart grid. An example 8,500-node test
feeder circuit has been developed that includes many of the
modeling elements that need to be represented for radial
distribution circuits (see Figure 8). Completion of a test
circuit for urban network systems is currently under way.
These circuits also provide examples that can be used to
verify performance of model integration applications based
on the CIM.
The development of the distribution model and new
functions that will utilize this model is an ongoing industry
effort. It is clear, however, that the system model will be the
centerpiece of distribution management in the future.
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THE POWER INDUSTRY IS EXPERIENCING A RADICAL TRANSFORMATION AS A
consequence of the introduction of the smart grid concept. Some of the main features of
the smart grid are increased participation by customers and the abilities to accommodate
all generation and storage technologies; enable new products, services, and markets; provide
increased reliability and power quality; optimize asset utilization and operating efficiency;
provide self-healing capability in response to distribution system disturbances; and operate
resiliently against physical and cyber attacks and natural disasters.

Smart Distribution Systems

The distribution system, which traditionally has received lower priority for deploying new
technologies than transmission and generation systems, is arguably the area affected the
most by the smart grid concept. During the last decade, there has been an unprecedented
surge in the deployment of new and revamped technologies on the distribution system. This is
partly the result of incentives provided by governments around the developed world to boost
their respective economies. Advances in telecommunications, power electronics, control,
and information technologies have also played
a significant role in the level of growth. This,
in turn, has revitalized the distribution sector
and encouraged the research and development
of new technologies and services. Such trends
have reduced the cost of implementing the new
technologies, making them more accessible to
mainstream markets.
A smarter distribution grid will satisfy multiple objectives, including improved reliability, efficiency, and system security, and will empower energy consumers by providing timely
information and control options. The smart grid concept is leading to potential distribution
system design changes, including:
✔ interconnected feeders to achieve a more robust and reliable system
✔ modern protection technologies and schemes
✔ support for bidirectional power flow to accommodate distributed generation (DG), distributed storage (DS), and microgrids
✔ implementation of optimized voltage control and advanced distribution automation
(ADA) schemes.
As expected, this evolution is leading to changes in other areas, such as distribution operations
and planning. From the operations standpoint, for instance, the additional real-time monitoring and control capabilities and advanced protection and automation schemes provided by the
smart grid may lead to new paradigms like the operation of distribution feeders as “closed
loops.” From the planning perspective, the criteria, guidelines, methodologies, and tools used
to plan the transition from the existing (conventional) distribution system to the smart distribution system make up an important area in which solutions are needed.
Many North American and international electric utilities are preparing road maps and
strategic assessments to define visions, targets, benefits, and customized interpretations of
the smart grid. These road maps define what the smart grid means for each player, establish
high-level approaches to achieve the expected benefits, and implement “flagship” projects and
technologies. Many organizations are now installing these new technologies in the field to
modernize their distribution systems.
As the penetration of new distributed energy resources and advanced control equipment
increases, they are beginning to have a significant impact on the design, operation, and planning of the distribution system. Distribution engineers are facing growing difficulties: their
existing planning methodologies and computational tools were not designed to handle the new
challenges introduced by these new technologies. The software tools and methodologies used
by academia and the research community for distribution planning and design are rapidly
changing to meet the new smart grid challenges. But the commercial engineering analysis
tools used by the majority of electric utility distribution engineers are not changing (in general) at the same pace to meet these new challenges.

Distribution System Planning
in the Smart Grid Era
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Engineering analytical tools and methods must be used in a
coordinated and integrated fashion to effectively achieve distribution planning goals from a utility-centric perspective. Much
is yet to be done regarding integrated smart grid planning and
multiobjective optimization, which requires methodologies
and tools with capabilities for multifeeder evaluation of reliability, losses, voltage control, protection, etc., as well as the
optimal location of protective/switching devices, voltage control/regulation devices and DG/DS evaluation, and load forecasting. Finally, further research and development is required
on models, methodologies, and tools to analyze the impact of
more active costumer participation on the distribution system.

Planning the Smart Distribution System
Distribution engineers must have access to methodologies,
algorithms, and computational tools that can bridge the gap
between the existing and the smart distribution system. This
requires an integrated distribution system planning approach
that will enable distribution engineers to design a robust, reliable, and resilient distribution system. The resulting smart
distribution system will satisfy a series of objectives, such
as improving reliability and power quality, reducing labor
costs, and lowering electrical losses. This smart distribution
system, for instance, will allow the implementation of ADA
approaches such as fault location, isolation, and service restoration (FLISR) and volt/var optimization (VVO). Attaining
these goals implies planning for a more flexible, robust, and
meshed distribution system to support and provide more alternatives for load transferring during automatic feeder restoration and reconfiguration.
As shown in Figure 1, the transition from the existing to
the smart distribution system requires building new distribu-

Existing
Distribution
System

Existing
Distribution
System

Spatial Load Forecasting,
End-Use Models, and Capacity Planning
Load forecasting is the foundation for distribution systems
planning because load growth is the main trigger for grid
expansion. Conventional load forecasting focused on the

Smart
Distribution
System

Planning

Substation
F1

tion lines and feeder ties and installing new smart switching/
protective devices, new distribution equipment, sensors, and
meters for monitoring, controlling, and protecting the new
lines. The improved methodologies and tools must help distribution engineers answer questions such as how many new
smart devices, feeder ties, distribution lines, capacitor banks,
voltage regulators, sensors, and other devices are needed and
where they should be located. Moreover, the tools should
provide decision makers with a means for assessing the costs
and expected benefits of the proposed smart grid alternatives
in various scenarios and levels of implementation. A more
difficult problem is how to plan the smart distribution system in a world where customer and third-party information
aggregators are expected to be heavily involved and play a
key role in system performance and operation during both
normal and emergency conditions. This is an area where
even less work has been done; it requires close attention
from the power industry and from academia.
This article discusses some of the areas of distribution planning that are directly affected by smart grid technologies and
the tools and methodologies that are needed to address these
new challenges, including capacity planning and spatial load
forecasting, distribution reliability, distribution system analysis, and distributed resources integration. Furthermore, this
article examines certain key aspects that need to be addressed
for distribution system planning in a smart grid world.

Existing Conventional
Protective/Switching
Devices (NO and NC)

Substation
F1

F2

F5

F2

New Smart
Protective/Switching
Devices (NO and NC)
R Distributed Resources
(Generation/Storage)
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R
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F6
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figure 1. Requirements of the smart distribution grid.
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amount of load growth. The goal of spatial load forecasting consumption under different energy efficiency, DR, and
is to estimate with reasonable accuracy, and a high level of TOU scenarios. New end-use models need to incorporate,
geographic resolution, not only the amount of load growth, for instance, PEV charging rates to update typical residential
but also when and where new load will occur. Spatial load customer consumption patterns.
Forecasts of peak loads are used for decision making
forecasting usually predicts small area, feeder, and system
annual peak loads for a forecasting horizon of up to 20 years. about distribution substation and feeder capacity expanThis information is then used to determine the best locations sion and upgrades. This is a familiar process for distribufor distribution facilities and to plan system growth (e.g., new tion planners. The incorporation of new DG, DS, and PEVs
substations, distribution feeders, transformers, and so on). along with new goals relating to DR, energy efficiency, and
Spatial load forecasting is performed on the basis of small TOU rates will make this task more complex, however. This
areas, historical load and weather data, land use, and geo- complexity will be due in large part to the fact that much of
the DG that is being connected to distribution systems—e.g.,
graphic information.
Approaches to spatial load forecasting can be broadly photovoltaic (PV) and wind—is intermittent in nature. Since
classified into trending, simulation, and hybrid methods. An this type of DG is not firm and its output depends on weather
example of the latter, which uses a combination of trending conditions (cloud cover, wind speed, and temperature), its
and simulation approaches, is shown in Figure 2. Irrespective effect on overall feeder load offset is not easy to determine.
of the approach taken, spatial load forecasting tools and dis- Net load on feeders with high penetration of PV-DG can be
tribution planning methodologies in a smart grid world must minimal on a sunny day and much larger on a cloudy day. For
help planners answer questions such as how different DG, DS, the reasons listed above, planners do not rely on intermittent
and plug-in electric vehicle (PEV) penetration scenarios will DG alone for capacity deferral and may decide to conservaaffect system demand. Furthermore, they must help planners tively modify historical feeder loads to compensate for the
answer questions about how different demand response (DR), offset effect of intermittent DG and then use the updated
energy efficiency, and time-of-use (TOU) rate scenarios will loads for peak forecasting. This is not a difficult task if only
a few feeders with a couple of utility-scale DG sources (repaffect system peaks.
One of the main challenges of conducting load forecast- resenting an installed capacity of a few megawatts) are anaing in a smart grid world is the fact that the proliferation lyzed. It is likely that under such a scenario, the novelty and
of DG and new loads will modify feeder load patterns. concern regarding this type of facility have attracted enough
Additional information and approaches will therefore be attention for planners to ensure that plenty of data are gathrequired to accurately identify load and DG patterns. This ered, not only about loadings but also about voltages and
information will be obtained by processing data supplied by additional electric and weather-related variables.
This task can become quite challenging, however, when
transformer load management (TLM) systems, automated
metering infrastructure (AMI), and DG and feeder sensors, hundreds of feeders in a service territory have thousands
which are all expected to be readily available as a conse- of small-scale PV-DG (representing an installed capacity
quence of the evolution of the
smart distribution system.
To conduct such studies, it is
also necessary to have detailed
More
Analysis.
end-use models of existing and
Compare
new loads, such as the one shown
to System
in Figure 3. This figure shows a
Total, Etc. Top–Down
Bottom–Up
breakdown of the total load conAnalysis
Analysis
sumed by each customer class of
a real distribution utility during
a typical summer day. The various curves show the typical load
profile for each customer class
and its individual contribution to
the aggregated system load. Enduse models provide planners with
Ends with Small Area Forecast
Starts with Small Area Data
a breakdown of typical consumpDG, DS, PEV,
tion patterns by customer class,
DR, Load
as well as data about sensitivities
Models, Etc.
to temperature, humidity, and so
on. This information is valuable
for evaluating power and energy figure 2. Spatial load forecasting example (hybrid method).
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figure 3. Example of end-use models.
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outputs of intermittent DG are not properly tracked, it is
likely that the peak load forecast will not be accurate enough
or may lead to suboptimal decisions. As shown in Figure 4,
things can become even more complex if PEV market penetration rates and DR are not considered or if PEV loads are
controlled to avoid equipment overload. This is an example
of a situation where the communications and data-gathering
capabilities of the smart distribution system would play a
significant role in improving distribution planning activities.
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DG and PEV Impact Analyses
Tools that allow planners to forecast DG and PEV penetration rates are also necessary to evaluate their expected
impacts not only on capacity planning but also on feeder
voltage profiles, equipment loading, power quality, and electrical losses. This requires detailed probabilistic analyses for
uncertainty modeling that are intended to determine when
and/or where these technologies are expected to be deployed
and how they will affect distribution system loading.
Figure 5 shows a high-level summary of a PEV impact
analysis approach for distribution systems. The approach

Base Case (No PV, No EV)
with PV
Uncontrolled EV
Controlled EV

figure 4. Feeder loads at peak with and without significant
PV-DG and PEV penetration.

of several kilowatts) spread across the system. In such a
situation, it is more difficult to keep track of installed capacities, outputs, and weather conditions. And if the historical
proliferation rates and aggregated installed capacities and

Step 1: Study,
Scope, and EV
Scenarios
Geographic and
Customer Base
Considerations

T and D System
Layout
Considerations

Step 3:
Representative
Model

Step 2: PEV Use
and Charging
Model

Step 4: Coordinated Study of
Load
Curve and
Load
Analysis

DER and
Smart Grid

Power
Flow
Analysis

Reliability

Cost

Study Only
Customized
Scenarios
This Time

Results for This
Scenario
Extrapolate to
Entire System
Review

Identify
Problems and
Solution Strategy

Step 5: Construct
and Study Strategic
Scenarios

Step 6:
Final Results

figure 5. PEV impact analysis methodology.
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starts by defining the PEV market penetration scenarios that
will be analyzed; this can include a sweep from a base case
(0% market penetration) to a maximum expected penetration rate of 100% (e.g., two PEV vehicles per household).
Then geographic and customer information is gathered and
used to build computational models and typical load profiles
of the feeders under analysis. The number of feeders to be
analyzed depends on the nature of the study. If the study
is conducted for a small area (e.g., ten to 20 feeders) then
each individual feeder is modeled and studied. If the analysis needs to be conducted for a large region or for the overall service territory, however, it may not be economically
or pragmatically feasible to study each individual feeder.
Instead, a set of representative or characteristic feeders is
identified, and detailed analyses are conducted for this subset; results are then extrapolated to the overall system.
Another critical component of the study is the PEV
charging rate models, which provide information about the
expected consumption patterns of PEV loads. After gathering all these data and developing the feeder models, simulations are conducted for each representative feeder, loading
condition, and market penetration scenario in order to identify impacts on loads, power flows, reliability, power quality,
etc. This simulation approach is shown in Figure 6, which
also presents some of the results of the analysis, including
the expected distribution feeder hourly loading for each market penetration scenario and the respective percentage of distribution transformers that are overloaded. It is worth noting
that unless accurate information is already available, such
simulations must take into account the uncertainty about the
location of PEV loads for each market penetration scenario.
This can be achieved by conducting a statistical analysis of
impacts for different potential locations. It is worth mentioning that similar analyses are also required to evaluate the
impact of DG for different penetration levels.

Distribution Reliability and ADA
Integrated predictive distribution reliability assessment and
capacity planning is becoming a standard process for utilities worldwide. Predictive reliability assessment uses historical reliability information—e.g., historical system average
interruption frequency index (SAIFI) and system average
interruption duration index (SAIDI) values, equipment failure
rates, and mean time to repair—and computational models
of the distribution system to estimate existing and expected
reliability under a variety of different conditions (different
configurations, additional protective and switching devices,
implementation of distribution automation schemes, different
overcurrent protection philosophies, and so on).
A fairly good analogy can be used to explain what predictive reliability algorithms do. In the same way that power
flow algorithms use loads as input data to estimate voltages
and currents, predictive reliability assessment algorithms
use system components’ failure rates and repair times (calculated using historical and equipment manufacturers’ data)
september/october 2011

to estimate the reliability indices (SAIFI, SAIDI, etc.) that
quantify the expected frequency and duration of outages.
Predictive reliability assessment algorithms, with different levels of complexity and detail, have become a standard
component of most commercially available distribution
analysis software. They are able to model distribution system
features such as overcurrent protection philosophies (fuse
clearing, fuse saving), reclosing schemes (three-phase tripping, single-phase tripping, and so on), travel and inspection
times, and percentages of temporary and permanent faults.
One of the main applications of predictive reliability
models is to assess expected system reliability under future
conditions. The models generally aim to improve the reliability of the worst-performing areas in a cost-effective
fashion. This is done by calibrating predictive reliability
models to match existing reliability indices and then evaluating a portfolio of alternatives for reliability improvement.
The costs and reliability benefits of each alternative are used
to identify and prioritize those that are more cost-effective
(that bring more “bang for the buck”) and estimate the overall expected reliability due to the progressive implementation of the selected portfolio of alternatives.
Using a predictive reliability model has the advantage of
taking into account the interactions among projects. This
avoids overestimating benefits and provides a more realistic
depiction of expected reliability. This is a valuable feature,
given that the addition of the individual benefits of two different alternatives can be greater than the benefits obtained by the
combined application of both. Moreover, it provides decision
makers with a means for understanding the expected reliability that can be “purchased” for different levels of investment.
An example is given in Figure 7, which shows the reliability
improvements (SAIDI reduction) that can be achieved with
various investment levels.
In addition, predictive reliability models can be used to
estimate the spatial distribution of reliability for a distribution system and also at the feeder level. Such estimates are
very valuable as they can identify “pockets” of unacceptable
reliability within feeders (such a task cannot be accomplished
by using average indices that estimate overall feeder reliability) and thus allow reliability improvement projects to target
a utility’s worst-performing areas. Figure 8 shows the spatial
distribution of reliability for a real distribution system: the
areas in red have worse reliability than the areas in blue.
The introduction of the smart grid concept has prompted
the deployment of a variety of distribution automation
schemes with varying levels of complexity, from standard
half-loop and full-loop schemes to more complex self-healing
approaches such as advanced FLISR and protection devices
(e.g., pulse reclosers). Determining existing and future reliability when only a few of these schemes are deployed is a
task that can be conducted using spreadsheet-based tools or
simplified computational models (i.e., by sacrificing accuracy, it is possible to estimate overall trends). But when many
of these schemes are deployed together on a feeder system,
IEEE power & energy magazine
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figure 6. PEV impact analysis simulation framework.

the interactions among schemes and the combination of
alternatives make reliability measurement and estimation
challenging tasks that require using detailed models and
very sophisticated tools that are flexible enough to specify
how different types of equipment (switches, reclosers, and
so on) are expected to work together. If more complex concepts such as the intentional islanding of DG and operation
in microgrids are included, the problem becomes even more
challenging. The smart grid is expected to provide both challenges and solutions since under these conditions, accurate
interruption data gathering (e.g., via outage management and
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AMI systems) for reliability indices calculation is vital. But
such complexity will also require further development of
existing commercial predictive reliability tools.

Trends and Emerging Needs
An important aspect of distribution planning in a smart grid
world is the decision-making process for selecting the locations of all the new equipment and technologies that are
expected to be deployed in the distribution system and the
variables that should be taken into account during this process. Methodologies and tools are required, for instance, for
september/october 2011

800

100

700
600

95

Frequency

90
85

500
400
300

80

200

75

100

70

0

-

1

2

3

4
5
Cost (M$)

6

7

8

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5

SAIDI (% of Base Case)

105

P (MW)

figure 7. Reliability improvement as a function of cost.

figure 9. A histogram of PV-DG outputs during June 2010.

determining the optimal location of smart equipment such
as distribution automation switches and reclosers. Given
that such equipment will have a direct impact on distribution reliability, reliability improvement should be one of the
main drivers for selecting locations. It is worth noting, however, that this equipment also defines the distribution system
configuration, i.e., the individual feeder loads and topology,
which has a direct impact not only on reliability but also on
distribution feeder losses and voltage profiles.
At the same time, new switched-capacitor banks and
modern line voltage regulators are being installed on distribution systems to reduce losses, control voltage profiles,
and implement approaches such as VVO and conservation
voltage reduction (CVR). Therefore, the impacts of the locations of all these devices are interrelated. If DG and DS are
included in this mix, the complexity of the problem grows
further, since it is not advisable to determine the location of
one without considering the influence of the other.

Consequently, location selection must take into account
all the aforementioned variables (reliability, losses, voltage
profiles, and so on); this can be accomplished via multiobjective optimization techniques, whose goal is achieving
solutions that satisfy a series of objectives instead of only
one. This is a well-known area, and numerous methodologies are available. It is expected that the number of applications of these methodologies in distribution systems and the
availability of commercial tools that implement these algorithms will grow as the smart grid concept gains traction.
A very critical aspect of modeling and simulating of the
benefits and challenges introduced by smart grid technologies is the fact that the computational models of some of
these technologies are still not available in commercial tools
(or simplified models are used). Examples of these are DS
and flexible ac distribution systems (FACDS) models such
as static var compensators (SVCs) and distribution static
synchronous compensators (STATCOMs), dynamic models
of DG, stochastic reliability models, and models of complex
ADA schemes such as FLISR. In order to analyze the implementation of these technologies it is necessary to use complex software and modeling and simulation approaches that
may not be available to all distribution planners.
In the specific case of dynamic models for DG impact
analysis, for instance, although conventional distribution
analysis software includes standard tools such as power flow
and short-circuit analysis, for intermittent DG impact studies it is necessary to conduct specialized power flow analyses
to estimate the impact of DG output fluctuations on feeder
voltages. These impacts can be significant, particularly for
utility-scale DG, since intermittency can cause output variations that are both large and sudden. An example of this is
shown in Figure 9, which presents a histogram of outputs of
a real PV-DG plant based on a total of 27,000 samples taken
between 10 a.m. and 11 a.m. during June 2010. The plot shows
a moderately frequent range of variations of about 0.7 MW,
which may lead to voltage fluctuations and customer complaints if the plant is interconnected to a conventional distribution feeder and no mitigation measures are put in place.

figure 8. Spatial distribution of system reliability (SAIDI).
september/october 2011

IEEE
ieee power & energy magazine

91
59
61

Radiation (p.u.)

This type of analysis is difficult to conduct using conventional distribution system software. For instance, since
DG output variations can occur more quickly than the delay
time of load tap changers (LTCs), line voltage regulators,
and voltage-controlled capacitor banks, it is possible for
feeder voltage violations to occur before these devices can
begin operation. Figure 10 shows how PV DG plant and
LTC voltages can vary as a consequence of PV-DG output
variations. Proper investigation of these types of fluctuations requires using an intermittent DG profi le (time-series
output) and computational tools that can keep track of different delay times of voltage regulation and control devices
and interactions among them while conducting time-series
dynamic or quasi-static analyses. Unfortunately, several
of the conventional distribution analysis software programs do not have this type of capability, and those that
do require specialized skills and rather complex and timeconsuming script language programming work to implement it. This is not an insurmountable task when a single
DG installation and a few voltage control and regulation
devices are being analyzed, but it becomes very challenging if appropriate tools are not available and several DG
plants and devices are studied.

To solve this problem, one alternative is to divide the study
into two stages, steady-state and dynamic, and use specialized software tools designed for electromagnetic transient
and power electronics analysis to conduct the dynamic studies. This requires converting models from one software tool
to another, simplifying models to reduce computing time,
and (most important) having specialized training since this
type of software is not typically used by distribution planners. Ideally, both tasks should be conducted using the same
software and models, and the model preparation and data
input should be easy to automate. This is an area that software developers are starting to explore and propose solutions
for. It is worth noting that despite the fact that some existing software tools have similar capabilities, further work is
required to implement graphic user interfaces (GUIs) that
facilitate utilization by distribution planners.
Another area in which further work is required is the development of models for the implementation and estimation of
the benefits of ADA schemes. Currently, distribution reliability assessment tools allow pairing DA switches and reclosers;
setting switching times and repair, travel, and inspection times
for full and half loops; and considering capacity constraints
during upstream and downstream restoration. Specialized

Srad

1.00
0.90
0.80
0.70
0.60
0.50
0.40

V (p.u.)

(a)
Vpv

1.0540
1.0520
1.0500
1.0480
1.0460
1.0440
1.0420
1.0400
1.0380
1.0360
1.0340

V (p.u.)

(b)
VLTC

1.0310
1.0305
1.0300
1.0295
1.0290
1.0285
1.0280
1.0275
0

250

500

750

1,000
Time (s)

1,250

1,500

1,750

2,000

(c)

figure 10. Impact of PV-DG on feeder voltages.
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figure 11. An actual hourly feeder voltage profile analysis.

tools and models are required, however, for more complex
agent-based FLISR and self-healing schemes. As the use of
these types of devices and approaches becomes more common, it will be necessary to incorporate these capabilities into
standard tools. Furthermore, additional capabilities for Monte
Carlo–based stochastic reliability analysis, which allows the
modeling of failure rates and repair times using probability
distribution functions, will become necessary in order to conduct risk analysis. These types of capabilities allow a more
detailed modeling of distribution reliability that is becoming
increasingly popular for utility analysis but is still unavailable
in most commercial distribution analysis software.
It is worth mentioning that even if these models are added
to distribution system software, there will be a need for specialized software with which to build and customize utility-specific models and technologies. Therefore, workforce
training to achieve proficiency in these modeling techniques,
tools, and simulations will become an important aspect of
distribution planning.
Finally, the implementation of smart grid technologies
is giving distribution planners access to a variety of hourly
and subhourly data that can be used to conduct more precise
distribution system studies, such as detailed hourly distribution voltage profile, equipment loading, and power and
energy loss calculations. Since hourly data are becoming
easier to obtain, the ability to conduct 8,760-hour batch processes using distribution system analysis tools is becoming
more important. The benefits of using this type of approach
include increasing the accuracy of results and avoiding the
use of simplifications and “rules of thumb” (e.g., using loss
factors to estimate system losses). Figure 11 gives an example of this type of analysis; the plot shows the hourly voltage
profile for a real distribution feeder, with each dot representing the voltage of a feeder node for a particular hour of the
day. For simplicity, only 24 hours’ worth of data are shown;
a similar plot can be created for all 8,760 hours of the year,
however. This type of analysis is extremely valuable and lets
planners assess and identify potential voltage violations for
september/october 2011

different seasonal loading conditions. Important with 8,760hour batch studies is the need to process the large amount of
data obtained from the simulations and conduct risk analyses to draw conclusions that lead to practical implementations. For instance, if an 8,760-hour analysis shows that a
low-voltage violation is expected to occur 0.1% of the time,
then no action may be required. If such a violation occurs
10% of the time, however, then it will probably trigger a voltage improvement project.
Other applications of batch processes include the PEV
and DG impact studies previously discussed, which require
conducting thousands of power flow simulations to assess a
combination of different market penetration rates, loading
conditions, and PEV and DG potential locations.

Conclusions
The implementation of the smart grid concept and the deployment of smart grid technologies on power distribution systems are leading to the emergence of a number of challenges
to the way distribution systems are planned and operated.
Furthermore, this trend is also providing planners with abundant data at feeder, distribution transformer, and customer
level. In order to address these challenges, it is necessary to
have new methodologies and computational tools that make
efficient use of the available data and allow for integrated
resource planning and multiobjective optimization. Some
of the applications required for conducting these studies are
accessible within commercially available distribution analysis software. However, some of the key features of these
applications, such as the ability to conduct batch processes
and dynamic modeling and simulations in a straightforward
and user-friendly fashion, despite being available in some
tools, usually require specialized skills, and using them is
complex and time-consuming. This is an area where further
improvement and work by software developers is required
and where collaboration among industry members is crucial.
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Continued from page 64

clean-energy investments are estimated to result in 16.7 jobs for every US$1
million in spending, while spending on
fossil fuels is estimated to generate 5.3
jobs per US$1 million.

Environmental Benefits of
the Smart Grid
Aside from the economic gains from
added investment and customer benefits, the integration of smart grid capabilities into the grid and consumer
management of energy consumption
is expected to produce environmental
benefits. Environmental advocates,
therefore, can be key elements of support for the emerging Illinois Smart
Grid Regional Innovation Cluster.
Coupled with plentiful renewable energy resources in Illinois, the
smart grid can dramatically advance
our efforts to combat climate change.
A recent U.S. Department of Energy
report suggests that 100% penetration
of smart grid technology in the United
States could lead to an 18% reduction
in carbon dioxide emissions by 2030.
It has been estimated that if the electrical grid were simply 5% more efficient, the efficiency gain could displace
the equivalent of 42 coal-fired power
plants, and that would equate to permanently eliminating the fuel and green
house gas emissions of 53 million cars.
In the United States, buildings account for an estimated 72% of U.S
electricity consumption and 38% of
all U.S. carbon dioxide emissions.
LEED certification is awarded by the
U.S. Green Building Council for new
buildings constructed to have less impact on the environment. Chicago is
home to more LEED-certified buildings than any other city and is leading
the efforts to reduce building energy
usage. The smart grid can bring the
energy management sophistication of
Chicago’s leading-edge buildings to
small businesses and residences. The
potential environmental benefits also
could be accompanied by direct economic value if/when a price for carbon
is established. The smart grid would
enable timely, accurate measurement
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of usage reductions (carbon output requirements), which (once monetized as
credits) can be bought, sold, or traded
creating new revenue streams for consumers, building owners, and local
governments. If small business and
residential consumers are effectively
engaged in managing their energy using smart grid capabilities, the economic opportunities provided by its
real-time communications and usage/
pricing data could further realization
of environmental benefits.

International
Collaboration
Smart grid interest and potential is
global. Just as in the domestic market,
those who act first and meet the standards and needs of multiple markets
will be positioned to capture market
share.
A common desire to provide leadership amid the global push for a clean,
reliable, and efficient supply of energy
fostered the formation of partnerships
and mutually beneficial smart grid cooperation between the United States
and Republic of Korea. The smart
grid collaboration agreement signed
by U.S. Department of Energy (DOE)
and the Korea Ministry of Knowledge
Economy (MKE), in April 2009, was a
catalyst for focusing high-level government attention on the establishment of
international public and private sector
partnerships for the development, testing and implementation of smart grid
technologies.
In 2010, MKE and the Illinois
Department of Commerce and Economic Opportunity (DCEO) agreed to
take actions for deploying smart grid
tested business models and technologies, conducting joint research in the
development of smart grid and green
technologies, and fostering information, technology and human resource
exchanges among government agencies, businesses, and research institutions.
Four initial collaboration
projects are expected to provide more
than $20 million of foreign investment
to improve grid cyber security, develop

technological infrastructure, deploy
energy optimization solutions and create a workforce ready to develop next
generation energy solutions.

Policy and Business Model
Development
The ongoing collaboration between Illinois and Korea has helped to refine
policy makers’ understanding of the
smart grid and what is required to advance its potential. Senior leaders in
both governments have begun the process of considering how best to accommodate this paradigm-changing technology. The experiences and results of
already initiated demonstration and pilot programs in Illinois and Korea will
guide future policy decisions.
The adoption and integration of
new smart grid technologies and capabilities will also enable new, innovative
business models. For these models to
succeed we must support economic policies and industry structures that allow
manufacturers of smart grid enabled
technologies, providers of new smart
grid-enabled services, and electricity
consumers themselves to become active participants in expanded markets.
Illinois and Korea are collaborating
in evaluations of market participation
strategies for demand response, load
control, load shifting, and integration
of distributed and renewable resources.

Workforce Development
Current and future market opportunities will pass us by without the necessary trained workforce to manage and
support the smart grid. Producing and
maintaining a highly skilled workforce
that can keep pace with the evolving
demands of the smart grid and related
businesses/technologies will be challenging as large numbers of power industry workers are expected to retire in
the next five years. Fostering the next
generation of entrepreneurs and technicians must be a focus of any comprehensive smart grid plan.
A well-trained and highly skilled
smart grid workforce is vital to
maintaining our leading edge position

in the research, development, and
implementation of a smart grid,
the value-added innovations using
that platform, and the integration of
renewable energy resources that will
feed into it. A successful workforce
development program must engage
all stakeholders in Illinois education
and career training—from utilities,
corporations, and labor unions to
educators, community colleges, and
universities to the national laboratories,
legislators, and policy makers.
The Illinois Institute of Technology
Smart Grid Education and Workforce
Training Center is leading a collaborative effort to establish the strongest
smart grid workforce in the world. This
will require enhancing existing science,

technology, engineering, and mathematics (STEM) curricula to build a
pipeline of students and workers beginning with early childhood education
and continuing through elementary,
high school, and post-secondary education or trade training. This combined
effort in Illinois will position the state
to meet global challenges in the smart
grid, energy independence, clean environment, and sustainable energy.

The Smart Grid as an
Economic Development
Tool
The smart grid is a transformative set of
technologies and business models. With
mutually supportive private and public
investment and with governmental poli-

cies that accommodate entrepreneurial
smart grid innovations, we can grow
our economy, create new high-paying
jobs, and help protect our environment.
The convergence of these diverse benefits represents an unparalleled opportunity for policy makers to advance an
agenda based on research and development, on innovation, and on economic
development. Through continued advancement of the Illinois Smart Grid
Regional Innovation Cluster, the state
is positioned to be a leader in the development and deployment of smart
grid enabling strategies, services and
technologies. Additional information is
available at http://www.smartgrid.com.
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in my view

Bruce Hamilton

benefits of the smart grid
part of a long-term economic strategy

P

The smarT grid is noT jusT a
new form of infrastructure; it can be
part of our long-term economic strategy. in addition to stimulating economic
activity directly through significant
new capital investment for design, development, and construction, follow-on
innovations using this powerful enabling technology are expected to multiply its short-term economic impacts.
it will take time, both public and
private resources, and coordinated economic policies to achieve the anticipated benefits of smart grid development
and deployment. But the emergence of
this transformational technology at a
moment calling for a dramatic restructuring of america’s energy economy
and environmental policies provides
a once-in-a-generation opportunity
to grow our economy, foster business
opportunities, and generate jobs while
advancing societal imperatives. illinois
has seized this opportunity. among
other efforts, in illinois formed a public-private partnership to help position
communities, corporations, universities, and laboratories to leverage the
opportunities of this infrastructure
transformation.
This public-private partnership has
laid the foundation for a growing illinois smart grid regional innovation
Cluster that brings together the talent,
resources, and ambition required to define, develop, and advance smart gridenabling strategies. in this approach,

research and development conducted
across multiple disciples by illinois’s
renowned laboratories and universities
are clustered and focused on marketchanging solutions, entrepreneurs and
businesses are encouraged and supported to commercialize these innovative technologies, and programs are
implemented to match a well-trained
and highly skilled workforce with the
installation and management needs of
a smarter grid and of the innovative
businesses built using that platform.
This effort is facilitated by the convergence of diverse economic and political forces that recognize the smart
grid as a viable path to achieving environmental benefits, creating new business opportunities, and growing the
illinois and national economies. realizing the promise of the smart grid will,
however, require additional preparation
and collaboration to identify investment tools needed to spur new enterprises utilizing smart grid capabilities,
implement economic and regulatory
policies to accommodate new smart
grid business models, and encourage
informed customer participation.

Market Potential
a smart grid and the new services it
can enable will require (and attract)
substantial capital, especially for early
adopters and innovators. industry reports project the market for smart grid
enabling technologies in the united

states to increase to us$17 billion
per year by 2014, up from the current
us$6 billion. globally, the market for
smart grid technologies is expected to
grow to us$171 billion by 2014, up
from us$70 billion today.
direct investment in the smart grid
and related new businesses can grow
our economy. Based on an industry
jobs report, each us$1 billion invested
in smart grid technology is projected to
propel us$100 billion in gross domestic product growth. greater consumer
control over power consumption could
add us$5–7 billion annually to the
united states by 2015 and us$15–20
billion per year by 2020. The galvin
electricity initiative notes that distributed generation technologies (electricity produced at or near the site where
it will be used) and smart, interactive
storage for residential and small commercial applications could potentially
add another us$10 billion per year if
10% penetration is achieved by 2020.
Technology investments of this
magnitude can reasonably be expected
to result in increased job creation globally, nationally, and locally. To the extent that illinois’ technology firms are
early entrants in manufacturing and
construction/installation, that economic activity can be localized. analysts
note that the value creation associated
with the smart grid’s “green” capabilities can outpace more traditional
energy investments. For example,
Continued on page 62
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