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GLOSSARY

Ancillary services (AS): this term, sometimes called frequency and voltage AS, is
defined as any action taken by the utilities in order to maintain the frequency and voltage
of the delivered power at the pre-defined standard range.

Automatic generation control (AGC): it is a significant and important control
process that operates constantly to balance generation and demand in power systems at a
minimum cost, and is responsible for frequency control and power interchange, as well as
economic dispatch.

Capacity credit: it is the level of conventional generation that can be replaced with
wind generation.

Capacity factor: it is the ratio of a power generation resource’s actual output over
a period of time, to its potential output.

Demand response (DR): this term has been defined by the U.S. DOE as any
changes in electric usage by the end-use customers from their normal consumption
patterns in response to change in the price of electricity over time, or to incentive
payments designed to induce lower electricity use at times of high wholesale market
prices or when system reliability is jeopardized.

Demand side management (DSM): this term is used to describe the actions of a
utility, beyond the customer's meter, with the objective of altering the end-use of
electricity, whether it be to increase demand, decrease it, shift it between high and low
peak periods, or manage it when there are intermittent load demands, in the overall
interests of reducing utility costs. In other words, DSM is improving the efficiency of
various end-uses through better housekeeping correcting energy leakages, system
conversion losses, etc., developing and promoting energy efficient technologies, and
demand management through adopting soft options like higher prices during peak hours,
concessional rates during off-peak hours seasonal tariffs, interruptible tariffs, etc.

Direct load control (DLC): any direct actions on the customers’ loads that can
interrupt load for a certain period of time by consumer premises.

Dispatchability: it refers to sources of electricity that can be dispatched at the
request of power grid operators; that is, generating plants that can be turned on or off, or
can adjust their power output on demand.

Distributed energy resource (DER): small-scale power generation technologies
(typically in the range of 1 kW to 10,000 kW) used to provide an alternative to or an
enhancement of the traditional electric power system.
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Federal energy regulatory commission (FERC): the U.S. federal agency with
jurisdiction over interstate electricity sales, wholesale electric rates, hydroelectric
licensing, natural gas pricing, and oil pipeline rates.

Intermittency: it means a power resource is unintentionally stopped or
unavailable, and is frequently used as variability.

Load Factor: it is the ratio of the average or actual amount of load and the
maximum possible over a day.

Load frequency control (LFC): this term relates generation control to power
system frequency regulation as a supplementary frequency control and is a major
function of AGC [52]. The LFC model is referred to as the small-signal stability model of
the power system at transmission level which has been widely used for controller design
and stability analysis in the power systems.

Microgrid (MG): a MG is a regionally limited energy system of distributed energy
resources, consumers and optionally storage which is designed to work in both grid-tied
and islanded modes. MG is known as an important technology to ascertain the smart grid
goals.

Monthly peak hour demand: maximum load during an integrated specified hour
of time for the month of greatest electrical generation during the winter season
(December-February) and summer season (June-September), respectively. Or, for each of
the twelve calendar months.

North American electric reliability corporation (NERC): a not-for-profit
international regulatory authority whose mission is to ensure the reliability of the bulk
power system in North America.

Net energy for load: net generation of main generating units that are system-
owned or system-operated, plus energy receipts minus energy deliveries.

Net internal demand: represents the system demand that is planned for by the
electric power industry's reliability authority.

On-peak hours: it is the period of time when load demand is relatively high which
varies geographically, seasonally, monthly, and based on workdays and weekends.

Peak load: maximum load during a specified period of time.
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Planned (net) capacity resources: it represents existing net generator capacity plus
the addition and subtraction of capacity that either enters or leaves the region via
purchases, sales, ownership, or entitlements.

Power system stability: it is the ability of an electric power system, for a given
initial operating condition, to regain a state of operating equilibrium after being subjected
to a physical disturbance.

Regulation services: it corrects short-term changes in generation and demand
which affect the stability of the power system.

Smart grid: it is defined as a smarter grid with less centralized and more
customer-interactive capabilities, enabling new products such as nationwide use of plug-
in hybrid electric vehicle, allowing seamless integration of RES such as wind and PV,
ushering in a new era of consumer choice and response, exploiting the use of green
building standards, and making large-scale energy storage a reality.

Variability: it means a power source may exhibit undesired or uncontrolled
changes in output.
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ABSTRACT

Future power systems (known as smart grid) will experience a high penetration
level of variable distributed energy resources to bring abundant, affordable, clean,
efficient, and reliable electric power to all consumers. However, it might suffer from the
uncertain and variable nature of these generations in terms of reliability and especially
providing required balancing reserves. In the current power system structure, balancing
reserves (provided by spinning and non-spinning power generation units) usually are
provided by conventional fossil-fueled power plants. However, such power plants are not
the favorite option for the smart grid because of their low efficiency, high amount of
emissions, and expensive capital investments on transmission and distribution facilities,
to name a few. Providing regulation services in the presence of variable distributed
energy resources would be even more difficult for islanded microgrids.

The impact and effectiveness of demand response are still not clear at the
distribution and transmission levels. In other words, there is no solid research reported in
the literature on the evaluation of the impact of DR on power system dynamic
performance. In order to address these issues, a real-time demand response approach
along with real-time power management (specifically for microgrids) is proposed in this
research. The real-time demand response solution is utilized at the transmission (through
load-frequency control model) and distribution level (both in the islanded and grid-tied
modes) to provide effective and fast regulation services for the stable operation of the
power system. Then, multiple real-time power management algorithms for grid-tied and
islanded microgrids are proposed to economically and effectively operate microgrids.
Extensive dynamic modeling of generation, storage, and load as well as different
controller design are considered and developed throughout this research to provide
appropriate models and simulation environment to evaluate the effectiveness of the
proposed methodologies.

Simulation results revealed the effectiveness of the proposed methods in
providing balancing reserves and microgrids’ economic and stable operation. The
proposed tools and approaches can significantly enhance the application of microgrids
and demand response in the smart grid era. They will also help to increase the penetration
level of variable distributed generation resources in the smart grid.
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CHAPTER 1

INTRODUCTION

It has been over 120 years since the first full AC power system was demonstrated
in Great Barrington, Massachusetts in 1886 by William Stanley [1.1]. Since then,
electricity has become the number one source of energy for industry, commercial, and
residential applications, and recently has been used extensively for transportation. The
increase in consumption essentially resulted in larger power system with more
complexity in terms of generation, consumption, observation, and control. Today, the
North American power system is the largest man-made machine on earth with four
interconnections that include 10 regions in U.S. and Canada, as shown in Figure 1.1. This
large infrastructure has served the two countries for over 120 years and has been

considered as the most “supreme engineering achievement of the 20" century” [1.2].

QUEBEC
INTERCONNECTION

NERC INTERCONNECTIONS

WESTERN ’
INTERCONNECTION ~ ~ EASTERN
4 ~ INTERCONNECTION

, ~
7 ~

ERCOT B
INTERCONNECTION

Figure 1.1. North American electrical grid interconnections, including the 10 North
American Electric Reliability Corporation (NERC) regional reliability councils [1.3].
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In the past century, electricity has steadily evolved from a scientific curiosity to a
luxury of the wealthy, and now to a modern necessity. In today’s culture, electricity is a
vital part of functioning of a society. It is the primary source of energy for the most end-
use applications outside of transportation and heating. Electricity is essential for
economic prosperity, national security, and public health and safety. However, one only
needs to consider the consequences of a relatively short power outage, which can result in
billions of dollars of loss. This is how power-dependent our society has become and how
vulnerable the current electrical system is.

In 1940, 10% of energy consumption in America was used to produce electricity
and this fraction reached 25% in 1970. Today, more than 40% of the energy produced is
used to generate electricity [1.2]. The current design, which has evolved around the
original electrical system, no longer can effectively and efficiently sustain the modern
electrical demand in modern societies. This requires necessary action to modernize our
current power system to address the needs of the future generations. This mission has
been formulated as the “smart grid” concept: it applies technologies, tools, and
techniques available and under development to make the grid more efficient, accessible,
affordable and reliable [1.2], [1.4].

This chapter attempts to broadly explain the status of the current power system
and to introduce new technologies to overcome the existing problems and build a smart
grid. The necessity of smart grid, the technology and ideas which drive smart grid
development and implementation, alternative solutions to the smart grid and their pros

and cons, and the state-of-art of the technologies will be explained in depth in this
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chapter. The focus of this dissertation, its merits and contributions to the smart grid, are

presented in the flowing chapters.

Background

In the early days of power system development, there was only small,
autonomous (or islanded) grids electrifying a small area for mostly residential
applications. However, increasing load demand, new electrical gadgets, and industrial
applications of electricity over the past century drove the local grids to grow in size and
complexity. Eventually, interconnection of the small autonomous grids was unavoidable
for economic and reliability reasons. By the 1960s, the electric grids in developed
countries had become very large, mature and highly interconnected, with thousands of
central generation power stations delivering power to major load centers via high
capacity power lines (i.e., transmission system). Then, the transmission systems were
branched out and divided to provide power to smaller industrial and residential customers
over the entire supply area. Consequently, the topology of the 1960s grid was an outcome
of the strong economic growth of the United States and Canada at the time. Large coal-,
gas- and oil-fired power stations in the 1-3 GW scale were built. These power stations
were mostly, localized strategically close to the fossil fuel reserves. The very polluting
fossil fuel-fired power stations were located, as far as economically and technically
possible, far from population centers. Hydro-electric dams were developed in
mountainous areas, and nuclear power plants were built near water reserves for cooling
purposes. By the late 1960s, the electricity grid reached the majority of the population in

the developed countries.
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Currently, the North American power system consists of more than 9,200 electric
generating units with more than 1,000,000 MW of generating capacity. The system is
connected to more than 300,000 and 1,000,000 miles of transmission and distribution
lines, respectively [1.4], [1.5]. Approximately, 120,000 people are directly employed at
the generation level, while over 15,000 and 400,000 people are currently working in
transmission and distribution sectors, respectively [1.5]. In 2000, the North American
transmission and distribution system were valued at US$358 billion, and the whole
system was estimated to be worth over US$ 800 billion [1.6]. This is an infrastructure
that not only drives economic and technology innovation for the future but also employs
hundreds of thousands of people directly.

Generally speaking, the existing power system infrastructure has almost perfectly
served the U.S. and Canada for over 100 years. Its development has initiated many
critical technology and scientific achievements world-wide. Today, all economic and
social progress relies on a trustworthy and efficient energy infrastructure; examples
include secure and reliable banking and finance services that completely depend on the
electricity availability, cable and wireless telecommunications, and transportation
systems such as military and commercial aircraft or land and sea vessels, which rely on
robust communication links and reliable electricity networks [1.6]. Briefly speaking, the
smart grid is more than just an electric power grid, it is evolving to be an infrastructure
that links telecommunication, transportation, electric generation with oil, water and gas,
and more.

Within this paradigm, customer reliability expectations have grown with the



5

advancement of a persistently digital world that has evolved in vehicles, homes, offices,
and industrial facilities. This demand has drastically increased grid congestion and power
flow problems throughout the power system. While a secure and robust operation of these
systems is critical, a large interconnected power system, like what exists currently, makes
the whole world more vulnerable to local disruptions that can be presented by physical
failure, natural disasters, intentional attack, or human error. Clearly the power system
built in the 1960s cannot suitably provide for our future needs. The aging electro-
mechanical grid cannot keep pace with innovations in the digital information and
telecommunications network where power outages and power quality disturbances cost
the economy billions of dollars each year. In other words, a new paradigm shift requires
drastic advances in the grid structures, generation resources, standards, policies, and
approaches in planning and operations.

To address this paradigm shift in the power system, 65 senior executives
representing the electric utility industry, equipment manufacturers, information
technology providers, federal and state government agencies, interest groups,
universities, and national laboratories met on April 2-3, 2003 to discuss the future of
North America’s electric system [1.2]. The intent of this committee was to classify a
national vision of the future electric system including generation, transmission,
distribution, storage, and customers. The final vision articulated at that meeting is briefed
as follows [1.2]:

“Grid 2030 energizes a competitive North American marketplace for electricity. It

connects everyone to abundant, affordable, clean, efficient, and reliable electric power
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anytime, anywhere. It provides the best and most secure electric services available in the
world.”
This was the start of a nation-wide effort to modernize power system to support
national economy and security in the future; this is what has become known as the “smart

grid”.

Existing Power Grid vs. Smart Grid

To understand the significance of the smart grid, and the solutions it will offer to
existing problems within the power system, a comparative study is presented in this
section. At the beginning, a brief sub-section is devoted to define the smart grid and its
features. Then, the existing problems in the power system are analyzed and presented

with solutions offered by the smart grid.

Definition and Features of the Smart Grid

Although revolutionizing of the north American power system was announced
publically in 2003 by U.S. DOE [1.2], the “smart grid” term was emerged in 2005.
However, its real origin goes back to 1998, published in an article in the IEEE Power and
Energy Magazine [1.7]. Since then, many definitions of smart grid have been given in
different literature and scientific groups. The comprehensive definition of the smart grid
is defined as a smarter grid with less centralized and more customer-interactive
capabilities, enabling new products such as nationwide use of plug-in hybrid electric
vehicle (HEV), allowing seamless integration of renewable energy sources (RES) such as

wind and PV, steering in a new era of consumer choice and response, exploiting the use
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of green building standards, and making large-scale energy storage a reality [1.4]. Unlike
today's grid, the smart grid will enable bidirectional flow of energy and uses two-way
communication and control capabilities that will lead to a collection of new
functionalities and applications. Additionally, customers will be actively involved in both
the power generation and consumption, where they can produce power and sell it to the
upper grid. Emerging storage technologies such as high-speed flywheel, supercapacitor,
superconducting magnetic energy storage (SMES), Sodium-Sulfur (NaS) and flow
batteries, and compressed air energy storage (CAES) will be widely applied to provide
high quality power to every single customer. In general, reliability in the smart grid era
will be ensured to degrees not possible in the past. In addition, cost of electricity is
projected to be affordable and relatively cheap. Industries actively working on different
smart grid technologies (such as renewable generation and storage devices, metering
infrastructure, cyber security and large-scale data analysis, fast and reliable
communications, etc.) will enhance all markets worldwide and convey a new level of
global competitiveness. The potential for high penetration of renewable energies, in
addition to increased efficiency from traditional power plants, will decrease the carbon
footprint significantly. Moreover, the smart grid is envisioned as a resilient energy
infrastructure against any physical and/or cyber-attack and natural disasters. This is
projected to happen through more decentralized generation, advanced secure
communication medium and protocols, real-time diagnosis and prognosis algorithms, and
fast switching devices. Information technologies, new materials and high temperature

superconductors, large-scale electricity storage, advanced power electronics, distributed
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energy technologies, and advanced control methods to monitor essential components
enabling rapid diagnosis, and precise solutions are considered to be other technologies
that will drive the smart grid [1.2]. The main features of the smart grid are summarized in
Figure 1.2.

Although each feature proposed for the smart grid addresses at least one issue
related to the existing power system, some of these goals are conflicting and competing
with each other. As an example, increasing the generation capacity by adding large-scale
renewable generation units needs new transmission infrastructure because appropriate
locations for renewables exploitation are usually far away from load centers. This will
raise the required capital investment and result in cost of electricity increase for the
customers. It will also increase the power losses which consequently decreases the energy

efficiency.
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Figure 1.2. Different features envisioned for the smart grid.
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The need to move from centralized power system to more decentralized power
system structure in the smart grid era for improved system resiliency and self-healing, to
achieve seamless integration of renewables in power systems, power quality, and demand
response (DR) pushed the researchers and developers to find solutions in small-scale
power system within the bulky system. This bridging technology is called microgrid
(MG) and is expected to be a driving technology for broadening the smart grid
implementation and acceptance in the future power system. A MG is a regionally limited
energy system consisting of distributed energy resources (DERS), consumers, and
optionally storage, controlled to maintain high quality, sustainable, and reliable electricity
economically in grid-connected and/or off-grid (islanded) mode. Different features of the
smart grid, shown in Figure 1.2 will also be considered in the MG design and
implementation. MGs are excellent enhancement for the facilities with critical loads such
as hospitals and military bases. Additionally, they offer economic benefits including
revenues for the sale of energy and ancillary services, lowering of the demand charges,
and load shifting from peak demand periods to lower usage periods. Also, it is expected
that the MGs will be capable of accommodating significant amount of variable RES
generations.

Despite the benefits mentioned for the smart grid and MGs, there are several
issues related to real-world implementation and controls which have to be addressed prior
their vast utilization. These challenges will be discussed in details in the next sections. In
the following sub-section, the existing power system issues and challenges will be

reviewed and the solutions offered by the smart grid are presented.
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Power System Infrastructure

The power system infrastructure is the most visible part of the larger and growing
U.S. energy crisis, which is the result of insufficient investments in the past several
decades. The power system infrastructure can be structurally divided in three different
levels: 1) generation, 2) transmission, and 3) distribution. In this section, the existing

power system infrastructure will be compared with the one envisioned for the smart grid.

Current Power System. In the vertically-designed power system of 1960s, the

different levels work in series to deliver generated power to the individual customers
(residential, commercial, and industrial). One major problem with this system is if one of
the levels fails for some reason (such as component failure, terrorist attacks, vandalism,
etc.), wide-area power outage can occur. Further, the infrastructure in the three levels is
so old that their efficiency is very low.

Regarding the generation infrastructure in the existing power system, the average
power station was built in 1960s [1.4]. Since then, generation capacity has relatively
decreased while the load demand has consistently increased. As sown in Figure 1.3, only
in 1986 and 1992 the installed generation capacity exceeded the load demand growth.
This shows a chronic underinvestment at the generation level. It also implies that the
majority of existing installed capacity operates with outdated technology. Inefficiency,
undesirable emissions, higher cost of production, and unexpected outages are a few of the

major issues related to the old generation infrastructure.
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Figure 1.3. Installed generation capacity annual growth vs. load demand annual growth
[1.8], [1.9].

Similar to generation, the transmission and distribution infrastructure are also
suffering from underinvestment in facilities over the last 40 years. As an example, only
668 additional miles of interstate transmission line have been built during 2000 to 2005
[1.4]. Since 1982, growth in peak demand has exceeded transmission expansion by

almost 25% every year [1.4].
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Figure 1.4. Decrease in transmission investment in U.S. (billion US$) [1.4].
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The decreasing trend in transmission investment is obvious in Figure 1.4, between
1970 and 2000. As a result, most of the transmission lines are experiencing congestion
which further decreases system reliability and efficiency, and increases operational cost.

In a study performed at EPRI [1.6], the infrastructure depreciation rate exceeded
utility construction expenditures from 1995 to 2004 (Figure 1.5). Also, as shown in
Figure 1.6, research and development (R&D) expenditure among power system utilities
is less than 2%, which is the smallest investment compared to other industries. As a
result, the network has become progressively stressed, where the carrying capacity or
safety margin to support expected and unexpected demand is in question. In addition, the
complex systems of generation and transmission used to relieve the stress or to clear
disturbances during periods of peak demand are in a critical condition [1.6]. This can
result in a huge crisis for the power system infrastructure because of the amount of

required capital investment from utilities in the near future.

Construction expenditures Depreciation expense

35000

10000

1960 1965 1969 1974 1979 1983 1987 1991 1995 1997 1999

Utility construction and depreciation
=
o
o
o
o

Year

Figure 1.5. Utilities construction and depreciation expenditures from 1960 to 2000 [1.6].
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Figure 1.6. R&D investments as percentage of revenue [1.4].

The existing distribution system infrastructure is so obsolete that the only way a
utility knows about an outage in many areas of the country is only by customers’ call
[1.4]. It is obvious that because of chronic underinvestment in power system
infrastructure, lack of R&D investment, old technologies at different levels, and load
demand increase, the integrity of the power system is in a great danger. This way, the
distribution system cannot meet the expectations of the consumers in the future. It
certainly needs renovation to keep up with changes in consumption and new capabilities
required for the future society. So, broadly, the present power system needs major

renovation to be able to handle the features of the smart grid.

Smart Grid. Renovating the existing power system infrastructure is one of the
major missions of the smart grid effort. A wide range of technologies, such as advanced
metering infrastructure (AMI), RES, storage devices, DR, and wide-area communications

are foreseen to be applied in the smart grid to increase its visibility, generation diversity,
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affordability, cleanness and higher efficiency. Additionally, a complex interaction of
devices is expected in the smart grid era, which needs distributed intelligence and smart
control through complex real-time power management algorithms for its safe and
economical operation. Furthermore, a revolution in the regulatory framework governing
power system markets, both at the federal and state levels, is also necessary for the smart
grid technology to loosen regulations and unleash competition in the power system [1.2].

The generation infrastructure is one of the first targets in the smart grid effort.
Since load demand growth has been far ahead of the added generation capacity for so
many years, as shown in Figure 1.3, incentives are necessary to encourage utilities to
install new generation capacity. But this effort is not only limited to the utilities. In fact,
each consumer in the smart grid is assumed to be a producer simultaneously, called
prosumer [1.10]. In other words, consumers will be encouraged to install residential
DERs (such as solar photovoltaic (PV) panels) and small-scale storage devices to produce
a part of their electricity on their own. This way, the customers may also be able to
support the grid in peak hours by selling their excess generated power to the utilities as
ancillary services. Technically, this is possible by using modern power electronic
interfaces (PEIs) with more efficient and lighter PV modules.

In terms of financial motivations, several subsidiary programs are offered at the
federal and state governments in the U.S. Currently, a federal tax credit of 30% is offered
to the residential and businesses who install PV [1.11]. As an example of such programs
at the state level, Burbank Water & Power in California provided a rebate program for

commercial and multi-family residential to return $15,000-$30,000 to customers who
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installed DERs, such as solar PV panels or wind turbine [1.12]. Implementation of such
programs resulted in over 186 MW of solar PV installation in the residential sector by the
third quarter of 2013 [1.13].

In the utility scale, most states have passed their own renewable energy portfolio
(Figure 1.7). This is a part of the smart grid effort to keep up with the load demand
growth. These policies help to diversify primary energy resources for electricity
generation and shift from fossil fuels such as oil, coal and natural gas to abundant, free,
and clean energy sources such as wind and solar power. As a result of such programs, the
amount of renewable generation has increased in the power system (Figure 1.8). As
shown in Figure 1.7, a significant share of generation is projected to be from renewable

resources by 2040.

www.dsireusa.org / March 2013 ME:
a x VT: (1) RE meets any increase : 30% x 2000
WA: 15% x 2020 i retail sales x 2012; New RE: 10% x 2017
2) 20% RE & CHP x 2017 NH: 24.8% x 2025
(!

MA: 22.1% x 2020
MNew RE: 15% x 2020
+1% annually thereafter
RI: 16% x 2020
CT: 27% x 2020

PA: ~18% x 20217 (§

NJ: 20.38% RE x 2021
+ 4.1% solar x 2028

Mo:u%xzo E MD: 20% x 2022 |
i £ o
ek O 5% x 2015 2 5% x 2 DE: 25% x 2026*
DC: 20% x 2020 |

. NC: 12.5% x 2021 (10Us)
. 1m:mmammu

C 10% x 2020 (co-of
- TX: 5,880 MW x 2015*

“

. Renewable portfolio standard <7~ Minimum solar or customer-sited requirement
. Renewable portfolio goal %k Extra credit for solar or customer-sited renewables
0 Solar water heating eligible 1 Includes non-renewable alternative resources

Figure 1.7. Renewable Energy Portfolio (RPS) standard policies [1.14].

As an example in the third quarter of 2013, 930 MW of new PV capacity was
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installed in the U.S., and the state of California was ranked first with 455 MW capacity
[1.13]. In general the generation infrastructure is being renovated with not only added
capacity, but also with larger amount of renewable generation. The centralized structured
power system is gradually being replaced with customer oriented generation in smaller
scales that are closer to the consumers.

Technology selections for new generation capacity are based mainly on capital,
operating, and transmission costs [1.15]. Coal, nuclear, and wind plants are capital-
intensive (Figure 1.9). The capital cost of each technology depend on factors such as
equipment costs, interest rates, and cost recovery periods, which are different from one

technology to another.
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Figure 1.9. Levelized electricity costs for new power plants, 2020 and 2040 estimation
(2011 cents per kwh) [1.15].

Operational expenses (such as fuel cost) make up most of the costs for natural gas
plants. Fuel costs vary with operating efficiency, fuel price, and transportation costs.
Figure 1.9 shows that wind generation is cheaper than coal and nuclear power plants,
which raises lots of hopes when considering potential technologies for the smart grid.

Renovating and investment on transmission and distribution infrastructure along
with new operational practices and methodologies are absolutely required for safe and
economic operation of the future power system. However, it is becoming increasingly
difficult to site new conventional overhead transmission lines, particularly in urban and
suburban areas experiencing the greatest load growth. In order to resolve this dilemma,
power electronic developments are required to allow more power flow through existing

transmission assets. In addition, developing low impact transmission lines, such as
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advanced conductors made from new composite materials and high temperature
superconducting materials, is crucial for respectful land use concerns [1.2]. Moreover,
transforming the centralized power system structure to a more decentralized structure (by
employing more DERs generation in residential and commercial sectors) will help to
reduce the congestion on the transmission and distribution systems and postpone the need
for new transmission and distribution infrastructure.

As a result of the need for new transmission systems, more utilities have plans for
new transmission infrastructure. Construction of new transmission lines in recent years
has slightly increased. For example, Edison Energy Institute (EEI) members’ year-over-
year transmission investment has nearly doubled from $5.8 billion in 2001 to $11.1
billion in 2011 (real $2011) [1.17]. This can be clearly seen in Figure 1.10.

A new revolution for the distribution system is required in the smart grid era. In
order to link the information technology revolution to that of the power system, AMIs are
expected to be implemented at every level from individual customers to each of the
components in the distribution network (transformers, capacitor banks and voltage
regulators). The AMIs installed at each consumers’ building will reform the existing
practices of load and generation balancing in the power system. Additionally, a protection
concept in the distribution level will be added to make the reverse power flow possible by
new relay coordinating algorithms and protection philosophies. Moreover, the concept of
MG, as the most important driving technologies of the smart grid, will transform the role
of distribution system for ancillary services (AS) providers and power system operators

in the smart grid era.
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Figure 1.10. Actual and planned transmission investment by shareholder-owned electric
utilities (2001-2015) [1.17].

Deregulated Electricity Market

Although complete deregulation of the electric industry is not a realistic goal
[1.2], restructuring of regulations to open more sections of the industry to competitive
market is possible with increasing benefits to the customers. Because of the importance
of deregulation in power industry, this section makes an attempt to reveal current
problems with deregulation in U.S. power industry and to show the impact of the smart

grid on this particular matter.

Current Power System. As mentioned earlier, the existing power system is

structured centrally where electric utility companies (known as utilities) have been
mostly owned by private sector, vertically integrated, and locally regulated. In this
configuration, separate utilities were responsible for operating the power system, each of

which is independent in its own control area and regulated by local legislators. Therefore,
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utilities were supposed to transmit power from generation to load centers reliably and
economically as a non-competitive, regulated monopoly. The emphasis was on the
reliability and security at the expense of economy [1.6]. Additionally, there were national
regulations in the areas of safety, pollution, and network reliability; these regulations
have constrained utilities’ operation to some degree. Power system restructuring and
deregulation in U.S. started in 1992 with the National Energy Policy Act (NEPA) bill
[1.2], [1.18]. This law permitted individual power producers to compete for the sale of
electricity to utilities in an open electricity market. As a result, multiple energy producers
have been created that must share the same regulated energy delivery network.
Conventionally, new delivery capacity would be added to handle load increases through
long-term planning, however, because of the difficulty in obtaining permits after
deregulation and the uncertainty about achieving an adequate rate of return on
investment, the annual addition to the transmission infrastructure fell behind the total
load demand increase (Figure 1.3 and Figure 1.4).

Another concern related to the power system deregulation is whether there is a
unifying approach for the simulation, analysis, and optimization of time-critical
operations. This applies to both financial transactions and actual system control, in this
multi-scale, multi-component, and distributed systems. Furthermore, mathematical
models of inter-operating networks are either imprecise or may not even exist, and
existing, classical methods are either unavailable or are not sufficiently powerful [1.6].
Therefore, optimal power system operation will be a necessary but complicated task in

the deregulated power system without appropriate tools and mechanisms.
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Smart Grid. Restructuring of the electricity industry in U.S. has been a difficult
task over the past several years for a variety of reasons, but most significantly the degree
of inter-governmental cooperation [1.2]. In this uncertain situation, investors are always
worried about cost recovery and future rates of return; this may account for the
underinvestment in power system infrastructure, for independent power producers, power
marketing entities, and investor-owned utilities. As a result, electricity restructuring is
considered as the most significant public policy drivers [1.2] and will be continued in the
smart grid.

Electricity restructuring can also drive some other features of smart grid. Because
the core idea of power system deregulation is to make utilities compete against each
other, they will be indirectly obligated to develop new products, such as new home
energy management systems, or integration of renewable energy systems [1.6]. In terms
of renewable energy, deregulated markets create an environment, where each customer
can show preference for renewable energy. In other words, customers will be aware of
the source of electricity they purchase [1.19]. In addition, generation and transmission
capacities will be increased by the utilities in order to increase their revenue.

To enhance competition in the smart grid era, a modern electricity market,
applicable for the complex structure of the smart grid, is essential and is expected as a
part of the smart grid program. This goal is reflected in the EPRI’s electricity technology
roadmap [1.2], [1.20], which can facilitate the implementation of deregulated electricity
market involving customers, small electricity retailers, and producers. In addition to

required regulations and policies for a successful power system deregulation program,
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new simulation and planning algorithms must be developed.

Reliability
Reliable delivery of electricity is critical in our daily lives. In this section, the

existing power system will be compared with the smart grid in terms of reliability.

Current Power System. The existing power system is said to be 99.97% reliable.

However, power outages and interruptions cost the United States US$150 billion each
year; this breaks down to about US$500 per year for every individual [1.2], [1.4]. A
comprehensive list of major power outages in U.S. until 2003 is given in [1.6].

Power outages and interruptions also impose huge expenses for businesses.
American businesses alone have an estimated US$100 billion in losses each year due to
power outages [1.4]. For example, in 2000, the one-hour outage that hit the Chicago
Board of Trade resulted in an estimated US$20 trillion in trades delayed [1.4]; Sun
Microsystems estimates that a blackout costs its’ company US$1 million every minute,
and the Northeast blackout of 2003 resulted in a US$6 billion economic loss to the region
[1.4].

In the last 40 years, five massive blackouts have occurred in U.S.; alarmingly
three of them have occurred in the past nine years [1.4]. The average outage affected 15%
more customers from 1996 to 2000 compared to the similar events from 1991 to 1995
(average size per event was 409,854 customers affected in the second half of the decade

versus 355,204 in the first half), as shown in Figure 1.11.
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Figure 1.11. Increasing frequency and size of U.S. power outages 100 MW or more
(1991-1995 vs. 1996-2000), affecting 50,000 or more consumers per event [1.6].

Further, the average undelivered load caused by an outage increased by 34%,
from 798 MW between 1991 to 1995 to 1,067 MW between 1996 to 2000 [1.6]. The
primary causes of the most of the outage events were slow response time of the existing
mechanical switches, lack of real-time automated analysis of the system, weak
observations of the power system, and lack of situational awareness on the side of the
grid operators [1.6]. Other potential factors include the chronic underinvestment in
generation and transmission infrastructure, as well as the poor visibility of the current
power system components with lack of fast analyzing and restoration algorithms for bulk

power system operation.

Smart Grid. It is clear that reducing the size and number of power outages will

save huge expenses for utilities and customers. Several technologies are considered for
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the smart grid to elevate the reliability of the power system. One major problem with the
current power system is the lack of effective system monitoring. This problem will not
exist in the smart grid where all individual customers and power system components will
be monitored in real-time through AMIs. In addition, developing fast restoration
algorithms to diagnose problems and find the best solutions can guarantee that the
cascading blackouts will never happen. In terms of power systems’ unreliable structure,
new generation and transmission systems will be added with higher efficiency to reduce
the congestion on the system. Transforming the power system from a centrally structured
to more distributed topology will also increase the reliability of power system since
power delivery is less dependent on the transmission and distribution infrastructure and
more close to the load centers. Therefore, DERs application for small customers is a key
to achieve higher reliability in the smart grid.

MG will be a key driving technology in the smart grid. MG, a regional group of
generation, storage, demand, and distribution system, can work in grid-tied or islanded
modes. This way, the current extra-large power system can be divided into many MGs
which can work independently as well as in cooperation with other MGs and upper grids,
and will substantially reduce the probability of a cascading failure to the whole power
system, and large blackouts will not exist; power outages and failures will be confined to
the small region of the MG. Additional technology adaptations for MGs (such as storage
devices and power electronics) will enhance the power quality in terms of frequency,
voltage, and harmonics to the consumers.

EIA determines power system reliability by peak load, monthly peak hour



25
demand, net energy for load, planned capacity resources demand, and planned capacity
resources [1.21]. Considering these criteria, the projection of power system reliability for
the next 10 years is given in [1.19]. According to the results of this study, it is
recommended by the NERC that the bulk power system will require new operational
tools and procedures for careful consideration, preparation, and planning. This is exactly

aligned with the features included in the smart grid roadmap.

National Economy and Global Competitiveness

The impact of the power system reliability and outages on the national economy
was discussed thoroughly in the previous section. The power system also encompasses a
big industry that employ millions of people directly (about 550,000 [1.5]) and indirectly,
which indicates its critical role in the national economy. Further, innovation in new
technologies and products extend progress in the power system to global markets. In this
section, a general overview will be given about global market for power generation
resources and successful companies around the globe. Then, the role of the smart grid
program to increase competitiveness of American companies in the global market will be

explained.

Current Situation. In 2012, a report was published on the global status of

renewable energy generations around the globe revealing the market share for different
companies [1.22]. In solar operating capacity, the U.S. was ranked 5" with 5.7% of total
solar PV capacity installed around the globe. Germany was the first country with 35.6%

of the share. As a result, American solar PV manufacturers (namely First Solar and
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SunPower) had only 8.5% of the total market share in 2011. Chinese companies with
30% of the total market share were in the first rank. In terms of wind power capacity, the
U.S. with 6.8% added capacity in 2011 was in the 2™ place after China. Additionally,
U.S. had the 2" rank in the total wind power capacity installed around the globe. With
this large amount of wind power capacity, American companies (namely GE Wind) had
only 8.8% of the total market share, while Chinese companies hold 26.7% of the total
market share. Clearly the global share of American companies in renewable energy is
much less than that installed (i.e., wind and solar PV) in the country. This shows that
foreign companies are providing a large percentage of technologies and products in the
U.S., but not American companies and subsequently missing opportunities to benefit
from the global market. One reason for this phenomenon is the fact that American
companies and utilities do not invest enough money for R&D, as was shown in Figure

1.6.

Smart Grid. With governmental regulated renewable generation utilization within
the power system, and the future plans shown in Figure 1.7 and Figure 1.8, more
stakeholders and investors will be motivated to spend more money for R&D. At the same
time, larger penetration of renewable generations in the power system will make larger
revenue for the existing companies to increase R&D expenditure to achieve a larger share
in the global markets. In addition, subsidies and new policies are strongly motivating
individual customers to invest their money into the renewable generation by purchasing
these products. This will extend the national market for these companies, which can

result in better products and more innovations. Additionally, more labors and experts will
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be employed in the electricity sector in the future. This can drive the economy and bring

prosperous lives for more Americans in short- and long-term.

National Security

As explained earlier, electric power systems establish the fundamental
infrastructure of modern society. However, a successful rebellious effort to interrupt
electricity supplies could have overwhelming impacts on the national security, the
economy, and the lives of every citizen. This section tries to explain current power
system issues regarding national security. Following that, the role of the smart grid will

be discussed to resolve those issues for resilient and secure power system of the future.

Current Power System. The existing power system consists of widely dispersed
assets that can never be absolutely protected against a determined attack. In other words,
the grid’s centralized structure leaves the power system open to any attack. In response to
the September 11™ 2001 attacks, EPRI assessment highlights three different kinds of
potential threats to the U.S. electricity infrastructure [1.6], [1.23]: 1) Attacks upon the
power system where the electricity infrastructure itself is the primary target, 2) Attacks
by the power system where the ultimate target is the population by using parts of the
electricity infrastructure as a weapon, and 3) Attacks through the power system where the
target is the civil infrastructure. These are all possible based on the current topology of
the power system and the poor visibility of the system itself. In addition, there are
legitimate concerns and challenges with power outages regarding national security. When

the blackout of 2003 occurred, the largest in U.S. history, many people stuck in the dark
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imagined another terrorist attack. The linkages of various grid components can be
exemplified as domino effect, where sequences of failures could interrupt the whole
nation’s banking, communications, traffic, and security systems.

Todays, most of utilities own and operate at least parts of their
telecommunications systems which often are based on fiber optic or microwave links
connecting major substations with branches to smaller sites. However, as is true for other
critical infrastructures, increased utilization of electronic automation raises significant
concerns and challenges towards capability of operational security. In addition, reducing
physical labors and personnel at remote areas can increase the vulnerability of the system
to contentious threats. Even more concerns can be expected for interconnecting
automation and control systems to public data networks (such as Internet). This way, the
infrastructure will be accessible to individuals and organizations from any location
around the globe using an inexpensive computer and communication link. Furthermore,
use of interconnected electronic systems for metering, scheduling, trading or e-commerce
imposes many financial risks linked with communication failures.

Moreover, a power system, densely dependent on fossil fuel power plants will be
a threat to the national security. Imported fuel can always be threatened by any changes
in political relation with exporting countries. Oil embargo of 1973 is a good example of
such condition, which started by the members of Organization of Arab Petroleum
Exporting Countries (OAPEC) [1.24]. So, the strong link between electricity and national
security can be clearly realized from the facts given above.

Smart Grid. In fact, smart grid program necessitates advanced automated
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decision making and algorithms for power system operation instead of human operations.
Additionally, it emphasizes on a high visibility of the power system which only can be
achieved through more measurement units and communication links. This essentially
increases the size of the information even for the ordinary customers, which means easier
access for ordinary people to reach out to the power system through their AMIs and
phasor measurement units (PMUSs). Despite the increased security risks in the smart grid
era, standard communication protocols and integration techniques must be employed in
the power system to avoid such threats. In order to overcome these issues, the smart grid
features a secure communication infrastructure with the highest level of security. Because
of this motivation, interdisciplinary research groups from communication engineers to
computer scientists are cooperating together to find appropriate solutions.

Although a highly secure communication infrastructure in the smart grid can be
achieved, the most important role of the smart grid for a more secure power system can
be found in the MG technology. Basically, MGs transform power system topology from
central to more dispersed and distributed configuration. This way, any possible attack to
the infrastructure has less impact on the large number of individual customers. In
addition, critical customers can have their own MG, which can survive even after a
serious attack and can continue its service. Another advantage of the MGs for national
security is the fact that these facilities are smaller in size (compared to the large central
steam or nuclear power plants). The smart grid includes numerous small smart MGs, in
which any cyber-attack will be only limited to a certain number of regional MGs, not the

whole grid. Self-healing algorithms and fast switches will disconnect the attacked MG



30
from the rest of the power system. In other words, MGs in the smart grid era will be
capable of self-containing attacks and failures to prevent cascading failures and large

blackouts in the power system.

Load Demand

Power systems safe operation heavily relies on the balance of generation and
demand at every instant. Therefore, study of load demand variations and its
characteristics over time is critical. In this section, the current situation of load demand
will be discussed. Then, the role of the smart grid program will be explained in terms of

load demand and customers’ rights.

Current Power System. As mentioned earlier, power system infrastructure
experienced chronic underinvestment in the last several decades. On the other hand, load
demand has increased by almost 30% during 1988 to 1998 [1.4]. This essentially means
that load increased while generation and transmission assets were not increased as much.
The increase in load demand occurred for several reasons: population growth, new
electronic devices such as PCs, the digital revolution which added millions of new
gadgets to the power system, more HVAC systems, and an extension of the power system
to remote areas. The growth in electricity consumption is being, counterbalanced by
efficiency improvements in new appliances and by investments on energy-efficient
equipment (Figure 1.12 and Figure 1.13). As shown in Figure 1.13, demand is projected
to increase about 28% from 2011 to 2040 (approximately 0.9% each year). This

significant increase necessitates building new generation, transmission, and distribution
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infrastructures other than renewing the obsolete components.

e Retail Sales e 5-year growth

4000 80%
K
= 3500 70%
S 3000 60%
@ 2500 50% §
w 5
(;E 2000 40% £
= 1500 30% ©
© (0]
i) >
© 1000 20% (s
=
S 500 10%
g 0 0%
v 1949 1955 1961 1967 1973 1979 1985 1991 1997 2003 2009

Year

Figure 1.12. Electricity retail sales to all sector from 1949-2011 and 5-year growth in
demand, power plants direct use is not considered [1.9].
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Figure 1.13. U.S. electricity demand growth, 1950-2040 [1.15].
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The consequences of not keeping up with demand could be serious, and could
have the potential of causing rolling blackouts. This essentially implies that utilities
should actively invest in capital expenses to build new infrastructures in the near future.
In addition, building new electricity infrastructure requires significant amount of time
which obligates long-term planning based on demand projections and other technical
constraints.

Another problem with the existing power structure is the fact that customers do
not have different options to purchase their power. The availability of such capability in
the power system will increase competitiveness among the different generators and
utilities to produce high quality power with the minimum cost. Moreover, customers are
passive in the existing power system regarding their power consumption. They consume
electricity without noticing the cost of their consumption at the time of usage. However,
having the information about electricity price, some customers may postpone their
consumption from high-price hours (i.e., during peak demand hours) to the time when
electricity is cheaper (i.e., during off-peak hours). This can result in shifting electricity
demand from peak hours to off-peak hours, which helps to flatten the load profile and

increases the load factor in the system.

Smart Grid. Although renovating and adding new generation and transmission
systems is one possible solution to keep up with increasing load demand, this is not the
sole solution proposed by the smart grid program. Demand side management (DSM) (i.e.,
modification of consumer demand through various methods such as financial incentives)

is a very powerful approach in the smart grid era for balancing generation and demand.
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DSM includes a broad set of actions on the consumer and utility sides and includes
everything from installing energy-efficient appliances and switching off unused lights, to
adding local off-grid generation abilities, to implementing a complicated electricity
pricing system in which rates vary based on time-of-day and aggregate power usage
intensity [1.25]. Based on the U.S. DOE report [1.2], economic benefits from DSM in the
U.S. can range from about US$80M to about US$800M annually, in addition to another
US$85M to more than US$300M annually through emergency DR.

The national average load factor (which is a measure on actual physical facilities
utilization) is about 55% [1.2]. DSM can be very helpful to increase load factor by
reducing consumption during peak hours, which can increase efficiency of the power
system and reduce operational cost. Furthermore, a wide variety of information
technology is expected to be utilized in the smart grid that can transform the electric
distribution business to a new model. For instance, different direct and indirect DSM
programs based on AMIs secure communication links, and fast computation methods can
be applied to effectively monitor and influence each customer’s usage, in real-time. In
this way, load demand can be controlled, in addition to the traditional generation control,
by utilities which can result too many technical and economic benefits for both system
operators and customers. Mechanisms to reduce peak demand include time-of-use
pricing, load management devices such as “smart” thermostats, load-shifting technologies
such as energy storage, and peak-eliminating techniques such as distributed generation

and thermally activated heating, cooling, and humidity control devices [1.2].
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Figure 1.14. Results of load demand management for all sectors in terms of energy
savings, actual peak load reduction, and potential peak load reduction [1.16].

Results of the different DSM programs in U.S. from 2002 to 2012 are shown in
Figure 1.14. It can be seen that there is still a huge potential for DSM in the power system
operation which can be exploited. Energy saving is also significant considering the fact
that DSM programs are relatively new and many customers are not effectively familiar
with the idea yet.

Figure 1.15 shows the results of DSM programs on the actual peak power for
summer and winter from 1990 to 2011 and the projection for 2012 to 2016. After almost
a steady increase in peak demand during 1990 to 2002, peak power decreased
significantly during 2006 to 2009 despite the steady increase in total power demand,

shown in Figure 1.12.
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Figure 1.15. Non-coincident peak load, by North American Electric Reliability
Corporation Assessment Area, 1990-2011 (actual), and 2012-2016 (projected) [1.26].

a relatively small slope. Nevertheless, utilities strive on cooperation from consumers to
participate in different DSM programs. It necessitates educating consumers and
developing new algorithms to automatically control their appliances, i.e. direct load
control (DLC). DLC as one of the major categories of the DSM programs requires AMI
and fast communication links to/from individual customers’ devices and very fast
algorithms to generate appropriate commands considering customers’ welfare. Recently,
many research groups have made efforts in this area to develop real-time central or

distributed DLC algorithms. Since real-time DR is one of the two focus areas of this

dissertation, this part will be discussed in details in later sections of this chapter.

The projection for 2012-2016, shown in Figure 1.15, shows a steady increase with
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Efficiency

Efficiency of any infrastructure (such as power systems) is an important factor in
any engineering analysis. Essentially, efficiency directly affects many other parameters in
a power system, which is related to the operational cost and reliability of the power
system. Based on a report by the U.S. DOE, improving energy efficiency could reduce
national energy use by 10% or more in 2010, and as much as 20% in 2020 with economic
benefits for consumers and businesses [1.27]. Also, it is estimated that if the grid was just
5% more efficient, the energy savings would equate to permanently eliminating the fuel
and greenhouse gas emissions from 53 million cars [1.4]. In this section, the current
situation of North American power system regarding efficiency is presented. Then,

features of the smart grid which will help to increase efficiency are explained.

Current Power System. It is obvious that increasing efficiency can save a lot of

money from customers’ monthly bill. Efficiency of the power system should be measured
on four infrastructures: 1) generation, 2) transmission, 3) distribution, and 4) electrical
appliances and devices. Regarding generation infrastructure, more than 81.4% of U.S.
electricity nameplate capacity belongs to thermal power plants (including coal, nuclear,
and natural gas) [1.28]. Unfortunately, the majority of the generation capacity is 30 or
more years old and their average thermal efficiency is around 33% [1.2]. Since 1960s,
efficiency has not changed considerably because of slow turnover of the capital stock and
the innate inefficiency of central power generation that cannot recycle heat [1.2]. The
supercritical coal power plants may increase efficiency to mid-40, and the latest coal

technology, known as integrated gasification combined cycle or IGCC, is capable of
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efficiency above 60%. The most efficient gas-fired generators achieve a similar level of
efficiency [1.27]. This is while the average efficiency of about 5,600 distributed energy
facilities with combine heat and power (CHP) generation is between 65% and 90%.
Unfortunately, these type of distributed energy facilities only accounted for about 6% of
U.S. power capacity in 2001 [1.2]. Therefore, there is incredible economic and ecological
incentive to improve the efficiency of power generation so that more of the energy
content of the input fuel can be turned out to electricity.

A similar situation can be seen in the transmission infrastructure because of
chronic underinvestment over the last 25 years [1.2]. The result is grid congestion, which
can increase the line losses. Transmission and distribution (T&D) losses are related to the
loading of the system. T&D losses in the U.S. and its corresponding cost are shown in

Figure 1.16. It can be seen that the cost of losses was continuously increasing until 2008.
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Figure 1.16. T&D losses as a percentage and its cost estimation based on averaged
electricity retail price [1.9], [1.29], [1.30].
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Another side of the efficiency in power systems is consumers’ appliances. For so
many years, efficiency was not a primary concern for companies and developers because
of cheap primary energy resources such as fossil fuels. As a result, many old appliances
are inefficient and waste energy. If every American household replaces just one
incandescent bulb with a compact fluorescent bulb, the country would conserve enough
energy to light 3 million homes and save more than US$600 million annually [1.4]. This
shows the existing potential to decrease unnecessary consumption from the customers’
side. In a larger scale, the national average load factor is estimated to be about 55% [1.2],
which means that electric system assets are used about half of the time. Moreover, it
shows that there is an enormous pressure on the assets during on-peak hours which

increase power losses in T&D systems and results in a less efficient power system.

Smart Grid. As mentioned earlier, smart grid targets the generation infrastructure
for renovation and diversification as one of its primary goals. Modern technologies will
be utilized in the old and the newly added generation units to increase their efficiency.
CHP technology in the thermal units is one promising candidate to raise the efficiency of
the generation units. In addition, transforming power system structure from a central to
more distributed system will also increase power system efficiency since less T&D will
be involved in the process of generation and consumption. As a result, typical power
losses (6%-8%) through the T&D systems can possibly decline. The utilization of
advanced materials such as high temperature superconductors are also expected to be
deployed in phase Il in the smart grid program by 2030 [1.2]; this technology will also

considerably increase the efficiency of the power system.
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At the distribution level, there is a huge potential to increase efficiency. As an
example, there are over 40 million distribution transformers in service today in the U.S.,
which are among the most standardized electrical component. Therefore, they can be a
prime target for improvements. A new efficiency standard for distribution transformers is
under development in efforts to force utilities to increase their efficiency by 4% over
current models [1.6]. One can imagine the impacts of this incremental gain across the
thousands of distribution transformers under operation.In terms of demand and
customers, several features of the smart grid program can help to increase the overall
efficiency of the power system. Grid-Friendly Appliance Controller (GFAC) is one the
programs of the smart grid to increase the smartness of the electrical appliances [1.2].
The GFAC, which is very small in size, is capable of monitoring line frequency to change
consumption pattern on a case by case basis. The controller has been successfully
installed on refrigerators, air conditioner, water heaters, and different other household
appliances. It has been shown that the devices with the GFAC can support the grid during
peak hours by turning the devices off. This essentially results in less congestion in the
T&D systems during on-peak hours. Amongst the different electrical devices, industrial
motors are known to be the single largest consumer of electric power [1.27]. It is
approximated that 65% of industrial power is used in motors of different sizes, most of
which run at full speed even if they don’t need to [1.27]. Developing and implementation
of variable speed drives based on advanced power electronics can change the motor’s
speed to meet the requirements at any given moment. The resulting energy savings can be

immense since reduction in consumption is estimated to be about 60% [1.27].
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Informing people about their consumption is another way to help both customers
and utilities to control power consumption. As an example, the last several years have
seen ads and commercials to encourage people to use compact fluorescent light bulbs
instead of old incandescent bulbs with longer lifetime, same amount of light, and less
electricity consumption. In-Home Displays (IHD) is another way to involve customers in
the power system operation. During on-peak hours when electricity price is higher than
usual, IHD informs occupants of the real-time price of electricity. Therefore, it is
expected to see many residential customers postpone their unnecessary consumption
(such as laundry) to some other time of day when electricity prices are lower. This helps
to shift power consumption from on-peak to off-peak periods which further alleviate the

congestion on the power system and increase efficiency.

Affordability

Since electricity is an essential part of modern life and an indicator of prosperity,
health and safety, it should be affordable and accessible for all citizens to create the same
opportunity. In this section, a general overview of the affordability of the electricity in the
existing power system is given first. Then, specific features of smart grid will be

reviewed which can help to overcome this issue.

Current Power System. Based on a survey carried out at NERC, 65% of the

customers’ monthly bill involves the expenses at the generation level, while another 5%
and 30% comes from T&D operational cost, respectively [1.5]. This shows that any

increase in losses and inefficiency of the power system will be reflected in the customers’
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bill. In other words, the invisible costs associated with an under-performing grid are paid
by every citizen. Based on Figure 1.16, the cost of losses has increased from 2000 to
2008 continuously. This implies a higher cost of electricity for the customers as well,
which is shown in Figure 1.17. It can be seen that the average retail price of electricity for
all sectors constantly increased until 2008, when the electricity price started to decline for
commercial and transportation sectors. However, the trend for the retail price of
electricity in the residential sector shows a steady rise between 2003 and 2013. As a
result of the price increase, it can be concluded that some low income families are not
able to afford the expensive electricity, where they will be forced to curtail their

consumption by lowering their standard of living.
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Figure 1.17. Average retail price of electricity to ultimate customers by sectors, 2003-
2013 [1.16].

In addition to the infrastructure charges, congestion charges represent another
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significant cost in the customers’ bill. Congestion occurs when the scheduled or actual
power flows are confined either by physical capacity constraints on a particular device or
by operational safety constraints designed to preserve grid reliability. In this situation, the
system operator must locate an alternative power source to meet the load demand in real-
time. As a result, often the alternative generator will be less economical (because it is not
the primary source that has been selected through optimal power flow approaches), and
less efficient from a market viewpoint.

The California Independent System Operator (CAISO) reported congestion costs
of US$1.1 billion in 2004, US$670 million in 2005, and US$476 million in 2006 [1.27].
Similarly, the PJM interconnection, which serves the largest area among all regional
transmission organization in the U.S., reported congestion costs of US$750 million in
2004, US$2 hillion in 2005, and US$1.6 billion in 2006. Additionally, the PJM indicates
that since 2002, congestion costs have formed 7-10% of its annual total billings [1.27].
These numbers and the trend in the last several years clearly project a consistent increase
in the price of electricity for utilities and consequently customers, if current power system
remains the same. Moreover, the impact of congestion is not only limited to the cost
associated with employing less economical generation. Often the situation requires grid
operators to curtail service to consumers in some areas to protect the integrity of the grid
as a whole, which is called transmission loading relief (TLR) action. The number of TLR
actions have increased significantly in recent years, up nearly 150% only in 2001-2005
period [1.27]. The calculations also demonstrate that CAISO has collected US$299

Million over the period April 1998 — Sept. 2000 for TLR. For the year before (Oct. 99 —
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Sept. 2000), the congestion rent was US$222 Million [1.31]. It can be easily seen that the
congestion rents have constantly increased. This also results in higher price of electricity
for the customers.

Greater demand for energy in the future will put pressure on the availability and
cost of all natural resources as primary sources of energy. This can potentially increase
the cost of the primary fossil-fuel sources in the future. Growing fuel costs have become
more critical to the utilities” with expiring long-term coal contracts, which certainly
increase the cost of electricity production in the future. This also results in higher

electricity prices for the consumers.

Smart Grid. Renovating the power system infrastructure is one of the features of
the smart grid program toward producing affordable electricity for anyone anywhere. As
it is shown in Figure 1.9, levelized cost of wind power is less than nuclear and coal power
plants. Increasing wind power generation in the power system, as shown in Figure 1.8,
will decrease the cost of generation for the utilities, which will further decrease retail
costs. Also, increasing T&D efficiency will help to decrease the retail price for the
ultimate customers. T&D new infrastructure will also help to decrease the retail price of
electricity by reducing the congestion on the transmission system which costs system
operators a fortune right now.

MG technology is the most important feature of the smart grid to bring the cost of
electricity down for the customers. Installing new power generation close to the
consumption through DERs will provide relief and consequently congestion on the

transmission system. This will directly decrease the cost of operation and retail price of
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electricity for the consumers. On the other hand, each customer can have its own
generation (such as solar PV) to cover a part of their consumption. Since these
technologies are subsidized by the federal and state governments in most part of the
country, and considering the fact that solar PV systems have almost zero operation and
maintenance (O&M) cost [1.32], renewable generation will be very cheap. IHD devices
and smart appliances can also decrease the cost of energy consumption for the customers
by shifting their power consumption from on-peak hours to the off-peak hours. Also,

making appliances more efficient can help to reduce total energy consumption.

Environment and Climate Change

From food safety to personal health, a compromised environment threatens us all.
Unfortunately, U.S. produces 25% of the global greenhouse gases while it only accounts
for 4% of the world’s population [1.4]. In this section, the current power system will be
reviewed first regarding environment and climate change. Then, the role of the smart grid

will be presented to reveal its impact to loosen the environmental concerns.

Current Power System. Most electricity is still produced by fossil-fuel-based

power plants in the U.S., which are major contributors to global warming Figure 1.18
shows that more than 70% of the total summer generating capacity belongs to the fossil-
fuel power plants. This trend started to decrease in early 1980s and picked up again in

2000s with new technology from natural gas power plants that generate less emission.
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Figure 1.18. Electric net summer capacity for fossil fuels power plants (i.e., coal,
petroleum, natural gas, and other gases) for 1949-2011 [1.33].
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The emission production from fossil-fuel power plants are shown in Figure 1.19.
The values are for traditional fossil-fuel-based power plants including coal, natural gas,
and petroleum burners. Emissions from geo-thermal and non-biomass wastes power
plants are not shown in this figure, where their emissions are relatively low

Carbon dioxide production did not change considerably in the last several years
(Figure 1.19); however, sulfur dioxide and nitrogen oxides have decreased significantly,
and this trend is still decreasing. The reason for this might be the new technology utilized
in the new fossil-fuel-based power plants and modern technologies applied to purify the

fuels at the refineries.

Smart Grid. To reduce carbon footprint and stake a claim to global
environmental leadership, clean, renewable sources of energy like solar, wind and
geothermal must be integrated. As a part of smart grid program, renewable generation
installations in the U.S. (excluding hydropower) have more than tripled since 2000
(Figure 1.8) and reached to 53 GW in 2009 (14% per year from 2000-2009) [1.28]. Wind
and PV are the fastest growing renewable energy sectors with 39% and 52% increase in
installed capacity in 2009 [1.28].

Although these numbers are promising for the future power system, renewables
only comprise 4.7% of the installed capacity and 3.6% of the total generation [1.28].
Therefore, increasing renewable generation on the power system will definitely help to
reduce the emission footprint in the U.S. The projection of renewables’ share in total
generation up to 2040 is given in Figure 1.20. It shows a 4% and 5% increase for

renewable and natural gas, respectively, which will decrease emissions in the future.
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Figure 1.20. Electricity generation by fuel, 1990-2040 [1.35].

Smart Grid Challenges

In the previous section, problems with the existing power system were described
and paralleled with potentials solutions provided by the smart grid. However, smart grid
implementation bumps in to several technical issues which have to be resolved for actual
technology implementation. In this section, challenges related to the smart grid

implementation will be reviewed.

Renewable Electricity Production

Large RES integration in the grid is one of the major features of the smart grid.
Almost every state has a renewable energy portfolio which will increase the RES

penetration to the power system in the near future (Figure 1.7). A too large penetration of
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RES in the power grid introduces new technical challenges for many network operators at
distribution as well as at transmission level. Reliability and quality of supply are two
primary challenges with integration of large RES in the power grid as a whole, as well as
in islanded MGs. Even for small amount of RES, negative impacts exist, but it is not a
concern as long as the performance of the electricity network remains within the standard
limits. For example, connecting limited number of RES to the distribution network can
provide a part of the load locally, reducing peak load demand and power losses for the
upper grid and improving the voltage profile.

The different impacts of RES integration is evaluated in different textbooks in
details [1.36]-[1.41]. In the following subsections, a brief review is given regarding the

negative impacts of the RES on the power system.

Overvoltage. Injecting active power in a medium- or low-voltage network may
result in an overvoltage. This is more often for rural networks where the maximum
voltage during a day is close to the standard upper limit even without RES [1.41]. As a
result, integration of small amount of RES (such as wind or solar PV) can result in
unacceptable overvoltages. It has been reported that overvoltages significantly reduced
the lifetime of incandescent lamps and resulted in disconnection of solar PV by

overvoltage protection relays [1.41].

Safety and Protection. During an uncontrolled islanding operation, due to a fault

or maintenance, DER will continue to provide the local load demand. This can be very

dangerous to the other network components and to maintenance personnel. Notice that
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this phenomenon is different from island operation of MGs (or controlled islanding
operation) where a MG with its own load, generation, and storage operates independently
from the upper grid. Additionally, large RES generation jeopardizes protection
coordination where an incorrect trip or fail-to-trip may happen. The fail-to-trip events can

damage other components in the network.

Power Quality. RES are connected to the grid or islanded network through PEI

with appropriate controls. As it is common with PEI in any applications, the amount of
harmonics are usually higher than pre-defined limits which can be dangerous not only for
the local consumers and components, but also for the major grid in the grid-tied
applications. Note that the actual harmonic levels from DERs are much smaller than the
harmonic levels in typical low-voltage equipment such as new TV sets and computers.
However, these PEIs inject even harmonics, inter-harmonics (i.e., frequency components
that are not an integer of the fundamental frequency), and high-frequency harmonics (i.e.,
harmonics in the range of 2 to 150 kHz), in addition to the normal harmonics [1.42].
High-frequency components with large magnitudes can be very dangerous for the grid
components such as transformers. Additionally, installation of capacitor bank and
underground cables is more common with increasing DER integration in the power
system, which can result in harmonic resonances (i.e., high levels of harmonic voltage
and current) [1.42]. These new efficient technologies are adapted or undergoing to be
adapted in the appliances. Although these technologies increase the overall efficiency of
the power system, some of the technologies contribute to the harmonics generated by the

load. As an example, due to increase in the efficiency of lightning, new efficient lamps
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are utilized instead of incandescent lamps which can increase the efficiency up to 90%
[1.40]. However, power converters are the core of operation in these lamps which inject
lots of harmonics to the power system. This can endanger the voltage quality experienced
by other users in the network and can result in shorter lifetimes for grid components.
Additionally, utilizing new lamps increases the required reactive power at the distribution

network [1.40].

Operating Reserve. Connecting the RES at the transmission level increases the

complexity of control and operation of the power system. In one case, large penetration
of RES may result in overload or insufficient operating reserve because of inherent
variability in the RES generation. This occurs as a result of the conventional power
system operation practice where generation always follows the load demand with specific
amount of generating capacity reserve at each time instance. The worst-case scenario is
when the maximum production happens with minimum consumption. The RES
generation is inherently variable which cannot be predicted nor controlled effectively.
The variable and uncertain nature of RES generation adds a significant uncertainty to the
power system operation along with the uncertainty of load demand and components
failure. These new sources of uncertainty on the generation side can jeopardize power
system stability which requires larger operational margins. This essentially means that
new spinning and non-spinning reserves (which mostly are fossil-fuel units) are required.
Although RES generation forecasting has attracted lots of attention in the last decade, the
accuracy of the proposed methods is still far from the safe margins. As an example, the

production errors for wind-power production in North-Eastern Germany (a 300 by 450
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km area where maximum production was around 8000 MW in 2009) is compiled and
analyzed in [1.41]. It has been observed that there was a probability of 3% for 1,000 MW
error in prediction; while the probability of more than 2,000 MW (which is about 25% of
the maximum production) error was about 0.3% (equal to 26 hours each year.) This is a
critical challenge for the system operator in day-ahead and hourly planning which
necessitates larger operational reserve. The replacement of thermal generating units by
renewable sources introduces a challenge for power systems operation. The reason is that
large production units (thermal and hydro) not only produce electrical energy but also
help to maintain power systems stability. Using existing technology and operational
tools, stable operation of the power system will not be possible without at least some of
those large production units to provide AS to the grid. Some of the most important AS is
given in the following:

e Operational Reserve. In this case, a part of the large production units’ capacity is
set in reserve to manage unexpected shortages, e.g., due to the loss of a large
amount of production, the loss of an important transmission line, or large
prediction errors.

e Frequency control. Many of the large production units are equipped with power-
frequency control. This control system keeps the actual balance between
production and consumption within the interconnected power system (called
primary control) and within each control area (called secondary control). As a
result, the control system maintains the frequency close to its nominal value of 60

Hz at different time interval.
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Voltage control. A separate control system maintains the voltage magnitude close
to the standard value throughout the power system. Voltage and reactive power
are closely linked in the same way that (active) power and frequency are linked.
There should therefore be reserves in reactive power to allow voltage control in
case something unexpected happens.
Short-circuit capacity. Short-circuit capacity is a measure for the amplitude of the
current during a fault in the transmission system. The magnitude of these currents
can be very high and cause serious damage to equipment. Short-circuit capacity is
also a measure of the strength of the electricity network and its ability to cope
with changes in consumption [1.42]. Too low a value of short-circuit capacity will
have a number of adverse consequences, like risks of incorrect operation of the
protection, risk of system instability after a fault or the loss of a component, and
insufficient voltage quality. The only source of short-circuit capacity at
transmission level are the large conventional power stations.
Power System Stability. The presence of large and stable production units in the
transmission system makes the system more stable in most cases. Their
contributions to the voltage and frequency control and to short-circuit capacity
were already mentioned. Additionally, their contribution to the total inertia of the
system is important to prevent frequency and angular instability. Large production
units are also equipped with additional controllers (power system stabilizers) to
damp local and inter-area power oscillations.

Overloaded Transmission Lines. Large RES units employed (or foreseen to be
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employed) at the transmission level are often far away from populated areas. As it is
shown in Figure 1.21, most of utility-scale solar PV sources in the U.S. are located in the
south and southwest which may be more than the total consumption of that region.
Almost similar pattern can also be recognized for roof-top PV panels in Figure 1.22.
Since the excess generated power should be consumed somewhere, it has to be
transmitted through transmission infrastructure to places with less solar PV generation,
e.g., north and northwest. As a result, new transmission infrastructure is required to be

built which increases the final cost of electricity production.
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Figure 1.21. Total estimated technical potential for urban utility-scale PV in the U.S.
[1.43].
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Figure 1.23. Total estimated technical potential for onshore wind power in the U.S.
[1.43].
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Figure 1.24. Total estimated technical potential for offshore wind power in the U.S.
[1.43].

Additionally, increasing PV installation will increase power losses through
transmission which results in lower efficiency. Similar pattern for onshore and offshore
potential wind power generation can be seen in Figure 1.23 and Figure 1.24, respectively,

where the distribution of potential resources are far from homogeneous.

Transmission System Planning. In order to add new transmission infrastructure,

planning a few years ahead is required. In the existing power system, the required
transport capacity from the transmission grid into a distribution network is calculated
considering maximum load demand in the distribution network. The expected load
demand growth for several years ahead, and the amount of reserve required to cope with

the loss of important components are also required. However, with high penetration of
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DER in the smart grid era, maximum production and variations should also be considered
in the design algorithms. Therefore, the existing practice in designing will not support the

new needs in the smart grid era.

Energy Consumption Reduction

Reducing energy consumption is one of the features of the smart grid which can
happen by using appliances less often, by controlling their operation through DR, and by
using higher efficiency appliances. Reduction in energy consumption can potentially
decrease peak power demand and losses, which can result in stability improvement.
However, reduction in the electricity consumption may cause challenges in the power

system operation which are briefly described in the following sub-section:

Base-Load Power Plants. When the total reduction in consumption results in a

large reduction of the minimum consumption, the scheduling of production units will
need to be modified accordingly. In most countries, the so-called base-load production is
running constantly for weeks or even months [1.41]. Base-load generation is relatively
cheap production (such as nuclear and coal power plants) that takes a long time to start.
The amount of base-load generation can obviously not be more than the minimum
consumption. As a result, a large reduction in the minimum consumption necessitates less

base-load production and that more expensive peak-load production would be required.

Power Quality. New efficient technologies have been adapted or are being
adapted in the appliances. Although this adaptation would increase the overall efficiency

of the power system, some of these technologies contribute to harmonics generated by the
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load consumption. As an example, due to increase in efficiency of the lightning
consumption, new efficient lamps are utilized instead of incandescent lamps which can
increase the efficiency up to 90% [1.40]. However, power converters are the core of
operation in these lamps which inject lots of harmonic to the power system and can
degrade the voltage quality of the network and result in shorter lifetime of the grid
components. Additionally, utilizing new lamps increases the required reactive power at

the distribution network [1.40].

Electricity Market

Currently, the electricity market consists of a number of more or less separated
markets, the wholesale market, the retail market and the balancing or real-time market are
the ones that have the main impact on the grid [1.42]. In the existing power system
structure, the retail market has much less impact on the grid operation compared to the
other elements of the power system market. A retailer purchases electricity on the
wholesale market and sells the electricity to its consumers. This way, if a consumer
switches to another retailer, the transition does not affect power flows in the grid.
However, the price elasticity of the consumption Kicks in to the system operation with the
retail market. Currently, the price elasticity is low since consumers are not exposed to the
price variations in the wholesale market [1.42]. In the future power system, the retailers
will offer hourly (real-time) prices to the consumers where their elasticity is unknown.
Therefore, the difference between predicted and actual consumption is expected to
become larger, particularly at the early stage of the smart grid implementation. As a

result, large price variations in the balancing and real-time markets will be inevitable.
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Thus, higher unpredictable power flows are expected which necessitates larger reserve
margins for safe operation.

In the existing power system, the wholesale market does not have any impact on
the distribution network. However, this pattern will change in the smart grid when large
amounts of DER will participate in the wholesale market. Additionally, large availability
of DR in the smart grid could result in unexpected changes in power flows through the

distribution networks.

Wind and Solar PV Generation

In addition to the challenges explained in earlier sub-section for the RES
integration to the power system, this section makes an attempt to explain the serious
challenges in the smart grid regarding the variable generation nature of solar PV and
wind. Focus will be on the negative impacts of these two RESs on the power system
operation at the transmission and distribution level (i.e., for gird-tied and islanded MGs).
As it is shown in Figure 1.20, about 12% of the electricity generation in 2012 came from
renewable energies, and the share of the renewables is projected to increase to 16% in
2040. Here, wind and solar PV are the fastest growing renewables in the power system
[1.16]. According to the 2012 U.S. Renewable Energy Data Book published by NREL
[1.44], installed wind and solar PV capacity increased by nearly 28% and 83%,

respectively, compared to 2011.
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Figure 1.25. Renewable electricity generation capacity by energy source, including end-
use capacity, 2011-2040 [1.16].

It also shows that wind energy accounted for about 75% of the new installed RES
in 2012. The increase in wind and solar PV will continue for the years coming, as shown
in Figure 1.25. Hydropower is reached to its maximum, and other renewables are less
likely to be widely utilized in the power system in the near future.

Although wind and solar PV power are clean, abundant, domestically available,
have the lowest price between renewables, and have the fastest growth in the U.S. [1.45],
their large application in the power system introduces a lot of challenges which have to
be studied. These challenges are briefly explained in the following, where focus is given
to wind and solar PV generation characteristics and their corresponding challenges in the
smart grid era.

Intermittency: Since blowing wind and its speed is a natural intermittent

phenomenon, the output power generation of a single wind turbine is highly intermittent.
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The inherent intermittency is a big challenge in the day-ahead planning and real-time
control of a power system. Theoretical arguments often claim that wind farms spread
over a geographically diverse area rarely stop producing power altogether, however this
is in contradiction to the observed variability in total power output of wind turbines
installed in Ireland and Denmark [1.46], for example. On the other hand, according to a
study of wind in the U.S., ten or more widely separated wind farms connected through
the grid could be relied upon for about 33 to 47% of their average output (15-20% of
nominal capacity) as reliable [1.47]. Therefore, aggregating large wind farms in widely

dispersed geographical areas may or may not reduce the intermittency in wind-generated

power.
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Figure 1.26. Monthly average wind energy production from Lake Benton, Minnesota,
USA [1.48].
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Figure 1.27. 2010 average hourly wind power profiles by month from Lake Benton,
Minnesota, USA [1.48].

In order to show the variability in the wind power generation, monthly average
wind power production from Lake Benton wind power provider (WPP) in Minnesota is
shown in Figure 1.26. It can be seen that from one year to another for the same month,
the average value is changed significantly. This fact makes the long-term planning very
difficult for the power system operators. The variability of the wind-generated power is
not limited to yearly, seasonal, monthly, or daily variations, short-term behavior of wind
power is also unpredictable. It is more because of turbulence intensities which are
directly related to the surface roughness of the ground [1.48]. The average monthly wind
power production for Lake Benton, Minnesota is shown in Figure 1.27. It is obvious that

from one hour to another, wind speed shows significant variations which make it difficult
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to keep the demand and generation balanced in real-time.

Solar PV power has similar characteristics where its output power is highly
variable and unpredictable. Seasonal and yearly variation of solar irradiation is shown for
a measurement station in Ashland, OR, USA in Figure 1.28. Data are shown as daily
average global irradiation based on kW.h/m%day. Variations from one year to another
and from one season to another are obvious. The variability from one year to another for
the same season and month may seem small, however this variability results in huge
uncertainty in power system planning and operation when significant amount of solar PV
is installed in the future power system. Variability in solar irradiation is not only limited
to the seasonal and yearly variations, where minute-by-minute variation is normal in PV
solar irradiation. Solar irradiation level for the same area measured in 5-minute intervals
is shown in Figure 1.29. The variations in the solar irradiation are huge. Therefore,

sufficient operational reserve is essential to compensate for the variations.
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Figure 1.28. Monthly average global irradiation data for Ashland, OR, 2009-2012 [1.49].
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Figure 1.29. 5-minute interval solar irradiation data for the first day of January 2012 in
Ashland, OR [1.49].
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Figure 1.30. Generated power from 15 kW solar PV array tilted 15° South- January 01,
2010 in Ashland, OR, USA [1.49].

Temperature variation is another parameter affecting the output power of solar PV
modules which increases the overall variations in the output power from a solar farm or
single solar PV module. The combined effects of solar irradiation and ambient
temperature variations on the generated power are depicted in Figure 1.30.

Capacity Factor: Wind power typically has a capacity factor of 20-40%. The
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Danish wind farm Horns Rev Il (the world's largest as of February 2014), inaugurated in
September 2009 [1.50], comprising 91 Siemens SWT-2.3-93 wind turbines each of 2.3
MW with a nominal total capacity of 209.3 MW, has the best capacity factor of any
offshore wind farm at 49.1%. The wind farm produced over 3,859 GWh in 2013 [1.51].
Since generator with high capacity factor (70% or more, such as nuclear power plants)
are considered to supply base-load power [1.52], wind generation can be used for peak
periods or whenever they are available. This would result in extra complexity in power
system planning and real-time control.

Dispatchability: Wind power is not dispatchable because the amount of input
energy to the wind turbine (i.e., wind) is not controllable. Therefore, traditional droop
control (or other AS) cannot be expected from wind power plants when needed.

Capacity Credit: At low levels of penetration, the capacity credit of wind power is
about the same as the capacity factor. However, when the penetration of wind power in
the grid increases, the capacity credit percentage drops significantly. At a penetration of
20%, wind power plants capacity credit drops to about 10%. According to a detail study
reported in [1.53], 10,000 MW of installed nameplate wind capacity is equivalent to
approximately 2,000 MW of firm generation capacity. However, utilities are often
reluctant to assign any capacity credit to wind power plants, largely because of the
intermittent nature of the resource and the perceived difficulties in accurately forecasting
wind power output [1.54].

Reliability: A wind farm is highly reliable (although highly intermittent). The total

shut down of wind turbines is predictable via weather forecasting. The average
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availability of a wind turbine is 98%, and when a turbine fails or is shut down for
maintenance it only affects a small percentage of the output of a large wind farm. For
example, the failure rates for wind turbines located in Northern Germany was 2.2% in
2001 [1.55]. In another study conducted for wind turbines failure in Sweden, Finland, and
Germany for 500-1500 kW turbines from a variety of manufacturers between 2000 and
2004, the average number of failures per turbine per year was 0.402 [1.56]. In [1.57], it is
demonstrated that a significant cross-correlation exists between the failure rate and the
weather conditions; temperature and humidity were more significant than the wind speed.
As a result, it can be concluded that wind turbine technology is very reliable itself.

In term of large implementation of wind and solar PV in power systems and their
impacts on bulk power, a long-term reliability analysis is carried out for the next 10 years
in [1.19]. In this report, six issues are identified that would be most impactful over the
next 10 years. One of the issues is the risk of high level of variable generation for
operation and planning of the power system. It is mentioned that significant changes are
required in the traditional methods used for power system planning and operation to
reliably integrate 46 GW of wind and solar in the next 10 years in the power system
[1.19]. Otherwise, power system reliability will be negatively affected in the coming
years with large penetration of renewables.

Correlation with Load Demand: Wind usually blows more at night when load
demand is low. Therefore, it can be said that the wind power generation has a weak
correlation with the load demand. In a study carried out on wind speed data of 66 onshore

weather recording in the U.K. during 1970-2003 in [1.58], it is observed that the wind
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power output in the U.K. has a weak, positive correlation to the current electricity
demand patterns. Similar to the U.K., the profile of wind generation is inversely

correlated with the load demand in ERCOT [1.59].

Solutions to the Challenges in the Smart Grid

Different solutions are proposed to resolve the issues related to the smart grid
operation. Some of these methods are the extension of the classical solutions, while
others are new ideas for the future relying on the new technology developments and
improvements. In this section, different solutions are presented to resolve the challenges
with the smart grid and MGs, however the focus will be on the MG and its real-time

power management and DR.

Classical Solutions

These solutions include adding more transmission and distribution lines and
cables, transformers and substations, and generation units for base-load and spinning
reserve operation. These solutions are well-known and have been in practice for so many
years. In the past, they have not only been the best technical solutions, but also the most
cost-effective answer to the power system issues such as reliability, shortage in
generation, efficiency, and load following strategies. At the distribution level, building
new lines, replacing overhead lines with underground cables, and strengthening the
existing feeders can resolve many problems such as voltage drops and rises, high power
losses, high penetration of RESs by building dedicated feeders for wind and solar PV

power installations which resolve the protection-coordination problem as well, reliability
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and availability issues [1.41].

Building new transmission and distribution lines along with substations can
increase the power transfer capability of the power system, reduces the overload in the
power system, which consequently reduces the risk of overvoltage and over current.
However, building the new infrastructure needs a huge amount of capital investments.
For the transmission lines besides the cost factor, it is getting harder to find an
appropriate path and permission from authorities to build new lines. This is a big problem
particularly for the highly populated load demand centers which are imposing a large
load growth to the network as well. Additionally, the required time to build a long
transmission line is long and can only be foreseen as an option in long-term planning.

Although the utilization of cables instead of overhead lines increases the
reliability of the distribution feeder in terms of vandalism, terrorist attack, and severe
weather conditions, it has some negative impacts as well in terms of reliability and cost.
Despite the overhead lines, failure rate of the underground cables is much rare [1.41].
However, once they fail, it will take longer time to fix. Therefore, a backup supply is
absolutely needed to avoid long-term interruption. A backup supply and the cost of power
interruption are the two factors which limit this option. Additionally, certain type of
switchgear is required for underground cable which increases the cost of installation
accordingly. These above facts make this option less attractive.

In order to resolve the protection-coordination issues in the presence of DER,
directional protection with anti-islanding protection can be utilized at the distribution

level [1.41]. However, directional protection needs voltage transformer which essentially
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increases the cost of protection in distribution networks. On the other hand, although anti-
islanding protection is relatively cheap [1.41], the risk of unnecessary trips increases with
large amount of DER. As an example, during the two large disturbances in Europe in
2003 and 2006, most of the DER unnecessarily tripped only because of anti-islanding
protection [1.41]. In areas with large penetration of roof-top PV panels, anti-islanding

protection may trip on sunny days because of overvoltage [1.41].

Technology for Increasing Transport Capacity

As was explained in the last sub-section, building new transmission lines and
substations are not a comprehensive answer to the problems in the smart grid, particularly
for transporting large amount of RES generation to the load centers, as shown in Figure
1.22-Figure 1.25. However, based on the recent technology improvements in power
electronics, methods are developed to limit the number of lines to be built and to increase
the transport capacity of the existing transmission infrastructures. It has been shown in
[1.60] that increased transport capacity can reduce the operational cost by 1.5 billion
Euro each year, which is equal to 20 billion Euro saving in the investment costs.
Additionally, it means that during the peak demand periods, it is more likely to have
sufficient production capacity available which results in electricity price reduction for the
customers. In the following sub-sections, different methods to increases transport
capacity are explained briefly.

High-Voltage Direct Current (HVDC)
and Flexible AC Transmission Systems (FACTS). HVDC transmission lines are

the best choice for large power transportation in a long distance, where power flow can
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be fully controlled independent of the power flows in other areas and transmission lines.
Additionally, their losses per km are lower than the losses in AC transmission systems.
Losses in DC transmission lines mainly come from the converter stations [1.41].
Recently, SVC-HVDC (voltage source converter-HVDC) links are developed which are
capable of controlling reactive power as well as active power simultaneously [1.41]. As a
result, an AC transmission system can be converted to a DC system only by adding
converting stations at both ends of the line, which can increase transport capacity 2-3
times the AC system without any stability issues [1.41]. However, building new HVDC
links is still an expensive option compared to the AC transmission systems. Also, there is
a huge lack of experience among transmission system operators with the integration of
DC lines into the AC system. This is the reason that HVDC links embedded in an AC
system is less common. Furthermore, HVDC links with underground cables require much
longer repair times compared to the overhead transmission lines [1.41]. Nowadays in
North America, the majority of HVDC lines are utilized to connect different synchronous
areas together. In Canada, there are several HVDC links to transport hydropower from
the north to the load centers in the south [1.41]. As a result, technology improvement and
more applicable control strategies and planning practices are required to be developed in
order to increase the acceptance and usage of HVDC in power system. FACTS devices
can also be used to increase the transport capacity of the existing transmission lines.
FACTS devices can be classified into three categories, 1) shunt devices given in Table
1.1, and 2) series devices given in Table 1.2, and 3) Two-port (or combination of series-

shunt) devices given in Table 1.3.
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Table 1.1. Different shunt connected FACTS controllers [1.61].

FACTS device Main Functionality Secondary functionality
BESS Load leveling Voltage stabilizer, active
Battery energy storage filter, UPS
system
SSC Voltage control VAR compensation,
Static synchronous damping of oscillation,
SO P transient stability
SSG Exchanging independently
Static synchronous controllable real & reactive --
generator power with power system.
SvC Voltage control VAR compensation, steady
Static VAR compensator state and dynamic stability
SVG Generating or absorbing Steady state & dynamic
Static VAR generator reactive power stability (TCR and TSC in
parallel)

SVS Stability limit extender at Voltage control
Static VAR systems the midpoint of a long

transmission line.
SMES Dynamical control of As SSC, the energy storage
Superconducting magnetic  power flow in ac system is superconducting reactor
energy storage
TCBR Aiding to damp power flow

Thyristor controlled
braking resistor

oscillation and decrease
risk of losing synchronism

TCR Continuous reactive power

Thyristor controlled absorber --
resistor

TSC Stepwise reactive power

Thyristor switched generator ==
capacitor

TSR Stepwise reactive power

Thyristor switched reactor absorber -
BVI (parallel Voltage stabilizer and/or

connected) load power factor corrector _
bootstrap variable

inductance

Similar to HVDC, improvement and development of new control practices are
required in the transmission system design and operation to improve their performance.

Additionally, utilization of power electronic devices at various voltage levels can increase
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current and voltage harmonics in the power system which decreases the power quality.
As a result, FACTS devices have not been utilized widely in the power system at
different voltage levels. Shunt devices control the reactive power flow and voltage
magnitude in power system. Series FACTS devices can change the impedance of the
transmission lines which can affect active power flow. This way, the active power flow

can be limited in the weak part of the grid while increases the power flow from other

stronger part of the grid [1.41].

Table 1.2. Different series connected FACTS controllers [1.61].

FACTS device Main Functionality Secondary functionality

SSSC Controlling transmitted Increase or decrease

Static synchronous series electric power by resistive voltage drop across

compensator increasing or decreasing the transmission line to
reactive voltage drop while enhance dynamic behavior
expecting no SSR effect

TCSC Capacitive reactance

Thyristor controlled series
capacitor

TCSC
Thyristor controlled series
compensator

TCSR
Thyristor controlled series
reactor

TSSC
Thyristor switched series
capacitor

TSSC’
Thyristor switched series
compensation

TSSR
Thyristor switched series
reactor

BVI (series

connected)
Bootstrap variable
Inductance

compensator in a
continuous manner
Capacitive/inductive
reactance compensator in a
continuous manner
Inductive reactance
compensator in a
continuous manner
Capacitive reactance
compensator in a stepwise
manner
Capacitive/inductive
reactance compensator in a
stepwise manner

Inductive reactance
compensator in a stepwise
manner
Capacitive/inductive
reactance compensator
without SSR

Transient stability
improvement, fault current
limiter
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Table 1.3. Different two-port FACTS controllers [1.61].

FACTS device Main Functionality Secondary functionality
IPC Independent active and
Interphase power reactive power controller -
controller
TCPST Power flow distribution and
Th_yristor controlled phase high speed variable phase
shift transformer angle control for transient -
and dynamic stability
UPFC Terminal voltage control, VAR compensation
Unified power flow phase angle regulation,
controller series line compensation

Dynamic Line Rating

Transmission line loading is limited to some certain degree because of instability
in long lines and thermal limit in short and medium lines. For short-length overhead lines,
the maximum loading can be adapted considering weather circumstances. For instance in
a cold windy day, the line will be able to tolerate higher currents and consequently power
transportation. The reason is the fact that the temperature rise in the conductors will be
less and the problem with conductor sag is less likely to happen. Therefore, a dynamic
line rating can be used instead of static limits which currently are being practiced in
power system operation. The main application of the idea is related to the wind-power
integration at substation level [1.62], [1.63]. At this voltage level, the thermal capacity of
the lines determines the limits on the transport. This solution may resolve some of the
issues related to large penetration of RES generation in the future power system at the
transmission and distribution level in terms of power transport and the need for new
infrastructure.

Although the principle of dynamic line rating is simple and straight-forward, its
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wide application needs further inspections and investigation. Determining the actual limit
on the line transport capability and the fact that who accepts the risk associated with this

are two primary issues which should be addressed [1.41].

Risk-Based Operation

Traditionally, the large power system operation was based on the “(N-1)
criterion” where the loss of any single component should not result in an interruption of
any of the customers [1.41]. Additionally, power system should always perform under
“secure operation.” This way, system operator should get the system back to secure
operation within a certain period of time, e.g., 15 minutes [1.41]. Despite successful
practice with the above criterion for reliable power system operation, these operational
practices are not effective anymore. The main reason is large penetration of variable RES
generation in the power system which results in large and fast variation in the production.
This is equivalent to a failure in a production unit or any other components causing
outage of large generation unit. This phenomenon often happens in power systems with
large penetration of variable RES. With risk-based scheduling of primary reserve, as a
part of power-frequency control, total cost of maintaining the reserve plus the expected
value costs of interruption will be minimized [1.41]. Therefore, a dynamic criterion for
reliable operation of power system will be achieved which helps to increase the reliability
of the system with backup reserve, considering variability of RES generation. However,
there is always a risk that the transport capacity of the transmission infrastructure reduces
to insufficient levels for all transactions resulting from electricity market. This way, the

transactions should be limited which consequently increases the price of electricity either
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at the day-ahead or balancing reserve markets [1.41]. The actual risk of risk-based
operation is the regional or large-scale blackouts even though its probability is small
[1.41]. Additionally, successful implementation of risk-based operation requires the

definition of acceptable risk level which needs more research.

Large-Scale Storage

Large-scale storage is an old solution for the power system reliability and safe
operation, which was not technologically available. Utilization of storage in the power
system can flatten the load profile. It stores any excess power available during off-peak
hours and delivers any amount required during on-peak hours. It also can significantly
support large penetration of variable RES generation in power systems. This way, excess
RES generation, e.g., in a wind farm, can be stored in the storage unit and the required
amount delivered during the periods of low availability of variable RES generation, so
that the output power of the wind farm can be levelized. Different factors should be
considered in the storage sizing and scheduling including capital investment, operation
and maintenance cost, physical sizes and weight, life expectancy, maximum
charging/discharging rate, losses during charging/discharging, and the storage leakage in
the idle mode. Different large-scale storage technologies are compared in Table 1.4.

Amongst different existing battery technologies, Li-lon batteries have attracted a
lot of attention in recent years. They have reasonable life cycles which make them
suitable for daily applications, such as peak power period. They are still expensive with

relatively small energy density. More improvement on this very technology is ongoing.
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Table 1.4. Comparison of different storage technologies [1.64].

Capital cost Efficiency Life Density .

Technology $/kW $/kwh % cycles  kwhm®  Rating
NaS 1000-2000  200-1000 87 2000 200 18 mw,
Flow Battery ~ 700-2500  150-600 80 2000 25 oo
Li-lon 700-1500  800-3000 95 4000 300 1MW,

15 min
Ni-Cd 500-1500 800-1500  60-70 1500 50 2 MW,

10 min

1 MW,
Flywheel 4000-10000 1000-3000 93 20000 15 o
Electrochemi 4 60 100-200 97 30000 o L
cal Capacitor 5 sec
Compressed 100 MW,
o 500-1000  30-100 75 10000 S
Pumped 1000 MW,
T 600-1500  50-150 70-85 20000 .o

Ni-Cd and NaS batteries have already been utilized in power applications in rural
areas. As an example, Ni-Cd batteries have been in operation in Fairbanks, Alaska which
is able to provide 26 MW for 15 minutes or 40 MW in 7 minutes [1.41]. First-generation
compressed air technology is implemented in Mcintosh, Alabama, U.S. and is currently
operating. Additionally, DOE awarded the smart grid matching grants for the
construction of 150 MW/10 hr and 300 MWI/10 hr advanced second-generation
compressed air storage [1.64]. A 1 MW/1.5 MWh lead-acid battery bank has been
operating for 12 years at a remote island location in Metlakalta, Alaska [1.64].

Hydrogen storage is another storage technology which has been drawn lots of
attention. Compared to pumped storage and batteries, hydrogen storage has a higher level

of energy density [1.65]. Hydrogen can be generated by reforming natural gas with steam
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or by the high-temperature and high-pressure electrolysis of water. Reforming natural gas
for hydrogen production generates carbon dioxide as by-product which is not desirable
[1.66]. Then, the hydrogen can be stored (either as compressed gas or in liquid form) and
utilized as fuel in internal combustion engines or a fuel cell. The AC-to-DC efficiency of
hydrogen storage has been shown to be in the order of 20 to 45% [1.65]. Besides their
relatively low efficiency, fuel cells do not have a quick response to the transient variation
of the load [1.67]. Other issues related to hydrogen production and storage can be
summarized as follows [1.68], [1.69]:

v/ operation pressure and temperature,

v'life span of the storage material and their stability,

v' requirement for hydrogen purity imposed by the fuel cell technology,

v' reversibility of hydrogen uptake and release,

v' rate of refueling,

v hydrogen delivery pressure, overall safety, toxicity, and cost.

As a result, a lot of research is required to bring hydrogen storage to a level of

practicality and cost effectiveness.

Protection Practices

As one of the major issues in the distribution networks of the future smart grid,
new philosophies and practices are required for effective protection within large
penetration of DER, particularly in the distribution networks [1.40]. Short-circuit
contribution from DERs connected to the distribution feeders can result in unwanted trip

of the protection devices. Additionally, DER reduce the short-circuit level which further
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increases the chance of fail-to-trip conditions [1.40], [1.41]. Furthermore, the local
protection of DER can fail to detect the fault in the distribution feeders, which can cause
uncontrolled islanded situation [1.41]. Since the existing protection practices are usually
based on local measurements, more advanced and effective protection schemes are
necessary to be developed for the large application of DER in the distribution networks.
New directional protections are under development where advanced signal processing
tools are utilized to detect the direction of fault current which would solve the first two
issues with DER in the distribution networks. The new approach does not need any
communications [1.41]. Additionally, adaptive protection scheme is proposed in [1.70]
where the protection decides locally; however, the threshold settings are calculated
centrally based on power flow studies and operational information. In this scheme,
communication links are required to update the setting thresholds every few months or
years. In another adaptive protection scheme with less communications, protection
devices make the decision locally with limited information from other protection devices.
Several other advancements are reported in different literature for power system
protection with large DER penetration, however much more research and developments
are needed, particularly for the protection of transmission networks [1.41]. The required
improvements are more towards making protection faster and more reliable for the smart

grid with all DERs.

Voltage Control Technigues

Conventionally, voltage profile is always maintained within the pre-defined range

using on-load tap changing transformers, off-load tap changing transformers, and by
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limiting the length of cables and lines in the medium and low voltage networks.
Utilization of series compensators, shunt reactors, condenser, capacitor banks and several
FACTS devices are other approaches for voltage regulation both in the transmission and
distribution systems. When DER added to the distribution networks, the behavior of the
system can totally change. For instance, at the time of excess DER generation and low
load demand, negative load can be realized which causes undesirable over-voltage at the
point of connection. Similar issue can occur during low DER generation and peak load
demand for under-voltage. One way to overcome this problem is to optimally size and
allocate the DER in the distribution networks in order to reduce losses, voltage
deviations, cost of operation and allocation, and to increase penetration of renewable
generation. Different approaches are proposed for this purpose which has been reviewed
in [1.71]. However, so many uncertainties and variations exist in the distribution network
which reduces the effectiveness of these methods in real-time operation of the system to a
minimum level. For real-time operation, several methods for voltage regulation are
proposed in the presence of variable DER. These techniques are comprehensively
reviewed and compared in [1.72], [1.73]. With DER equipped with power electronics
interface, or in synchronous machines, it is possible to control the voltage level by setting
the reactive power generation to some extent. In a simple scheme, a generator can absorb
reactive power to compensate for the voltage rise. However, this scheme increases
loading and losses in the network due to additional reactive power [1.41]. Additionally,
DER can react to voltage changes much faster than the traditional voltage control

techniques, such as tap changing transformers. This way, DER would inject higher
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reactive power which may be exported to the transmission system as well. As a result, the
coordination between the voltage control by the generator and other existing automatic
control is essential in these schemes. As another proposed voltage control method for the
distribution networks with high penetration of DERs, Volt-VAr control can be employed
where a central controller calculates the optimal voltage settings for different existing
control devices. An optimization is usually performed to calculate the operating point
based on minimization of losses, considering technical limitation of the network and
other components [1.41]. These types of schemes heavily rely on the availability of
communication links and a central controller unit. The communication links are foreseen

to be available in the smart grid era.

MGs

As it was mentioned in the earlier section, MGs are the driving technology and
the bridging solution to the wide application and implementation of smart grid with all its
features, particularly to achieve large utilization of RES [1.74]. A MG is a regionally
limited energy system of DERs, consumers, and optionally storage and controllable
loads, controlled to maintain high quality, sustainable, and reliable electricity
economically in grid-connected or off-grid (islanded) mode, as well as in dual mode (i.e.
by changing the grid connection status.) MGs can be categorized as utility-size,
industrial-size and commercial-size, and remote MGs [1.75]. While remote MGs could be
grid-connected or an island, or a part of a larger grid in a very remote area, the industrial

and commercial MGs are those that belong to single customers such as an industrial

plant, a government agency, or a shopping center. Application of RES and storage within
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a MG can significantly reduce cost of electricity for the remote MGs’ users as well as
producing pollutions. In the industrial and commercial MGs, higher electricity
availability can be recognized even during and shortly after severe weather conditions,
which increases security and reliability of electricity. Utility-size MGs are under control
and supervision of the system operator, where the users can contribute to their operation
by their DER and/or controllable loads [1.41]. One of the biggest utility-size MG is the
one developed by Energinet, the Danish transmission system operator [1.76]. The MG
consists of 28000 customers, four CHP power plants, and 47 wind turbines. In U.S.,
CERTS MG testbed is designed to demonstrate conceptual and technical approaches for
enabling the integration of multiple DER into an electric distribution system which are
able to work autonomously or in grid-tied mode [1.77]. In terms of reliability, it has been
shown by the Lawrence Berkeley National Lab (LBNL) that 80-90% of all grid failures
started at the distribution level where MGs will play an important role [1.78]. Therefore,
the application of MGs in the distribution networks can improve the overall reliability of
the bulk power system.

The great feature of MGs in general is their ability to work in islanded mode
(when they lose connections to the main grid). Controlling MG operation in islanded
mode with large penetration of variable RES generation is a very difficult task for MG
developers and researchers. As a result, many efforts from researchers and companies are
put into the development of appropriate control schemes for the safe and secure operation
of MGs, particularly in the islanded mode. Additionally, the utility-size MGs are desired

to work in dual mode, where they are capable of operating in grid-tied and islanded mode
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when it is needed. Therefore, islanding detection techniques play important role for such
MGs. An extensive literature review on different islanding detection techniques are
reviewed in [1.79]. Based on the definition of the MG and the different features
envisioned for the smart grid in Figure 1.2, the role of MGs for wide acceptance and
implementation of the smart grid can be realized. In the following sub-section, the role of

MGs is reviewed for each feature.

Renewable Energies. DER at the low voltage level is most likely to have variable

renewable generation. As a result, each consumer at the distribution level could be
potentially a power generator that can participate in the power market through other
mediums, such as aggregators. In the medium voltage MGs, a lot of incentive programs
are designed to increase the generation from small green generation resources, such as
wind. As a result, the inherent characteristics of MGs will result in increase of variable
RES utilization in large quantities. Additionally, large integration of variable RES in
smaller scale as in MGs will help developers and researchers to diagnose the potential
issues. Then, it would be much easier to find solutions to the problems for large
application of variable RES in larger power systems. This increase in RES integration
requires structural and conceptual changes in the existing power system, as explained in
details in earlier sections. However, MGs could be a medium to test and verify new
structural and conceptual means for larger power systems Another useful characteristic of
the MG for RES integration is the ability of MGs for islanding operation. This way, even
if a large penetration of variable RES causes a blackout in that MG, the fault will be

contained and other MGs will perform in completely healthy condition. Therefore, any
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fault in one MG will be limited geographically and to a small amount of customers. As a
result, the developers and system operators (such as utilities) will be more confident to
employ large amount of variable RES. Large application of the renewable generation is
aligned with other goals of the smart grid such as global competitiveness and millions of

job opportunities.

Storage Devices. In the definition of MG, storage is considered to be optional.

However, the safe and reliable operation of a MG (particularly in islanded mode) without
storage devices is almost impossible especially in the case of large variable RES
generation. This is because of the fact that the generation and demand always should be
equal in a power system. With a large penetration of variable generation, it is always
necessary to have storage device to act as a buffer between generation and demand. This
way, when generation exceeds load demand, the excess available power will be stored in
the storage devices. Alternatively, the storage device will provide required power when
load demand exceeds the generation. The application of storage units within MGs can
decrease the amount of spinning resources (such as diesel generator or microturbine)
required, which consequently decreases the dependency on fossil fuels and amount of
pollutions. Additionally, the penetration of variable RES within MGs can be increased
with appropriate amount of storage, which is aligned with the smart grid goals. Different
storage devices are required for reliable power delivery in MGs, particularly in the
islanded operation mode. Fast storage devices with low energy capacity (such as super
capacitors, flywheels, and SMES) are required to capture very fast changes in the output

of RES, while slow storage devices with large energy capacity (such as different types of
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batteries and fuel cells) are necessary to cover long-term needs for energy. Although
implementing large-scale storage devices in the high voltage networks are expensive and
less technically applicable because of relatively small energy capacity, they are relatively
cheap and in the order of the needs within MG framework. Then, the hypothetical
aggregation of the storage devices within all MGs in the same power system introduces a
very large amount of storage which can be very useful for AS and voltage/frequency
stabilization purposes. Similar to the renewable energies, the small-scale MGs will let the
developers and researchers to diagnose any issues related to the application of storage
devices. Then, it gives a chance to develop appropriate schemes and techniques to resolve
the issues for large-scale applications of storage devices. Additionally, MGs provide an

opportunity for new storage devices to be examined and verified for larger applications.

Power Quality. One of the features of the smart grid is to provide power for

anyone anywhere with an appropriate level of power quality. However, large penetration
of renewable generation and storage devices in the smart grid era introduces a new level
of harmonics and essentially degrades power quality. Similar issues can also be realized
in small-scale MGs, where a large share of the generation belongs to the electronically-
interfaced power sources. As a result, it can be concluded that any improvement in the
power quality of MGs impact the power quality of bulk power systems with large
penetration of RES. In order to enhance the power quality of the electronically-interfaced
DER, different methods are proposed such as optimization techniques, dynamic and static
filters, controllers, FACTS devices, compensators, and storage devices, as reviewed

extensively in [1.80], [1.81]. Additionally, it is argued in [1.82] that meeting the power
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quality requirements by local provisions (available in MGs) may be more cost-effective
than increasing quality of supply from upstream networks. Therefore, MGs can improve

power quality with more cost-effective approaches.

Energy Efficiency. As the definition of a MG states, local generating units will

be seamlessly connected to a power system. This essentially means that, with the
application of MGs, the power system structure will be more decentralized in the smart
grid era. This way, the generation will be closer to the load centers and large transmission
lines will be avoided. As a result of this transition, the power losses through transmission
lines and medium voltage networks will decrease significantly. Therefore, higher energy
efficiency will be achieved by decentralized power system. It can then be concluded that
the wide application of MGs will essentially result in higher efficiency of the power
generation and transmission. Additionally, it is shown in several studies that MG
technology provides an opportunity and a desirable infrastructure for improving
efficiency of energy consumption in a building with appropriate generation sources and
storage devices [1.83]-[1.85]. Furthermore, the application of CHP within MGs can
improve system efficiency. As a result, less electricity will be drawn from the upper grid

which results in higher efficiency of the transmission system.

Demand Response. DR as a part of DSM is a set of actions to defer or reduce the

consumption without jeopardizing customers’ welfare. Enabling active participation by
electricity customers in DR has been identified by the U.S. DOE as an important feature

of smart grid [1.2]. MGs might help the smart grid industry to achieve the dream of DR
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as an active part of power system operation. In [1.86], it is shown that wide utilization of
MGs for load management not only benefit the participating consumers, but also reduces
the wholesale market price for other consumers. This fact is also proved through
numerical simulation for PJM real-time balancing market [1.87]. It is also shown that the
DR can provide highly elastic demand curve for wholesale electricity markets which is of
a significant value in day-ahead markets [1.88]. DR is one of the main focuses of this

dissertation and will be covered in more details later.

Self-Healing. Generally speaking, self-healing is defined as the capability of a
system to automatically detect a fault of any kind and to recover to the normal operation
as quickly as possible after removing the fault [1.89]. This capability will help the bulk
power system to be more reliable and secure in terms of any kind of faults. A self-healing
grid will be more stable and reliable. Three primary functions of a self-healing grid
include: 1) real-time monitoring and reaction, which permits the power system to
continuously tune itself to an optimal state; 2) anticipation (or prognosis), which
empowers the system to automatically search the power system for potential issues in the
future that could start larger disturbances; and 3) rapid isolation, which enables the larger
system to isolate parts of the network that experience fault from the rest of the system, to
avoid the spread of disruption and enable a more rapid restoration [1.90]. As a result of
these functions, a self-healing smart grid system is able to reduce the number and size of
power outages and minimize the time required to restore the faulty areas. Furthermore,
the self-healing system would be capable of end-to-end resiliency, which means that it

can detect and override human errors that sometimes can cause power outage as the one
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in California in 2011 [1.90]. To transform the existing power system to a resilient self-
healing smart grid, it is needed to improve the bulky power system to a smart grid which
consists of numerous small-scale MGs. With MGs and their connections together, bulky
power system will be divided into numerous small-scale MGs at the distribution and
medium-voltage level. Each of the MGs can operate autonomously if needed, and they
can share load and generation between each other based on technical and economic
functionality. Additionally, inter-connecting lines between MGs will be supervised by
intelligent diagnosing and prognosis algorithms with superfast solid-state switches. As a
result, each MG will be able to react quickly to any unexpected changes or faults, where
appropriate inter-connecting lines will be open to prevent cascading faults to other areas.
This way, any fault within a MG will be limited to its customers, and not the whole
power system which results in significant reliability improvement. A comprehensive
literature review on this topic and a multi-agent based approach for MG power
management is given in [1.91].

Electricity Market. Appropriate electricity market is an essential part of MGs,

particularly in the medium-voltage networks [1.92]. In the smart grid era where numerous
variable RES, storage devices, DR, and CHP units will be added to the power system,
complexity will affect its reliable operation. This issue exists in smaller scale within
MGs, particularly in the medium-voltage level. Effective policies and pricing schemes for
the MGs can also affect the bulk power system in the smart grid era.

As it is comprehensively explained in earlier section and in [1.78], MGs are the

most promising and important solution for successful implementation of smart grid.
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However, several issues need to be addressed prior to the successful implementation of
MGs. These issues can be divided into two categories: 1) economical, and 2) technical.
The coverage of economic issues related to the successful implementation of MGs is out
of the scope of this dissertation. A comprehensive review of the economic issues are
given in [1.78], [1.92]. Most of the technical issues mentioned for the smart grid will
exist for MGs as well. Such issues include power quality and reliability, transition from
grid-tied to islanded mode, and integrating MGs in to the existing system with legacy
equipment. A comprehensive review of the technical issues of MG implementation is
given in[1.93], [1.94]. The focus of this dissertation is to propose appropriate solutions
for two major problems in MG operation: 1) voltage and frequency stabilization in
islanded mode, and 2) real-time power management in both islanded and grid-tied mode.

In the following sub-sections, each of these issues will be reviewed and explained.

Frequency and Voltage Stabilization within MGs

A MG is a regionally limited energy system of DERs, consumers, and optionally
storage, controlled to maintain high quality, sustainable, and reliable -electricity
economically in grid-connected or off-grid (islanded) mode, as well as in dual mode (i.e.,
by changing the grid connection status.) Depending on the type and depth of penetration
of DER units, load characteristics, power quality constraints, and market participation
strategies, the required control and operational strategies of a MG can be significantly,
and even conceptually, different than those of the conventional power systems [1.95].
The control strategy of a MG is a new concept in the modern power system and a

challenging task from generation-, storage- and demand perspective. This challenge is
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will be more complicated when the MG operates in islanded mode, where providing
power with standard quality (in voltage and frequency) is a difficult task for the MG
operator/owner in the absence of traditional AS available from the grid. At the
transmission level, a significant penetration of DER is desired. However, the uncertain
and variable nature of RES can create problems for power systems in providing balancing
reserves when RES penetration is high, e.g. exceeding 20% [1.96]. As RES penetration
increases, the conventional solution is to increase the amount of available reserve [1.97].
Since spinning reserves are mostly provided by fossil fuel-based power plants, their
operation is costly and results in increased release of undesired emissions. While it is
necessary to account for the variability of RES-based generation with balancing reserves,
it is also desirable to have the ability to store any excess available energy. To overcome
these issues related to the application of DER, several solutions have been proposed,
some of which have been implemented and some under experimental study. Amongst all,
energy storage and DSM have been chosen as the most viable options in the smart grid
era. Although short- and long-term energy storage units can play a major role in control
and operation of a MG [1.64], [1.95], [1.98], storage devices (such as pump storage,
thermal energy storage, hydrogen storage and batteries) have a small chance to be widely
applied in the near future because they:

v’ are expensive to install and maintain,

v have low efficiency,

v'may have certain geographical topology requirement, which is not available in

most cases especially in the case of MGs in populated areas,
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v may require expensive facilities, with certain conditions, such as temperature

humidity control.

In comparison, DSM is considered as a viable solution, although it has its own
shortcomings and challenges [1.25], [1.99]-[1.104]. Based on the U.S. DOE report [1.2],
economic benefits from DSM in the USA can range from about $80M to about $800M
annually, in addition to another $85M to more than $300M annually through emergency
DR. Previous pilot studies have also shown that DSM is beneficial to both customers and
utilities, particularly for peak load shifting and AS [1.99]-[1.109]. DSM is a very broad
set of actions on the part of both consumers and utilities that includes everything from
installing energy-efficient appliances and switching off unused lights, to adding local off-
grid generation abilities, to implementing a complicated electricity pricing system in
which rates vary based on time-of-day and aggregate power usage intensity [1.25].
Amongst different DSM strategies, DR is a popular subset of DSM programs which relies
on a direct command signal and/or financial signals from the utilities for altering patterns
of consumer electricity usage. Traditionally, DR referred to the changes in electricity
usage by end-use customers from their normal consumption through DLC or
interruptible/curtailable programs during peak hours [1.105]. Progress in communication
protocols and technologies (such as Internet) has been extraordinary in the past decade,
which provides inexpensive two-way communication with individual loads [1.110].
Therefore, a new way of thinking about DR is developed amongst power system
researchers and operators, which results in the new definition of DR: “DR is redefined as

the capability to aggregate and precisely control individual loads on command at all
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time.” [1.110] This definition is the core idea throughout this dissertation for utilization
of DR for frequency and voltage stabilization. Different DR programs are classified in
Figure 1.31. These programs are divided into two main categories: Incentive-Based

Programs (IBP) and Price-Based Program (PBP).

DR Programs
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Figure 1.31. Classification of DR programs [1.105].

Regardless of the type of DR program, challenging and serious questions have to
be answered for both researchers and system operators about the various impacts of DR
on the economy, performance and operation of the power system and consumers, before

taking any further steps. In many studies, researchers have tried to address the technical
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and economic concerns and challenges on DR planning and modeling, e.g., [1.109],
[1.111], [1.112], the economic costs/benefits analysis of DR for the utility and customers,
e.g., [1.99]-[1.109], and the potential of DR for AS, e.g., [1.99], [1.113]-[1.124] at the
distribution and transmission levels.

As a summary of the studies mentioned above, commonly anticipated and
observed benefits of DR include:

v Lower risks of power interruptions from lower peak loads

v Improved operating conditions for utility firms from increased peak-time

rates, reduced marginal costs of lower peak power quantities, and ability to
postpone infrastructure investment

v’ Cost savings for end users from a combination of reduced off-peak tariffs and

a greater awareness of one’s level and pattern of power consumption

v' Increased spread of energy-efficient appliances

v" A general increase in responsibility and prudence with regard to electricity

use.

Despite all the efforts that have been made so far, there is still a gap in research to
clarify and quantify the impacts and potential of real-time DR on the performance of
power systems and resolving related issues by proper management and control strategies
for frequency regulation services, both at the distribution (in islanded MG without
conventional AS) and transmission level (in load-frequency control (LFC) problem).

These issues will be addressed in the first part of this dissertation.

Real-Time Power Management of MGs
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Although the primary goal of any power system is to keep the load and generation
balanced for safe operation, other objectives relevant to the features of smart grid should
be considered in the operation of MGs. Since MGs are relatively expensive assets, it is
always desirable to operate them with the minimum possible cost. Therefore, active and
reactive power control within MGs (both in islanded and grid-tied operation) among
different generation assets, storage devices, option of purchasing power form the upper
grid in grid-tied mode, and the availability of DR resources seems to be essential. But
MGs’ control is not only limited to balancing generation and demand and cost-effective
operation. Other realistic constraints and objectives which can be considered in a MG are
given in Table 1.5. As a result, it can be concluded that the control philosophies and
operational strategies of MGs are conceptually different from those in traditional power
system. The main reasons for this are comprehensively reviewed in [1.95].

As it can be realized from Table 1.5, MGs substantially need power management
architecture to achieve these goals simultaneously and quickly to keep up with variations
in generation and demand. Satisfying different objectives within MGs infers multi-
objective optimization problems, with several constraints, to be solved in real-time. In
such problems, satisfaction of all objectives requires a combination of maximization and
minimization simultaneously, while the optimal solution for one objective function may
not necessarily be the optimal solution for other objectives. As a result, some of the
objective functions may compete with each other for the optimal solution. This can make
the optimization very difficult for real-time applications. To resolve this issue, a tradeoff

between different objective functions should be made based on the requirement of the
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MG at hand. This way, Pareto optimum can be reached, where the solution represents a
state of satisfaction for one objective function which cannot be raised further without
lowering another objective(s) satisfaction [1.84], [1.91], [1.125]. This shows the necessity

of real-time power management systems for safe and reliable operation of MGs.

Table 1.5. Different objectives and constraints for MGs’ operation [1.84], [1.125].

Minimizing cost of operation and maintenance including all generation assets,
storage devices, and DR resources

Minimizing environmental impact (i.e., pollutions) in the presence of
traditional generation sources

§ Reducing losses in transmission and within MGs, providing VAR support
S Maximizing AS for the upper grid in grid-tied mode (i.e., maximizing MGs’
'g‘ profit)

Scalability and plug-and-play operation

Maximizing the total energy efficiency

Maximizing load factor
" DERs availability, based on their generation prediction for variable RES
% Maintaining frequency and voltage standard levels
% Maintaining MGs stability and reserve margins for islanded operation

Balancing active/reactive power generation and demand at all time

In general, real-time MG management is classified into energy and power
management. Energy management algorithms deal with monitoring and operation of a
complex system of electrical, thermal, and mechanical components with emphasis on
desired longer term outcomes. The objective of power management is to affect the
instantaneous operational conditions towards desired parameters, e.g. [1.126]-[1.133]. As
a general viewpoint, both power and energy management refers to any control actions

based on particular objectives in real-time (i.e., in the order of seconds to minutes). Here,
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one might recognize the difference between day-ahead scheduling and economic demand
and generation dispatch, which are performed off-line. MG management algorithms can
be divided into centralized [1.126]-[1.131], and decentralized management architecture
[1.132], [1.133]. Structurally, MGs can be operated in grid-tied [1.126], [1.129], [1.131]-
[1.133]), islanded [1.127], [1.128], or both modes [1.130]. Each of the above modes has
certain requirements to be fulfilled. A comprehensive literature review of specific
requirements such as power management of MGs which include CHP and/or electric
vehicle (EV) is given in [1.134], [1.135]. There are also numerous papers on the power
electronic applications and appropriate controllers for MG safe operation, e.g. [1.136]-
[1.141] to just name a few. A comprehensive literature review of the state-of-the-art of
MGs is given in [1.91].

Real-time power management of MGs is an example of a complex automated
decision-making framework which is faced with unique challenges in terms of required
computational time and resources for real-world applications [1.125]. Multi-objective
optimization existing in the MG management structure can be treated by two formal
mathematical techniques to derive Pareto solutions. The first technique involves
aggregating the various objective functions into a single objective function [1.125]. This
technique is more suitable for gradient-based optimization techniques. It is relatively
simple but requires the decision-maker to assign the relative weights of the constituent
objective functions within the aggregation. The second broad category for addressing
multiple objectives includes the class of intelligent methods [1.125]. The primary

advantage of intelligent techniques is the fact that they can address many objectives
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simultaneously with lower computational time, as shown in [1.127], [1.142]. As a result,
in this dissertation, focus is also given to real-time power and energy management with
heuristic optimization techniques compared to the results obtained from a well-known
gradient-based technique, considering different generation and storage assets, and DR
simultaneously. Both islanded and grid-tied operations are treated with emphasis on the

islanded operation.

Organization of the Dissertation

This dissertation is organized in 12 chapters. A comprehensive introduction and
the needs for this research are presented in Chapter 1. The rest of the dissertation is
divided into three parts as follows:

Part |, including Chapters 2 to 5, is devoted to the applications of real-time DR
and controller development for the islanded MGs. Specifically, Chapter 2 introduces a
simulation framework to evaluate the impacts of high penetration of variable PV
generation on the frequency and voltage of an islanded MG at the distribution level.
Different simulation studies are designed and performed to thoroughly reveal the
negative impacts of variable RES on the system operation parameters. In Chapter 3, a
heuristic controller with minimum load manipulation is developed and utilized for IEEE
13-bus standard distribution system. The effectiveness of the proposed controller on the
system frequency and voltage behavior is justified through different simulation studies. In
Chapter 4, the proposed islanded MG is enhanced with the simplified grid model to
include the automatic generation control in the analysis. Then, different simulation

studies are carried out and the results are compared with those from real-time DR.
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Chapter 5 presents an optimal real-time DR algorithm adapted for the application in the
PJM regulation electricity market. An objective function with several technical
constraints is solved using linear programming (LP) at each interval to find the best
solution for regulation services in a test islanded MG.

Part Il, which consists of Chapters 6 to 8, evaluates the application of real-time
DR for system frequency control at the transmission level considering high penetration of
variable RES, particularly wind generation. In Chapter 6, the well-known single-area
LFC model is enhanced with real-time DR (called LFC-DR) control loop considering the
DR communication delay. Different analytical studies are carried out to reveal the
effectiveness of the enhancement. Finally, simulation studies are carried out for different
single-area power system to show the impact of the proposed model. Then in Chapter 7,
the proposed LFC-DR model is further developed for multi-area interconnected power
systems with multiple generation companies (Gencos) and load aggregator companies
(Lagcos). The analytical results and optimal controller design proposed for single-area
power system in Chapter 6 is further extended for this purpose. Eventually, simulation
studies are performed to reveal the effectiveness of the proposed model. Chapter 8 is
devoted to the application of aggregated electric water heaters (EWHSs) for transmission
system for frequency regulation and shifting demand. Actual data for hot water demand
and regulation services are utilized in several simulation studies. Different economical
and technical analyses have been done to reveal the usefulness of the proposed DR
approach.

In Part Ill, which includes Chapters 9 to 12, different real-time power
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management algorithms (with and without DR) are developed for optimal and secure
operation of grid-tied and islanded MGs. In Chapter 9, a general approach is proposed for
ownership cost calculations of DERs. This is primarily useful for cost-effective power
management algorithms. Then, Chapter 10 proposes a general power management
framework for grid-tied MGs. Battery lifetime expansion and operational cost
minimization are considered in the proposed approach. The performance of the proposed
management algorithm is verified through different simulation studies. In Chapter 11, a
real-time power management algorithm is introduced for an islanded MG considering
battery and dump load operations. Particle swarm optimization (PSO) is utilized to find
optimal solution in short intervals. Results of the heuristic optimization technique (i.e.,
PSO) are then compared with those from sequential quadratic programming (SQP) as a
classical optimization technique. Finally, a multi-timescale power management algorithm
considering dynamic model of generation, storage, and load is developed in Chapter 12.
The optimality of the solutions is achieved and simultaneous generation, storage, and DR
is included in the proposed algorithm. Different simulation studies revealed the
effectiveness of the proposed approach.

Finally, the research and the results are concluded in Chapter 13.
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Abstract

This chapter presents an evaluation of the impact of various levels of PV power
penetration in a distribution feeder connected to a simplified grid model (SGM). PV
generation is implemented in second-by-second iterations with power output based on
actual solar radiation and air temperature data. High penetration levels of intermittent PV
generation (15% and 30%) are employed in a feeder-configured MG to evaluate grid
frequency and voltage characteristics. In this study, only governor droop control is
included in the proposed SGM without the secondary control action (known as load
frequency control). Two different grid models (fast and slow grid), PV generation
configurations (concentrated and distributed), and PV penetration levels (15% and 30%)
are considered in the simulation studies. Simulation results indicate the impact of the
aforementioned parameters on the system frequency and voltage. Results also reveal that
distributed PVs in a wide geographical area with different weather regime have less

impact on the frequency and voltage.

Introduction

The drive to provide more economical means of power production has resulted in
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major technological advances toward the application of distributed generation (DG). In
turn, the practicality of alternative energy system deployment has become much more
apparent. One such rapidly developing technology is solar PV power generation. The
evolution of distributed PV is made evident by the 878 MW increase in grid-connected
PV capacity in the U.S. in 2010- nearly a 72% rise in capacity from 2009 [2.1]. However,
the growing amount of penetration of DG (in particular intermittent renewable DGs, such
as PV) can impact reliable operation of distribution system, to which they are connected
[2.2].

The ability to balance generation and demand within a grid is imperative to
maintaining electrical stability. At the distribution level, the impact of several highly
variable sources such as PV can result in deviations in grid characteristics large enough to
violate standard practices for implementation [2.3]. As the amount of grid-connected DG
increases, grid operation and control becomes progressively more difficult and it may
ultimately result in system failure. Consequently, dividing the main grid into smaller
subsystems of MGs presents a much more manageable and controllable network. This
allows for higher penetration of reliable power sources, such as PV, without requiring
massive architectural reconstruction of the main grid [2.4]. Additionally, MGs provide
greater system flexibility through the installation of inverter-interfaced inertia-less
distributed generation systems (such as PV systems and fuel cells), as well as introducing
adjustable base-load generators and energy storage systems to compensate for the
variable generation that some renewable energy generation sources naturally exhibit

[2.5], [2.6]
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Figure 2.1. Configuration of the generic feeder (a) with concentrated PV generation, and
(b) distributed PV generation.

In this chapter, a grid-tied distribution feeder with concentrated or distributed PV
resembles a MG. Since higher penetration of renewable resources into the conventional
grid is desired, evaluation of their variable generation on the system’s frequency and
voltage is necessary. In order to avoid complex modeling of the grid, a simplified grid
model (SGM) is developed at the distribution level to resemble the behavior of the actual
grid at that level. Only governor droop control is considered for the grid in this part of the
research. No spinning reserve is included. The main purpose of this study is to investigate
the actual impacts of large penetration of PVs in the order of seconds, whereas spinning
reserves work in the order of minutes.

The distribution feeder as a part of the grid is connected to the SGM to show the

effects of variable PV generation on the system frequency and voltage. Two different
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SGMs (a slow and a fast response), and PV penetration values of 15% and 30% are
studied. The PV generation is modeled as a PV farm and as distributed (customer owned)
PV systems, as shown in Figure 2.1 (a), (b). The simulation diagram of the feeder-
configured MG is shown in Figure A.1 in Appendix A.

Second-by-second solar insolation data is used to show the effects of abrupt
variations in solar insolation. The SGM tries to adjust its output with variations in PV
generation output to stabilize the system frequency and consequently voltage through its
governor droop control. However, large penetration of PV generation causes the system
frequency to fall out of the acceptable range most of the times. In a real system, LFC
could compensate for some of the above frequency deviations. The addition of these
features as well as load control (i.e., DR) for frequency stabilization is a part of the next
chapter.

Simulation results show the significant impact of high PV penetration on the
system frequency and consequently voltage; however, the impact is lower in the case of
distributed PVs compared to concentrated PVs (solar farm) with the same penetration
level. It has also been shown that a larger grid with slow-response generators experience
larger variations in system frequency and voltage. All system models are developed and

tested in MATLAB/Simulink® [2.7].

System Studied

The systems of study are modeled as grid-tied MGs with concentrated or
distributed PV DGs, as shown in Figure 2.1 (a), (b). In both cases, the SGM with speed

governor and exciter is utilized as presented in earlier section. The SGM is designed to
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resemble the actual behavior of a grid at the distribution level. It includes governor droop
control, but LFC is not considered. The main objective of this chapter is to show the
impact of medium and high levels of PV generation on the system frequency and voltage
where only governor droop control is available for frequency regulation.

The PV model obtained from [2.8] is used. The model incorporates a maximum
power point tracking (MPPT) system consisting of 30 kW PV arrays with a buck-boost
DC/DC converter and a DC/AC inverter. The PV output power is scaled to achieve the
desired level of penetration based on the number of arrays in the system. The inputs to
the PV system are solar insolation and air temperature, which are recorded in one-second
and one-minute intervals, respectively. The data is obtained from the National Renewable
Energy Laboratory (NREL) for Oahu, Hawaii Solar Measurement Grid [2.9]. This solar
insolation data is especially attractive for this study since the one-second data gives more
accurate representation of the variable nature of PV output power during sporadic
clouding, thus providing a more realistic case. To expose the variability issues with PV
generation, solar irradiation is represented for a sunny day with erratic clouding (June 18,
2010).

Penetration by renewables can be defined in a number of ways (i.e., percentage of
energy supplied by renewables, rated renewable power generation in comparison to peak
load, and renewable generation in comparison to system capacity) [2.10]. In this study,
PV penetration is defined as the rated PV capacity in relation to total capacity of the grid.

15% and 30% PV penetration level is studied.
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Simplified Grid Model (SGM)

In the majority of power system studies, the grid is modeled as an infinite bus,
which can provide or absorb any amount of power requested by loads. However, this is
unacceptable in reality and also for the sake of this study, where system frequency and
voltage are investigated under transient and steady-state conditions. Computationally, it is
not always feasible to use a detailed grid model, such as this study. Thus, a simplified
grid model is required at the distribution level, which can be utilized for any frequency
and voltage stabilization studies, DR studies and for evaluating the impact of renewable
energy on the distribution grid. All the generators in the grid are modeled as a single
generator with effective inertia of the grid, governor action, and load-frequency
dependence [2.11], where the capacity of the grid model is the total capacity of the grid.

The components of the proposed model are shown in Figure 2.2.

|4

Droop
Governor
coeffs

Speed Spee_d governor | prach
with droop
reference .
control —0
1 SG
Speed o
Exciter —O
voltage =
Voltage o ) Dynamic
reference Excitation control |« Voltage load for
9 released
demand

Figure 2.2. Components of the proposed SGM.
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The proposed model includes a synchronous generator, speed governor, voltage
controller (excitation system), and a dynamic load. It is equipped with a type AC4A
exciter with transient gain reduction [2.11], [2.12]. This model includes the following
characteristics of an actual grid:
e Governor droop characteristic can be applied to calculate the target mechanical
power of the generator as follows [2.11], [2.13]:

Par :[fRpr;f;"’:j p.u. (2.1)
where fs, is the frequency setpoint, fact is the measured frequency, and fom is the nominal
frequency, all in Hz. R is the droop value of the generator. Typically, speed governors are
designed with 4%-20% “droop” characteristic [2.13]. For 4% droop value, the generator
output will increase to 100% for a 4% drop in frequency.

o The speed governor and turbine model. This model, shown in Figure 2.3, is

extracted from [2.12].
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Figure 2.3. Speed governor of the proposed SGM.



119

In Figure 2.3, wae is the measured machine radian speed, wres IS the machine
reference speed, Py, is the reference target power, and Pmecn is the mechanical power
driving the generator, all in per unit. Also, Ts is the servo time constant, T¢ is the high
pressure (HP) turbine time constant, T3 is the transient gain time constant, T, is the time
constant to set HP ratio, and Ts is the re-heater time constant, all in sec [2.12].

e Released demand consisting of the loads which have built-in frequency
dependence. When the frequency drops, the power consumption of such loads will drop
as well and vice versa. This effect can be modeled by a variable active load model

defined by (2.2) [2.11], [2.13]:

P, = D.PL.[MJ W (2.2)

nom
where D is the load-damping constant, and P, is the total amount of active load,
including the released demand.

e Inertia of an actual power system which typically varies between 2 and 8 sec
[2.11], [2.13]. This effective inertia is used in the inertia of single synchronous generator.

e Total generation capacity of the grid can also be modeled as the capacity of a
single large synchronous generator. The impedance of the single generator is tuned to
result in the typical losses of the desired power system.

The simulation diagram of the SGM is shown in Figure A.2 of Appendix A.

Feeder-Configured MG

The system incorporates distributed aggregated loads in a grid-tied MG

configured as a generic feeder, as shown in Figure 2.1 (a), (b). The parameters of the
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lines and aggregated loads are obtained from a study on distribution system
reconfiguration [2.14]. However, the grid in [2.14] is replaced by the proposed SGM in
this chapter. In Figure 2.1 (a), the PV DG is implemented as a single concentrated source.
This scenario represents a solar PV farm where all PV panels experience the same
weather regime. The farm is sized to the desired level of penetration. The total load of the
feeder is approximately 0.837 MW/0.626 MV Ar for a total of approximately 1.06 MVA.
The total resistive and reactive load for the top, middle, and bottom branches of the
feeder are 0.256 MW/0.189 MVAr, 0.447 MW/0.352 MVAr, and 0.140 MW/0.085
MV A, respectively. This feeder is considered as the added load to a grid with 10 MW/10
MVAr base-load. The released demand is implemented for the active base-load in the
SGM. Simulations are performed with the concentrated PV system scaled to penetration
levels of 15% and 30%, corresponding to 4.5 MW (150 30-kW arrays) and 9.0 MW (300
30-kW arrays), respectively.

To investigate the effect of the distributed PVs, an additional scenario is tested,
where the PV arrays are distributed at arbitrary nodes within the feeder, as shown in
Figure 2.1 (b). This scenario is intended to represent distributed PV throughout a
community of loads. The total PV penetration capacity is distributed at 10 different nodes
in the feeder, assumed to be in a large geographical area. It is also assumed that each PV
station at each node is the aggregate of several distributed PV units in a geographical area
with similar solar insolation and temperature regime. The total PV penetration capacity is
the same as in the concentrated PV case. To emulate the moving clouds, insolation for

each PV system is lagged for an arbitrarily chosen time of 500 seconds (just over eight
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minutes). This delay represents a moving cloud in the area with several small PV
generation units.

In power systems, a negative frequency deviation is an indication of excess load
or lack of generation, while positive frequency deviation suggests a lack of demand or
excess generation [2.12], [2.13], [2.15]. It is well known that mitigating the large
deviations in frequency is crucial for restoring system stability; therefore, loads must be
released or added according to the situational frequency in emergency circumstances. In
North America, whenever a frequency error persists for a certain time (10 seconds for the
east, 3 seconds for Texas, and 2 seconds for the west), a correction of £0.02 Hz (0.033%
of 60 Hz) is applied [2.15]. This corrective action starts with primary frequency
regulation, and follows by secondary and tertiary frequency regulation, just in case. Since
spinning reserves are expensive, and their use result in higher marginal cost of electricity,
it is always desired to avoid purchasing spinning reserve for frequency regulation.
Therefore, this study is undertaken to show the impact of high levels of PV generation
with only governor droop control which finally translates to a need for a required amount
of spinning reserve. In other words, larger frequency variations require more spinning
reserve. As another possibility for providing AS in place of spinning reserve, DR is
known as a promising technology in smart grid for frequency regulation [2.16], [2.17].
LFC could help partially reduce the frequency variations; however, because its response
is not as fast as governor droop control, it is unlikely that the combination of governor
droop control and LFC could reduce all the frequency variations [2.18]. We therefore

investigate both the effect of LFC as well as DR for frequency regulation in the next
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chapter.

Simulation Results

The systems described are simulated in MATLAB/Simulink® to evaluate their
operational characteristics. The system is evaluated over a 9000-second (hrs: 12:36-
15:06) portion of the day for the solar insolation and temperature curves shown in Figure
2.4 (a), (b). This time-span is chosen because of large fluctuations in insolation and
therefore PV output power. The insolation data reaches near 1000 W/m? (standard
maximum insolation) at its peak value. This helps maintain consistency in the rated peak
power output of the PV system and, ultimately, accuracy when defining the level of
penetration.

Multiple case studies are developed, including variations in the SGM
characteristics, PV penetration level and configuration. The grid operation is evaluated
through the different characteristics of the grid at the point of connection. Two different
grid characteristics are examined in this chapter. The first grid model (SGML1)
approximates a grid with slow response generators, such as the Western North American
power grid with many hydro generators.

The governor droop for all of the generators in this power system is set to 20%
[2.12]. The second one (SGM2) resembles a fast response grid with small-sized turbo or
diesel generators, such as Lanai in Hawaii [2.19]. It consists of two isochronous 2.8
MVA diesel generators and two frequency-droop 1.2 MVA diesel generators with 4%

droop [2.19]. The specifications of these two grids in SGM are shown in Table 2.1.
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Figure 2.4. Actual data for (a) solar insolation and (b) air temperature used in the
simulations.

For ease of comparison, the total capacity of the system for both SGMs is chosen
to be 30 MVA. The base-load of the system is considered to be 10 MW/10MVAr, and the

feeder load of 0.837 MW/0.626 MVAr is added to the base-load.

15% PV Penetration

In this case, the impact of 15% PV generation is evaluated on the performance of
the system for the two grid models. Results for the concentrated and distributed PV
generation are given. To evaluate the voltage at different nodes within the feeder,

measurements are taken at nodes at the end of the feeders, nodes B9, B15, and B17 in

Figure 2.1 (a), (b).



124

Table 2.1. The SGMs parameters.

SGM1 SGM2

(slow) (fast)
Synchronous Generator Parameters
Xa  (pu) 0.9 1.9
x’q  (pu) 0.27 0.27
T4 (sec) 9.0 6.0
Xq  (pu) 0.6 1.6
xq  (pu) 0.27 0.27
T’ (sec) 0.05 0.8
H (sec) 4.4 4.0
Governor Parameters
Droop (pu) 0.2 0.04
Pmax (pu) 1.0 1.0
Ts  (sec) 0.4 0.04
Tc  (sec) 75.0 0.2
Tz  (sec) 10.0 0.0
T4 (sec) 2.4 1.5
Ts  (sec) 1.2 5.0
Exciter Parameters
Ka 150 200
Ta  (sec) 0.09 0.04
Vinax, Vimin (pU) 6.0/-3.0 6.0/-3.0

CASE |: 15% Concentrated PV Generation. This case shows the effect of

concentrated PV generation on the feeder with aggregated loads. As seen in Figure 2.5
(a), the frequency is mostly outside the acceptable range (60+0.05 Hz), especially during
the high PV generation hours. As it can be seen in Figure 2.5 (a), the frequency
fluctuations are less in the case of SGM2 compared with those in the case of SGM1. This
indicates that the performance of grid at the point of connection is an important factor for
increasing the penetration level of PV generation. In other words, a slow-response power
system has a major barrier for increased PV penetration level. For ease of comparison,

Table 2.2 shows the frequency statistics for both the grid models.
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Figure 2.5. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c)

The root mean square error (RMSE) in the Table 2.2 is calculated as follows:

B15, and (d) B17 for both models of the grid.

RMSE =

n
( fact o fnom )2 n
i=1

(2.3)
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Table 2.2. System frequency statistics for both SGM1 and SGM2 in CASE 1.

Minimum Maximum Average Standard RMSE

frequency (Hz)  frequency (Hz) frequency (Hz) deviation (Hz) (Hz)

SGM1 59.57 60.67 60.03 0.128 0.133
SGM2 59.97 60.33 60.09 0.084 0.126

where n is the number of samples from simulations. It can be seen that the largest
variations in the maximum and minimum frequency, standard deviation, and RMSE
happen in the case of SGML.

The voltage profiles at the feeder branches B9, B15, and B17 are shown in Figure
2.5 (b)-(d), respectively. In this case, the deviations in voltage are minimal and have no
negative impact on the system performance. However, voltage variations are slightly
more in the case of SGM1 compared to SGM2. The mechanical output power for both the
grid models and the total PV generation are shown in Figure 2.6 (a). It can be seen that
the variations in PV generation and mechanical output power from the SGMs are
reversed. Although it seems that the output mechanical power for both SGMs is the same
in Figure 2.6 (a), they show different transient behaviors with very similar performance,
as shown in Figure 2.6 (b) (which shows the simulation results for 200 seconds). The
similar performance is because the total generation and demand are almost the same in
both cases. Since frequency is different in the two SGMs, the amount of frequency
dependent load would be different, which finally causes slight difference in the output

mechanical power of the two SGMs.
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Figure 2.6. (a) SGMs output mechanical power for 15% concentrated PV generation and
total PV generation, and (b) zoomed-in output mechanical power of the SGMs.

CASE Il: 15% Distributed PV Generation. This case shows the effect of

distributed PV generation on the feeder with aggregated loads. As seen in Figure 2.7 (a),
the frequency is still out of the acceptable range; although the variations are much less
compared to those of the concentrated PV generation. It basically shows that a higher
level of penetration of PV generation is achievable if the generation is distributed in a
large area with different weather regime. These variations are less in the case of SGM2
compared to those in SGML1 as a result of quick response of the speed governor in SGM2.
Table 2.3 shows the frequency statistics for both the grid models. It can be seen that
larger variations in frequency as well as standard deviation and RMSE happen in the case

of the feeder with SGML1.
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Table 2.3. System frequency statistics for both SGM1 and SGM2 in CASE 1.

Minimum Maximum Average Standard RMSE
frequency (Hz)  frequency (Hz) frequency (Hz) deviation (Hz) (Hz)
SGM1 59.93 60.14 60.05 0.043 0.064
SGM2 59.87 60.02 59.96 0.038 0.057
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Figure 2.7. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c)
B15, and (d) B17 for both models of the grid.
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The voltage profiles at nodes B9, B15, and B17 are shown in Figure 2.7 (b)-(d),
respectively. Although the system frequency for distributed PV is reduced significantly
compared to the concentrated PV generation case, the voltage deviations at the different
nodes are considerably higher since the PV generation is distributed and is close to the
load centers (consumers). As a result, the system power loss and distribution line loading
are lower, and the node voltages (and also the voltage variations) are increased. This
problem can be solved by installing smaller PV generation units at more distributed
configuration. It can also be observed that there are no significant differences in the node
voltages under the two SGMs.

The output mechanical power for both the grid models and the total PV
generation are shown in Figure 2.8 (a). Again, it can be observed that the variations in the
output mechanical power of SGMs are in such a way to compensate for the deficiency
and excess of the PV generation. Figure 2.8 (b) shows the zoomed-in output mechanical
power of both SGMs, which are almost the same. However, SGM1 has slower response

due to its slower governor action.

30% PV Penetration

In this case, the impact of 30% PV penetration on the performance of the system
for the two grid models is evaluated. The system frequency and node voltage variations
for the concentrated and distributed PV generation are reported in the following two sub-

sections.
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Figure 2.8. (a) SGMs output mechanical power for 15% distributed PV generation and
total PV generation, and (b) zoomed-in output mechanical power of the SGMs.

CASE I11: 30% Concentrated PV Generation. This case shows the impact of 30%

penetration of concentrated PV generation (as in Figure 2.1 (a)) on the feeder with
aggregated loads. As seen in Figure 2.9 (a), the frequency varies significantly and is
mostly outside the acceptable limits, 60+0.05 Hz. Particularly, the 30% penetration of PV
generation has corruptive effects for the slower response grid, SGM1. These variations
are more than five times greater than they were in the previous study, with 15% PV
penetration. Table 2.4 shows the frequency statistics for both SGMs. It can be seen that
the system with SGML1 has a higher maximum frequency, lower minimum frequency, and
higher standard deviation and RMSE.

The voltage profiles at nodes B9, B15, and B17 are shown in Figure 2.9 (b)-(d),
respectively. These figures show unacceptable variations in the node voltages, which are

the result of large frequency deviation, in particular when SGM1 is used.
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Table 2.4. System frequency statistics for both SGM1 and SGM2 in CASE IlI.

Minimum

frequency (Hz)

59.14
60.06

SGM1
SGM2

Maximum
frequency (Hz)

67.32
60.79

Average
frequency (Hz)

60.32
60.32

Standard
deviation (Hz)

0.636
0.167

RMSE
(H2)
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Figure 2.9. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c)

B15, and (d) B17 for both models of the grid.
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The output mechanical power for both SGMs and the total PV generation are
shown in Figure 2.10 (a). Similar pattern as in the case of 15% PV penetration exists for
the output mechanical power in relation to the total PV generation can be observed, i.e.
when PV generation is high, the output mechanical power of the SGMs are low and vice
versa. Figure 2.10 (b) shows a part of the output mechanical power for better observation
of the variations. The effect of large variations in the frequency on the frequency
dependent loads is clear in the case of SGM1, as shown in the first 50 seconds in Figure
2.10 (b). It can be seen that the output mechanical power for the two SGMs are very
close; however, they are different at the points when the frequency and voltage deviations
in two SGMs are very different. As a consequence, these variations in mechanical power
will result in load variations for both the frequency dependent and constant impedance

loads.
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Figure 2.10. (a) SGMs output mechanical power for 30% concentrated PV generation and
total PV generation, and (b) zoomed-in output mechanical power of the SGMs.
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CASE 1V: 30% Distributed PV Generation. This case shows the effect of 30%

distributed PV generation on the feeder with aggregated loads. As seen in Figure 2.11 (a),
the frequency variations are still out of the acceptable range; however, these variations
are less than those with 30% concentrated PV for both SGMs, Figure 2.9 (a). The
variations are smaller in the case of SGM2 due to its quicker response. Therefore, it can
be concluded that proper distribution of PV generation in a wide geographical area could
have a better effect on the existing system than concentrated PV generation (i.e., a PV
solar farm). Table 2.5 shows the frequency statistics for both SGMs for the 30%
distributed PV generation. It can be seen that larger maximum frequency, and larger
standard deviation and RSME occur with the slow SGM (SGM1). The voltage profiles at
nodes B9, B15, and B17 are shown in Figure 2.11 (b)-(d), respectively. Voltage
deviations are beyond the acceptable range, which is primarily a result of large PV
generation installed very close to the consumer loads. There is no significant difference
between voltages at the two SGMs. The output mechanical power for both grid models
and total distributed PV generation are shown in Figure 2.12 (a). Also, the zoomed-in
mechanical power is depicted in Figure 2.12 (b) to show the difference in the transient

response of the two SGMs.

Table 2.5. System frequency statistics for both SGM1 and SGM2 in CASE IV.

Minimum Maximum Average Standard
frequency frequency frequency deviation
(H2) (H2) (Hz) (Hz)

SGM1  59.84 60.26 60.08 0.086 0.116
SGM2  59.75 60.06 59.93 0.076 0.105

RMSE
(H2)
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Figure 2.11. Simulation results for (a) system frequency and voltages of nodes (b) B9, (c)
B15, and (d) B17 for both models of the grid.

The response is always faster in the case of SGM2 compared to the one in SGM1

as a result of faster governor action.
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Figure 2.12. (a) SGMs output mechanical power for 30% distributed PV generation and
total PV generation, and (b) zoomed-in output mechanical power of the SGMs.

Conclusions

This chapter presents the effect of high penetrations of solar PV generation on
frequency and voltage in a distribution feeder configured as a grid-tied MG. Different PV
penetration levels, grid characteristics at the point of connection, and PV configuration in
the MG are considered in the chapter. A simplified grid model is presented to resemble
the grid at the distribution level. Only governor droop control is considered in the SGM.
Simulation results indicate that a higher level of PV penetration is achievable through
small-sized distributed PV generation or a grid with faster response. A distributed PV in a
large area with different weather regimes could also be beneficial to achieve higher levels
of PV penetration.

It is also shown in this chapter that the corrective action of the governor droop
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control of the SGMs is very limited in stabilizing the frequency and voltage in the
distribution feeder. As a result, the SGM will be improved to include conventional AS as
well as customer participation through an effective DR program for the stabilization of

frequency and voltage under high penetration of solar PV generation in later chapter.
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Frequency Regulation in Microgrids

S. Ali Pourmousavi, Student Member, IEEE, and M. Hashem Nehrir, Fellow, IEEE

Abstract—Providing ancillary services for future smart micro-
grid can be a challenging task because of lack of conventional au-
tomatic generation control (AGC) and spinning reserves, and ex-
pensive storage devices. In addition, strong motivation to increase
the penetration of renewable energy in power systems, particularly
at the distribution level, introduces new challenges for frequency
and voltage regulation. Thus, increased attention has been focused
on demand response (DR), especially in the smart grid environ-
ment, where two-way communication and customer participation
are part of. This paper presents a comprehensive central DR al-
gorithm for frequency regulation, while minimizing the amount of
manipulated load, in a smart microgrid. Simulation studies have
been carried out on an IEEE 13-bus standard distribution system
operating as a microgrid with and without variable wind gener-
ation. Simulation results show that the proposed comprehensive
DR control strategy provides frequency (and consequently voltage)
regulation as well as minimizing the amount of manipulated re-
sponsive loads in the absence/presence of wind power generation.

Index Terms—Adaptive hill climbing, ancillary service, demand
response, microgrid, smart grid, step-by-step control.

I. INTRODUCTION

EMAND response (DR) offers a variety of finan-
cial and operational benefits for electricity customers,
load-serving entities (whether integrated utilities or compet-
itive retail providers), and grid operators [1]. In particular,
DR can be an effective tool in providing balance between
supply and demand in real-time. Traditionally, such services,
known as ancillary services, are provided by utility-owned
operating (spinning and nonspinning) reserves which are ba-
sically flexible capacity generators, available when needed, to
maintain secure operation of power systems. From an economic
perspective, these services and reserve power are costly and
any method which manages to reduce the magnitude of these
services, without sacrificing system stability, is of significant
importance [1], [2].
Intermittent renewable power generation, such as wind and
photovoltaic (PV), are projected to take a considerable share of
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future power generation, as distributed generation sources, in-
stalled at the distribution level. In order to compensate for the
highly variable generation, more spinning and nonspinning re-
serve are necessary in the future which introduces new costs and
more pollution, associated with the conventional power plants.
These problems will increase in intensity and occurrence in the
case of islanded microgrids, where no conventional ancillary
services are technically available. Thus, more expensive storage
devices will be necessary to provide reliable electricity to cus-
tomers with acceptable quality. These challenges and uncertain-
ties make DR a viable option-DR resources provide a reliable,
low cost, environmentally-friendly alternative to conventional
spinning reserves. DR can also provide ancillary services which
grid operators-independent system operators (ISOs), regional
transmission organizations (RTOs) or utilities-and other enti-
ties can use [2]. These entities can control customer controllable
loads to shift or reduce their load profile or respond to excess or
insufficient renewable generation.

Demand resources are specifically defined as a subset of
nonspinning reserves and must be available within 10 min or
shorter from the time they are called upon [2]. When the de-
mand resources are controlled immediately upon the occurrence
of disturbances, the strategy is often called direct load control
(DLC). This capability can be technically and economically
achieved through responsive electric devices such as electric
water heaters (EWHs) equipped with hot water storage tank
[3]1-[5]. On the average, residential EWHs electricity consump-
tion accounts for about 11% of the total electricity consumption
and increases to over 30% during peak demand hours [4]. [6].
Therefore, there is a considerable potential for EWHs to be
effective in DR applications for providing ancillary services.

Although it may seem likely that the individual demand re-
sources may have a high failure rate to curtail load on short no-
tice, the aggregation of many small resources into one large re-
source makes it more probable that the assigned response will
be achieved. This characteristic of demand resources potentially
makes DR resources more reliable than conventional genera-
tion, where the failure of one generator to start can cause the
loss of considerable spinning reserve capacity [1], [2].

Considerable attention has recently been given to DR for dif-
ferent purposes. The economic benefits of DR in the power
market and the development of strategies to achieve such bene-
fits are reported in [7]-[11]. DR has also been used for off-line
planning and day-ahead scheduling, e.g., [12]-[18]. The avail-
ability of load as DR resource for reserve capacity (ancillary
services market) has been investigated in [19]-[21]. However,
these references do not examine the effect of DR on system fre-
quency nor do they model the transmission or distribution grid.

1949-3053/$31.00 © 2012 IEEE
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A limited number of studies also address the effectiveness of
decentralized dynamic demand control on stabilization of grid
frequency, mainly at the transmission level [19], [22]-[25]. This
paper presents a central DR strategy for primary frequency reg-
ulation in a microgrid at the distribution level, which is consid-
ered as a cornerstone of the future smart grid. The details of the
proposed DR strategy are given below.

A comprehensive DR strategy has been designed by the au-
thors to continuously balance generation and demand, using an
adaptive hill climbing (AHC) strategy [26], which results in fre-
quency regulation. The AHC control is then replaced with a
step-by-step (SBS) controller to reduce the amount of manipu-
lated load to a minimum at steady-state [26]. In these references,
the designed strategies were tested on a very small (one-bus)
system to show the proof of concept. The novelties and contri-
butions of this paper (not reported in [26] and [27]) are as fol-
lows:

+ The DR strategy is applied to a realistic (a standard IEEE
13-bus) distribution system operating as an independent
microgrid, which shows the effect of DR on the system
frequency, [10]. Because of high R/X ratio at the distribu-
tion level, the frequency regulation also results in voltage
regulation.

+ A decision tree is presented to accurately determine the
operation MODE of the controller.

+ The effectiveness of the DR strategy is evaluated under
the presence of variable wind-generated power to show
its ability for generation following to regulate the system
frequency.

+ The impact of communication delay (latency) in the per-
formance of the DR strategy is evaluated.

Simulation results show the effectiveness of the DR approach
in providing frequency (and consequently voltage) regulation
in the presence and absence of wind power generation. The
dynamic models of the islanded microgrid are developed in
MATLAB/Simulink®.

The rest of the paper is organized as follows: Section II de-
scribes the proposed comprehensive DR strategy comprising of
AHC and SBS controllers. System of study and simulation setup
is explained in Section 11I. Simulation results for different sce-
narios with and without wind power generation are shown and
discussed in Section IV, Section V presents a discussion about
the latency and its impact on the results. Finally, conclusions of
the study are given in Section VI,

II. THE PROPOSED DR STRATEGY

In general a DR management involves four main participants:
1) the balancing authority, which includes the DR initiator and
the entity having interest in this service, namely the utility. The
central controller proposed in this paper is assumed to be owned
by this balancing authority; 2) a DR aggregator (which inte-
grates the individual DR resources); 3) the distribution utility
(that operates the distribution feeders); and finally 4) the cus-
tomers (energy consumers who participate in the DR program)
[10]. Any DR scheduling process starts from the balancing au-
thority, which determines and requests (announces) the volume
of DR required at any given time [10]. This type of DR lies

Balancing Caleulation
Authority Center
The required

Value of DR

The scheduled
value of DR

Aggregators

Frequency
Measurement

Fig. 1. The scheduling process of the central DR strategy.

within the incentive-based program (IBP) of DR [28]. Although
this structure can be used for all three frequency regulation ser-
vices including the primary, secondary, and tertiary regulations,
this paper only deals with the primary frequency control. In this
process, active power of the generating units and the consump-
tion of controllable loads are adjusted to quickly balance the
load and generation and restore the frequency [29]. In this way,
every balancing authority center needs a calculation center with
a DR strategy to determine the amount of required DR to reg-
ulate the frequency based on the system frequency deviation.
The focus of this paper is to solve this issue by introducing a
comprehensive DR strategy, which is based on feedback of the
frequency deviation, to regulate the system frequency in real
time. This process is shown in Fig. 1

The proposed DR strategy, referred to as central direct load
control (CDLC), consists of three operation modes depending
on the magnitude of the system frequency deviation (Af), as
shown in Fig. 2. The figure shows a hypothetical curve of Af
vs. time, where three operation modes (0, 1, and 2) are shown
as follows:

+ MODE 0: Normal operation—no control needed.

* MODE 1: In this mode, Af goes out of the desired range,
and load control is applied to bring Af within the range
with maximum effort, as quickly as possible. The AHC
control [26] is applied in this operation mode.

+ MODE 2: In this mode, the frequency has returned to the
normal range, and the SBS load manipulation strategy is
used to minimize the amount of manipulated load [27]. We
will call the combination of the above three steps “compre-
hensive control.”

The conditions for the three operation modes discussed above
are given in the decision tree shown in Fig. 3. In this figure,
Af _der is the Ist-order derivative of frequency deviation with
respect to time, abs is the absolute operator, and AND /OR are the
logical and/or operators, respectively. The decision tree gives
the required conditions which must be satisfied for the three
operation modes. Checking the derivative of the system fre-
quency deviation at every sample in MODEs 1 and 2 (to pre-
cisely determine the transition from one MODE to the other)
is required to assure stable operation of the system. MODE 1
will begin once the system frequency deviation exceeds 0.05
Hz, if the system has previously been in MODE 0. MODE 1
will continue as long as Af_der # 0. MODE 2 will take over
the control of the system if the following three conditions hold
true; 1) abs(Af) < 0.005 Hz; 2) Af der = 0; and 3) the
system has been in MODE 1 in the previous iteration. This mode
of operation will remain active as long as Af der # 0 and
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Fig. 2. Concept of the proposed control strategy.

{abs (Af)>0.05 AND previous MODE is 0}
OR MODE 1
{Af der#0.0 AND previous MopE is 1} -

{abs (1) <0.005}
AND

{4f der=0.0 AND previous MopE is 1}

MEASUREMENTS

OR
{Af_der#0.0 AND previous mMopE is 2}

{abs(Af)>0.005 AND previous MODE is 2}
OR MODE (0
{abs (4f)<0.05 AND previous MopE is 0} -

Fig. 3. Decision tree for determining the MODE of operation.

abs(Af) < 0.005 Hz, if the system was in MODE 2 in the pre-
vious iteration. MODE 0 takes over if abs(Af) > 0.005 and
the system has been operating in MODE 2. This MODE will
continue as long as abs(Af) < 0.05 and the system was in
MODE 0 in the previous iteration.

The 0.05 and 0.005 frequency deviations used in Fig. 3 are
based on 60-Hz operation used in North America [29]. The AHC
and SBS load control strategies used in operation modes 1 and
2, respectively, are explained in Sections II-A and II-B.

In North America, whenever a frequency error persists for a
certain time (10 s for the east, 3 s for Texas, and 2 s for the
west), a correction of +0.02 Hz (0.033% of 60 Hz) is applied
[30]. In this study, if frequency deviations reach 0.5 Hz, auto-
matic load shedding or other control actions are used to restore
system frequency. In addition, the time and magnitude effect is
integrated in a desired dead-band of +0.05 Hz (0.083% of 60
Hz) for this study. That is, when frequency deviation exceeds
40.05 Hz under a disturbance (Fig. 2), the AHC controller will
start operating to regulate the frequency by changing the amount
of responsive loads. Once the AHC controller has brought the
frequency within the £0.005 Hz limit, the SBS controller be-
comes active to minimize the amount of manipulated load.

A. Adaptive Hill Climbing Control

The flowchart of the AHC controller (operating MODE 1)
is shown in Fig. 4. The frequency, measured at the point of
common coupling (PCC) of the microgrid, is the input variable
to the controller. At each time step k, if the frequency devia-
tion falls outside the dead-band (i.e., if abs(Af) > 0.05 Hz),

Frequency
Measurement

Fror

|af1>0.05 Hz?

YES

I 31cad (k) =3Load (k-1) +AExM |

Ponjors
responsive

Pagsired "

Fig. 4. The flowchart of the AHC control [26].

the percentage of the responsive load (that will turn on or off) is
computed as follows:

%Load(k) = %eLoad(k — 1) + Af x M [§)]
where % Load(k — 1) is the percentage of manipulated load
at time step k — 1, and Af x M is a perturbation parameter.
M is a constant used to scale down the frequency deviation. In
this study, after several simulation runs under different loading
conditions, M was set to 0.1, which gave the most satisfactory
result.

When the frequency is higher than acceptable (Af > 0.05),
a percentage of the responsive loads (that are OFF) will turn
ON, and when it is lower than acceptable (Af < —0.05), a
percentage of the responsive loads (that are ON) will turn OFF.
This procedure is adaptive since the amount of manipulated load
is a function of the frequency deviation, which tends to reduce
the deviation with maximum effort. More detail on the AHC
algorithm is provided in [26].

The AHC controller acts faster than the speed governor of
the diesel generator (DG) because of the rapid nature of con-
trol, since the power consumption status of controllable loads
(such as EWHs and other resistive loads) can be changed in-
stantaneously by the ON or OFF command signal they receive.
This way, more responsive loads will be manipulated at the be-
ginning of the disturbances (in an attempt to bring the frequency
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Fig. 5.

within the desired limit as quickly as possible) than required at
steady-state.

As a result, a higher percentage of the responsive loads are
manipulated at steady-state, which maybe more than needed.
Because of this, a SBS controller was designed, [27], to reduce
the amount of manipulated loads to a minimum at steady-state.
The operation of this controller is explained in the next subsec-
tion.

B. Step-by-Step Control

In order to assure that the minimum required amount of re-
sponsive load is activated (kept on or off) at steady-state, the
SBS control (MODE 2), introduced in Fig. 2, is used. Once the
frequency is stabilized by the AHC controller, the SBS con-
troller will start operating to minimize the amount of manip-
ulated responsive loads. In order to assure safe operation of the
system, the SBS will act in a smaller dead-band (abs(Af) <
0.005 Hz), as shown in Fig. 2. Using the SBS controller, the
manipulated responsive load will be decreased by 5% at each
1-s time-step according to (2), until the frequency begins to go
out of the desired dead-band.

% Load(k) = 0.95 x %Load(k — 1). 2)

According to (2), the responsive load variation depends on
its previous value, Therefore, the load control strategy begins
with large variations in load which decrease with time. The
SBS control strategy is therefore nonlinear with large load vari-
ations at the beginning and small ones at the end. As a result,
the proposed control strategy minimizes the amount of respon-
sive loads that need to be manipulated at steady-state to keep
the system frequency within the desired range of +0.05 Hz. The

Modified IEEE 13-bus standard distribution system schematic diagram.

advantage of the SBS strategy is that a lower percentage of re-
sponsive loads is manipulated at steady-state, which improves
customers’ quality of service (QoS). As aresult of this improve-
ment, a higher percentage of customer loads will be available for
future control, if needed.

II. STUDY SYSTEM

To verify the effectiveness of the comprehensive controller
designed, it was applied to an IEEE standard 13-bus distribu-
tion network, [31] and [32], shown in Fig. 5. This feeder is as-
sumed to be the distribution system company in the structure
introduced in Section II, as shown in Fig. 1. However, to be
able to observe the frequency behavior of the system as a micro-
grid, the utility source of the original model was replaced with
a 15-MW DG and a variable load which can be adjusted to set
the DG’s operating point (e.g., to light or heavy loading). The
DG is equipped with a speed governor and excitation system
whose parameters are given in the Appendix. A 1-MW dump
load is also added to the 69-kV bus. This load is only enabled in
light loading conditions (in the no-control case) to prevent the
frequency deviation from exceeding 0.5 Hz.

A 2-MW wind turbine (about 30% of the system load), shown
in Fig. 5, is added to the system (at the PCC) in order to study
the effect of the proposed comprehensive controller on a real-
istic distribution system with high penetration of wind power.
To observe the system frequency deviation, the maximum me-
chanical torque of the DG has been limited to a certain point for
each simulation case studied. The limit for each case is given in
the simulation results,

The dynamic model for the diesel engine (with speed gov-
ernor, excitation controller, and synchronous generator) is
extracted from MATLAB/Simulink SimPowerSystems toolbox
[33]. which is based on IEEE standard 421.5 [34].
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Fig. 7. The technical characteristic of the load in the test system.

It is desired to have a model of the load where active power
(P) would explicitly vary during the simulation. Such a variable
load has been modeled in the d — ¢ frame in terms of P and @,
given by (3), (4) and shown in the block-diagram of Fig. 6 [35].

. 2 Vd 2 v,
==. P+=. a_. 3
=3 v2 + 02 +3 v§+v§ Q ®

X 2 Vg 2 Vd
2. 2,24 4
=3 UZ-F'U? 3 v3+v§ @ @

where P and @ are the desired active and reactive power of
the responsive load, respectively, and vy , vq(ia, iq) are the load
voltage (current) in the d — g frame. To transform the values
from the abe frame to the d — ¢ frame and vice versa, a phase
locked-loop (PLL) is applied [35]. The voltage values in the
d— q frame are extracted from the actual voltage across the load
through the “abc to dg0 transformation” block. The d— and g—
axis currents are then calculated and transformed into the abc
frame through the “dq0 to abc transformation™ block.

Five aggregated loads (L; — Lg) are shown in Fig. 5, where
each one represents a DR aggregator, as shown in Fig. 1. Each
aggregated load is divided into three different types: responsive,
critical, and nonresponsive. This categorization of the aggre-
gated loads is shown in Fig. 7. The responsive loads are vari-
able active loads, the amount of which is determined by the DR
algorithm. The critical and nonresponsive loads are modeled as
constant impedance loads. In this study, a central controller is
responsible for frequency regulation. The controller can be con-
sidered as a utility owned control facility which has direct ac-
cess to the individual responsive loads in the utility’s distribu-
tion network through two-way communication (with a prede-
fined latency), i.e., smart grid era.

IV. SIMULATION RESULTS

In order to assess the effectiveness of the comprehensive
controller (AHC + SBS) vs. the no-control and the AHC
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controller (alone) cases, several simulation experiments have
been performed on the 13-bus distribution network, discussed
in Sections IV-A through IV-D below. Each simulation has
been carried out for the comprehensive controller, the AHC
controller (alone), and the no-control case. No wind power is
considered in subsections A and B to examine the impact of
variations in load demand on the system frequency and voltage.
Subsections C and D are devoted to assessing the impact of DR
in the presence of variable wind power; load demand is kept
constant in these cases.

A. Scenario I: Light Loading- Decrease in Load (NO WIND)

In this case, Load 5 (0.9 MW) is disconnected at t = 7's,
and as a result, the system frequency increases, resulting in
Af > 0.05Hz. The lower setpoint of the DG torque is limited to
0.65 p.u. to prevent it from lowering the torque further to correct
the frequency deviation under light loading. The light loading in
conventional power system can be viewed as a condition where
there are only base-load steam power plants available with lim-
ited capability for ramping up and down. In this situation, it is
more convenient to add a dump load to the system instead of
changing the output power of those power plants. This prevents
mechanical and thermal stress on the generation units. In this
study, a [-MW dump load has been applied at the 69-kV bus
to which the DG is connected (Fig. 5), to be activated once the
frequency deviation exceeds 0.5 Hz, i.e., when the frequency
cannot be stabilized through DR, or in the no-control case.

In Fig. 8 the frequency variation, voltage, and total power
demand for the different DR approaches are compared with
the no-control case. Fig. 8(a) and 8(b) show that both the DR
approaches (AHC and comprehensive) bring the frequency to
the desired range faster than the no-control case. The dump
load is utilized to regulate the system frequency at around 7.8
s in the no-control case. This happens when the frequency de-
viation exceeds 0.5 Hz to stabilize the frequency. When the
SBS controller is active, frequency fluctuation is more in the
range of +0.005 Hz, which is safe for the system’s operation.
These variations are shown in the zoomed-in frequency vari-
ation, Fig. 8(b). This figure also shows the time at which the
SBS controller lowers the amount of the manipulated load to
a minimum, which occurs approximately at 19 s, when oper-
ation MODE 2 ends and the system will go to normal opera-
tion (MODE 0). As a result of frequency regulation, the system
voltage is also stabilized faster, as shown in Fig. 8(c). Also, less
voltage fluctuation is observed during the transient period, when
the comprehensive controller and the AHC controller (alone)
are applied. It is also noticed from this figure that the voltage
remains in the acceptable range at the end of operation of the
SBS controller at (t &~ 19 s).

Fig. 8(d) illustrates the total demand on the system for the
different cases. It can be seen that in the comprehensive ap-
proach a smaller percentage of responsive load has been manip-
ulated at steady-state compared to the AHC approach. Under the
comprehensive control the total load demand at steady-state is
6.142 MW and 77.38% of the responsive load is manipulated,
whereas for the AHC controller the total load at stead-state is
6.238 MW and 91.77% of the responsive load is manipulated.
This difference between the manipulated loads in the two cases
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corresponds to 14.39% savings when the comprehensive con-
troller is used, which of course results in a higher customers’
QoS.

Frequency regulation has been achieved in the no-control
case with the aid of a I-MW dump load, which is a waste of
energy and not desirable. However, when the DR is applied, in
addition to frequency and voltage regulation, it can also be ef-
fective in peak load shaving and load shifting.

B. Scenario 1I: Heavy Loading- Increase in Load (NO WIND)

In this case, a 0.6-MW load is added to the 69-kV bus at
t = 7 s, resulting in a negative frequency deviation. The upper
setpoint of the mechanical torque of the DG is limited to 0.96
p.u to prevent it from totally correcting the frequency deviation
so that the effect of DR can be examined.

Fig. 9 shows the system frequency and voltage variations,
and power demand under the different DR approaches and the
no-control case. In the no-control case, as soon as the frequency
deviation begins to exceed 0.5 Hz (Fig. 9(a)), it is brought back
to within limits with unscheduled load shedding, which jeopar-
dizes customers’ QoS and is undesirable.

The frequency variation, given in Fig. 9(a) and 9(b), shows
that both the AHC and comprehensive DR approaches bring the
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Fig.9. Frequency, voltage, and total load demand: Heavy loading with no wind
power generation. (a) System frequency. (b) Zoomed-in system frequency. (c)
Voltage at 69 kV bus. (d) Total load demand.

frequency to its desired range faster than the no-control case. As
shown in Fig. 9(a), Load 5 on bus 3 (Fig. 5) is shed at around 8.7
s because the frequency deviation falls below —0.5 Hz. For safe
operation in the no-control case, Load 4 has been considered as
backup emergency to be disconnected from bus 3 whenever the
frequency deviation falls below —0.8 Hz. This condition did not
happen in this study.

In both the DR approaches, the frequency is stabilized
through manipulating a small portion of the responsive
loads—mnot by shedding the whole feeder, as in the no-control
case. As shown in the zoomed-in Fig. 9(b), when the SBS
controller is in operation, the system frequency fluctuation is
more (in the range of +0.005 Hz) than when the AHC con-
troller (alone) is operating. However, the fluctuations are small
and the system is in the safe operation region. At around 33 s,
the SBS controller minimizes the amount of responsive loads
needed to stabilize the frequency. At this time, the system goes
to the no-control MODE (MODE 0). As a result of frequency
regulation, the voltage of the system is also stabilized, as shown
in Fig. 9(c). No considerable voltage fluctuation is observed at
the end of MODE 2, when the SBS controller ends. The reason
is the adaptive nature of the SBS controller, according to (2),
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which results in smaller step changes in the manipulated load
at the end of MODE 2.

Fig. 9(d) shows the total demand on the system for the
no-control case, the AHC (alone), and the comprehensive
control. In each case, the amount of system load that remains
active at steady-state to keep the system frequency at 60 Hz is
shown. The amount of load that remains active in each case
is as follows: 6.27 MW under no-control, 6.756 MW with
the AHC (alone), and 7.002 MW with the comprehensive
controller. The percentage of manipulated responsive load in
the case of AHC and comprehensive controller are 52.07%
and 20.30%, respectively. It is clear that a larger amount of
load remains active under the comprehensive control approach.
The difference between the percentages of manipulated load
at steady-state for the comprehensive approach compared to
the AHC approach is 31.77%, which again results in improved
QoS for the customers.

C. Scenario Ill: Excess Wind Power Generation

In this case, a 2 MW wind turbine is connected to the net-
work at the PCC, as shown in Fig. 5. The system frequency,
voltage, and power demand are shown in Fig. 10. Att = 7s,
the wind power suddenly increases from 0.6 MW to 1.3 MW. In
the no-control case, a 1-MW dump load is activated at the PCC
(increasing the total system load to almost 7.5 MW) once the
system frequency reaches 60.5 Hz at approximately t = 8.3 s
[Fig. 10(a) and 10(b)]. As shown in Fig. 10(d), the total amount
of load in the AHC and comprehensive cases at steady-state
are: 7.037 MW and 6.778 MW, respectively. The percentages
of manipulated responsive loads are 65.59% for the AHC and
33.04% for the comprehensive approach. This again shows the
effectiveness of the comprehensive controller in manipulating
(in this case activating) a smaller percentage of the responsive
loads which translates to improved customers” QoS. In order to
keep the system frequency at 60 Hz at steady-state, 32.55% of
the responsive loads have been saved when the comprehensive
controller is operating compared to when the AHC controller is
applied.

Fig. 10(b) shows the zoomed-in frequency variation. In the
case of comprehensive controller, the frequency varies within
the acceptable range of 60 £ 0.005 Hz until around t = 29 s,
when it tends to go outside the limit. At this time, the SBS
controller has accomplished the minimization of the manipu-
lated responsive loads (i.e., the end of MODE 2). As shown
in Fig. 10(c), as a result of frequency stabilization the system
voltage is also stabilized (in all cases).

D. Scenario IV: Unexpected Shortage in Wind Power
Generation

In this scenario, the wind power generation suddenly de-
creases from 1.3 MW to 0.8 MW. In the no-control case, partial
load shedding in load 5 (a noncritical load in Fig. 5) takes place
as soon as the frequency falls to 59.5 Hz [Fig. 11(a), 11(d)].
Fig. 11(d) also shows the total system power demand when the
AHC and comprehensive control are applied. It is clear from
this figure that at steady-state, more loads are active when the
comprehensive controller is operating as compared to when
the AHC (alone) is applied. In each case the percentage of
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Fig. 10. Frequency, voltage, and total load demand: Excess wind power gen-
eration. (a) System frequency. (b) Zoomed-in system frequency. (c) Voltage at
69 kV bus. (d) Total load demand.

manipulated load is 44.63% for the AHC and 11.35% for the
comprehensive approach. The difference results in a savings of
33.28% of the responsive loads in the comprehensive controller
case compared to the AHC controller (alone), which again
translates to improved customers’ QoS.

Fig. 11(b) shows the zoomed-in frequency variation, and
Fig. 11(c) shows the system voltage profile. It is clear from
this figure that voltage stabilizes faster when the AHC and
comprehensive controller are operating.

V. DISCUSSION

In an actual system, there are two possibilities of delay in the
operation of the system; one is related to the dynamic response
of the loads and the other related to the delay in communica-
tion. Both delays should be considered in the DR control algo-
rithms to prevent unnecessary switching of the responsive loads.
Purely resistive loads (such as EWHSs), considered in our study,
respond instantly to the variations in their input voltage. There-
fore, it can be assumed that there is no delay in their response
to the changes in the input signal [4]. However, communica-
tion delay, often referred to as latency, should be considered.
Latency is the length of time from when a request is made by a
control entity to when the electrical device receives the request
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Fig. 12. System frequency with different latencies, light loading with compre-
hensive controller case.

the proposed DR strategy is able to regulate the system fre-
quency and voltage in a microgrid by:

1. The application of the AHC controller to reduce the fre-
quency deviation after a sudden disturbance with max-
imum effort.

2. Minimizing the amount of manipulated responsive loads
needed to keep the frequency within the desired range at
steady-state, which improves customers’ QoS.

The central DR strategy is based on communication between

the utility control center and the responsive loads and has been
shown to be stable up to a latency of 300 ms.
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Fig. 11. Frequency. voltage, and total load demand: Unexpected shortage in
wind power generation. (a) System freq y. (b)Z d-in system freq .
(¢) Voltage at 69 kV bus. (d) Total load demand.

and acts on it. With the existing internet infrastructure, latencies
of'around 500 ms are achievable [9]. We have evaluated the im-
pact of different latencies (between 20 ms and 500 ms) on the
performance of the comprehensive controller. Fig. 12 shows the
frequency variation with different latencies under light loading.
It is clear from this figure that the controller is able to regulate
the frequency successfully for latencies of up to 300 ms. At the
latency of 500 ms, the system frequency is unstable.

In all the simulation studies reported earlier, a wireless net-
work with a latency of 20 ms is assumed as the communication
protocol between the control entities and loads.

In addition to the technical feasibility of the DR reported in
this paper, a detailed cost-benefit analysis of the DR is also nec-
essary to truly justify its deployment in the smart grid era. We
have ongoing work on this topic, which will be reported in a
follow-on paper.

APPENDIX

The DG specifications are given in Table I [33].

TABLE |
DG PARAMETERS

Synchronous generator parameters

Nominal power 15 MVA
Line-to-line voltage 69 kV
Nominal frequency 60 Hz

d-axis reactance (X, Xy, Xa)
q-axis reactance (X,, X, X;) 0.474,0.243, 0.18 p.u.
Inertia coefficient 2.2 sec

Governor and Diesel Engine parameters

Regulator gain 40

Regulator time constants (T, T5, T;) 0.01, 0.02, 0.2 sec

1.305, 0.296, 0.252 p.u.

Engine time delay 0.14 sec

Exci controller parameters

Regulator gain 200
Regulator time constants 0.02 sec
Damping filter gain and time 0.001, 0.1 sec
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Abstract

Increasing the penetration of variable generation sources, such as wind and solar,
potentially threatens the stability of the power systems. Past studies have shown that 15-
20% renewable penetration is the largest amount the power systems can handle using
conventional control. To overcome the challenge that variable renewable generation
presents, this chapter proposes that real-time DR be used for AS. The impact of varying
the amount of DR on the performance of a MG-configured distribution feeder is
evaluated in this chapter. Simulation results have shown that a proper amount of DR
resources can help to achieve higher penetrations of renewable generation while

maintaining the desired system frequency.

Introduction

As a feature of the smart grid, variable renewable generation is projected to
achieve a high penetration in the future power system. Many countries have stated goals
to increase the amount of renewable energy penetration considerably in years to come.

Past studies have revealed that renewable energy penetration greater than 20% will
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potentially result in grid instability when using conventional control techniques, such as
governor droop control and AGC [4.1], [4.2]. In order to overcome this challenge, more
AS are needed, specifically during peak hours. Recently, studies have focused on using
DR as an AS provider [4.3]. Many aspects of DR have been researched, such as DR
markets and cost/benefit analysis [4.4] and DR modeling [4.5]-[4.7] and aggregation
[4.8]. This chapter is a continuation of the study in Chapter 2, where DR is applied to
stabilize the frequency of a MG-configured distribution feeder.

DR is fundamentally achieved by varying the load so that the power consumed
matches the power generated; therefore, the grid frequency will always operate at its
reference value. The traditional way to maintain a balance between load and generation is
to vary generation to meet demand (i.e., load following). The distinct difference when
using LFC through DR is that the load is varied to meet the available generation (i.e.,
generation following).

Past studies have shown that loads, such as EWHSs, can be controlled to smooth
out the demand curve while maintaining customer comfort [4.8]-[4.10]. EWHs make up
11% of residential loads and can increase to 30% during peak hours [4.11]. Therefore, the
control of aggregated EWHSs can be a viable option for DR. In this chapter, no individual
load is considered as a responsive load (DR resource). The generic load used can consist
of EWHs, HVAC, or other thermostatically controlled appliance (TCA).

In this chapter, the SGM proposed in Chapter 2 will be further modified to
include AGC. For this study, adequate frequency regulation is defined as maintaining a

grid frequency within 60£0.05 Hz, which is the Federal Energy Regulatory Commission
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(FERC) standard. An adaptive hill climbing (AHC) control technique has been shown to
control fluctuations in grid frequency and will be used during this chapter to implement
DR [4.3]. Then various methods to control frequency, including, governor droop control,
governor droop control with AGC, and governor droop control with DR will be
examined. The objective here is to show the effectiveness of DR to provide AS in an
islanded MG setting in comparison to traditional AS (governor droop control and AGC).
In addition, various latencies will be studied to analyze the effect of communication delay
on the performance of DR. Also, slow and fast AGC will be examined. Simulation results
have shown that DR with governor droop control can yield adequate frequency

stabilization in the MG-configured distribution feeder.

The Proposed Control Strateqy

The need to balance generation and demand at all times through control action is a
necessary process for a power system. Any load or generation variation can cause a
mismatch between the two and result in unwanted frequency deviation. The traditional
frequency correction action includes generator inertia (as an unintentional control),
frequency droop control (known as primary control), and AGC (known as secondary
control). In this chapter, all three of these control actions are modeled. The primary
frequency correction comes from those generators that are outfitted with governor droop
controllers where droop can vary from 4%-20%, shown in Figure 4.1. A generator
outfitted with a 4% droop means that a 4% drop in frequency would result in a 100%
increase in that generators output. Figure 4.1 shows the block diagram of a synchronous

generator (SG) with droop and excitation control. The constant K; shown in the figure is
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the integral control constant of the secondary frequency control (AGC), which is set to
zero when only droop control is active. We used the combination of the SG, droop
control, AGC, and excitation control, shown in Figure 4.1, as a SGM to show frequency
variation in the distribution system studied.

The required reserves for AGC are usually provided by fossil-fuel based power
plants as either spinning or non-spinning reserve, which are normally not available for
islanded MGs. In this chapter, the impact of AGC is presented by an equivalent model of
all available traditional regulation providers by a single generator (Figure 4.1 when droop
value is zero) with an integral controller (Kj), shown in Figure 4.1. The speed of the AGC
controller can be increased by increasing the integrator coefficient, Ki. In addition, the

capacity of the generator can be changed to represent available regulation services in the

MG.
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Figure 4.1. The proposed SGM with governor droop control and AGC.
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Since AGC is not commonly available for MGs, as a viable alternative, DR is
proposed in this study to replace the AGC controller (Figure 4.2). The DR strategy in this
chapter includes an AHC technique, introduced in [4.3] and in Chapter 3. In order to
obtain the percent frequency variation L(t) at each step, the system frequency is measured
and compared to a reference frequency (60Hz) in order to generate the frequency error
(Af). This frequency error (Af) is then multiplied by a gain term, M, which is finally

added to the percent frequency variation at the previous time step, L(t-1), as follows.
L(t) = L(t —1) + M x Af (4.1)
Increasing the gain leads (M) to faster response but introduces a larger overshoot.
It is important to avoid ringing in power system control so that the generators are not
oscillating, which puts undue torque and stress on the machines and can decrease their
serviceable lifetime. It was determined that for the system under study, the best response

was achieved by setting the gain, M, to 2.5.
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Figure 4.2. Block diagram of the proposed DR controller.
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The percent frequency error, L(t), represents the percentage of load that needs to
be manipulated. If L(t) is positive then frequency is rising and load must be increased,
whereas if L(t) is negative, the frequency is dropping and load needs to be curtailed. The
AHC controller attempts to always achieve Af = 0 by continuously changing the value of
df/dt and move it toward zero. This is similar to the maximum power point tracking
(MPPT) method for PV cells, which attempts to make dP/dV =0 [4.12].

Latency delay was also considered for the DR control strategy. Previous studies
have shown that a latency of 20 to 50 seconds can be associated with traditional AGC
control [4.13]. This latency is due to communication delay and mechanical processes that
must take place, such as opening or closing steam valves. It can take on the order of 30
minutes to an hour for the frequency to settle back to its reference frequency after a
disturbance occurs [4.14]. Therefore, a latency period of approximately 30 minutes is
used in this chapter to model the current response time of AGC control. However, a MG
operating as a small-scale regional power system will experience much faster two-way
communication (smaller latency period on the order of several hundred msec). According
to the study reported in [4.15], latency of 500 msec or less is achievable with current
Internet infrastructure. Furthermore, wireless communication can achieve much smaller
latency periods. In this chapter, latencies of 100 msec and 500 msec were used for

implementing DR.

System Studied

The system studied during this chapter resembles an islanded MG. MGs can

function without assistance from the main grid and operate in islanded mode. The MG
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includes distributed generators that may be controlled from a central location. The control
may also be decentralized using distributed agents [4.16], [4.17]. A MG may not have the
benefit of AS, such as governor droop and AGC control, to regulate frequency.
Therefore, another means of control such as DR must be used.

Long-term dynamic simulation in MATLAB®/Simulink is very slow, so that
modeling an entire distribution feeder was not possible in this study. To solve this
problem, only a part of the feeder is modeled in detail and the rest of it is modeled by
equivalent generation sources (SGM) and aggregated load. The SGM includes a 17 MVA
generator with governor droop control and excitation control. The SGM with governor
droop control is complemented with the proposed AGC, discussed in earlier section and
in Chapter 3. This system also includes a 7.5 MW of concentrated PV farm, 13 MW/9.75
MVAr base load, and a distribution feeder, shown in Figure 4.3. The distribution feeder
shown in Figure 4.3 is approximately 0.837MW/0.626MVAr (1.06 MVA). Although
AGC is used in large-scale power systems, we have modeled the AGC in the SGM to
show its impact on the system frequency behavior. Although energy storage is foreseen
as a part of a MG, it is not the primary concern of this chapter, as the focus is to regulate
system frequency with DR, and therefore is not included in the MG. Only responsive
loads, such as EWHs and HVAC, become virtual energy storage (buffer) for the power
system, which allows them to provide negative and positive reserve. When generation
exceeds load, EWHs can be turned ON to absorb the excess power, which is stored as
heat in the hot water tanks. Then during periods of peak demand the stored energy in the

hot water tanks can be released [4.8]-[4.10].
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Figure 4.3. Schematic of the MG-configured distribution feeder.

For this study, the PV penetration was set to a maximum of 25% meaning that
25% of the total generation capacity available is from PV. The system studied has been
previously used in [4.1] without AGC. The solar data for this study was obtained from
the National Renewable Energy Laboratory (NREL) for a site in Oahu, Hawaii, U.S. on
June 18, 2010. The solar irradiation and the temperature data for the hours 12:36-15:06
were used to obtain the output of the PV farm, shown in Figure 4.4. The PV output power
data was reported in one second intervals and was input directly into the simulation.
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Figure 4.4. PV power generation in Oahu, Hawaii, U.S.
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Simulation Results

The system introduced in earlier section is implemented in MATLAB®/Simulink.
The first part of the simulation is for proof of concept and includes the proposed model
and controllers without the feeder model. In this section, the impact of the proposed DR
strategy with different latencies is compared with traditional AGC control. The second
part of this section, is devoted to the MG system including the feeder. For these
simulations, variable PV generation is also added and the simulations are carried out for

2.5 hours.

System Performance Using Load Step Change

In this section, several simulations are carried out to reveal the different features
of DR application for frequency stabilization compared to the conventional AGC. For
these simulations, the feeder and variable solar power are eliminated. The load was
10MW for the first 60 seconds, at which point the load was instantly increased by 20% to
12MW. The integral gain, K;, for the AGC control and the proportional gain, M, for the
AHC controller are determined throughout these simulations. These simulations also
prove the hypothesis that applying DR through an AHC controller outperforms the
conventional frequency regulation using governor droop control with AGC.

For conventional power systems, AGC is known as slow control which takes
place in several minutes to bring the frequency back to 60Hz. In the first simulation
study, the AGC responses with different speeds (gains) are compared with responses of
the governor droop control and the DR with 25% of available responsive loads, shown in

Figure 4.5.
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Figure 4.5. Load step change with variable integrator gain.

It can be seen in Figure 4.5 that the droop control response has a large steady-state
error and does not bring the frequency to the acceptable range. Further, the frequency
regulation performance with DR outperforms the conventional AGC, even the fastest
AGC with Kj=4. Since the system under study is a small islanded power system, the AGC
control is assumed to be fast. However, the objective of this figure is to show that LFC
using DR is still faster than the fastest AGC control.

Figure 4.6 shows the impact that varying the amount of responsive load has on the
system frequency. As it can be seen from this figure, 15% of responsive load is not
enough for adequate frequency regulation. More responsive load should participate in DR
to bring the frequency back to its nominal value. Once available DR is increased to 25%,
the system frequency is stabilized and zero steady-state error is achieved. Frequency
stabilization is achieved faster with 50% DR (compared to 25% of DR), but a frequency

overshoot is observed. The overshoot, increases as the percentage of responsive load
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available increases. The controller switches the status of a greater number of devices than
necessary to quickly react to a frequency deviation, which can result in nuisance
curtailment. A past study has shown that a step-by-step controller can be used to correct
this problem [4.17]. The system frequency behavior was also evaluated under different
communication latencies to ensure that the system frequency remains stable under such
latencies. Figure 4.7 shows the impact that different latencies associated with DR have on
system frequency, where 25% of responsive loads are available. As it can be seen from
Figure 4.7, larger latencies result in oscillations in the system frequency since it takes
longer for the central controller commands to be received by the loads. However, the
system frequency is stabilized for latencies of up to 2 sec, which is well within the range
of typical communication delays. According to [4.15], communication with 500 msec
delay is achievable by the Internet today, and with that delay, the system frequency

behavior is well within the acceptable range.
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Figure 4.6. Load step change with variable responsive load.
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Figure 4.7. Load step change with different DR latencies.

Impact of the PV Farm

In these simulations, the output power of the PV farm was added into the system
and the simulations were carried out for 2.5 hours. 15% and 25% PV penetration is
considered to show the effectiveness of DR in providing frequency regulation for a
generic distribution feeder. All other parameters and coefficients are the same as those in
the earlier sub-section except the parameters whose variability is being analyzed. For all
simulations, the AGC integral gain, K;, is 0.1, which stabilizes system frequency in
approximately 30 minutes.

Figure 4.8 shows the frequency response with the three different control strategies
discussed above for 15% and 25% of PV penetration. Figure 4.8 (a) shows the system
frequency behavior with droop control, AGC, and DR with PV penetration of 15%. It is
clear from the figure that the droop control is not capable of bringing the frequency to the

acceptable range.
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Figure 4.8. System frequency response with (a) 15%, (b) 25% PV penetration.

Although the DR performance is better than AGC, both methods are not able to
keep the frequency in the desired range, as shown in Figure 4.8 (a). However, the DR
control performance is superior in the case of 25% PV penetration, Figure 4.8 (b).

Figure 4.9 shows the impact of 15% and 25% responsive load on the system



165
frequency. The PV penetration is 25% in both cases. It is clear that when 25% responsive
load is available for DR, the frequency deviations are within the acceptable range most of
the time. Therefore, an increase in the amount of responsive load results in significant
decrease in the frequency fluctuations magnitude. In addition, the average, standard
deviation, and root mean square error (RMSE) of frequency deviation are better with

25% DR as compared with 15% available DR, as shown in Table 4.1.

Table 4.1. System frequency statistics for the three control methods in 9000 sec
simulation for 25% PV penetration.

Maximum  Average Standard

Minimum Frequency Frequency Deviation RMSE

Frequency (Hz) (H2) (H2) (H2) (Hz)

Governor 59.74 60.33 59.95 0.140 0.149
DR-15% 59.88 60.13 59.99 0.030 0.030
DR-25% 59.91 60.09 60.00 0.017 0.017
AGC 59.77 60.32 59.99 0.120 0.121
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Figure 4.9. System frequency response with variable responsive load with 25% of PV
penetration.



Figure 4.10 shows the impact of 100 msec and 500 msec DR latency on the

system frequency, where 15% of responsive loads is considered for DR. There is no
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Table 4.1 shows the minimum and maximum frequency, and standard deviation,
and RMSE of frequency (compared to 60 Hz) for governor droop control, AGC and 15%
and 25% DR. It is again clear that in all cases, DR outperforms the other methods, and
25% DR is better than 15% DR. The values are calculated using the results obtained
between 1000 sec and 9000 sec. The values before 1000 sec were excluded from the

statistical analysis because the system had yet to reach steady state from its initial value.

Conclusion

In this chapter, DR has been utilized to stabilize the system frequency with high
penetrations of variable PV generation. Different simulation results have revealed the
effectiveness of the proposed DR strategy in comparison to AGC. It also has been
observed that the system frequency improved as the amount of available responsive load
increased. It was also noticed that long communication delays in load controls could
negatively impact the system frequency. However, the system performance was

acceptable for communication delays of up to 500 msec.
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Abstract

Real-time DR in smart pgrid has been shown to be an effective tool for frequency
regulation with increased penetration of renewable energy resources into the grid. Since
DR is recognized as an incentive or direct payment to the participants, it is consequently
desired to minimize the cost of DR for the utility. This chapter presents an optimal DR
strategy for minimizing the cost of DR for the utility in smart grid era. The economic
model developed by Pennsylvania/New Jersey/Maryland (PJM) utility in U.S. is used on
an IEEE 13-bus standard system. Simulation results verify the effectiveness of the
proposed approach to minimize the cost of DR for the utility. It is also shown that the
DR, with or without optimization, decreases the overall cost of frequency regulation for
the utility compared to the conventional spinning reserve, without sacrificing system

stability.

Introduction

Traditionally, frequency and voltage regulation, known as ancillary services, are
provided by operating reserves which are basically flexible capacity generators, available

when needed, to maintain secure operation of power systems. From an economic
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perspective, the above response services and reserve power are costly and any method
which manages to reduce the magnitude of these services, without sacrificing system
stability, is of significant importance [5.1] ,[5.2].

DR traditionally refers to the changes in electricity usage by end-use customers
from their normal consumption through direct control or interruptible/curtailable
programs during peak hours [5.3]. Recently, this understanding of DR has been reformed
because of the rapid progress in communication protocols and technology, where two-
way communication with individual loads has become a reality. As a result, DR is
redefined as the capability to aggregate and precisely control individual loads on
command at all times [5.4].

One technical aspect of DR is providing AS in a smart grid or MG with high
penetration of renewable power generation. It has been shown that real-time DR is
effective in providing voltage and frequency regulation in a MG in the absence of
conventional voltage and frequency regulation services [5.5]-[5.13]. It is also well-known
that there is a cost associated with DR. Utilities will need to provide an incentive or direct
payment to encourage their customers to participate in their DR program. Thus, it is
important for the utility to minimize this cost based on the available responsive loads and
the different cost of DR. Since the AS (i.e., frequency regulation) perform in a fraction of
a minute (usually on the order of a few seconds), any optimization technique used for
minimizing the cost of the AS must be faster than the response time of the AS.

While many studies have been reported on the different aspects of DR (including

analyzing the potential of DR for AS [5.3]-[5.13], planning and modeling [5.14]-[5.17],
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and the economic costs/benefit analysis of DR for the utility and customers [5.18],
[5.19]), there is no comprehensive study on real-time cost minimization of DR. This
paper presents a comprehensive algorithm to minimize the cost of DR for the utility. A
real-time DR algorithm developed in [5.12] and [5.13] (and in Chapter 3) and a DR
model introduced by the Pennsylvania/New Jersey/Maryland (PJM) utility [5.16] are
used. Because of the linearity of the objective function and the relatively small size of the
problem, LP—simplex method- is used to solve the optimization problem. Results from
the proposed algorithm are compared with those from the conventional AS (i.e., spinning
reserve) and the DR without optimization for further evaluations. The results of this
chapter verify the effectiveness of the proposed optimal DR strategy to provide frequency

regulation with reduction in cost for the utility, without sacrificing system stability.

Economic Model of DR in PJM Electricity Market

Different economic models for DR have been proposed in the literature [5.14]-
[5.18]. One of these models, which has been implemented in an actual power system, is
introduced in [5.18]. PJM, as a regional transmission organization (RTO) and a part of
the eastern U.S. interconnection grid with more than 51 million customers [5.20],
established hourly markets for regulation and the contingency reserves including a real-
time DR market. Two types of DR programs are offered by PJM: Emergency DR
Program and Economic DR Program [5.18]. This section focuses on the latter, which is
formalized as follows:

“PJM pays the Locational Marginal Price (LMP) to customers if the LMP in a

given zone is above a trigger point (set by PIM at $75/MWh). When the LMP is less than
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or equal to $75/MWh, PJM pays the customer the difference between the LMP and the
generation and transmission (G&T) components of the customer’s bill [5.18]. In PIM,
LMP is defined as the cost to serve the next MW of load at a specific location, using the
lowest production cost of all available generation, while observing all transmission
limits. The cost of marginal losses is not currently included in the PIJM implementation of
LMP [5.20].”

PJM offers this economic DR program in both its day-ahead and real-time
markets. Although the PJM real-time economic DR program deals with hourly market,
this model is adopted in instantaneous DR market in this chapter. The incentives to the
customers who participated in the DR market will be in the form of payment related to
the LMP at the time of the demand curtailment [5.18]. The direct payment to the i

market participant curtailing 1 MW of demand (known as Cost of DR, CoDR) is given by

[5.18]:
LMP, | LMP, | > LMP
*
CODR; , ={(LMP, ,~GT;| GT, <LMR,  <LMP (5.1)
0 GT, > LMP

where CoDR;; is the cost of DR for the participants in zone i at time t, LMP;j; is the
locational marginal price in zone i at time t, GT; is the cost of generation and transmission
for the participants in zone i, and LMP" is the trigger locational marginal price.

Based on (5.1), if the LMP;; price is greater than the trigger price, then the utility
will pay the full price to the DR participants at that time. Considering the fact that the

LMP;; is basically the cost of the spinning reserve in zone i at time t, it seems as there is
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no benefit for the utility in this situation for doing DR. The truth is, as it is shown in the
results section, the utility will save money even in this case because of loss reduction due
to DR. In addition, there are certain economic advantages for the utility in two other
situations [the last two conditions given in (5.1)] due to the difference between the cost of
spinning reserve and DR. Therefore, the utility will benefit through AS provided by DR.

Once the LMP;; goes below the trigger price, the utility will not pay anything to
the DR participants. Therefore, there is no motivation for the customers to participate in
the real-time DR program. In this chapter, it is assumed that no individual loads
participate in the real-time DR market when LMP;; is less than the trigger price.

Consequently, two possible scenarios can be derived based on the LMP;; and LMP".

Proposed Optimal DR Strateqy

In this chapter, the aforementioned PJM economic DR model is employed to
develop the proposed optimal DR strategy. The goal is to minimize the cost of DR for the
utility in the real-time market without sacrificing system stability. The schematic diagram
of the proposed optimal DR strategy is depicted in Figure 5.1. This strategy can be
applied to any distribution feeder configuration with the three following assumptions:

v" Two-way communication is required to the individual customers’ loads.

v The size of the system will determine the complexity of the optimization problem.
Therefore, achieving optimal or near optimal solution should be feasible in a
given time step.

v' The system frequency is assumed to be the same at different locations along the

grid, which is a reasonable assumption for small distribution feeders. Although,
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the proposed method can be extended for larger distribution feeders with different

frequency.

As shown in Figure 5.1, the single frequency measurement at the point of
common coupling (PCC) is the input to the “DR Strategy Unit”. This unit is in charge of
determining the total amount of responsive load which has to be turned off to balance
generation and demand and stabilize the system frequency regardless of its interruption
cost. Two DR strategies have been developed for the real-time DR applications. One is
based on AHC control [5.12] and the other, called Comprehensive Controller, is based on
the combination of the AHC and a step-by-step (SBS) controller [5.13]. Both methods are

explained in Chapter 3.

Utility
Grid

._[:_r_e_qy_e_r](_:y_* DR Strategy LJoof required Optimization | _
measurement Unit responsive load Unit

Figure 5.1. Schematic diagram of the proposed optimal DR strategy.
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The comprehensive control strategy discussed in Chapter 3 is used in this chapter
as well. In this control strategy, the AHC controller calculates the required amount of
responsive load to be turned off depending on the frequency deviation from its normal
value, and the SBS controller takes action once the AHC controller has brought the
frequency deviation within £0.05 Hz. The SBS controller is responsible for minimizing
the amount of manipulated responsive load at steady-state and therefore provides
improved quality of service (QoS) to the customers. As a result of improved customers’
QoS, a larger amount of responsive load will be available for further frequency
stabilization in case needed. This way, the cost of DR to the utility is reduced because
fewer customer loads are manipulated.

Once the total amount of manipulated load has been determined by the “DR
Strategy Unit”, the “Optimization Unit” calculates the share of each individual load in the
DR market based on the final cost for the utility. The objective function is set to
minimize the cost of DR for the utility subject to some equality and inequality
constraints. Different heuristic and gradient-based optimization techniques can be used to
solve this problem based on two important factors: the time interval of optimization and
the size of the problem. Usually, gradient-based methods have very slow convergence
and high probability of being trapped in the local minima. However, they are more
reliable for near optimal solutions in larger systems. In this chapter, as a first step, LP-
simplex method is chosen for cost optimization because of the linear nature of the
objective function and linear equality/inequality constraints. MATLAB®/Optimization

Toolbox [5.21] has been used to evaluate the effectiveness of the method in real-time cost
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optimization for DR.

Simplex Method

LP has a diverse range of real-life applications in economic analysis, planning,
operations research, computer science, and engineering due to its simplicity [5.22]. It is
well-known that the number of iterations in the simplex method is just a small multiple of
the problem dimension [5.22], which consequently hold it as a promising candidate in
this chapter. The general form of LP problem is stated as [5.22]:

min f (x)=CT X

Ax=Db (5.2)

Subject to :
X >

where f(x) is the objective function, x is the decision variable vector, C is the linear
objective function coefficient vector, and A and b are the equality constraints. Further
details on the LP-Simplex method can be found in standard optimization textbooks, e.g.
[5.22].

According to (5.1), two different scenarios can be designed based on the LMP;:

Scenario |: When the trigger price (LMP") is assumed to be less than LMP;.. In
this case, based on (5.1), the utility is responsible to pay the fixed LMP;; price to the DR
market participants. Therefore, the price for DR for all individual loads is the same as the
cost of spinning reserve, and there is no need for optimization based on the final cost of
DR for the utility. However, a loss minimization algorithm for DR will help to show a
possible increase in the benefits of DR for the utility. This cost of DR (CoDR) for the

utility can be calculated as follows:
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CoDR, = > (R t)xLMP,
i (5.3)
for each period

where P; is the amount of manipulated power from responsive load i (MW), t is the time
duration (hour), and i is the number of responsive loads participating in the DR market.
Scenario 1l: In this scenario, GTi<LMP;,<LMP". In this case, according to (5.1),
the DR participants will receive the difference between LMP;; and GT; cost in their zone.
Since the price of generation and transmission for different individual loads is not the
same, the cost of DR for the utility will be different for different customers. Therefore, it
is beneficial to the utility to do DR based on the minimum cost, and based on (5.2), the

LP problem for the proposed optimal DR can be defined as follows:

min CoDR, = ) (R 1)x(LMR,;—GT;)

Z PI = I:2[0tal t (5.4)
Subjectto: < i

P<P

I, max
where Pyt ¢ IS the total amount of responsive load which should be turned off, and Pj max
is the maximum amount of responsive load i participating in the DR market. Remember

that Piotalr is already determined by the “DR Strategy Unit” at each time step.

System of Study

To verify the effectiveness of the proposed optimal DR strategy, it was
implemented on the IEEE standard 13-bus distribution network, [5.23], [5.24], shown in
Figure 5.2. In order to be able to observe the frequency behavior of the system as a MG,

the utility source of the original model was replaced with a 15-MW diesel generator
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(DiG). The torque of the DIG can be adjusted to set the DiG’s operating point (e.g., to
light or heavy loading). The dynamic model for the diesel engine with a speed governor
and excitation controller and synchronous generator are extracted from
MATLAB®/Simulink SimPowerSystems toolbox [5.25]. The parameters of the DiG are

given in Table 5.1 [5.25].

Table 5.1. The DiG parameters.

Synchronous generator parameters

Nominal power 15 MVA

Line-to-line voltage 69 kV

Nominal frequency 60 Hz

d-axis reactance (Xg, Xg, Xg7) 1.305, 0.296, 0.252 p.u.
g-axis reactance (Xq, X¢, Xq) 0.474,0.243, 0.18 p.u.
Inertia coefficient 2.2 sec

Governor and Diesel Engine parameters

Regulator gain 40

Regulator time constants (Ty, Ty, T3) 0.01, 0.02, 0.2 sec
Engine time delay 0.14 sec

Excitation controller parameters

Regulator gain 200

Regulator time constants 0.02 sec

Damping filter gain and time constant 0.001, 0.1 sec

To observe the system frequency deviation, the maximum mechanical torque of
the DiG is limited to a certain point in each case. A 0.6-MW load is also added at the
PCC to increase the overall load so that the frequency deviation from 60 Hz can be
noticeable.

The distribution system shown in Figure 5.2 includes five aggregated loads which
are located in different zones of the feeder with different losses. 15% of the nominal

capacity of each load is considered to be available for DR. Also, two-way communication



182
between the utility control center and each load is assumed to be available. The G&T cost
for the different loads maybe different, depending on their location. The G&T costs used
in this study are given in Table 5.2. The LMP;; is assumed to be the same for all five

zones, as LMP..

Table 5.2. G&T prices for different zones.

Load 1 Load 2 Load 3 Load 4 Load 5
(i=1) (i=2) (i=3) (i=4) (i=5)
47 45 40 53 50

GT
($/MWh)

Simulation Studies

As mentioned earlier, two different scenarios are considered in this chapter for
DR and conventional frequency regulation cost calculations. As discussed in section
5.6.1, Scenario I, the cost of DR for all individual loads is the same as the cost of
spinning reserve. Therefore, no cost optimization is needed for this scenario. In this case,
simulation studies have been carried out for conventional frequency regulation (Con-f-
reg) and DR with no optimization (DR-no-opt). However, Scenario Il includes three
different studies: “Con-f-reg,” “DR-no-opt,” and Optimal DR (Opt-DR). In the case of
“Con-f-reg,” spinning reserve is considered as conventional AS which will be provided
by the DiG. Therefore, the limitations on the DiG torque have been removed in this case.
In other words, 100% of the load demand is accommodated by the DiG with the price of
LMP;. Furthermore, the cost/benefit analysis is only performed for a heavy loading
condition, under which the frequency drops below 60 Hz and the utility needs to

disconnect a part of the load if spinning reserve is not used.
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Figure 5.2. Modified IEEE 13-bus standard distribution system schematic diagram.
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All calculations in this section have been done for 50 sec, the DR strategy is
updated every 20 msec, and the average computation time of optimization is less than 1

msec. All simulations are done on a desktop with 2 Intel® Zeon® 2.13 GHz processors.

Scenario |

In this case, the 0.6-MW dump load is added to the MG at t=7 sec. The LMP; and
the trigger price (LMP") are assumed to be $90/MWh and $75/MWh, respectively. These
are the prices used by PJM [5.18]. As a result, system frequency starts to deviate from 60
Hz. In the “Con-f-reg” case, the excess required power is provided by the DiG while in
the “DR-no-opt” case the balance between generation and demand is achieved through
DR. As a result, the “DR-no-opt” case shows 1.98% reduction in the cost of frequency
regulation through DR for the utility compared to the “Con-f-reg” case through
purchasing more power from spinning reserve. This percentage of improvement,
especially when the cost of spinning reserve and DR are the same, is a consequence of
less power loss in the MG as a result of DR. It is well-known that power loss reduction is
one of the countless advantages of DR for the utility through disconnecting a portion of
the responsive loads. The 1.98% savings proves this fact in this relatively small MG.

Figure 5.3 shows the system frequency for the two cases in Scenario 1. It can be
observed that the frequency is in the acceptable range (60+0.05 Hz) in both cases studied.
But, as noted above, the “DR-no-opt” case achieves frequency stabilization with a
reduced cost of frequency regulation for the utility. In Figure 5.4, the percent variation in
responsive load is shown for the “DR-no-opt” case. During the transient period, more

responsive loads are used to regulate the system frequency as fast as possible. However,



185
the overall responsive load variation was not jeopardized the system stability. The
negative sign by the responsive load changes in Figure 5.4 shows a decrease in the
amount of responsive load (i.e., the percentage of responsive loads that have been turned
off at any given time). In the “Con-f-reg”, no responsive load has been changed. In other

words, frequency regulation has been provided by the DiG in the “Con-f-reg” case.
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Figure 5.3. System frequency in Scenario I.
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Scenario 11

In this scenario, in addition to the “Con-f-reg” and the “DR-no-opt”, the proposed
optimal DR is also applied. The LMP; and the trigger price (LMP") are assumed to be
US$60/MWh and US$75/MWh, respectively. The same simulation studies, carried out in
Scenario |, were also carried out for Scenario Il for all three cases. Both the DR strategies
show a significant reduction in the frequency regulation cost. The “DR-no-opt” case has
23.8% cost reduction and the “Opt-DR” has a cost savings of 28.8%. Therefore, the cost
savings of the “Opt-DR” compared to the “DR-no-opt” is 5% in this case. The cost
savings through “Opt-DR” will be more significant for larger grids and MGs.

Figure 5.5 shows the frequency response for the three cases discussed. It can be
concluded that the DR strategy has no significant negative impact on the system
frequency regulation compared to conventional ancillary services. The small spike in
frequency during the transient period for the DR strategy has negligible effect on the

system frequency response.
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In Figure 5.6, the response of DR strategy for responsive load variation is shown
for both the “DR-no-opt” and “Opt-DR”. The amount of manipulated responsive load is

essentially the same in both cases.
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Conclusion

This chapter presents a general optimal DR strategy for frequency regulation in a
MG. The proposed algorithm includes a comprehensive DR strategy, presented in
Chapter 3 and in [5.13], along with the optimization technique (LP-simplex method).
Simulation results show the effectiveness of the general DR strategy versus conventional
AS through spinning reserve. More importantly, the proposed optimal DR strategy shows
even more cost reduction for the utility while it shows no significant negative impact on

the frequency response.
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Abstract—Demand response (DR) has proved to be an inevitable
part of the future grid. Much research works have been reported
in the literature on the benefits and implementation of DR. How-
ever, little works have been reported on the impacts of DR on dy-
namic performance of power systems, specifically on the load fre-
quency control (LFC) problem. This paper makes an attempt to
fill this gap by introducing a DR control loop in the traditional
LFC model (called LFC-DR) for a single-area power system. The
model has the feature of optimal operation through optimal power
sharing between DR and supplementary control. The effect of DR
communication delay in the controller design is also considered.
It is shown that the addition of the DR control loop increases the
stability margin of the system and DR effectively improves the
system dynamic performance. Simulation studies are carried out
for single-area power systems to verify the effectiveness of the pro-
posed method.

Index Terms—Demand response (DR), linear quadratic regu-
lator (LQR), sensitivity, single-area power system model, smart
grid, stability, steady-state error.

[. INTRODUCTION

RADITIONALLY, frequency regulation in power system

is achieved by balancing generation and demand through
load following, i.e., spinning and non-spinning reserves [1]. The
future power grid, on the other hand, is foreseen to have high
penetration of renewable energy (RE) power generation, which
can be highly variable. In such cases, energy storage and re-
sponsive loads show great promise for balancing generation and
demand, as they will help to avoid the use of the traditional gen-
eration following schemes, which can be costly and/or environ-
mentally unfriendly.

Given the limited availability, low efficiency, and high cost
of large storage devices, real-time smart responsive load par-
ticipation, known as demand response (DR), has been actively
considered for power balancing. It can be achieved by active
consumer participation in real-time to maintain balance between
generation and demand with two-way communication [2]. It is
well known that DR increases system reliability and flexibility
to manage the variability and uncertainty of some RE resources,
decreases the cost of operation, and enhances system efficiency.
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Furthermore, DR can be used to provide ancillary services (AS)
for regulation reserve and to respond momentarily to the area
control error (ACE). Although AS are called more frequently
than traditional load shedding events, the annual total hours
of curtailment is much less, and individual events are much
shorter. Thus, AS programs may appeal to retail customers,
as they will find more frequent and short on/off switching of
some of their end-use loads more acceptable than infrequent
and long curtailments [3]. Examples of customer end-use loads
that have instantaneous response and are potential candidates
for DR are electric water heaters (EWHs) and HVACs. For the
above reasons considerable attention has been recently given
to DR for different purposes, e.g., economic benefits of DR
[4]-[8], offline planning and day-ahead scheduling [9]-[15],
availability assessment of the DR resources for reserve capacity
[16]-[18]. and analysis of the effectiveness of DR in providing
AS at the islanded distribution-level microgrids [19]-[21]. A
number of studies have also addressed the effectiveness of de-
centralized dynamic demand control on stabilization of grid fre-
quency, mainly at the transmission level [22]-[31]. However,
the above studies present the following shortcomings:

+ They do not present a general framework for the analysis
of the impacts of DR on a general power system model and
load [22]-[28], [30], [31].

* AGC model has not been considered in the analysis [22],
[24]-[28], [30].

* Only specific loads (such as HVAC, EWHs and lighting)
have been considered in [23], [24], [27] and specific power
systems without generalization [22], [23], [25]-[28], [30].

+ Communication delay in central DR, and measurement
delay in decentralized DR have not been considered
[22]-[26], [30], [31].

» Frequency regulation as AS have not been studied. Only
under-frequency load shedding (UFLS) characterization
has been analyzed [30], [31].

* Unreal assumptions for the availability of DR at all times
have been made [29].

* Load-damping coefficient, which can improve frequency
stabilization, has been ignored [27].

* Only sensitivity analysis of frequency-related load-
damping coefficient characteristic without generalization
and DR control is presented [31].

In the last five decades, traditional LFC models have been
revised and modified to include the different types of power
plants, including RE power generation with actual limitations,
such as ramp-up/down limits, in the traditional and de-regulated
power market [32], [33]. These models are useful in small dis-
turbance studies such as small variations in load and generation,

0885-8950 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires [EEE permission.
See http://www.icee.org/publications_standards/publications/rights/index.html for more information.
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and in controller design. However, so far in the literature, the
concept of control in the LFC model has only focused on the
generation side, and DR has not been included in these studies.
In this paper we modify the general small-signal model of a
power system used in LFC studies by introducing a DR con-
trol loop to the LFC model (called LFC-DR).

Other goals of the paper are to make the model as general as
possible and to include communication latency associated with
DR between the load aggregator companies (Lagcos) and the
end-use customers’ devices. This is an important parameter in
the system dynamic performance of LFC-DR. We have assumed
the communication delay between the balancing authority (BA)
and the Lagcos to be the same as that between the BA and gen-
eration companies (Gencos). We have not considered these de-
lays in our study since the focus of this paper is on the evalua-
tion of the DR loop in the LFC model. The proposed LFC-DR
also gives an opportunity to the system operator to choose the
DR option or spinning/non-spinning reserve, or a combination
of the two, based on the real-time market price. Furthermore,
the LFC-DR model can be used to estimate the actual value of
the required responsive load manipulation when the magnitude
of the disturbance is unknown to the system operator.

Another motivation for this study is the importance of the dy-
namic performance of a power system with DR to provide AS.
Several real cases of DR operation have revealed that extreme
shedding of the responsive loads in emergency DR could lead
to unexpected power oscillations, which complicate the sequen-
tial generation control [34], [35]. The LFC-DR model will help
the operators to investigate the impact of DR on the dynamic
performance of the system prior to its usage and during the au-
tomatic generation control (AGC) design process.

The idea of DR for AS used in this paper, has been fully ex-
plored in our previous work [21] and will not be repeated here.
In such a model, the Lagcos will work with the customers and
inform the utilities, e.g.. independent system operators, of the
amount of DR available. An example of such a model is the
PIM electricity market [4].

The remainder of this paper is organized as follows: In
Section 11, the concept of LFC-DR model is developed for a
single-area power system. The model is analytically evaluated
in Section III. The controller design is presented in Section IV,
and simulation results are given in Section V. Section VI
includes a discussion of exceptional cases not explored in this
paper and the future work. Finally, the paper is concluded in
Section VII.

II. PROBLEM FORMULATION
FOR SINGLE-AREA POWER SYSTEM

The general low-order linearized power system model for the
purpose of frequency control synthesis and analysis is given by
the power balance equation in the frequency-domain [33], [36]:

APp(s) — APp(s) =2H.s.Af(s)+ D.Af(s) (1)
where
APr(s) —  incremental power mismatch;
APL (8)
Af(s) frequency deviation:

IEEE TRANSACTIONS ON POWER SYSTEMS

1 Primary
s control AP,

Supplementary
control

Fig. 1. Block-diagram representation of a single-area power system model.

DR control

(\

2H equivalent inertia constant;
D equivalent load-damping coefficient;
s Laplace transform operator.

Since DR for AS performs like spinning reserve in magni-
tude and power flow direction, i.e., once frequency deviation is
negative (positive), it is required to turn OFF (ON) a portion of
the responsive loads (i.e., DR), (1) can be simply modified as
follows to include DR:

APp(s) — APL(s) + APpr(s) = 2H.s.Af(s) + D.Af(s).
(2)

In some earlier works such as [25], [26], and [31], the effect of
DR has been included in the load-damping coefficient, D. We
believe the effect of DR should be separated because D is an
inherent parameter of the system and is not a controllable one,
whereas DR is an intentional control signal. In addition, (2) will
permit to have a separate control loop for DR, which is more
realistic and gives a better structure for controller design. The
block diagram for single-area power system with a simplified
non-reheat steam turbine is shown in Fig. 1, where the feed-
back loop for DR is also shown. T, and T are the equivalent
speed-governor and turbine time constants, respectively, R is
the equivalent droop value, and Ty is the equivalent DR delay.
The parameters of the system can be the equivalent of all gen-
eration assets and load damping of the same area. This model
is selected to convey the main idea of this paper. In our future
work, this model will be extended to multi-area interconnected
power systems with multiple Gencos and Lagcos.

Unlike the usual spinning reserve-provider power plants,
there is no ramp up and down limitations on the DR resources.
In other words, the power consumption status of controllable
loads can be changed instantaneously by the command signal
they receive. Therefore, the only obstacle for DR (disregarding
the aggregation of small loads) is communication delay, known
as latency, which could affect the system dynamic performance.

A. State-Space Dynamic Model for LFC-DR

State-space representation of the LFC model is a useful tool
for the application of modern/robust control theory [33]. It can
also be used for creating a general framework of LFC in dy-
namic frequency analysis which can be conveniently modified
and applied to power system of any size. We therefore derive the
dynamic model of the power system, including DR in the state-
space representation, to study the effect of DR on LFC perfor-
mance and controller design. Although the proposed LFC-DR
model of Fig. | is based on a simplified power system model
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with a non-reheat steam turbine, similar analysis and conclu-
sions can be extended to other types of turbines, such as hydro
or reheat-steam turbine.

The state-space realization of a single-area power system
with DR (shown in Fig. 1) is given by

x(t) = A.x(t) + B.u(t) + T.w(t)
y(t) = C.x(t) @3)

where A is the system matrix, B is the control input matrix, I'
is the disturbance matrix, x is the state vector, u(t) is the input
vector, w(t) is the disturbance variable, C is the observation
matrix, and y(t) is the system output. In order to derive the
linear state-space model of the system, it is required to have
a linear model of the system under study. From Fig. 1, it can
be seen that the system has only one nonlinear element which
is the time delay in the DR control loop. Therefore, we need to
linearize the time delay for derivation of the linear state-space
model. Padé approximation, used for linearizing the DR time
delay, is explained in the following subsection.

B. Padé Approximation

Padé approximation has been widely used to linearize sys-
tems with time delays in control engineering with very strong
convergent results [37 ]. It basically approximates time delays
by a quotient of polynomials. Specifically, the Padé function for
e *Td ~ Ryy(—s.Ty) is defined as follows [38]:

—s. —3. -1 —s.
Ryq(e Td)zppq(e Ta) -Npq(e Ta) “

where
P
. (p+q—k)p! k
Nyg(e™® Td) — T (—s8.Ty) (5)
b ,;0 +omp-R
~ 1 - k)lq!
D (6 s.Td) . (p+q—(sT )k. (6)
» 2 G+ okl - br T

Npq and D, are polynomials of order p and g, respectively.
It is usually common for the numerator and denominator of the
approximation fractional functions to have the same order, and
the order usually varies between 5 and 10 [37]. Fig. 2 shows the
phase of the step response in frequency-domain of the Padé ap-
proximation with different orders in comparison to a pure time
delay of 0.1 sec. Since the cut-off frequency of the low pass fil-
ters, i.e., speed-governor and turbine, in the model of the power
system are usually less than 15 rad/sec, the Sth-order Padé ap-
proximation is acceptable and is used in this study. The magni-
tudes of all orders of Padé approximation in the frequency do-
main have also been compared to that of pure time delay. They
are all at 0 dB and not shown here.

The signal flow graph for the state-space model of the power
system shown in Fig. 1 with Sth-order Padé approximation is
sketched in Fig. 3. The state variables are also shown in this
figure for future reference. The gains of the feedback and feed-
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Fig.3. Signal flow graph of the single-area power system model with 5th-order
Padé approximation.
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forward paths of the Sth-order Padé approximation are given in
Table I. Ty is the DR communication latency.

With the above approximation of time delay nonlinearity, the
state-space representation of the system (3) has the matrices
given in (7)-(10) at the bottom of the next page, where T is the
transpose operation of matrices. For more complicated power
systems, the upper left partition of matrix A, and the left par-
titions of other matrices can be modified to represent the new
power system model. The other partitions of the matrices should
be properly resized based on the order of the new power system
model.

1. ANALYTICAL EVALUATION OF THE MODEL

In this section, steady-state error evaluation, sensitivity anal-
ysis, and system stability of the LFC model with and without
the DR control loop are presented.
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A. Steady-State Error Evaluation

The primary control loop in Fig. 1, known as frequency
droop control, is the fastest intentional control action in a
power system but it is not enough to make the frequency
deviation go to zero at steady-state. For this reason, the sup-
plementary frequency control loop, as shown in Fig. 1, is
required for further control. However, the DR control loop
is also added to the problem in this study. Therefore, it is
necessary to investigate the impact of the DR control loop on
the steady-state error of the given power system in Fig. 1. Later
in this subsection, a synthesis of controller design, based on
optimal sharing between DR and supplementary control loops.
will be derived from the steady-state error evaluation.

The conventional LFC steady-state equations are well-doc-
umented, e.g. [33 ], [36]. Adding the DR control loop to the
conventional LFC model, the system frequency deviation can
be expressed as follows:

1
Af(s) = g, 7 [APr(s) = APu(s) + G(5).APpr(s)]
’ (n
where
1
APT(S) =H(S). Aps(s) - —Af(S)
1
B =a i +sm) (12)
—5 +30 34 420 3+3360 2 15120 +30240
Gls)= 85+ 2. +“2°.sd+3§f"‘32+12,‘5".3#“,?‘*" '
(13)

It can be seen that any type of power system model with
equivalent turbine and governor can be represented by modi-
fying H(s). Substituting (12) into (11) yields

IEEE TRANSACTIONS ON POWER SYSTEMS

Solving (14) for A f(s) will result in the frequency deviation
equation as follows:

Af(s) = ﬁ [H(s).APs(s) + G(s).APpr(s)]
1
G AP (9
where
U(s) = HI(;). (16)

In the LFC analysis, it is common to use a step load distur-
bance for AP(s) as

APL
8

AP(s) = (17

Based on the final value theorem, and substituting (17) into
(15), the steady-state value of the system frequency deviation
can be obtained as follows:

Afss—hm:rAf( )= APsss + APprss — APL (18)
(0)
where
APs,ss = lim 5.H(s).APs(s) (19)
APpgss = lim 5.G(s).APpr(s) 20)
H(0) 1
VO)=D+ > =D+ ~B. QD

Therefore, ¥(0) is equivalent to the system frequency re-
sponse characteristics, B, and the steady-state frequency devi-
ation can be written as follows:

APs55 + APDR 55 — APL

A 22
fss = D+1 (22)
1 1 It can be seen from (22) that the frequency deviation will
Af(s) = ———= |H(s). |[APs — =.Af(s)| — APL(s - q Y
f) 2Hs+ D |: & [ *"R A )] 2(#) not be zero unless the supplementary and/or DR controls exist.
+G(s).APpgr(s)]. (14) Also, DR control loop gives an extra degree of freedom for
r=D 1 30 0 105 0 945 -
2H  2H 2H.T;x2° 2H.T] x21 2H.T; x2%0
0o 7 % 0 0 0 0 0
—1 Z
7 0 7 0 0 0 0 0
— =30 -105 —105 —945 —945
A= 0 0 0 T4 T7x2% TIx2% Tix2 TF 217
0 0 0 128 0 0 0 0
0 0 0 0 64 0 0 0
0 0 0 0 0 32 0 0
L 0 0 0 0 0 0 16 0 i
)
0 0 A0 0000
BT — [ . T, ‘ (8)
g 00 6 0 0 0 0
I"=[z 0 0f0 0 0 0 0] (9)
C=[1L 0 0|0 0 0 0 0],D=][0 (10)
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system frequency regulation. In addition, the following conclu-
sions can be drawn from (22):

+ The steady-state error is not dependent on the delay and
the order of its approximation.

+ With DR available in the LFC, a higher reliability of fre-
quency regulation can be achieved, since the DR control
loop can complement the supplementary control loop. In
cases when the supplementary control is not available, the
performance of the frequency regulation can be guaranteed
by the DR loop, if enough DR resources are available.

+ In order to have zero frequency deviation at steady-state,
the required control effort can be split between the supple-
mentary and DR control loops. In other words, an ISO/RTO
will have the opportunity to perform the regulation services
in a cost effective way and analyze the frequency response
ofthe system quickly. This goal can be achieved only in the
proposed formulation [(22)] with an added control loop for
DR (Fig. 1).

Further discussion to the last conclusion is: consider a situ-
ation where there is no DR available. The frequency error will
be zero at steady-state if APggs = APy . It means that the
supplementary control should provide enough spinning and/or
non-spinning reserve at the time of disturbance. With DR avail-
able in the LFC, the required control effort, called €2 in this
study, can be split between the two control loops based on their
cost at real-time electricity market as follows:

{APS(.?) = a0

APpr(s) = (1 - ).02 23)

where 0 < a < 1 is the share of traditional regulation services
in the required control effort. @ = 1 means that the total re-
quired regulation will be provided by the traditional regulation
services, i.e. spinning and non-spinning reserve, and o« = 0 is
for the time when all the required control would be provided
by DR. The decision on the value of & should be made by the
ISO/RTO, based on the price of DR and the traditional regu-
lation services in a real-time market, explored by the authors
in [21]. Then, it is possible for the ISO/RTO to effectively and
quickly assess the different scenarios of LFC to evaluate the
system performance under various circumstances. Finally, the
steady-state value of the two inputs should be

APsss =a.AP;

APDR,SS = (1 - &).APL. (24)

B. Sensitivity Analvsis for the Feedback System With and
Without DR

In this subsection, an analytical method is utilized to study the
impact of the DR control loop on the overall sensitivity of the
closed-loop system w.r.t. the open-loop system. It is also desired
to measure the sensitivity of the closed-loop system w.r.t. the co-
efficient . The first sensitivity analysis is quite important since
it shows the robustness of the closed-loop system performance
when the system parameters are subjected to any change or vari-
ation. The second sensitivity analysis is also necessary since o
is an important parameter in the performance of the LFC-DR
model.

w

§upp. and DR control

(1-a).G(s)+a.H(s)

Fig. 4. Modified power system model with integral controller for DR and sup-
plementary control loops.

The power system model shown in Fig. 1 is modified for this
part with a single integral controller (with gain K') for both the
supplementary and DR control loops, and also for the rest of this
paper, as shown in Fig. 4. This modification will also allow us
to split the required control effort between the DR and supple-
mentary control loops, as was discussed in Section [1I-A.

For the power system shown in Fig. 4, the closed-loop
transfer function relating the system frequency deviation to a
step change in the load can be derived as follows:

( Af(s) )
APL(8) ) pr
_ —M(s)
14 HEOME) LK o f(5).M () + 5. (1—a).G(s).M(s)
( Af(s) )
APL(E) s
_ —M(s)
14 HeMl) | K figy M(s)

(25)

where K is integral feedback gain of the system and M (s) is

1

M) = 5w

(26)

In (25), the first expression is the closed-loop transfer
function when both DR and supplementary control loops are
available, whereas the second equation shows the closed-loop
transfer function for conventional LFC (with no DR). The
open-loop transfer function, where only the primary control
exists, can be derived as follows:

(A _ M)
Tou(9) = (37,05)0 = 17 ZOEOR

In order to derive the sensitivity function of the closed-loop
system w.r.t, the open-loop system, (25) can be simplified and
rearranged using (27) :

(Tor(s)) ™" — £.a.H(s) — £.(1 - a).G(s)

_(Afs) _ 1
Ts = (APL(S))S T (Tou(s) ™' - E.H(s)

F]

(28)
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6 2 4 & & W 12 14 16 B 20
Time, sec

Fig. 5. Closed-loop system w.r.t. the open-loop system sensitivity values of a
simulation study for LFC with and without DR

TABLE 11
POWER SYSTEM PARAMETERS FOR THE SIMULATION STUDY [33]

T, T R 2H D T, | AR K
0.08 0.4 3.0 0.1667 0.015 [ 0.1 | 0.01
0.2
sec s Hz/p.u. pu.sec | pu/Hz | sec | pu

Therefore, the unitless sensitivity function of the closed-loop
system w.r.t. the open-loop system, for systems with and
without DR, can be written as follows:

Tpr

§BR_ 9Tor _ (Tor(s))~

T, I

ﬁ‘ (Torn(s)) 7%.&11’(5)7%.(17&).(;(8)

T -1
sg ot o)™
=02k = = .
1o (Tou(s))™ — K.H(s)

It is noted from (29) that the closed-loop system is highly sen-
sitive to the changes in the open-loop system, i.e., any change
in the value of Tor, will have a large effect on $5% and §3 ;.
From (29), the ratio of sensitivity functions can be expressed as

SoF _ (Tor(s) ™ — £.H(s)
S6r  (Tor(s)™ — E.a.H(s) - £.(1 - ).G(s)

(29)

. (30)

Equation (30) can be rearranged as follows:

ﬁ _ (_”._"})15,(:5))7:l - E.H(a) - %,Q.H(S) + %.Q.H(s)

8

S
5OL

(Tor()™" = = H(s) = =-.(1 - ) G(s)
;_ \_::—l
1- 2.H(s)
1= %.G(s)' G

Therefore, it can be observed from (31) that the closed-loop
LFC-DR is slightly less sensitive than the system without DR
only if H(s) > G(s), assuming ® and ¢ have the same sign.
In order to compare the sensitivity functions, a simulation study
was carried out for an arbitrary integral feedback gain. The sen-
sitivity values for both closed-loop systems are shown in Fig. 5.
The values of the different parameters for this simulation study
are given in Table II.

Two different values for o are used in Fig. 5 to show that
a higher DR share (smaller a) will result in less sensitivity of
the closed-loop system w.r.t the open-loop system. That is, the
closed-loop system becomes less sensitive to the variation of un-
certain parameters of the open-loop system. When o = 0.8 (i.e.,
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— 5 a0

‘‘‘‘‘ 57, w08

Sensithity, unitless

Time, sec

Fig. 6. Closed-loop system w.r.t. o sensitivity values for the LFC-DR model,
a=01landa =0.8.

80% of the required regulation would be provided by the supple-
mentary control and 20% is from DR), the sensitivity values for
both the closed-loop systems, with and without DR, are almost
similar. This is a good indication that the Sth-order Padé ap-
proximation, used for linearizing the time delay in the DR loop,
doesn’t have any negative impact on the system performance. A
similar study has been carried out to investigate the sensitivity
of the closed-loop system w.r.t. the integral feedback gain, and
similar results have been obtained.

Since « is an important parameter in the performance of the
closed-loop system with DR, it is useful to evaluate the sensi-
tivity of the closed-loop system w.r.t. this coefficient. The sen-
sitivity function can be written as follows:

o B (H(s) - G()) )
(Tor(s) ' — E.aH(s) - £.(1-a).G(s)
(32)

8Tpg
SDR_ da
@ 7 Tpr
a

The previous simulation setup was utilized for two different
values of @. Sensitivity results are shown in Fig. 6.

It can be seen from Fig. 6 that the closed-loop system is less
sensitive to « when the DR control loop takes a higher share in
the frequency regulation, i.e., smaller o values.

C. Stability Analysis of the Closed-Loop Systems

A prerequisite for satisfactory control of a feedback control
system is its stability, and gain and phase margins are two cri-
teria commonly used for stability evaluation [37]. The gain and
phase margins can be obtained from the Bode diagrams of the
open-loop transfer function of the closed-loop system since the
zeros of the characteristic equation are poles of the closed-loop
system [37]. Using the load disturbance, A P (s) as the system
input, the open-loop transfer functions are

1+w +g.(x.H(s).M'(s) +g.(1 —a).G(s).M(s)
$DR
=0
L HOMO K )
95
=0 (33)

where 9PE and 5 are the open-loop transfer function for the
closed-loop systems with and without DR, respectively. Here,
the control characteristics of the closed-loop systems ((33)) can
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Fig. 7. Bode plot of the closed-loop systems for stability analysis, (a) magni-
tude, and (b) phase.

TABLE 11l
PHASE AND GAIN MARGINS FOR THE OPEN-LOOP TRANSFER
FuNcTION ASSOCIATED WITH EACH CLOSED-LOOP SYSTEMS

9 a=01 | 8™ a=08 9%
Gain margin, dB 14.1 11.3 10.3
Phase margin, degree 83.5 74.8 722

be obtained by taking the feedback gain as a variable parameter.
From (33), it is possible to caleulate the new open-loop transfer
functions, 9P F and %, These transfer functions have the same
root-locus properties as of 9P and 97 as follows:

R.[a.H(8).M(s) + (1 — a).G(s).M(s)]

L+ K. s (R + H(s) M(3)] =0
$PR
R.H(s).M(s)
VR TR A M)
B8
(34)

The Bode plots of the systems of (34) are shown in Fig. 7.
The parameters of the case study are given in Table I1. It can be
seen from Fig. 7 that both systems (with and without DR) are
relatively stable; however, larger gain and phase margins have
been achieved when the DR control loop is added to the system.
The phase and gain margins are given in Table III. It can be
noticed from this table that a higher share of control effort for
the DR control loop, i.e., smaller e, will provide a higher gain
and phase margin, indicating a more stable system. In addition,
the table shows that the Sth-order Padé approximation has no
negative impacts on the stability of the system, as discussed in
Section II-A.

IV. GENERAL APPROACH FOR CONTROLLER DESIGN FOR
THE LFC-DR MODEL

Several different classical and modern control theories have
been utilized for the LFC problem [32]. In this section, a gen-
eral controller design approach for the LFC problem with the
DR control loop is presented. Here, we use the widely used
linear quadratic regulator (LQR) for controller design. We will
examine other effective control design approaches, which will
include parameter uncertainty and measurement noise, in our
future work.

The simplified version of the LQR problem is to design the
controller such that the performance index (35) is minimized for
the system given in (3) [39]:

3= f[xT.Q.x + pul R.u).dt (35
0

where p is a weighting factor chosen by the designer, consid-
ering the trade-off between system transient performance and
control effort. Q is an n-by-n semidefinite symmetric state cost
matrix ( » is the number of system states), R is an m-by-m pos-
itive definite symmetric control cost matrix ( m is the number
of control inputs), and 7 = [z1,---,zs] (Where z; = Af,
2 = APy, x3 = AP, and zy, - - -, zg are the states associated
with the Sth-order Padé approximation).

Using (23), it can be shown that the control input to the sup-
plementary controller (u; = APg) and to the DR controller
(u2 = APpg) are related as follows:

« l-a
Lty or Uy =

uy = . (36)

l-o

For the system with unified control inputs, all the state-space

matrices will remain unchanged, except the control input matrix
B, where (8) is modified to include uy = F'(uq) as follows:

BT =gt 0 A2 0 0 0 0. @7

It is also possible to use u; = F(uz) in (8). However, as
will be shown in the simulation results in Section V, the system
performances in the two cases are nearly identical.

It is also noted that all the system states are non-zero ex-
cept A f, where the goal is to keep Af as close to zero as pos-
sible. As a result, the full-state feedback controller cannot guar-
antee zero steady-state error for frequency deviation, Therefore,
an integral controller is necessary to ensure zero steady-state
error in the system frequency. In the early works on the appli-
cation of optimal control to the LFC problems, e.g., [40]-[43],
it was common to fix this problem with redefining the states
in terms of their steady-state values, which essentially needs
a prior knowledge of the disturbance. However, in most real-
world cases the disturbance to the power system is an unknown
parameter. Therefore, in this study, an ad hoc solution to the in-
tegral control problem is utilized by augmenting the state vector
[39]. The design will also be robust against any changes in the
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system parameters. Modifying the state-space model in (3) to
include the integrator, the augmented state equations become

i)=& o) [Z]+ [5] a+ [5]
y=[C 0][;} (38)

where & = wug. The augmented state-space equation can be
written as follows:

x=Ax+Ba+Tw
§j=Cx (39)
where the states are defined as xT =
[Af, APy, APy, zg, - -, 35, [ Af.di]. The matrices
for the modified system are
. A 0 . .
A:[ SXI}SBT:[B | o],
[1 01x7] 0
=T | 0,c=[c | 0. 40)

If the augmented system matrix is controllable, then the con-
trol law and the state feedback can be defined as

a@=—[K Kﬁ[]:fﬂj. (41

X
rr
To employ the LQR method., it is required to define the state
and control weighting matrices, Q and R (scalar quantity), re-
spectively. Before defining the weighting matrices, a set of fre-
quency response requirements should be defined:
« The steady-state frequency deviation following a
step-change in the load must be zero, i.e., [Af]2 [40].
= The time error represented by the integral of the frequency
deviation should not exceed +3 seconds, i.e., [[ Af.dt]®
[40].
Eventually, the weighting matrices considering the above re-
quirements will be as follows:

Q = diag(l Oyxr 1), R=11]. (42)
In the next section, simulation results for the LFC-DR model
of a single-area power system are presented to verify the effec-

tiveness of the proposed model.

V. SIMULATION RESULTS FOR SINGLE-AREA POWER SYSTEM

In order to show some important features of the proposed
LFC-DR model, the results of several different simulation
studies are reported in this section for a single-area power
system. In order to make a fair comparison, similar LQR design
procedure has been employed for controller design for both
systems, with and without DR. The parameters used in the
simulation studies are given in Table II. The LQR problem has
been solved using MATLAB/Control System Toolbox,

In the first simulation study, a 0.01 pu load disturbance was
applied to the single-area power system with conventional LFC
and the proposed LFC-DR model. The system frequency devi-
ation is shown in Fig, 8.
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-0.005

LFC with DR, a=0.1
- LFC with DR, a=0.8
—== Conventional LFC

0010

0015

Frequency deviation, Hz

-0.020

-0.025

1 2 a4 5 6 7T 8 8 10
Time, sec
Fig. 8. Frequency deviation for conventional LFC and LFC-DR models.
0010
JAS
0008 { [ V.
3 I’ DR loop, c=0.1
;:' o006 {1\ Supplementary, a=0.8 8§=0.9x0.01=0.009 p.u
2 855=0.8x<0.01=0.008 p.us.
53
B o  Supplementary, a=0.1 Df loop, a=0.8
k5 §5=0.1%0.01=0.001 pr.  S5=0.2x0.01-0.002 pu.
0.002 '-‘\.‘ -\L TS PR T T WSTI. 2y S
N
0.000
a 1 2 3 4 5 B T 8 k] 10

Time, sec

Fig. 9. Steady-state values of the control inputs for the LFC-DR model.

It can be seen that when o = 0.1 (i.e., 10% of the required
regulation is provided by the supplementary control and 90%
from DR), the LFC-DR model has a superior performance over
the conventional LFC during the transient period. Specifically,
the overshoot in the system frequency deviation is decreased by
about 42.5%. The results show improvement in the settling time
as well. The same simulation was repeated for a = 0.8. As ex-
pected, the lower DR control effort resulted in less improvement
in the system dynamic performance. It can be observed that the
dynamic performance of the system approaches that of conven-
tional LFC for higher values of .

The supplementary and DR control inputs are shown in
Fig. 9, for the same simulation. As discussed in Section III-A,
the steady-state values of the control inputs are based on the
share between the DR and the supplementary control loops,
i.e., the value of «, which is decided by the regional ISO/RTO
based on the real-time electricity market. The steady-state value
calculations are also shown in Fig. 9 which match with (24).

A simulation study was carried out to show the impact of the
order of Padé approximation on the performance of the system,
the results of which are shown in Fig. 10. 2nd- and 5th-order
Padé approximations are considered in the proposed LFC-DR
model and compared with the conventional LFC, for &« = 0.1,
It can be seen from Fig. 10 that the results from the 2nd- and
Sth-order Padé approximation are almost identical. It is mainly
because the simplified governor and turbine models are low pass
filters which restrict the system response to lower frequency
ranges, where Padé approximation is exactly the same as pure
time delay, as discussed in Section II. Therefore, for simplicity,
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Fig. 10. Controller performance for different order of Padlé approximation.
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Fig. 11. Impact of different unified inputs on the performance of the LFC-DR
maodel.

2nd-order Padé approximation can be employed for more com-
plicated power systems without negative impacts on the final
results.

As discussed in Section IV, the two control inputs are uni-
fied as a single input for the controller design as a function of .
The control input unification can be done in two ways: unifying
u1(t) as a function of uy(£) or vice versa [u; = (a/(1— )).ug
orug = ((1 — a)/e).u1]. To show the impact of unification, a
simulation study was carried out to compare the performance of
the system for both unification cases, and the results are shown
in Fig. 11. It can be observed that the difference between the two
unifying approaches is negligible. In other words, the unifying
control input can be chosen arbitrarily without any negative im-
pact on the performance of the LFC-DR model.

One significant feature of the proposed LFC-DR model is the
possibility for the ISO/RTO to evaluate the impact of communi-
cation delay of the DR control loop on the system performance
for frequency stabilization, In order to show the impact of la-
tency, a simulation study was performed for different values
of communication latency for o« = 0.1. Simulation results are
shown in Fig. 12. The lowest communication delay (lowest T)
is for a small power system with fast two-way communication
link, such as wireless communication, between the Lagcos and
individual loads. It can be seen that the LFC-DR model gives
a better performance compared to the conventional LFC when
Tq £ 0.2 sec. When the time delay exceeds 0.2 sec, it deterio-
rates the performance of the LFC-DR, and the response is even
worse than that of conventional LFC for Tq = 0.4 sec. This is
not surprising since the single-area power system under study
has a very fast dynamic response. In larger power systems with

-0.005

N
2
<
2 e 7,70.02 sec
! T,70.1 sec
2 7,20.2 sec
g il T,03s6c
g oy ly i —— — - TA04s0c
H s Canventional LFC
= /
0020 { | !

-0.025

o 1 2 3 4 5 L] T 8 a 10
Time, sec
Fig. 12. Impact of latency on the performance of the LFC-DR model.
TABLE IV
POWER SYSTEM PARAMETERS FOR THE SIMULATION STUDY [44]
T, T R 2H D AP,
0.3 0.8 2.4 3.0 0.0083 | 0.01
sec sec Hz/p.u. pu.sec | pu/Hz | pu.

0.001

-0.001

7,01 500
T.
0.5 sec

Conventional LFC.

-0.002
0.3 sec

0003

Freguency deviation, Hz

Time, sec

Fig. 13. Impact of DR latency on the performance of a slower single-area
power system.

generation rate limiters and slow turbine-governor systems, a
slower dynamic behavior would be expected from the supple-
mentary control. But, the LFC-DR will keep its superior per-
formance even for higher communication latencies (discussed
below).

To show the impact of the DR latencies on a larger power
system with high inertia and slower response, another simula-
tion study was conducted with the parameters given in Table I'V.
It can be seen from Fig. 13 that for a larger and consequently
slower power system, the performance of the LFC-DR model
is superior to that of conventional LFC even for larger com-
munication latencies. It has been shown in [6] that even with
the current Internet infrastructure, a latency of 500 msec can be
achieved easily. Therefore, it can be concluded that the DR with
the largest available latency (500 msec) still can be effective for
large power systems.

VI. DISCUSSION AND FUTURE WORK

Our proposed LFC-DR model responds to all frequency de-
viations as is the case in the traditional LFC model [33], [36].
However, if it is desired to prevent the LFC-DR model to re-
spond to small frequency deviations, and also keep the linearity
of the model, a deadband could be added to the input, APy
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APy, could include the variation in any renewable generation
that might be available in the power system as negative load.
This is because of the fast dynamics of the common variable
generation (wind, solar PV) compared to those of traditional
power plants in the LFC model.

In this paper, we have explored the effectiveness of the
LFC-DR model for frequency regulation at the transmission
level in a single-area power system. However in general, large
power systems are multi-area where different Gencos and
Lagcos are available in each area. In our future work, we will
report the application of LFC-DR in multi-area power systems.

VII. CONCLUSIONS

In this paper, a general framework is proposed to include
DR into the LFC problem (LFC-DR). The proposed formula-
tion can be expanded easily for any type of power system in
size and characteristics. The framework adapts a real-time elec-
tricity market with existing load aggregators. It balances the
power between generation and demand and stabilizes the system
frequency by utilizing a percentage of available controllable
loads and/or conventional supplementary control, based on the
real-time market price. It also includes communication laten-
cies in DR for controller design, using Padé approximation. It
is shown through different analytical studies that the proposed
LFC-DR framework will improve the stability margins in the
conventional LFC model and is slightly less sensitive to the vari-
ation in the system parameters, such as changes in the open-loop
transfer function. Similar results have also been obtained for the
sensitivity of the closed-loop system w.r.t. the parameter . Fi-
nally, the well-known LQR design is applied for full-state feed-
back controller design for a single-area power system. Simu-
lation results show the effectiveness of the LFC-DR model in
improving stabilization of the system frequency.
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S.A. Pourmousavi, and M.H. Nehrir

Department of Electrical and Computer Engineering, Montana State University,
Bozeman, MT 59717

Abstract

Implementation of DR into the conventional LFC model for single-area power
system, called LFC-DR, is explained in Chapter 6. Analytical analysis of the added
control loop and simulation results for single-area power system are presented in Chapter
6. In this chapter, the idea is expanded to a general multi-area interconnected power
system. Then, several simulation experiments are carried out to reveal the impacts of the
new LFC on the dynamic performance of the different power systems. Simulation results
show a superior performance of the LFC-DR model for different conditions and power

system models.

Introduction

In the smart grid era, two-way communication will allow consumers’ loads to
participate in power system control as active agents. In this paradigm, Lagcos will be in
charge of aggregating the available customers’ responsive loads. Lagcos are the third
party between consumers and the utilities and participate in the real-time electricity
market with their offers. This type of DR program is actively pursued in some electricity

markets, such as the PJM electricity market [7.1]. Although the effectiveness of DR has
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been proved for the business side of the electrical power system operation, many
technical aspects of DR are still unclear to the energy balancing authorities (BAs) and
transmission system operators (TSOs).

One important technical aspect of power system operation is frequency
regulation, known as AGC as a subset of AS, where the effectiveness and impact of DR
are unknown. To evaluate the dynamic behavior and frequency regulation in a power
system, a general linearized model of the power system at the transmission level, known
as LFC model, has been developed in the past five decades [7.2]. However, these models
do not include the effect of DR on the system dynamic behavior and controller design. In
[7.3], a general formulation of the LFC with DR (LFC-DR model) and a robust control
design (using the linear quadratic regulator (LQR) method) is presented for a single-area
power system and its effectiveness is verified analytically.

In this chapter, the ideas presented in Chapter 6 are expanded and used for
decentralized LFC model, as described in [7.2]. This reference has been widely used for
controller design and small-signal stability analyses of multi-area interconnected power
systems. The assumptions made here for system dynamic model and controller design are
the same as given in Chapter 6. Therefore, the performance of the LFC-DR model for a
large power system would essentially remain the same, as in Chapter 6, in terms of
steady-state error, sensitivity and stability.

In this chapter, the Lagcos are introduced to the frequency regulation market in
each area of the decentralized LFC model. As explained in Chapter 6, Lagcos are active

players (agents) in the real-time electricity market with the price offers and the amount of
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DR resources they can provide for frequency regulation in their geographical zone. The
same concept holds for Gencos in each area. Therefore, the required AS for frequency
regulation will be split between the several Gencos and Lagcos in each area based on
their offer prices in the real-time electricity market. This decision should be made by the
ISO/RTO every 4-10 seconds, which is the time period that the area control error (ACE)
signal is generated by the BAs. This idea is included in the LFC-DR model.

Several simulation studies have been proposed in this chapter to reveal the
effectiveness of the LFC-DR model. Each simulation study targets a specific feature of
the proposed model in a multi-area power system. Simulation results verify that the
proposed model properly integrates DR into the LFC model and improves system

performance significantly.

Formulation Expansion to Multi-Area Power
System with Multiple Gencos and Lagcos

Large power systems are normally divided into multiple areas connected by high
voltage transmission lines or tie-lines, where each area may include generation units of
different types. Therefore, it is necessary to consider the differences between Gencos in
the LFC studies and controller design in each area. In the past two decades, a lot of
attention has been focused on decentralized LFC model for controller design and analysis
for interconnected power systems with multiple Gencos in each area [7.4]-[7.11]. It is
shown that the LFC problem for a large power system can be effectively reduced to an
equivalent LFC problem for each area. Then, each control area regulates the power

interchange with the neighboring control areas, as well as its local frequency [7.2].
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Area N

Figure 7.1. Multi-area power system with multiple Gencos and Lagcos.

The LFC model with multiple Gencos has already been developed, e.g., [7.2].
However to the best of our knowledge, the DR control concept has not been included in
the LFC model. In this section, the proposed LFC-DR model (presented in Chapter 6) is
expanded for a decentralized interconnected power system, where each interconnected
area has multiple Gencos and Lagcos, as shown for a multi-area system in Figure 7.1.

Based on the principles explained in Chapter 6, the DR control loop can be added
to each control area of the decentralized interconnected power system by multiple
Lagcos. This idea is shown for area i of a multi-area power system in Figure 7.2. A
simplified power system with non-reheat steam turbine is considered for each area, and it
is assumed that all the states of the system are observable and measureable for the LQR

design. The latter assumption may not be totally true in real-world applications.
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Figure 7.2. Block-diagram representation of area i of a general multi-area power system
with multiple Gencos and Lagcos in each area.

However, it will not degrade the applicability of the full-state feedback design
since the immeasurable states can be effectively estimated by the observers, as reported
in [7.12]-[7.17]. Observer design is out of the scope of this dissertation.

The transfer functions shown in the figure are defined as follows:

1 1
Mi(s):—| Hji(s):
2H,.s+ D, (1+Tg,ji)(l+Tt,ji)
gy 30 o 420 3360, 15120 30240 7.1
G (S) — Tdvji Td,ji Td,ji Td,ji Td,ji
I s 30 , 420 , 3360 , 15120 30240
S+ S+ 7 - + 3 - + ) S+ 5
Td,ji Td,ji Td,ji Td,ji Td,ji

where,
2H; is the equivalent inertia constant of area i,

D; is the equivalent load-damping coefficient of area i,
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T, ;i(S) is governor time constant of Genco j in area i,
T,.;i(8) is non-reheat turbine time constant of Genco j in area i,

T, ;i(S) is the communication latency of Lagco j in area i,

Afi(s) is the frequency deviation,

s is the Laplace transform operator.

The unified control inputs (U, = F(U;)) introduced in Chapter 6, are again used.

a; 1s the share of control effort between the supplementary control and the DR control
loop for area i. The sharing rate, o;, will be decided by the ISO/RTO based on the real-

time electricity market. Then, the ACE signal for each area can be defined as follows:

ACE, = AP

tie,i + Bi Af| (72)

where B; is the frequency bias constant for area i. As it can be seen from Figure 7.2,
different Gencos will participate with different amount of power, based on their
participation factor, , which will be assigned by the ISO/RTO. The different Gencos may

decide to participate in the supplementary control action, or not, (based on their price

offers, available generation, transmission lines congestions, etc.), where:

Zn:ﬁki =1, 0<p, <1 (7.3)
k=1

The same concept holds for the different Lagcos in each area participating in the
frequency regulation, as shown in Figure 7.2. The Lagcos might have different dynamic
characteristics, i.e. communication latency, and offer different prices in the electricity

market and have different amount of aggregated load available for frequency regulation
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services. As a result, the load aggregator participation factor, A, has been included in the
proposed LFC-DR model. The Lagcos’ participation factor has the following

characteristic:

Zm:ﬂki =1 0<4,<1 (7.4)

k=1

Different latencies in DR can be justified by the different communication
infrastructure in different regions. Therefore, the ISO/RTO would be able to buy the
required regulation services from different Lagcos, as well as Gencos.

Figure 7.2 is similar to Figure 1 of Chapter 6 from the dynamic components’
point of view, except the ACE signal is used instead of frequency deviation as the
parameter to be controlled. This change does not add any new dynamic to the system
compared to the single-area power system. In addition, here an extra disturbance (namely
N

the tie-line power deviation, Z

i1 ;. Ty-Af; ) is added to the LFC model of each area.
Therefore, similar steady-state error, stability, and sensitivity analyses, as those presented
in Chapter 6 for a single-area power system model, would apply to each control area of
the multi-area system. But, the required control effort is increased since there are two
disturbances imposed to each control area.

As for the single-area power system presented in Chapter 6, the time delay in DR
control loop has been linearized using 5th-order Padé approximation, explained in
Chapter 6. Therefore, the general state-space model of the power system with N

interconnected areas, consisting of n Gencos and m Lagcos in each control area, as shown

in Figure 7.2, can then be written as:
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X, =A; X, +B,.u, +T'.w;

7.5
Y, =C;.x +D,.u, (7)
where,
o, D, O A, Ay
Ai = q)Zli (DZZi (D23i ’Bi = A21 Azz
D, D Dy A31 A32 (7.6)

®
=10, ’Ci:[Bi 1 01><2n 01x5m]’Di:[0 0]
0

where A; is the system matrix, B; is the control input matrix, I'j is the disturbance matrix,
Xi is the state vector, u; is the input vector, w; is the disturbance matrix, C; is the
observation matrix, and y; is the system output vector. The sub-matrices (®,A,®) for
area i are given in Appendix B. Unifying the control inputs, as discussed in Chapter 6,
enables the 1ISOs/RTOs to study the dynamic behavior of the system regarding the share
of regulation services between the traditional supplementary control and DR. After the
unification, all system matrices will remain the same except the input matrix, which is

given as follows:

BiT - I:All A, AlS] (7.7)

The sub-matrices ([A\ll,f\lz,[\l?,) are given in Appendix B. In the above equation,

the DR control input is unified based on the supplementary control input for area i, i.e.

U, = (1—%_),%. It has been shown in Chapter 6 that the unification (of u,, in terms of

Uj;or vice versa) yields nearly similar results. For multiple area interconnected power
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system, the same LQR design procedure can be utilized for each area with unified inputs.

For robust control, an integral controller (_.'ACEi .dt) is also introduced in this procedure

to ensure zero steady-state error in the ACE signal in each area. The augmented system of

area i is as follows:

% =A% +B.0 +T,.w,
s (7.8)
¥, =C, X +D,.U
where the state vector for area i is:
XiT :|:Afi APtie,i Xor,i XpRii IACEi:| (79)
where
Xeri = [APG,li Apr,li] I:APG,ln API’,ln] (7.10)
n units
Xpri = [Xi,ll Xi,12 Xi,13 Xi,l4 Xi,15 [Xi,ml Xi,m2 Xi,ms Xi,m4 Xi,mS] (7-11)

m load aggregator
In order to use the LQR design, it is required to introduce the state and control
weighting matrices; introduced in Chapter 6. Prior to that, it is necessary to define the
system frequency requirements:
v The steady-state frequency deviation following a step change in load must be
zero, i.e. [Af,]° [7.18].
v The steady-state change in tie-line power following a step-load change must

be zero, ie. [aR,, ] [7.18]

v' The ACE at each area should be zero in steady-state. In addition, the time
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error represented by the integral of the frequency deviation, should not exceed
i 2
+3 seconds, i.e. U ACEi.dt] [7.18].

As a result, the weighting matrices will be defined, based on the size of the
system and the unified input matrices. This model and the proposed controller design can
be applied for any size of power system with any number of Gencos and Lagcos in each
area. In the following sections, the results of simulation studies designed to show the

effectiveness of the proposed LFC-DR model for multi-area power systems are presented.

Simulation Results for Multi-Area
Power System with Single Genco and Lagco

In this section, a simulation study is presented to evaluate the effectiveness of the
proposed LFC-DR model for a multi-area power system. The system studied is a typical
three-area interconnected power system, which could be realized from Figure 7.1, where
each area is represented by a single Genco and Lagco. The parameters of the power
system are given in Table 7.1.

The results are then compared to those from the conventional LFC model, as
shown in Figure 7.3. In addition, the impact of communication latency on the
performance of the system is investigated. For the sake of fair comparison, the same
controller design and structure has been utilized for the system with and without DR. In
the case of LFC-DR model, two different simulations have been performed for different
shares («;) between supplementary control and DR to assess the impacts of large DR

participation in the frequency regulation service.
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Table 7.1. Three-area power system parameters for the simulation study [7.2].
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Parameters Area 1l Area 2 Area 3

Di (pu/Hz) 0.015 0.016 0.015

2H; (pu.sec) 0.1667 0.2017 0.1247

Ri (Hz/pu) 3.00 2.73 2.82

Ti (sec) 0.08 0.06 0.07

Ty (sec) 0.40 0.44 0.30

Bi (pu/Hz) 0.3483 0.3827 0.3692

Tij (pU/HZ) T4, =0.20 To1 =0.2 T3 =0.25
T13 =0.25 T23 =0.12 T32 =0.12

Tai(sec) 0.1 0.1 0.1

fos [0.1, 0.8] [0.1, 0.8] [0.1, 0.8]

APy (pu) 0.02 0.0 0.02

Deviation in ACE, Frequency, and Tie-Line Power

The system dynamic response to simultaneous step load disturbance of 0.02 pu in
the areas 1 and 3 are shown in Figure 7.3. The DR latency is 100 msec for all Lagcos in
the different areas. Two different sharing values (o;) between conventional
supplementary control and DR have been examined to show the effectiveness of the
proposed LFC-DR model. In Figure 7.3 (a)-(c), variations in the ACE signal for the
different areas are shown in response to simultaneous load disturbances in areas 1 and 3.
When ¢; =1, the system performance is identical to the conventional LFC. For a; <1, the
DR control loop is active, and in all three areas, the proposed LFC-DR model shows
superior performance compared to the conventional LFC. Moreover, the performance is
better for smaller values of o;, i.e., higher DR share. The variations in frequency and tie-
line power for the three areas are shown in Figure 7.3 (d)-(f) and Figure 7.3 (g)-(i),

respectively, and again the system performance is improved when DR has a higher share,

i.e., for smaller values of g;.
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In the above simulation experiments, the communication latency for all areas is
considered to be the same; however it is possible to have different latencies for different
areas based on (7.5) and (7.6) (expanded in Appendix B), as will be shown in the next
section. This can technically happen when communication latency is different for

different Lagcos, which might be based on the communication infrastructure of each area.

0.00 1

-0.01 A1

-0.02 -1
LFC with DR, T;=0.1
LFC with DR, T,=0.2
LFC with DR, T,=0.3
LFC with DR, T,=0.4
Conventional LFC

0.03 1%

Frequency deviation in Area 1, Hz

-0.04 A

-0.05 T
0 2 4 6 8 10 12 14 16 18 20
(@)
0.002
0.000 A

-0.002

3
Q. -0.004 A
—
3 !
g -0.006 - ]
= LFC with DR, T,=0.1
© 0,008 - LFC Wfth DR, T,=0.2
% LFC with DR, T,=0.3
LFC with DR, T,=0.4
-0.010 - C with DR, T,=0
Conventional LFC
-0.012 A
-0.014 T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20
Time, sec

Figure 7.4. The impact of communication latency on, (a) frequency deviation, and (b)
total tie-line power deviation in area 1.
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The Impact of Latency on Dynamic Response

Since communication latency is an important parameter when DR is included in
the LFC problem, it is always desired to evaluate its impact on the performance of the
system. Therefore, a simulation has been carried out for different latencies while «; =0.1.

Simulation results, given in Figure 7.4, show the impact of the DR
communication latency on the performance of the system. The figure shows the
frequency and tie-line power deviations for Area 1 only. The results are very similar for
other areas. It is clear from Figure 7.4 that the dynamic behavior of the LFC-DR model is
better than the one with the conventional LFC for communication delays smaller than
300 msec. However, the performance of the LFC-DR degrades when communication
latency is greater than 300 msec. This impact is specific to the small power system under

study. For large power systems with slower dynamics, the impact would be less.

Simulation Results for Multi-Area Power
System with Multiple Gencos and Lagcos

In this section, the simulation results are presented to show the applicability of the
proposed LFC-DR model to power system of any size. In addition, the effectiveness of
the proposed DR control loop and the LQR design is evaluated and compared with the
conventional LFC. The system studied is a large three-area power system with three
Gencos and three Lagcos within each area, which could be realized from Figure 7.1. The
areas are connected through stiff transmission lines; the system parameters, obtained

from [7.21], are given in Table 7.2.
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Table 7.2. Three-area power system with three Gencos and Lagcos for the simulation

study [7.2].
MV Apase Gencos
(1000 Areal Area 2 Area 3
MW) 1 2 3 4 5 6 7 8 9

g\j‘“\’;;'ty 1000 800 1000 1100 900 1200 850 1000 1020

D 0.015 0.014 0.015 0.016 0.014 0.014 0.015 0.016 0.015
(pu/Hz)
e 0.1667 0.12 0.2 0.2017 0.15 0.196 0.1247 0.1667 0.187
(pu.sec)

0.4 036 042 044 032 0.4 0.3 0.4 0.41
Ty (sec)

Tgi(sec) 008 006 007 006 006 0.08 0.07 007 0.08

R 3.00 3.00 330 27273 2.6667 250 2.8235 3.00 29412

(Hz/pu)

I(?;)iu/Hz) 0.3483 0.3473 0.318 0.3827 0.3890 0.414 0.3692 0.3493 0.355

Bii 0.4 0.4 0.2 0.6 0.0 0.4 0.0 0.5 0.5
Lagcos

Aji 0.3 0.5 0.2 0.4 0.2 0.4 0.1 0.2 0.7

Tqji (sec)  0.15 0.1 0.1 0.2 0.1 0.05 0.1 0.15 0.1

Different communication latencies (Td'ij), ranged from 50 to 200 msec, are

considered for the Lagcos in the different areas, as shown in the last row of Table 7.2.
Step load increases of different magnitudes in the three areas are considered to
evaluate the performance of the system with conventional LFC and two different values

of a; (a;i =0.1, 0.8) in the proposed LFC-DR model. The load disturbances for the three
areas are AP, =0.15 pu, AR, =0.12 pu, and AR, =0.1 pu. The same LQR design is

used for all cases.



222

()

09s ‘awl]
(74 8T 9T T ct oT 8 9 14 Z 0
. . . , . . \ . . S00°0-
(- 0000
t s000
Yoeqpasy ayeis-||ny
UM D7 [RUOIUBAUOD = = 1
80=" "¥a Yum 041 _, [ o100
T0=" ‘¥ WM o471 i
v
ty-F 100
Ly
%]
Ya
Yy 0zoo
Y
29s ‘awl]
0z 8T 9T ¥T 2zl O 8 9 v z 0
. . . , . . , . . 2ro-
At 0T0-
7
11
[
Ft 800
>oeqpaay ajels-|iny o
UM D7 [BUONUBAUOD = \ \
80=" 'ya yim 041 r [ 900
T0=" '4a M o1 N
+ t v0°0-
- zo00-
+ 000
29s ‘awl|
oz 8T 9T ¥zl 0T 8 9 v z 0
. . . , . . . . . oTo-
n
4t 800
!
P
i
Xoeqpaay ajels-iny £ 00
YIM D47 [BUORUBAUOD = \
80=2 "¥a M o4 - £
T0=" "ya ym o471 N [ voo-
J:
+ 200
L ooo

€ eale Ul Jamod aulj-an [e10 L

nd

ZH ‘g eale ul uonelnap Aousnbaiq

nd ‘g eale ul 30V

(u)

09s ‘awil
0z 8T 9T ¥I 2z 0T 8 z 0
200'0-
{ 0000
t zo00
t v000
*0rqPa3) BleS-(In L 9000
YUM D7 [EUONUSAUOD = ==
8'0=" ‘4 Yum 041 L 000
T'0=" "4a Yim 41
t o100
t z100
t v100
9100
99s ‘awlL
0z 8T 9T ¥T 2T 0T 8 z 0
f f f ero-
Nt oTo-
A
2
£
71 800
*0BqPa3) AeIs-(Iny rA
UM D47 [EUONUBAUDD === = 1
80="0 "4a YIM 041 ~_
T'0= "¥a M o471 \
08s ‘awl
0z 8T 9T ¥ 2 O 8 z 0
, f f zro-
n
12| oro
J poro
£
L
FoyT 800
*%0eqpaa) ale1s-|iny x
UYIM D47 [EUONUBAUOD = = = N
80=7 '4a M o1 T r 900
T0=" ‘4a yum o041 u
+ F 700"
+
+ 200
t 000

2 eare ul Jamod auij-an 1oL

nd

zH 'z eale ul uoneinap Aouanbaly

nd ‘z eare ul 30V

(6)

089S ‘awil
0z 8T 9T ¥I e Ol 8 z o
v0'0-
M—
1
&)
¥yt €0°0-
y
orqpas) arels-iny I
UHM D7 [EUORUBAUDD = = = “ 1
80=7 "4a yim 041 P
ot - F AL aoo-
T0= "4a um 0471 —— !
t
V;

(p)

29s ‘awll
(4 81T 9T 14 41 ot 8 2z 0
: ; f f t } . vTo-
r2ro-
A
n
5] y
£y oro
L]
9eqpas) arels-|In} Ey ;
UM D47 [EUONUBAUOD == — » L goo-
8°0=" "4a Y 041 |
#4900

T'0=P '4a ym o1

s
F v0'0"
L 200
t 000
08s ‘awil
0z 8T 9T ¥ 2 O 2 z 0
810
tsTo-
i
1
1
[RA .
1\ o
(
*oeqpaa) ateIs-ny 0t
YIM D47 [EUONUBAUOD = — [ L ann-
ot h 600
£0=2 '4Q LM 01 h
T0=7 '4a pm o4 —— !
t 900-
- e00-
I 000

nd ‘T ease ul 1amod aull-an [elo L

ZH ‘T eaJe ul uonelrep Aouanbai

nd ‘T eare ul 30V

different areas for

different o, multi-area power system with multiple Gencos and Lagcos.

ine power in

Figure 7.5. ACE, Frequency deviation, and total tie-I



223

Figure 7.5 shows the simulation results for the ACE (Figure 7.5 (a)-(c)),
frequency deviation (Figure 7.5 (d)-(f)), and total tie-line power (Figure 7.5 (g)-(i)) for
the LFC-DR model and for the conventional LFC, for the three areas. In general, in all
cases the LFC-DR model when «; =0.1 shows superior performance compared to the
conventional LFC. In particular, the overshoot has decreased by nearly 30% in the LFC-
DR (when ¢; =0.1) compared to the conventional LFC. The settling time is also improved
significantly for all areas when the LFC-DR with a; =0.1 is applied. In all cases, the
performance of the system with DR degrades as the value of a; increases and trends
toward the performance of the conventional LFC with full-state feedback design, as

expected.

Conclusion

In this chapter, the proposed model and controller design (which were developed
in Chapter 6 for a single-area power system) are expanded to a multi-area case with
multiple Gencos and Lagcos. Then, simulation studies are designed and carried out for
single-area power systems to show the most important features of the proposed LFC-DR
model. It is shown that the proposed LFC-DR model can significantly improve the
dynamic performance of the multi-area power system. In addition, the impact of
communication latency on the performance of the system with the DR control loop is
analyzed. Then, two simulations studies are presented for multi-area power systems with
single and multiple Gencos and Lagcos. Simulation results show that in all cases, the
proposed LFC-DR model has a superior performance compared to the performance of the

conventional LFC. It has also been observed that the performance of the proposed LFC-
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DR model is improved when a higher share (smaller values of a) has been devoted to the
DR.
In general, it can also be concluded that the proposed LFC-DR model provides a
general simulation framework for the researchers and 1SOs/RTOs to study the different
impacts of DR (technically and economically) on the system dynamic performance and

frequency regulation at the transmission level.
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Balancing Wind Generation
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Abstract—Demand response (DR) has shown to be a promising
tool for balancing generation and demand in the future power
grid, specifically with high penetration of variable renewable
generation, such as wind. This paper evaluates thermostat set-
point control of aggregate electric water heaters (EWHs) for load
shifting, and providing desired balancing reserve for the utility.
It also the of DR for the customers
through time-of-use pricing. Simulation results reveal the achieve-
ment of the economic benefits to the customers while maintaining
their comfort level and providing a large percentage of desired
balancing reserve at the presence of wind generation.

ic b fit

Index Terms—Aggregate electric water heaters (EWHs), bal-
ancing reserve, demand response, load shifting, smart grid,
time-of-use (ToU) pricing, wind generation.

[. INTRODUCTION

HE U.S. Department of Energy has established goals for

a smart electric power grid, which facilitates customer
participation and incorporation of clean, renewable generation
sources, such as wind. “Enabling informed participation by cus-
tomers™ and “accommodating all generation and storage op-
tions™ are two primary goals of smart grid identified by the
U.S. DOE [1]. The first objective implies that in addition to
allowing utility-based control of devices, the customers must
also be given the opportunity to control their own power con-
sumption and override any control signal from the utility to con-
trol/alter their power consumption in case needed. The second
objective includes the incorporation of variable renewable en-
ergy sources (RES) on the electric power grid. However, the
uncertain and variable nature of RES can create problems for
power systems in providing balancing reserves when RES pen-
etration is high, e.g., exceeding 20% [2]. As RES penetration
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increases, the conventional solution is to increase the amount
of available reserve [3]. Since spinning reserves are mostly pro-
vided by fossil fuel-based power plants, their operation is costly
and results in increased release of undesired emissions. While
it is necessary to account for the variability of RES generation
with balancing reserves, it is also desirable to have the ability to
store any excess available power, e.g., any excess wind power,
so that the excess power won’t have to be curtailed [4].

One possible way to accomplish the above tasks is through
demand response (DR). Specifically, residential electric water
heaters (EWHs) and heat pumps are good candidates for this
purpose, since electric energy can be stored as heat energy in
their hot water tanks. Moreover, their control is both simple and
fast. This paper is limited to control of EWHs only.

Residential EWHs account for approximately 20% of the
U.S. residential daily energy demand and are the largest con-
tributors to the morning and evening peaks in residential power
demand [5]. It is therefore desired to shift a considerable per-
centage of EWHs power demand from hours of higher power
demand to lower demand hours by heating the water during
off-peak hours or when excess renewable energy is available.
This procedure can also result in a large percentage of the bal-
ancing reserve necessary to integrate wind energy generation
onto the grid. Therefore, it will be economically beneficial to
the customers as well as utilities. However, considering that
heat energy storage increases the heat losses of EWHs, the
proposed DR algorithm should operate without significantly
increasing the average daily energy demand and maximum
power demand of the EWHs.

Thermostatically-controlled appliances (TCA) have been of
interest in the last more than two decades to evaluate their ben-
efits for load shifting and peak load shaving, e.g., [6]-[17]. Dif-
ferent control approaches from voltage control ([6], [7], [15])
to thermostat setpoint control. ([8]. [10]-[12], [16]. [17]) and
ON/OFF control based on frequency deviation, ([9], [13], [14])
have been proposed for controllable residential loads to provide
balancing reserve. The impacts of large-scale energy storage
systems have also been investigated for balancing the variable
renewable generation [ 18]. The following shortcomings relative
to TCA control can be identified in the previous research, which
have been addressed in this paper:

+ Lack of economic benefit analyses to show the impact of

direct load control (DLC) program on the cost of energy
for the customers and utilities in [6]-[17],

1949-3053 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.icee.org/publications_standards/publications/rights/index.html for more information.
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» Lack of accumulative energy analysis to show any in-
crease/decrease in total energy consumption in [8]-[17],

= Violation of comfort level for some customers, reported in
[16]. [17]

* The need for additional expensive equipment (i.e., elec-
tronic switches and power electronic devices) for voltage
control, proposed in [6], [7],

» Lack of investigation on load shifting together with a price
signal response on a large number of controllable devices,
[6]-{17],

« Short-term (i.e., few hours) simulation which doesn’t re-
veal the pros and cons of the method proposed in the long-
term (i.e.. few days) considering weekdays and weekend
days, [14],

In this paper, we evaluate the capability of aggregated EWHs
as a DR tool to respond to control signals generated by the
utility for load-shifting and balancing reserve. The thermostat
setpoints of 1000 aggregated EWHSs are controlled by the utility
to respond to a time-of-use (ToU) pricing signal during the
on-peak hours. As a result, some of the consumers electrical
energy demand will be shifted from on-peak hours to off-peak
periods. During the off-peak hours, the EWHs respond to a
desired balancing reserve signal which also includes wind
generation. However, the signal generated by the utility can be
overridden by the customers if they choose to do so. We have
not explored the consumers” override option in this paper.

The proposed model is compared to a no-control case, as well
as to each of the above two control strategies (ToU pricing and
balancing reserve). An important goal of the comparison is to
assess the economic benefits of the proposed DR strategy for
the customers, while maintaining safe water temperatures. It is
desired to maintain this economic benefit without significantly
increasing the total EWHs energy consumption and peak power
demand. An actual desired balancing reserve signal is used in
this study [19].

The rest of the paper is organized as follows. Section Il covers
the model formulation for both single and aggregated EWHs.
The proposed thermostat setpoint control of aggregated EWHs
is presented in Section III; simulation setup and configuration
are covered in Section IV; and simulation results and discus-
sions are given in Section V. Finally, the paper is concluded in
Section VI

[I. PROBLEM FORMULATION

Thermostat setpoint control of EWHs is one method to con-
trol their power consumption, which can be used: 1) to shift and
flatten the demand profile and 2) to provide the balancing re-
serves needed in the presence of intermittent energy resources.
An EWH has a thermostat setpoint (T7,,(t)), and a deadband
(D), where the temperature of the water inside the tank of each
EWH (i) must be maintained within the range of the thermostat
setpoint, i.e.:

Ti () — D S Ti(t) € Thy(2) (N

where T;() is the temperature of hot water inside of the tank
of EWH i at time ¢. The tank of an EWH has a certain amount
of thermal insulation (R value). This insulation is not 100% ef-
ficient, resulting in some heat loss. The heat loss through the
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tank increases when hot water with higher temperature is stored
in the tank. A brief description of the modeling of an individual
EWH and aggregated EWHs follows. More details on single res-
idential EWH model are provided in [7], [20].

A. Individual EWH Model

The temperature of hot water inside of the EWH tank can be
obtained as a function of time by (2) [20]:

Tu(t) = Ty(r).e~(FB)t-7)
+{CR T+ BOR T + QR 1 - ()]
@

where Th(£) is the water temperature inside EWH at time £ (°F),
7 is the previous sample (¢ — 1, hours), C' is the equivalent
thermal mass (Btu/°F), G is the ratio of the surface area to
thermal resistance of the tank, Ty, is ambient environment tem-
perature (°F). The parameters B and Q are piece-wise contin-
uous terms whose expressions are given below ((4)) and defined
in [7] and [20], and Ty, is the incoming cold water temperature
(°F). The parameters of (2) can be calculated as follows:
SA

G= N U = volume X dyqgrer X Cp 3)
where SA is the tank surface area (ft?), R is the tank insula-
tion thermal resistance (hour x ft2 x° F/BTU), volume is the
capacity of the tank (gallons), dyqter is the density of water
(8.34 Ibs/gallon), and C,, is the specific heat of water (1.0069
BTU/(1bs x° F)). Other parameters in (2) are:
1
R=——+ B(t) =
G+ B(t) ®
Q =3.4121 x 107% x (element kW rating) @

duater X F(t) x Cp

It is shown in [21] that the average EWH daily power de-
mand profile follows that of the average total daily residential
demand for both weekday and weekend, as shown in Fig. 1. We
therefore use the average residential electrical demand to shape
the residential hot water demand curve by multiplying the av-
erage residential power demand by K (t). This parameter is the
amount of hot water produced by one kilowatt of electric power
from Tip, to Tiee(t) in one hour, neglecting convection losses.
As shown in our previous work [7], the expression for K (¢) is
as follows:

10002 x 3600

K(t) = 3__J i
10545 x 103 zrd— x 1,002
1
x B )

(Taes(t) — Tin) % 8.34 en
Note that in this paper, K (t) is a function of time, because it
is a function of the thermostat setpoint, Ty (%), which we are
allowing to vary at each time step.
The value of hot water flow rate, F'(¢), from each EWH tank
is then equal to the consumer hot water demand rate at a given
time, Fyemand. as defined below:

F(i) = Fdemand(t) = Puvg(t) X K(i) (6)
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Fig. 1. Total power demand and EWH demand of an average house [7].
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Fig. 2. Response of a single EWH with a 50-gallon hot water tank.

where P,,4(t) is the average residential EWH power demand
in kKW.

Fig. 2 depicts the model response of an EWH with a 50-gallon
hot water tank and consumption rate of 25 gal/hour, which is
based on (2), where the EWH thermostat deadband is D =
130 — 120 = 10°F. The initial water temperature is assumed
to be 60°F at the start of the simulation.

In this study, the EWHs thermostat setpoint is allowed to vary
between 126°F and 160°F with a deadband of 10°F in some
simulation cases reported in Table V (i.e., hot water temperature
changes between 116°F-160°F). During peak power demand
hours and/or when wind power is low, the thermostat setpoint
of some EWHs are brought down to as low as 126°F in order to
reduce energy consumption. Conversely, during off-peak hours
and/or when excess wind power is available, the thermostat set-
point of some EWHs are set to as high as 160°F to absorb the
available power.

Severe scalding can occur at water temperatures above
130°F, and as water temperature increases, the time for
scalding to occur decreases logarithmically, to 5 seconds for
water at 140°F and to just 0.5 seconds for water at 160°F [23].
To avoid scalding, the outflowing hot water will be mixed with
the appropriate amount of cool water (T3, = 60°F) by a ther-
mostatic mixing valve (TMV) prior to use. In such cases, not
all of the water used by the customer is supplied by the EWH
tank. It can be shown that the amount of hot water demand
from the tank as a function of hot and cool water temperature
and hot water consumed is [22]:

Trnized — Tin

F(f) = Fdemuﬂd(t)' Th(t) —Tin

[©)]

TABLE I
PARAMETERS OF 1000 EWHS IN THE AGGREGATED MODEL [7], [22]

Parameters have a Random Normal Distribution for the 1000 EWH
population.

Parameter Value

Tank volume (and tank Mean 40 gallons, standard deviation 6.27,

surface area) range approximately 20 to 65 gallons
Parameters have a Random Uniform Distribution for the 1000 EWH

PP

Value
10 to 20 hour*ft™*°F/BTU

Parameter
Thermal resistance of
tank insulation, R
Initial ON/OFF state
Initial water
temperature imside of
the tank

Approximately half ON, half OFF
120°F to 130°F

TABLE II
PARAMETERS THAT ARE THE SAME FOR ALL EWHS THROUGHOUT THE
DURATION OF THE SIMULATION [22]

Parameter Value
Temperature of cold water entering the tank, 7, 60 °F
Temperature of the ambient environment, 7., 70°F
Deadband, D 10 °F
Heating element power in ON (OFF) state, Pavg 4.5 (0) kW

where Tizeq is the temperature of water after hot and cool
water are mixed together. In this study Tpizeq = 116°F.

B. Aggregated EWH Model

The aggregated EWH model comprises 1000 EWHs, whose
parameters, given in (2), are set randomly within specific ranges
[7]. Therefore, each EWH will respond slightly differently to
thermostat setpoint control. This is due to the fact that each
EWH has a different demand flow rate, tank insulation thermal
resistance, tank surface area, and temperature during each time
step. Table I shows the different parameter values used in the
simulation, which are based on the actual EWHs data.

The parameters that are the same for all EWHs for the aggre-
gated EWH model are given in Table II.

I1I. EWHS THERMOSTAT SETPOINT CONTROL

A. Control Based on Desired Balancing (INC/DEC) Reserve
Signal

A desired balancing reserve signal, called INC/DEC (in-
crease/decrease reserve), which is different from the ACE
signal, is generated by the wutilities every thirty seconds. Tra-
ditionally, when generation exceeds demand, utilities start
decreasing the amount of reserve generation to balance total
generation and load demand, i.e., a DEC signal is generated.
However, in a grid with considerable penetration of RES, it
is desirable to utilize all the excess renewable power when
available.

Conventional power plants are not fast enough to match their
output power with RES generation. Since the effect of increase
in demand is the same as decrease in generation, an increase
in demand can respond fast to the DEC signal. Likewise, when
demand exceeds generation, an increase in reserve (or decrease
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in demand) is required, and an INC signal is generated by the
utility. The real set of INC/DEC signal used in our work is from
a specific region served by the Bonneville Power Administra-
tion (BPA) and includes wind power generation [19]. There are
approximately 1.36 million EWHs in this region for which the
desired balancing reserve signal is obtained [22]. This data has
been scaled for use with the 1000 EWHs in our study as given
below.

INC/DECorigmat x 1000

ING/DEC 1.36 x 106

sealed — (8)

The scaling approach used in (8) assumes that the power de-
mand profile of the 1000 EWHs is as smooth as that of 1.36
million EWHs. In real cases, this may not be true because there
is not as much diversity in the profile of 1000 EWHs as there
is in the profile of 1.36 million EWHs. However, we were not
able to get information about each individual EWH because of
proprietary issues.

In this section, an algorithm is presented to adjust the thermo-
stat setpoints of the 1000 EWHs in real-time according to the
INC/DEC signal. In order to start the simulation, the following
assumptions are made:

* Each EWH is assigned a random state at the beginning of
the simulation—either ON or OFF—with even distribu-
tion.

« Each EWH is assigned a random initial thermostat set-
point, between the pre-defined range for the different cases
studied. These cases will be discussed in Section IV. This
setpoint determines the maximum and minimum tempera-
tures that the EWH may reach. In the no control case (base
case), the hot water temperature inside the EWHSs” tanks
varies between 120°F-130°F.

» Each EWH must maintain a temperature within the 10°F
deadband below its setpoint. The size of this deadband
is large enough so that the EWHs will not constantly
switching ON and OFF.

* Smart grid environment is assumed where each EWH’s
thermostat setpoint may be adjusted by the utility at any
time through two-way communication.

B. Calculation of Required Number of EWHs for DR Based
on the INC/DEC Signal

In this study, the desired balancing reserve, INC/DEC, is the
number of kilowatts of reserve or demand that needs to be cre-
ated in order to balance generation with demand every 30 sec-
onds. The proposed control algorithm runs every 5 seconds, by
taking the difference between the actual balancing reserve de-
sired and the balancing reserve that has been created since the
beginning of the 30-second interval. Therefore, the needed bal-
ancing reserve is known every 5 seconds. Such communication
is achievable through the current Internet as discussed in [24].
The major requirements for demand dispatch (from the commu-
nication point of view) are low-latency (about 500 ms, claimed
to be available with the current Internet infrastructure) and quite
small bandwidth. In [24], 3.2 million plug-in hybrid vehicles
were considered in a simulation experiment with two-way com-
munication, based on Internet protocols, to provide regulation
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service every 4 seconds through a central controller and load
aggregators in the PJIM market. Therefore, the communication
requirement for our proposed control strategy could easily be
achieved in the smart grid era.

In order to calculate the number of EWHs that need to be
turned ON or OFF, it is important to calculate how many EWHs
are about to turn OFF (i.e.. Niurningorr(t)) or ON (ie.,
Niurningon (t)) in the next 30-second period by reaching their
upper thermostat setpoint or falling to their lower water tem-
perature. This is done to exclude these EWHs in the proposed
algorithm because they are going to change state in the next
5 seconds. It is done by comparing the water temperature of
each EWH in the ON state to its thermostat setpoint (T%,,(t)),
and that of each EWH in the OFF state to its lower temperature
limit (T%,,(t) — D). The temperature change for each EWH
depends on the demanded hot water flow rate, current EWH
water temperature, surface area of tank, and insulation thermal
resistance of the EWH, as per (2). If the balancing reserve
needed is less than half the power capacity of one EWH (less
than 2.25 kW), then no EWHs will need to change state. This
deadband prevents oscillations in the number of EWHs turning
ON or OFF.

The balancing reserve created is calculated as follows:

E?f‘?il- (floo'r (%) Xﬁ))

©)
where PfR?g:,‘j‘}EC(t} is the balancing reserve that has been
created since the beginning of the 30-second period, Pt (¢)
is the total power consumed by all EWHs at the present
S-second period which is calculated knowing the EWHs in
the ON state and their nominal power consumption (Table IT),
Pletal (floor(t/6) x 6) is the total power consumed by all
EWHs at the beginning of the 30-second period, when the de-
sired balancing reserve signal was first deployed, and floor()
is the MATLAB built-in function to round numbers to the lower
whole number. The needed balancing reserve is calculated as
follows:

PiRgmo(0=— (PO -

PIEibec(t) = PG Bec(®) — PINE/Bec(t)

(10)
where PI";,‘EC‘*’?%ECU) is the amount of balancing reserve that is
still needed to be created in order to meet the desired balancing
reserve, and Pfgfé‘;ﬁgEC(t) is the desired balancing reserve for
the 30-second period. Finally, the number of EWHs to change
at time ¢ is calculated as follows:

Nchan.ge (t) =

P‘needed
INC/DEC
round | ————

2 L1
Pewn un

where Pgw g is the power consumed by one EWH in the ON
state (given in Table 11), and round() is the MATLAB built-in
function to round numbers to the nearest whole number.

1) Desired Balancing Reserve Smaller (Greater) Than Zero:
If the balancing reserve needed is smaller (greater) than zero,
then more DEC (INC) is required, which means a decrease
(increase) in reserve or an increase (decrease) in demand is
needed. Therefore, the utility control must ensure that the
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required number of EWHSs, Ny ceqeq(t). are turned ON (OFF)
in each 5-second interval. This value is calculated as follows:

Nneeded(t) = Nchauge (t) + [Nturm'ng()N (t) - NturmngUFF("‘)]
xsign (Pisdibec (V) (12)

where Nepange(t) is the calculated number of EWHs to be
changed based on the balancing reserve signal for the next 5
seconds, Niyrningon (£) is the number of EWHs turning ON by
the end of the present 5-second interval by falling to their lower
temperature setpoint, Nyyyningorr(t) is the number of EWHs
turning OFF by the end of the present 5-second interval by
reaching their thermostat setpoint, P;‘.:r%ifijc (t) is the amount
of balancing reserve that still needs to be created in order to
meet the desired balancing reserve, and sign() is the signum
function in MATLAB to determine the sign of a number.

2} Desired Balancing Reserve Equal to Zero: 1f the bal-
ancing reserve needed is zero, then the net difference between
the number of EWHs turning ON and OFF must be zero. If
the net EWHs are turning ON (OFF), then an equal number of
EWHs must be turned OFF (ON), so that no new balancing re-
serve is created, as defined by (13):

(13)

Using the Nyceded(t) calculated by the (13), there is a need
for a mechanism to select the appropriate EWHs to be turned
ON or OFF. If Nyeeded(t) is smaller (greater) than zero, then
some EWHs need to be turned OFF (ON) through thermostat
setpoint control. The new setpoints are then chosen such that the
thermostat setpoint of each chosen EWHs is lower (higher) than
the present temperature. Once the water temperature of these
EWHs is higher (lower) than their new thermostat setpoint, the
EWHs will turn OFF (ON).

The proposed algorithm first makes an array, containing all
of the temperatures of the EWHSs in the ON (OFF) state, which
are not going to turn OFF (ON) automatically in the next 5 sec-
onds. Then, if the number of available EWHs in the ON (OFF)
state is greater than or equal to Nyeeged(t). then Nyeegea(t) of
these EWHs are chosen at random. If the number of available
EWHs in the ON (OFF) state is less than Npeegeq(t). then all of
these EWHs are assigned new thermostat setpoints, which will
cause them to turn OFF (ON). Equation (14) determines the new
thermostat setpoint of each EWH to be turned OFF while (15)
is used when EWHs are required to turn ON:

Nn.eeded(t) = Nzu'rningON (t) - Ntm‘nl'n.gOFF (t)

Tnew.aet(t) = TEWHtemp (t)

— AT (EWHs turning OFF) (14)
Thew,set(t) = TEw Htemp(t) + AT
+D (EWHsturning ON) (15)

where AT is atemperature deviation used to ensure that the new
thermostat setpoint is lower (higher) than the present EWH tem-
perature at the end of the 5-second period. In this study, AT is
equal to 0.12°F, as this is the maximum temperature change
that a water heater, with the parameters used in these exper-
iments, can experience during a 5-second period. This value

TABLE 11
BAsSE RATE FOR ELECTRIC ENERGY CONSUMED IN ToU PRICING SCHEME FOR
PaciFic Power? [25]

Monthly usage [kWh] Price [¢/kWh]

0-500 3.873
501-1000 4.590
1001, 5.664

tPacific Power is a utility in Portland, OR.

TABLE 1V
ToU ELECTRICITY RATE ADJUSTMENTS [N RESIDENTIAL SECTOR (RATE
SCHEDULE 4) FOR PACIFIC POWER [26]

On-peak charge
(06-10, 17-20 hours)
+$0.03316

Off-peak credit
(Rest of the day)
-$0.01125

Winter

can be increased in real-world applications without affecting the
proposed procedure.

IV. SIMULATION SETUP AND CONFIGURATIONS

Five experimental models are designed to evaluate the ef-
fectiveness of the proposed thermostat control strategy. These
cases (CASEs 0, 1, 2A, 2B, 3) are described below.

CASEO: No EWH Thermostat Setpoint Control: This case
represents the operation of EWHs under no thermostat setpoint
control. It is used as the base case for comparison with the other
four cases studied, as given below. In this case, the hot water
temperature varies between 120°F to 130°F.

CASEl: EWH Thermostat Setpoint Control Based Only on
Balancing Reserve Desired by the Utility: In this case, the bal-
ancing reserve signal from the utility is used for EWH thermo-
stat setpoint control for the whole day. In our study, the utility
has full control over the thermostat setpoints of all EWHs. The
hot water temperature varies between 116°F to 160°F in this
case.

CASE2: EWH Thermostat Setpoint Control Based Only on
ToU Pricing: ToU pricing is implemented by utilities, imposing
higher prices during peak hours, and lower prices during off-
peak hours. The goal is to encourage consumers to consume
more power during off-peak hours and less during peak hours,
In this study, it is assumed that all the customers participate in
this DR program because of the economic benefit they gain.
Oregon-based Pacific Power’s electricity pricing rate structure
for residential application is used in this study. It includes a con-
stant charge depending on the amount of monthly electric en-
ergy consumption, as tabulated in Table III, and on-peak hours
extra charge and off-peak hours credits, as given in Table IV.

In this study, the prices reported in Tables I1l and IV are used
in all CASEs for the sake of comparison.

In this case, the thermostat setpoints of all EWHs are set
to the minimum allowable temperature, 126°F (i.e., Twater >
116°F) during on-peak hours. During oft-peak hours, two dif-
ferent cases are defined. In CASE2A, the EWHs thermostat set-
points are set to 130°F during off-peak hours. However, this
may not allow the EWHs to store enough thermal energy to
make it through the on-peak hours without reaching the min-
imum temperature and thus turning ON. Therefore, another sce-
nario, CASE2B, is introduced where the thermostat setpoints
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TABLE V
BRIEF DESCRIPTION OF ALL FOUR DIFFERENT CASES

Case NO. Description

CASEQ No control (hot water temperature: 120°F-130°F)

CASEI Thermostat setpoint control - balancing reserves
only (hot water temperature: 116°F-160°F)

CASE2A Thermostat setpoint control —ToU pricing only (hot
water temperature: 116°F-130°F)

CASE2B Thermostat setpoint control — ToU pricing only (hot
waler temperature: 116°F-160°F)

CASE3 Thermostat setpoint control - balancing reserve and

ToU pricing (hot water temperature: 116°F-160°F)

are set to 160°F during off-peak hours. In this case, when the
on-peak period begins, the majority of EWHs have a temper-
ature between 150°F and 160°F. The goal is for the EWHs
to remain in the OFF state during the on-peak periods, i.e. not
reaching the lower limit of water temperature (116°F) to cause
the EWHs to turn back ON.

CASE3: EWH Thermostat Seipoint Control Based on Tol/
Pricing, and Balancing Reserve Desired: In CASE3, both the
ToU pricing signal and balancing reserve signal are used. The
ToU pricing signal has the highest priority of the two control
signals due to the customer’s desire for economic benefit. In
this case, the EWHs operate based on ToU pricing signal during
on-peak hours, and their setpoints are set to 126°F, the min-
imum allowable setpoint which ensures that the temperature of
the water in the EWH tank never fall below 116°F. Thus, the
EWHs consume less energy when the price for electricity is
high. During off-peak hours, when the electricity price is low, all
the EWHs opt into balancing reserve based setpoint control, and
all setpoints are maintained between 126°F and 160°F. Table V
summarizes the five cases discussed above.

The above experimental simulation cases are carried out fo-
cusing on six GOALSs (areas of performance) discussed below.

GOALI: Maintain Customer Comfort Level: The water
within the EWH tank must always remain within safe temper-
ature limits, as defined in Table V for each case. This is the
highest priority goal, and is never allowed to be compromised.

GOAL2: Load Shifting From On-Peak to Off-Peak Hours:
The ratio of total energy demand during on-peak hours to total
energy demand during off-peak hours should be minimal, and
lower in the control cases than in the no-control case.

GOAL3: Peak Load Eguality or Reduction: The maximum
aggregated EWH power demand in the control cases should
be less than or equal to their maximum power demand in the
no-control case. Significant increase in peak power demand is
undesirable because this would necessitate the availability of
large spinning reserves capacity which is not cost effective to
the utility and customers and not environmentally friendly.

GOAL4: Total Energy Demand Equality or Reduction: The
total energy consumed in the control cases should be less than or
equal to the total energy demand in the no-control case. A large
increase in total energy demand is undesirable to the customers.
A small increase in energy demand can be compensated by the
utility through direct payment or other methods as an incentive
offered to the customers to participate in the program. In a better
scenario, the economic benefits for the participating customers
should compensate for the cost of the excess energy used.

IEEE TRANSACTIONS ON SMART GRID, VOL. 5, NO. 2, MARCH 2014

TABLE VI

BRIEF DESCRIPTION OF ALL SIX DIFFERENT GOALS
GOoAL NO. Description
GoALI Maintain customer comfort level
GOAL2 Load shifting from on-peak to off-peak hours
GOAL3 Peak load equality or reduction
GOAL4 Total energy demand equality or reduction
GOALS Economic benefit to the customer
GOALO Provide desired balancing reserves

GOALS: Economic Benefit to the Customer: The total cost
to the customer in the control cases should be less than or equal
to the total cost in the no-control case. It occurs when the cus-
tomers shift their energy consumption from on-peak hours to
off-peak periods, which will also result in flattening utility’s
power demand profile. Therefore, this strategy will benefit both
the utility and customers.

GOALG: Provide Desired Balancing Reserves: This is a
high-priority goal, preceded in importance only by GOALs
1 and 2. The balancing reserves created in the control cases
should match the balancing reserves desired by the utility with
minimal error. In this study, minimal error is half of the power
capacity of one 4.5 kW EWH (i.e., 2.25 kW). With this goal,
some of the balancing reserves currently provided by fossil fuel
based spinning reserve would be provided through EWHs DR.
It can also allow high penetration of wind generation into the
power grid. Table VI summarizes all six goals.

V. SIMULATION RESULTS AND DISCUSSION

In this section, two sets of simulation results showing the op-
eration of the 1000 EWHs will be discussed. As it will be shown
in Section V-A, among the different CASEs studied (Table V),
CASE3 proves to be the best choice for the utility while it also
has economic benefit for the customers. Therefore, simulation
results for this case are given and discussed first in the below
Section V-A. A comprehensive comparison between the results
obtained for the different cases, based on the six goals discussed
above, is presented in Section V-B.

A. Simulation Results for CASES

In CASE3, the thermostat setpoints of all EWHs are set to
126°F during on-peak hours, in response to the ToU pricing
scheme. During off-peak hours, the EWHs provide balancing re-
serves, allowing the thermostat setpoints to be adjusted between
126°F and 160°F. The performance of the EWHs is evaluated
below, relative to the six GOALs given in Table V1.

GQALI1: Maintain Customer Comfort Level: Fig. 3 shows the
outgoing water temperature of the 1000 EWHs during one week
of simulation for CASE3. It is clear that the hot water supply is
always maintained within reasonable and safe operating limits,
(116°F-160°F).

The diversity of the parameters of the EWH population
(Table I) as well as a large temperature range of the EWHs at
any given time is of great importance for a successful DR pro-
gram. In this regard, during off-peak hours the EWHs in CASE3
are evenly distributed between increasing and decreasing water
temperature. However, during the on-peak hours all the EWHs
respond to the ToU pricing signal, i.e. their thermostat setpoints
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Fig. 3. Outgoing water temperature of 1000 EWHs, CASE3.
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Fig. 4. Total power demand of 1000 EWHs, Wednesday, CASE3.

are lowered to 126°F so that they mostly stay off, and as a
result, their water temperature decreases.

GOAL2: Load Shifting From On-Peak to Off-Peak Hours:
Fig. 4 shows the total EWHs’ power demand in response to
CASES3 for a winter day. It is clear that, compared to the no-con-
trol case, the total EWHs power demand during on-peak hours
has been reduced and shifted to off-peak hours. These are impor-
tant steps toward flattening the distribution system load profile.

As shown in Fig. 4, it is clear that the EWHSs’ energy use
in CASE3 (compared to CASEO) has been shifted from the
on-peak hours to the off-peak periods due to ToU pricing. Con-
sidering that the EWH demand is only a portion of the total res-
idential demand, the EWH load shifting helps in flattening the
total residential demand profile.

GOAL3: Peak Load Equality or Reduction: The total EWHs’
peak demand for the one-week simulation study remained ap-
proximately the same in CASE3 as in the no setpoint control,
CASEO as shown in Fig. 5. The peak demand is circled in the
figure for both CASEs. The maximum EWHs power demand in
both cases is 1.26 MW during a week.

GOAL4: Total Energy Demand Equality or Reduction: In
CASE3, the total energy consumption of the 1000 EWHs in-
creased by 4.7% compared to the no-control case (CASE0). In
spite of this increase in energy use, there is still economic ben-
efit for both the participating customers and the utility because
of the benefit gained from ToU pricing, as discussed below
(GOALS), and the fact that the energy consumption of most of
the EWHs is shifted to the off-peak hours (GOAL2). The cost of

CASEQ, no control
(CASE3, setpoint

Fig. 5. Total EWHs d d for the k of 1
60F
a0+ Desired
balancing
reserve
g2F
g o
a
20+
40+ \_ Created balancing reserve
13‘00 13‘.15 13?30
Time [hour]

Fig. 6. Balancing reserve (INC/DEC signals) desired and created. Saturday,
CASE3.

increase in the EWHSs energy consumption due to heat loss can
also be considered as a portion of the cost of the DR ancillary
services.

GOALS: Economic Benefit to the Customer: Under the ToU
pricing scheme, the total weekly cost for the average EWH is
$4.92 (as shown in Fig. 11), which is 45.01% less expensive
than the $8.89 cost in CASEO. This is a great economic benefit
for the customers even if they are not compensated by the utility
for the small increase in the EWH energy consumption due to
heat loss.

GOALG: Provide Desired Balancing Reserves: Fig. 6 shows
the desired and created balancing reserve (INC/DEC) signals
for CASE3 for one half hour period during the off-peak hours,
13:00-13:30. These two curves are on top of each other most
of the time. For the one-week simulation, the desired and cre-
ated balancing reserve (INC/DEC) signals matched perfectly
75.92% of the time (i.e., the difference was less than 2.25 kW).
This is a reasonable achievement given the fast variation of the
actual balancing reserve signal.

Fig. 7 shows the Probability Distribution Function (PDF) for
the absolute value of the absolute error between the balancing
reserve desired by the utility and that created by the 1000 EWH
population. There was a high probability of very small errors,
and a very low probability of large errors.

B. Comparison of the Different Control Strategies

In this subsection, the performance of the control strategies
(CASEs) are compared relative to the six GOALs discussed
above.
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Fig. 8. Total demand during on-peak hours for different cases.

GOALI: Maintain Customer Comfort Level: In all experi-
mental cases, customer comfort level is maintained for the en-
tire one-week simulation. The hot water supply is always main-
tained within the reasonable and safe operating limits, as de-
fined (for each case) in Table V [22]. Only CASEs 1, 2B, and 3
allowed the water temperature to reach 160°F.

GOAL2: Load Shifting From On-Peak to Off-Peak Hours:
Fig. 8 compares the total energy demand during on-peak hours
(0610, 17-20 hours) for all EWHs for the one-week of simu-
lation for all cases.

In CASE2A, the maximum thermostat setpoint of 130°F
during off-peak hours does not allow the EWHs to store enough
energy to last through the peak periods. As a result, many of the
EWHs reach their lower setpoints during the on-peak hours and
turn ON. Therefore, in CASE2A, the EWHs use more energy
during on-peak hours. However, in CASEI, the balancing
reserve signal is used throughout the day which turns ON and
OFF the EWHs during the on-peak hours. This is why the cost
of energy is less in CASE2B compared to CASEI1, which will
be discussed in GOALS. CASE2B is very successful compared
to CASE2A because of the higher thermostat setpoint (160°F)
during the off-peak hours, as opposed to 130°F in CASE2A.
Therefore, in CASE2B, the EWHs have more thermal energy
stored for use during the on-peak hours and their energy con-
sumption during this period is very small.

CASEs 2B and 3 are by far the most successful in shifting
the load from the on-peak periods to the off-peak hours. In both
CASEs, the balancing reserve control allows the water temper-
ature to increase to as high as 160°F during the off-peak hours.
However, the average water temperature during the on-peak
hours is higher in CASE2B than in CASE3, because in CASE3,
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TABLE VI
THE ONE-WEEK ENERGY CONSUMPTION OF THE EWHS DURING OFF-PEAK
AND ON-PEAK PERIODS FOR DIFFERENT CASES

% of the one-

CASE Off-peak hours On-peak hours week on-peak
NO. energy [GJ] energy [GJ] power to total
EWHs demand
CASEQ 191.17 82.20 30.07%
CASEL 231.44 4822 17.24%
CASE2A 206.08 67.03 24.54%
CASE2B 288.95 0.75 0.26%
CASE3 282.13 4.09 1.43%
5
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a
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g
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Fig. 9. Maximum total EWHs’ power demand for different cases.

the EWHs are controlled during the off-peak hours with the bal-
ancing reserve signal which causes some EWHs not to reach to
the maximum 160°F setpoint. Therefore, more energy is used
during the on-peak hours in CASE3 than in CASE2B. Table VII
shows the total EWHs’ energy consumption during the off-peak
and on-peak hours, and the percentage of EWHs’ on-peak en-
ergy consumption to their total energy consumption for the one-
week simulation study.

It is clear from Table VII that in CASE3 the EWHs use sig-
nificantly less energy during the on-peak hours compared to the
other cases without undesirable peak power demand increase,
which will be discussed in GOAL3. This would greatly benefit
the utilities and help to flatten their daily electric demand profile
considering that the EWHs consume roughly 30% of the total
electrical energy consumption in the residential sector during
the peak-demand periods [7].

GOAL3: Peak Load Equality or Reduction: Fig. 9 compares
the maximum power demand of the 1000 EWHs in each case.
The maximum possible demand, if all EWHs were to be in the
ON state at once, is 4.5 MW. CASEO had a slightly higher peak
power demand than CASE 1. This is because in CASEQ, the
ON/OFF cycling of the EWHs is only controlled by the hot
water demand, while in CASE] the desired balancing reserve
signal also influences the operation of EWHs. As a result, fewer
EWHs are turned ON at the same time in CASE].

In CASEs 2A and 2B, the thermostat setpoints of all EWHs
are set to their ceilings during off-peak hours (130°F in
CASE2A and 160°F in CASE2B). This will cause all EWHs to
act in the same way at the same time and decreases diversity.
As aresult, more EWHs stay in the ON mode at the same time
during the off-peak hours, compared to CASEs 0, 1 and 3 and
result in a higher peak power (Fig. 9). Moreover, the higher
thermostat setpoint in CASE2B further increases the chance of
having all EWHs in the ON mode at the same time. Therefore,
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it can be concluded that CASEs 2A and 2B cannot be the
options for the utility.

CASE3 has a slightly higher peak demand than CASEL. It
is because the hot water temperature in most EWH tanks has
reached close to the minimum value allowed (116°F) at the end
of the on-peak period. Therefore these EWHs can only respond
to DECs (i.e., increases in power demand.)

GOAL4: Total Energy Demand Equality or Reduction:
Fig. 10 compares the total energy consumed by all EWHs in
the one-week simulation period. The total one-week energy
consumption of all EWHs is within 10% of each other in
the different cases studied. Since the primary goals of these
experiments are to provide balancing reserves and shift some
of the demand from the on-peak hours to the off-peak periods,
total energy consumption is less important as long as it is not
increased greatly. CASE3, which was the most effective case
of all for load shifting and providing balancing reserve (without
increasing peak power demand) had about 4.7% increase in
total energy consumption than the no-control case (CASEOQ).
This small increase in energy consumption can be justified as
the cost of ancillary services provided for the utility.

GOALS: Economic Benefit to the Customer: In all CASEs,
the price of the electricity is kept the same, as reported in
Tables III and V. But, the ToU pricing signal is only used as
control signal in the CASEs 2A, 2B and 3. Fig. 11 compares the
average cost of electricity for a single EWH in the one-week
simulation period.

CASEs 0 and 1 are the most expensive ones, because elec-
tricity price doesn’t affect power consumption through the ToU
pricing signal. In CASEs 2A and 2B, the ToU pricing signal
is the only signal used for thermostat setpoint control. These
cases have a definite economic benefit for the consumers over
CASEs 0 and 1. However, the large increases in the peak power

in CASEs 2A and 2B (Fig. 9) have caused these cases to be ruled
out as a possible method of control.

Although in both CASEs 2B and 3, the customers responded
to the pricing signal by lowering the EWH thermostat setpoint
to 126°F during the on-peak hours, the cost was 1.01% lower in
CASE3 than in CASE2B. This is due to the fact that in CASE2B,
the EWHs thermostat setpoints are always 160°F during the
off-peak hours, thus causing the EWHs to consume more energy
overall, as compared to CASE3, where the balancing reserve
signal is used during off-peak hours.

GOALG: Provide Desired Balancing Reserves: In CASEs 0
and 2 (2A and 2B), there were no balancing reserve control sig-
nals, and the balancing reserve matching could not be evalu-
ated. CASEI, in which the only control signal was the desired
balancing reserve, was able to provide the needed balancing
reserves a higher percentage (93.17%) of the time compared
to 75.92% for CASE3. This is because in CASE3, the pricing
signal takes priority during on-peak hours, and balancing re-
serves are not provided during those periods.

Overall, CASE3 is considered the most effective amongst all
the CASEs studied, as it provides economic benefit to the partic-
ipating customers, as well as some load shifting and balancing
reserve for the utility without considerable increase in energy
consumption.

VI. DISCUSSION AND CONCLUSION

This study shows that thermostat setpoint control of aggre-
gated EWHs can be beneficial to the utility as well as the partic-
ipating customers. The proposed method considers load shifting
and price signal response simultaneously, investigates the im-
pacts of the method for a week as opposed to few hours, and
includes economic benefit analysis for the customers to partici-
pate in the DR program.

Five control methods were explored considering six goals
with the highest priority goals being customer comfort level
and safety (i.e., maintaining the water temperature within
safe limits) and load shifting from on-peak demand hours to
off-peak hours. Simulation results show that among the five
control methods studied, the method that combines utility
control of EWHs thermostat setpoint control along with cus-
tomers responding to the ToU price signal provided by the
utility (CASE3) yields the best results. It provided hot water
(between 116°F—-160°F) all the time, resulted in a significant
reduction of EWHs* demand during the on-peak hours and
provided load shifting. It also provided balancing reserves for
the utility in the presence of wind generation (75.92% of the
time during off-peak hours). Moreover, this control method
resulted in a large reduction (45.01%) in the cost of electricity
for the customers compared to the no-control case (CASEQ).
Therefore, both the utility and customers can benefit from this
control method.

In addition to wind power, solar power could also be partially
or fully accommodated using the proposed method. Beyond the
benefits to the utility and customers, such DR strategies will
also have invaluable environmental benefits, i.e. reduction in
undesired emissions, as a result of avoiding the use of fossil
fuel-based spinning and non-spinning reserves,
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Abstract

Ownership cost calculation plays an important role in optimal operation of DERs
and MGs in the future power system, known as smart grid. In this chapter, a general
framework for ownership cost calculation is proposed using uncertainty and risk
analyses. Four ownership cost calculation approaches are introduced and compared based
on their associated risk values. Finally, the best method is chosen based on a series of
simulation results, performed for a typical diesel generator (DiG). Although simulation
results are given for a DiG (as commonly used in MGs), the proposed approaches can be
applied to other MG components, such as batteries, with slight modifications, as
presented in this chapter. The analyses and proposed approaches can be useful in MG
optimal design, optimal power flow, and market-based operation of the smart grid for

accurate operational cost calculations.

Introduction

In the smart grid era, cost-based operation of DERs and MGs, including their
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ownership costs, is inevitable. Strictly speaking, accurate operational cost calculation
plays an important role for profitable operation of DERs for their owners, as one of the
major goals projected for the smart grid [9.1]. In general, different uncertainty sources
can be envisioned for different elements of the operational cost (such as depreciation and
operating costs), which are the actual causes of inaccuracy in the cost calculations.
Therefore, an accurate operational cost calculation model considering uncertainties with
lower risk is essential for power/energy management and optimal sizing of MGs, as well
as for optimal power flow, power scheduling, and market-based operation of power
systems. This chapter proposes a general framework for DERs ownership cost
calculation, which is an important part of the operational cost considering existing
uncertainties and associated risks.

Power and energy management of islanded and grid-tied MGs is important for
their optimal operation and to minimize their operational costs, e.g. [9.2]-[9.19].
However in these references, the ownership cost of the equipment is not investigated
explicitly nor in some cases considered in the optimal MG operation. For example, only
fuel cost is considered for a DiG, [9.2], [9.3], [9.5]-[9.9], [9.13], [9.15]; or in some other
literature, e.g., [9.11], [9.12], [9.16], [9.17], the cost of DIG operation is considered as a
price offered by the owner (similar to bids given by the participants in the electricity
market). Also in [9.4] and [9.10], the battery cost is not included in the proposed
management algorithm. In [9.14] and [9.19], the battery cost is explored based on the
estimated battery lifetime, however the proposed approaches do not consider the

uncertainties in the operation of the battery that could alter the true battery cost. As a
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result, substantial fluctuations were observed in the estimated cost, particularly in the
earliest days of operation, when a high level of uncertainty occurs. In [9.18], the battery
ownership cost is incorporated in the MG operation objective function, however it will be
shown in this chapter that it will not always give accurate results.

There is a great amount of literature in the area of optimal sizing of MG
components, where cost of all equipment (such as DiG and battery) is considered. A
comprehensive literature review on this topic is given in [9.20]. Nevertheless, the actual
operational uncertainties and associated risks in the ownership cost calculations are not
investigated. Similar deficiencies exist in several technical reports on the cost-benefit
analysis of battery technologies, e.g. [9.21], [9.22]. All in all, there is no independent
study on the ownership cost calculation, to the best of our knowledge.

This chapter lays out a general framework for DERs ownership cost calculation
considering uncertainty and risk analyses. Initially, four different approaches are
presented to calculate DERs ownership cost, where two of the approaches are proposed
by the authors. Various uncertainty sources in the calculations are then introduced, where
an appropriate discrete probability density function (DPDF) is specified for each in the
simulation studies. In order to define the appropriate DPDFs for the uncertain parameters,
an islanded MG has been designed using HOMER® [9.23] and the data obtained has been
utilized. Then, a general basis for sensitivity and risk analyses based on the DPDFs is
developed. Finally, the best model is chosen based on the uncertainty analysis along with
risk calculation through simulation studies. To show the applicability and adaptability of

the proposed framework to other DERs, the proposed model is also adapted for battery
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ownership cost calculations.

Problem Statement

The operational cost calculation (known as machinery cost in industrial
engineering and engineering economic analysis) is typically divided into two categories
(as shown in Figure 9.1): 1) “ownership costs”, which occur regardless of machine use
(usually expressed per hour of operation), and 2) “operating costs”, which vary directly
with the amount of machine use [9.24], [9.25]. The true value of these costs cannot be
known until the machine is sold or worn out. However, these costs can be estimated by
making a few assumptions about machines’ life, annual use, and fuel and labor costs.
These assumptions should be treated as uncertainty sources in the calculations through
uncertainty and risk analyses.

Ownership costs (also called fixed costs) include depreciation, interest
(opportunity cost), taxes, insurance, and housing and maintenance facilities [9.24], [9.25].
In MGs, it is not common to insure the lifetime of a device. Therefore, insurance
(insurance of equipment replacement in case of fire or other natural disaster) is neglected
[9.26]. The housing cost (the cost of shelter or building to keep the equipment safe) is
included in the capital investment of the equipment. However, property taxes which are
commonly considered in farm machinery cost estimations [9.26], are ignored in our
study, as they are usually less than 1% of the purchase cost altogether. Instead, we will
focus on the most important parameters, such as machines’ lifetime and their annual use.
Therefore, the ownership cost calculation will be limited to the depreciation cost

calculation and its components (i.e., salvage value and economic lifetime).



245

Depreciation
Cost

Operating Cost

Salvage Value
Economic
Lifetime

" Ownership Cost J

Operational
Cost

Figure 9.1. Overview of the operational cost calculation model adapted for this chapter.

The operating cost is the second and last part of the operational cost calculations.
This cost can be so different from one DER to another; even from one manufacturer to
another; and from one size to another. Therefore, it is complicated, if not impossible, to
develop a general framework for operating cost calculation for different DERSs.
Furthermore, the operating cost is significantly less than the ownership cost for many
DERs, such as battery, solar Photovoltaic (PV) panels, wind turbines, etc. As an example,
the operating cost of solar PV panels is approximated as 0.005 $/kW in [9.4], which is
negligible compared to the operating cost of DiG. For DiGs, the operating cost is an
important factor since it includes fuel cost. This chapter only explores ownership cost

calculations considering uncertainties.

The Proposed General Framework
for Ownership Cost Calculation

Depreciation is a cost subsequent from wear, obsolescence, and age of a machine
where age and accumulated hours of use are usually the most important factors in
determining the remaining value of a machine [9.24]-[9.26]. Prior to annual depreciation
cost calculations, economic life for the machine and the salvage value at the end of its

economic lifetime are necessary to be specified.
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Economic Life: There are two different economic lifetimes considered in this
chapter: 1) The economic life of an equipment, defined as the number of years (for PVs),
hours (for DiGs), or ampere-hours (A.h.) for battery, for which costs are to be
approximated, and 2) The project lifetime, which can be expressed as the economic
lifetime of a project based on the longest equipment lifetime in the system, or other
considerations such as the user’s expected lifetime of the whole project. As a result, some
of the equipment with relatively shorter lifetime, compared to the project lifetime, will
experience replacement(s) during the project lifetime. For instance, if a DIG lasts six
years, and the project lifetime is expected to be 20 years, the DiG will have to be replaced
three times throughout the project lifetime (i.e., at year six, 12 and 18 of the project).

Although the useful lifetime of different devices are expressed in different terms,
similar principles can be employed for their ownership cost calculation with minor
modifications.

Salvage Value: The salvage value is an estimate of the sale value of the equipment
at the end of its economic lifetime [9.24]-[9.26]. As it is shown in Figure 9.1, a prior
knowledge about this value is essential at the time of ownership cost calculation. Without
loss of generality, this value is considered to be zero in this chapter because equipment
such as DiGs and batteries will be used until they are totally worn out. As a result, they
are assumed to have no value at the end of their lifetime.

Based on the definition and assumptions given above, four different approaches
are introduced below for ownership cost calculation. Then, uncertainty sources are

identified and a method for performing risk analysis is developed. Here, all equations are
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developed for DiG without loss of generality. Simulation results and comparisons of the
four approaches are given in the earlier section. Similar equations with slight

modifications (as given for battery in the earlier section) can be utilized for other DERSs.

Approach | (Base-case): No Replacement Cost

In this approach, the depreciation cost is calculated based on the equipment’s
economic lifetime and its salvage value. It is also assumed that the lifetime of the project
is the same as the economic lifetime of the equipment. This is a standard approach in the
ownership cost calculation [9.24] and will be considered as the base-case scenario for

comparison with other approaches.

The depreciation cost (Cdep) can be expressed as:
Cdep = Cpur _Csal (91)

where Cpur and C_, are the capital cost and salvage value of the equipment ($),

respectively. Since no replacement of the equipment is considered throughout the project

lifetime:

Cpur = Cpur,O (92)

where Cpur'O (%) is the current purchase (capital) price of the equipment, including

installation fees and transportation. The combined costs of depreciation and interest can
be calculated by using the capital recovery factor. This cost is called equivalent uniform
annual cost (EUAC) [9.25]. Capital recovery is the dollar amount that would have to be
set aside each year to repay the value lost due to depreciation, and pay the interest costs

[9.25], as given below:
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Ceuac = Cep XCRF(i1n) (9.3)
where CRF(i,n) is:
CRE (i,n) = 0+ 0.0
(1+i) -1

where n is the project lifetime, and i is the effective annual interest rate calculated in

terms of the effective annual interest rate (1, ) and inflation (i) as follows:

i = Iint B Iinf

1+ . (©5)

where I, can be considered as opportunity cost of investment if someone uses its own

capital and I is the annual inflation rate. This method of depreciation calculation is

called Straight-line depreciation [9.25]. Effective interest rate is considered to be
constant throughout the lifetime of the project since its variation does not significantly
affect the calculations.

The ownership cost per hour for the DiG can be estimated by estimating the
annual operation hours of the DiG, neglecting insurance, taxes and housing costs of the

equipment, as follows [9.26]:

Clh — CEUAC

h

y

(9.6)

where hy is the estimated annual hours of operation for the DiG studied.
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Approach I1: No Replacement Cost
and Effective Annual Interest Rate

In this approach, which has been widely used in chapter, e.g., [9.18], the effective
interest rate and equipment replacement are ignored. The hourly ownership cost of DiG

(per A.h. in case of batteries) can be determined by (9.7):

C
cﬂ:h"ep (9.7)

y

where C,, is calculated by (9.1), and h, is the estimated economic lifetime of the

dep
equipment (in terms of hours for DiGs and A.h. for batteries). It will be revealed in the
simulation studies that Approach Il yields erroneous results which could lead to a series
of incorrect decisions, e.g., in the cost-based power/energy management algorithms or in
the electricity market.

Approach I11: Cost Calculations
Considering Replacement Cost

In this proposed approach, the purchase cost of the equipment, defined by (9.2),

will be modified to include replacement(s) cost as follows:

Cpor =Couro +Crep xNO, (9.8)

pur — “~pur,0
where C,, is the replacement cost of the equipment; and NO,, is the number of

replacements of the equipment throughout the project lifetime. Replacement cost is
considered to be 70% of the present worth (i.e., the current purchase price), since some
installation fees such as wiring or housing will not be paid again. Here, we propose two

approaches (I11.A and 111.B explained below) to calculate the ownership cost using the
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depreciation cost explained above and considering replacement cost.

Approach 11I.A-EUAC with Replacement. In this approach, a similar procedure

to Approach | will be executed using (9.3)-(9.5), to calculate the EUAC. Finally, the

ownership cost per hour for the DiG can be calculated using the estimated annual

operation hours of the DiG (h, ) as follows:

C
Cn|,A = I;_]UAC (99)

y

It can be seen from (9.9) that the annual operation hours of the equipment is
utilized to normalize the ownership cost. As it can be noticed from the explanation given
above, so far the difference between Approach | and Approach IIILA is only the

depreciation cost calculation considering replacement costs.

Approach I11.B-Depreciation with Replacement. Similar to Approach I11.A,

depreciation cost of the equipment will be calculated using the replacement cost of the
equipment throughout the lifetime of the project. However, the EUAC is not used and
depreciation cost will be directly utilized for ownership cost calculation. Contrary to
Approach I11.A, in Approach I11.B, the total depreciation cost is divided by the estimated
economic lifetime of the equipment (expressed in terms of hours for DiG, and in A.h. for

batteries) to calculate the cost per hour for DIG (or per A.h. for battery) as follows:
Clio = o (1+1)’ (9.10)
h.-( )

where Cdep is calculated by (9.8); and j is the current year of operation.
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From the equations developed for the different Approaches, different sources of
uncertainty can be identified for the equipment ownership cost calculation. It basically
implies that the ownership cost calculations may not be accurate unless the variations of
these parameters are considered, further meaning that uncertainty and risk analyses are
required for accurate calculations. In addition, risk analysis provides a basis to compare
the effectiveness and accuracy of the given Approaches. The uncertainty sources and

corresponding uncertainty and risk analyses are presented in the next sub-section.

Uncertainty and Risk Analysis

Several uncertainty sources can be identified as follows:

1) Equipment’s number of replacement throughout the project lifetime (which
depends on its economic lifetime and annual operation pattern),

2) Equipment’s cost of replacement,

3) Inflation and interest rates.

Equipment’s cost of replacement is highly unpredictable for new technologies
since any breakthrough in a technology or unexpected market changes can influence the
cost of the technology. For mature technologies such as DiGs, it is less likely to see any
significant changes in the cost. Therefore, equipment’s cost of replacement is not
included as an uncertainty source for DiG. Also, inflation and interest rates are very
stable in developed countries and do not present substantial variations. In this chapter, as
the first attempt to consider uncertainty in the ownership cost calculation of MG
components, attention is put on the first source of uncertainty, which can significantly

affect the ownership cost, i.e. uncertainty source 1. The uncertainty sources 2 and 3 are
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neglected in this study. However, these uncertainties can be included in the calculations if

desired.
The number of replacement of an equipment (NO,, ) is primarily related to the

usage pattern of the equipment and can be different from one year to another. It is also a
function of the economic lifetime of the equipment which is not a certain parameter
either, as discussed earlier. Although reasonable values can be assigned to the annual
operation hours and economic lifetime of the equipment to obtain its number of
replacement(s), they will be treated as uncertainty sources with appropriate DPDF for
uncertainty and risk analyses in this chapter.

It is common in engineering economic analysis to use two to five outcomes with
discrete probabilities to assess the uncertainty associated with the future events (such as
equipment’s annual operation hours and economic lifetime) [9.24], [9.25]. In most cases,
the two to five outcomes represent the best trade-off between representing the range of
possibilities and the amount of calculation required [9.25]. This is usually based on
expert judgment or through prior experimental or simulation studies. Therefore,
appropriate DPDF should be assigned to each uncertain parameter, given in the earlier
section, prior to the risk analysis.

With the values estimated by the chosen DPDFs for the two sources of
uncertainty (i.e., equipment’s annual operation hours and useful lifetime), it is
conceivable to calculate the hourly cost for each possible outcome. It essentially yields
the sensitivity of the ownership cost with respect to the uncertain parameters. Although

the impact of uncertain parameters on the ownership cost can be observed in the
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sensitivity analysis, this analysis is not efficient for larger number of uncertainty sources
and outcomes. Risk calculation can be very helpful in this context; it provides a
legitimate basis to compare different approaches to find the most robust and reliable one.

As defined in [9.25], risk can be thought of as the chance of getting an outcome
other than the expected value with an emphasis on something unpredictable. The
common risk measure is the standard deviation, which measures the dispersion of
outcomes about the expected value. Prior to risk calculation, it is required to calculate the
expected values of each outcome for both uncertainty sources. It is therefore essential to
calculate the joint probability distributions since there are two different uncertainties. It is
assumed that the two uncertain parameters chosen are statistically independent, where the
joint probability of a combined event is simply the product of the probabilities for the two
events [9.25]. It is intuitive assumption that the annual operation hours of a DIG has no
meaningful impact on its useful lifetime (i.e., the total operation hours) or vice versa.
Therefore, the expected value of hourly cost for each approach can be drawn from (9.11)
[9.25]:

[ :' %EAOZH<PELT PAOH C ( )> 9.11)
m=1 n=1

where ELT is the number of events for the equipment’s economic lifetime; AOH is the

P ACH

number of outcomes for annual operation hours; P57, and R

(X -m) are the probability of
each event; and Cih(m,n) is the hourly ownership cost for “m” hours of DiGs’ useful

lifetime and “n” hours of annual operation for the i™ approach. From the expected value,

it is possible to calculate the risk (standard deviation) for the four approaches discussed
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as follows:

o :\/{EV{XZJ—[EVi[X]]Z} (9.12)

Using (9.11), equation (9.12) can be rewritten as:

o= (B8 e e o ) -[ev [ T (913)

where o, shows the risk associated with the i™ approach considering uncertainties. The

best approach is the one with lower risk as long as its total payment throughout the
project lifetime is not significantly different (less than 1% different) from the base-case

(i.e., approach 1.)

Simulation Studies and Results

In this section, comprehensive simulation results are presented for a specific DiG
to assess the effectiveness of the proposed framework in its ownership cost calculation,
and to find the best approach in comparison with the base-case approach. DiG is used as
an example in this chapter since it is the most common device in MGs. Simulation results
are divided into two sub-sections. In the first sub-section, the accuracy of Approaches II,
I11LA, and I11.B is verified in comparison with the base-case through a set of simulation
studies. In the second sub-section, sensitivity, uncertainty and risk analyses are given for
the approaches that pass the verification test. As it was explained in the earlier section,
the appropriate DPDFs will also be defined for each uncertain parameter prior to risk

analysis.
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Verification Study

Approach | is known as the standard machinery cost calculation method [9.24]-
[9.26]. Therefore, other approaches should yield similar (or close) accumulative payment
for the same outcomes. If accumulative payment throughout the project lifetime obtained
from an approach is not close enough (within 1%) to the one obtained from the base-case,
it will be rejected. For each approach, a simulation study is carried out where a DiG unit
is considered to have 20000 hours of economic lifetime and 5000 annual operation hours
for different project lifetime (4, 8, 12, 16, 20 years). The DiG selected for this study is a
10 kW diesel Genset [9.27]. Other required data for the simulation study is reported in
Table 9.1.Simulation results for the different approaches are shown in Figure 9.2, where
their corresponding error is compared to the base-case approach. Total accumulative
payment for each approach for different length of project lifetime is depicted with bars. It
is clear from Figure 9.2 that the accumulative payment in Approach Il is not close to the
base-case. Similar observation can be made by the error curves, where Approach Il gives
the highest error (about 4.8%). The error in Approach I11.A is always less than 1%, while
Approach I11.B is more accurate for smaller length of project lifetime (with an error of
near zero) and a maximum error of around 1.2% for 20 years of lifetime. Therefore,
Approach Il, which gave an error of near 5%, failed the verification test and should not
be used for such studies because of large error. The error in Approaches I11.A and 111.B
are within an acceptable range which means that they can be used in place of Approach |

without jeopardizing the accuracy of the ownership cost calculations.
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Table 9.1. Ownership cost calculation data.

DiG capital DiG replacement  Inflation rate Interest rate
cost (Cpyr) 8 cost(Cpyp), $ (e ), % (), %
6750 4725 15 35

Although the above simulation results give a perspective of the proposed
Approaches, they do not represent a basis for comparison between different Approaches
regarding uncertainty sources. Therefore, uncertainty and risk analyses are required for

further evaluation of the proposed Approaches, given below.

Uncertainty and Risk Analyses

Prior to sensitivity and risk analyses, appropriate DPDFs are necessary to be
assigned to each uncertainty source studied. Also, as mentioned earlier, two to five
outcomes with discrete probabilities are required to be defined based on expert best

judgment. These probabilities are obtained from the DPDFs.

X lO4

I Approach |

I Approach 11
[ Approach 111LA
[_IApproach 111.B
2.51 - Error Il

35

10

---- Error I1LLA
21 - Error 111.B

Error, %

Total Payment, $

' 8
Project Lifetime, years

Figure 9.2. Accumulative payment of the DiG ownership cost for different approaches
and their corresponding error in comparison with Approach I.
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Appropriate DPDF for DiG Useful Lifetime. DiGs usually work 15000-25000

hours depending on their rated power, quality and interval of maintenance, quality of
diesel fuel, and loading condition throughout their lifetime [9.28]. In general with regular
overhaul (i.e., complete maintenance), the typical lifetime of a DiG could be up to 13
years. It is also well-known that the economic lifetime is usually less for smaller DiGs.
The 10-kW DiG under study is more likely to have an economic lifetime in the 17000-
hour range. The Hypergeometric distribution is used to generate the probability values for
the DIG economic lifetime. Hypergeometric distributions are originally used to describe
samples where the selections from a binary set of items are not replaced [9.29]. In this
chapter, the shape of the distribution is found to be appropriate where the probability of
the lower values (with the highest probability at 17000 hours) is higher than the larger

values, as shown in Figure 9.3. The Hypergeometric PDF is given as follows [9.29]:

k -k
iy = (914

where N is the total number of items (70 in this study); K is the total number of items
with desired trait (14 in this study); n is the number of items in the sample (10 in this
study); and k is the number of items with desired trait in the sample (15000 to 20000

hours). The generated probabilities are shown in Figure 9.3.
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Table 9.2. MG design specifications obtained from HOMER®.

DiG PV Battery
Rated capacity 10 kW 17 kKW 24 KWh
Annual operation 7676 3803 801
P hour/year hour/year kWh/year

Appropriate DPDF for DiG Annual Operation Hours. In this case, another DPDF

is required since the annual operation hours is a different source of uncertainty with a
different behavior. In order to have an estimate of the DiG annual operation hours,
HOMER® software [9.23] has been used to design an islanded MG for a remote area with
three residential units each of which has a power consumption profile of a typical U.S.
resident [9.30]. The component sizes and annual operation obtained for the MG
(including PV solar panels, a DiG, and a battery bank), for a typical residential load, are

given in Table 9.2.
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Figure 9.3. PDF for DiG useful lifetime created by Hypergeometric DPDF.
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Based on the MG specification given in Table 9.2, it is estimated that the DiG will
work around 7700 hours (out of the maximum 8760 hours) a year. However, it is possible
that the DIG would operate more or less than 7700 hours per year, with a higher
probability for larger annual operation hours. The reason for this can be two-fold: 1)
HOMER software does not include the stochastic nature of renewable generation and
load demand in the design procedure, and 2) the only renewable generation source in the
designed MG is solar PV whose output power is unpredictable, which increases the
required reserve that must be provided by the DiG. For this reason, the extreme value
discrete distribution is selected as an appropriate DPDF for annual operation hours

[9.31]:

P{’Qoy“’a}za‘lexp(x;” j.exp(—exp(%)} (9.15)
where it returns the PDF of type 1 extreme value distribution with location parameter u (3
in this study) and scale parameter o (1.5 in this study), evaluated for the values in X.
Extreme value distributions are frequently used to model the smallest or largest value
among a large set of independent random values representing measurements or
observations [9.31]. This DPDF is chosen since it produces the expected probability

distributions following the hypothesis derived above for the annual operation hours. The

probability distribution of the annual operation hours for the DiG is shown in Figure 9.4.
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Although the DPDFs of the uncertainty sources can be different for different
studies, similar analyses can be performed. Therefore, the proposed framework can be
employed for different components of MGs. In this chapter, similar DPDFs will be used
for different Approaches for fair comparison.

With different outcomes considered for the DiG annual operation hours and
useful lifetime, it is possible to perform a sensitivity analysis by calculating hourly cost
for each approach. The results from Approaches I, 111.A and I11.B are shown in Figure 9.5
(@), (b), and (c), respectively. The project lifetime is assumed to be 20 years in these

simulations. The other parameters used in the simulation are given in Table 9.1.
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Figure 9.5. Hourly cost for the DiG with different outcomes generated for the two
uncertain parameters for (a) Approach | (base-case), (b) Approach I1I.A, and (c)
Approach I11.B.
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It can be seen from Figure 9.5 (b) that Approach Ill.A is more sensitive to the
uncertain parameters (compared to the base-case in Figure 9.5 (a)); however its variations
are smaller. Furthermore, Figure 9.5 (c) reveals that the variations in the annual operation
hours have negligible impact on the ownership cost (less than 1%) in Approach I11.B.

This is a significant improvement in the uncertainty analysis.

Table 9.3. Ownership cost calculation fata for the DiG.

Terms of analysis Apprloach Approach H1LA Approach 111.B
Expected Cost ($/hour) 0.3042 0.3377 0.2644
Risk Value ($/hour) 0.1113 0.1111 0.0869

The expected ownership cost and risk value (i.e., standard deviation) for
Approaches I, I11.A, and 111.B are calculated for the DiG using (9.11)-(9.13). The results
are given in Table 9.3. Although the expected ownership cost is not meaningful in terms
of uncertainty and risk analyses, it provides the hourly ownership cost which has to be
included in the operational cost of the DiG. Alternatively, looking at the risk value
associated with each Approach shows that Approach 111.B has the lowest risk in the
calculation in the presence of uncertainty. In other words, it basically shows that
Approach 111.B is significantly less risky (about 22% compared to Approach 1),
considering possible variations in the uncertain parameters, when calculating ownership
cost. Therefore, it can be concluded that Approach I11.B is the best method (among the
four approaches) to calculate the ownership cost with high accuracy and lower risk
associated with the two uncertainty sources.

In the next section, the formulation of ownership cost for storage battery as
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another DER in a MG setting is presented.

Ownership Cost Formulation for Batteries

Generally speaking, the proposed framework for ownership cost calculation can
be applicable to other MG components, however sometimes slight modifications may be
required to make the framework fit a specific DER. Specifically, one special modification
is required when the useful lifetime of the device is expressed in something other than
hours. For instance, battery useful lifetime is expressed as battery nominal charge life
(A.h.). Therefore, it is essential to modify the equations to adapt them to batteries. This
section covers such modifications needed to calculate the ownership cost of batteries.

As it was discussed in the earlier sections, the useful lifetime of battery and its
salvage value are required for depreciation cost calculation. The economic life of battery
banks is the number of years (in terms of battery A.h.) for which costs are to be
estimated. This is important, particularly for Approaches IIl.A and II1.B, where the
economic life of the battery bank with the required number of replacement(s) throughout
the project lifetime should be considered. A battery has a finite lifespan which is
quantified by summing together the entire A.h. discharged during each of its cycles to
determine a cumulative A.h. capacity for the battery’s life. The total charge life of a

battery is calculated from manufacturer’s specifications as follows [9.14], [9.18]:

I,=L.D.C, (9.16)
where I, is the charge life of a battery (A.h.); L, is its cycle lifetime at rated depth of

discharge (DoD) and discharge current; D, is the rated DoD; and C, is the A.h. capacity
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at rated discharge current. In reality, a battery is not always operated at its rated values,
and it is well-known that the total A.h. through a battery during its effective lifetime is
directly dependent upon the DoD during each cycle [9.14], [9.18]. Therefore, a
relationship can be established between the cycle-to-cycle DoD and battery effective
lifetime. The unified effects of DoD and discharge rate on battery lifespan can be

expressed as follows [9.18]:

DoD, (i) —1]

()= 1), 5 ) (250 58 617

where d (i) is the effective A.h. discharge of the battery at discharge event i; d, (i)
is the actual discharged energy of the battery (A.h.); C; is the battery A.h. capacity at
rated discharge current; Ca is the actual battery capacity at each time interval; DoD, (i)

is the actual DoD at discharge event i (%); DoD; is the rated DoD (%) in event i; and ug
and u; are curve-fitting coefficients. All the equations for calculating the depreciation
cost in each Approach are valid here as well. For example, to obtain the battery
ownership cost using Approach 111.B, (9.10) is modified to calculate the ownership cost
per effective A.h. by estimating the annual accumulative discharged A.h. as follows:

C .
CA.h _ dep l I J
ey deﬁ(i)x(NOreerl)X( +)

each year

(9.18)

The uncertainty and risk analyses for this situation can be achieved by following
the steps given in the earlier sections. Note that appropriate DPDFs for a battery might be
different from those given for DiG and are based on the annual usage and useful lifetime

of the battery.
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Simulation studies have been carried out for battery and yield similar results as

for DiG, where Approach 111.B was found to be the best model.

Conclusion

Cost-based operation of DERs and MGs, including their ownership costs, is
inevitable in the smart grid era. This chapter proposes a general framework for ownership
cost calculation considering uncertainty and risk associated with the calculations. Two
new ownership cost calculation approaches are proposed and compared with two
approaches from the literature. It is shown through a series of simulation studies that the
new Approaches I11.A and I11.B yield very accurate results in comparison with the base-
case (Approach I), which is commonly used in the literature. In addition, a risk analysis
of the proposed approaches shows that the proposed Approach I11.B is 22% less risky
compared to Approach I. It is also shown through sensitivity analysis that Approach 111.B
IS more robust against the annual operation hour variations, unlike the other Approaches
discussed.

In general, the proposed ownership cost calculation framework can be utilized
(with minor modifications) for different components of MGs. As an example, in addition
to DiG, the proposed framework is modified and given for batteries. Simulation results
for battery (not given in this chapter) also reached the same conclusion that Approach

111.B is the most robust one.
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Abstract

Because of different technical and economic concerns, battery has become an
inevitable part of a MG as well as the most expensive component. This further
necessitates a real-time power management system to guarantee the healthy operation and
maximum battery lifetime based on the net cost of energy. Therefore, this chapter
attempts to present a real-time management framework for a grid-tied MG based on the
lifetime and cost estimation of battery. In order to verify the effectiveness of the proposed
framework, a grid-tied commercial MG, which includes wind turbine, solar PV panels
and Li-lon battery, is optimally sized by HOMER®. Then, dynamic model of different
components have been developed in MATLAB/Simulink® for real-time power
management study. Finally, simulation studies have been carried out for a year with
actual load demand, wind speed, ambient temperature, solar radiation, and time-based
electricity tariff. Simulation results show that the proposed framework effectively extends

the battery lifetime while slightly decreases the cost of energy for customer.



273

Nomenclature

Lo Battery cycle life at rated DoD and discharge current.
Dg DoD for which rated cycle life was determined.
Cq Rated ampere-hour capacity at rated discharge.

Ug, Uy, and U, Coefficients of the DoD fitting function.

D Actual DoD.

Ca Actual capacity at discharge current.
dact Ampere-hour of the discharge event.
T System operation time, day.

AC Annualized Cost, $/year.

RBC Rated Battery Capacity, KW.

CC Capital Cost, $/kW.

RC Replacement Cost, $/kW.

SFF Sinking Fund Factor.

CRF Capital Recovery Factor.

o&MC Annual Operation and Maintenance Cost, $/kAh/year.
f Inflation rate, %.

i Actual interest rate.
inom Nominal interest rate, %.

NO. rep Number of Replacement of the battery, round (Yproj / Yrep).
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Yoroj Useful lifetime of the project, year.

Yrep Useful lifetime of the battery calculated by BLE, year.
Pw Wind power, kW.

Ppv PV solar power, kW.

Pyrid Scheduled power from the grid, kW.

Pload Load demand, kW.

SoC State of Charge of the battery, %.

Introduction

MG is an emerging technology which promises to achieve many simultaneous
goals for power system stakeholders, from generator to consumer [10.1]. Its framework
offers a mean to capitalize on diverse energy sources in a decentralized way, while
reducing the burden on the grid by generating power close to the consumer. Since MG
with distributed generation (DG) systems fall within city load centers (<69 kVA) at
electric utility substations, near feeders, within neighborhoods, and at industrial,
commercial, and residential customer locations [10.2], storage devices such as battery are
necessary to:

v' Manage electric grid peak demand,

v" Improve reliability and outage mitigation, compensate for intermittent power

generation from DGs,

v Provide AS especially in islanded mode of operation,

v Increase electric grid load factor and utilization via the smart grid.

As a result, storage devices are the necessary components of MGs as a mean to
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achieve high penetration of intermittent RES into the grid. According to [10.2], the
desired size of the energy storage device for distributed energy storage systems (DESS)
application is 25-200 kW for single-phase and 25-75 kW for three-phase systems, and its
duration and desired lifetime are 2-4 hours and 10-15 years, respectively. The desired
values in the case of commercial and industrial (C&I) energy management are 50-1000
KW in size, 3-4 hours duration, and 15 years lifetime [10.2]. This way, different battery
technologies, such as Lithium-lon batteries, can be sought as promising candidates.

The available power from RES, particularly wind turbine, is highly variable and
somewhat random. Consequently, batteries in hybrid power systems, whether in DESS or
C&I energy management applications, experience a very irregular pattern of charge and
discharge cycles. On the other hand, it is well-known that battery useful lifetime depends
on its discharge pattern. Therefore, managing discharge pattern is a promising approach
for battery life maximization. Since one can say that maximum battery lifetime can be
achieved when battery kept idle (i.e., the nominal lifetime), there should be a rational
definition for maximum lifetime of the battery. In this chapter, this term is defined as the
maximum battery lifetime by taking the cost of energy into consideration at each
management interval. In other words, the maximizing battery lifetime is beneficial as
long as the cost of the energy provided to the customer is minimum at the time of
management.

While most research has been focused on optimal sizing and unit commitment of
such systems, few studies have dealt with real-time management of a hybrid energy

system [10.3]. To the best of our knowledge, maximizing battery lifetime considering
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minimum cost of energy has not been addressed in the literature. This chapter attempts to
introduce a management framework to achieve maximum battery lifetime based on
battery life estimation and the price of energy. The proposed procedure is developed for
the grid-tied MGs which include wind turbine and solar PV panels as generation assets
and Li-lon battery as storage device. The system is optimally designed using HOMER®
with actual wind speed, solar irradiation, grid electricity price, and load demand data.
Since unit commitment problem is beyond the scope of this chapter, the scheduled grid
power in real-time simulation is assumed to be equal to the grid power calculated by
HOMER®. Then, dynamic model of each component for the system studied is developed
in MATLAB/Simulink®. Different power management strategies are then implemented
on the dynamic model of the MG with actual data for a year. Eventually, results from

different management approaches are compared.

The Proposed Real-Time Power Management Framework

Batteries are usually equipped with a battery management system (BMS) which
can be an electronic device that manages a rechargeable battery (cell or battery pack), by
monitoring its state, calculating secondary data, reporting that data, protecting it,
controlling its environment, and/or balancing it. However, there is no real-time
supervisory power management system at the top level of MG to regulate battery
discharge in order to maximize its lifetime. While battery is usually the most expensive
part of such systems at the time of installation, and needs frequent replacement, a real-
time power management can be extremely helpful to guarantee the appropriate use of

battery. Generally, real-time management strategy performs at a smaller time interval,
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e.g., every few seconds or minutes. The results of such systems are the power sharing
between the different generation and storage assets in a MG.

It is well-known that PV and wind generation is almost free after installation
because of no fuel cost. Thus, it is beneficial to use available power from wind and PV as
much as possible. Therefore, the real-time power management problem will be limited to
power sharing between battery and grid. Grid power is available at time-of-use rates, and
is limited to a maximum of 40kW in this study. Possible explanations might be a weak
distribution system, lack of enough generation, and/or low capacity of different
equipment such as overhead lines and/or transformers. As it was mentioned earlier, the
purchased power from the grid is scheduled a day ahead as unit commitment problem. In
this chapter, we are not dealing with the unit commitment problem. Therefore, the
scheduled power from the grid is considered as a known input parameter in the
management system. It is also assumed that the battery will be charged only when excess
wind and/or PV power is available. In other words, battery will not be charged by the
power purchased from the grid. Replacement cost is the most effective factor in the CEB
calculation. Based on the discharge pattern, batteries need to be replaced periodically to
maintain system performance. Therefore, CEB is directly related to the battery aging
which depends on its discharge pattern. As a result, the power management algorithm
should decide upon the battery discharge pattern, associated lifetime, and cost. Since
maximum battery lifetime occurs when battery is kept idle (which is not rational), a
competing objective is required in the power management algorithm. In this study, final

cost of energy is considered as the competing objective.
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Figure 10.1. Block-diagram of the proposed management framework.

A schematic block-diagram of the energy management unit (EMU) with different
components of the system studied is shown in Figure 10.1. In order to calculate the cost
of energy from the battery, it is required to calculate the number of its replacements
during the lifetime of the project. As a result, it is required to estimate the battery lifetime
based on its discharge pattern in the past. Therefore, the management strategy starts with
the battery lifetime estimation, which is shown as Battery Life Estimator (BLE) unit in
Figure 10.1. Then, the CEB will be estimated, in $/kWh. Finally, the decisions will be
made based on the secondary management (SM) strategy between battery and grid.
Different strategies can be developed in the SM procedure, such as the one defined in this
chapter.

Since the overall management system is responsible for both charging and
discharging of the battery, the proposed framework is broken into two hierarchical steps

as follows:
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Figure 10.2. Schematic diagram for the proposed PM strategy.

Primary Management (PM): In this step, primary decisions about power flow
between generation resources and the energy storage unit will be made based
the available information from different generation assets, battery state of
charge (SOC) and availability of the grid. This part of the management is
shown in Figure 10.2.

« Secondary Management (SM): Whenever battery discharging or
purchasing excess power from the grid is required, the decision will be made
by the proposed strategy in the SM unit. The goal is to extend the battery

lifetime based on the final price of energy for the customers.
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Battery Lifetime Estimator, BLE

In this section, the proposed BLE technique is described in details. Different
techniques in literatures are developed for battery life estimation; however they fall
within at least one of the shortcomings listed below for the purpose of this study:

v Complicated and slow, e.g., [10.4], [10.7],

v" Need detailed information on the battery performance which usually is not

available in battery datasheets, e.g., [10.5], [10.6], [10.8]-[10.11],

v Only appropriate for long estimation intervals (in the order of days or week)

with significant error, e.g., [10.7], [10.10]

v Valid only for certain type of batteries, e.g., [10.5], [10.6].

In this study, battery life estimation technique introduced in [10.12] and [10.13] is
utilized. This technique is developed based on three premises which have been discussed
in [10.14]. In this technique, depths of discharge and rates of discharge are considered as
major indicators for battery life estimation. Assuming the presence of temperature and
humidity controls, the impact of battery temperature on its aging can be ignored. A
significant feature of this technique is the fact that it works based on the battery
performance and cycle life data provided by the manufacturer, and supplemented by a
limited amount of empirical test data. This technique also eliminates the need for an
electrochemical model of the battery [10.12]. The three premises are as follows:

Premise 1: Each cell has a finite life [10.12]. It will reach the end of its useful life
when the cumulative effective ampere-hours of individual effective ampere-hours

corresponding to a series of discharge events equal the rated charge life of the cell. The
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rated charge life is given as [10.12]:
I'pr =Lg.Dg Cy (10.1)
Premise 2: The actual charge life of the cell is a function of the DoD. Therefore,
the effective ampere-hour discharge in a given discharge event may be more or less than
the actual discharge based on the actual DoD. In order to determine this functional

relationship, the following function has been used to perform the best fit to the cell cycle

life data vs. DoD [10.12]:

L=u, [%Rj 0 .exp{u1 (1—%}] (10.2)

Different methods can be applied to perform the curve fitting. Two different
methods have been used in this chapter including PSO [10.3] and non-linear least square
(NLLS) method from MATLAB® curve fitting toolbox. It is shown in [10.3] that PSO, as
a heuristic optimization technique, is able to achieve optimal solution in a small fraction
of a second. Also, NLLS is a popular regression method which has been used in [10.12]
and [10.13]. The results of curve fitting are shown and compared in simulation results.

Premise 3: The charge life of the cell, 7', drops whenever the cell is discharged at
a rate faster (higher discharge current) than the nominal rate. Furthermore, the reduction
in life will have a close functional relationship to the observed reduction in ampere-hour
capacity with increasing discharge rate [10.12]. This effect can be expressed fairly

accurately by the following two-parameter function:

V
Cq )" C
Aot = (C—ij exp (vl(l—C—iD e (10.3)
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Since battery manufacturers typically conduct battery life testing at a single

discharge rate, usually the rate for which the cell's rated capacity is given, enough data is

not available to determine the parameters Vy and V; . Therefore, the effect of discharge

rate will be estimated using a simplified form of Eq. (3) where V; is set equal to 1 and V;

is set to O:
C
deff = [C_R] 'dact (10-4)
A

In order to calculate C, related to each discharge event, 1-D cubic spline

interpolation has been applied in this study. Using (10.2) and (10.4), the effects of DoD

and discharge rate are combined simply by multiplying the factors as follows [10.12]:

D )" Da))(C
et =[D—:] .exp[ul[ —D—:D(C—ij dact (10.5)

Equation (10.5) gives the effective discharge for a single discharge event. In order
to estimate the lifetime of a battery which has been exposed to a series of discharge
patterns, accumulative effective discharge is required. Finally, lifetime of the battery can

be calculated as follows [10.12]:

_LeDgCe o

ime — n

(10.6)
de i

The procedure of battery life estimation is shown in Figure 10.3.
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Figure 10.3. BLE model represented in a block-diagram.

Calculation of Cost of Enerqgy from Battery (CEB)

The number of battery replacements over the lifetime of the project can be
approximated from the battery life estimation. In this study, the following cost model is
used to calculate the CEB [10.15], [10.16]. Note that the battery charging cost is set to

zero since it will only be charged when excess PV and wind power is available.

AC = RBC x {[CC +RC xSFF (i Nrep )} x CRF (i Yoroi )} +

(10.7)
RBCxO&MCx(1+ f)"
where,
. N g
SFF (i, Yrep ) = E m (10.8)
CRF(i,Ypmj)=M (10.9)

(1+i)"ri —1
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: -nom —f
i= % (10.10)

The capital cost and O&MC of the battery are derived from [10.2] and [10.16],
respectively. The capital cost of the battery varies based on its application [10.2]. For
commercial building in the range of 25-50 kWh, capital cost of the battery is estimated at
$4240/kW in average (the actual price varies from $2800 to $5600/kW) [10.2]. Since the
capital cost includes cost of battery, power electronics, cost of installation, step-up
transformer, smart-grid communication and controls, and grid interconnection to utility,
the replacement cost is considered to be 60% of the capital cost [10.2]. For O&MC, the
capital cost approximately is $50/kAh/year [10.16]. In this chapter, the nominal annual
interest and inflation rates are assumed to be 3.5% and 1.5%, respectively. For ease of
comparison, the cost of electricity from battery is calculated in $/kWh instead of $/year,

as follows:

AC
CEB=———"____ [$/kWh ,
8760 x RBC [ ] (10.11)

A graphical user interface (GUI) was developed to interactively examine the
impacts of different parameters on the battery life estimation and its cost of operation,
which is shown in Figure C.1. Different scenarios can be designed and compared on the

same figures.

Simulation Results

In this section, simulation results for different parts of the proposed management

framework are presented and discussed.
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Figure 10.4. Cycle life vs. DoD for Intensium Flex High Energy Li-lon battery, SAFT

Company.

Results of Curve Fitting and Interpolation

In this study, the Intensium Flex High Energy Lithium-lon battery pack from
SAFT company is considered [10.17]. The experimental life cycle data of the battery for
different DoD is shown in Figure 10.4, measured by the company.

Actual capacity of the battery in different discharge current can be determined by
using the experimental data commonly given in battery specification. Table 10.1 shows

the actual discharge current for different discharge time duration for the battery used in

this study.

Table 10.1. Amperes on Discharge table for Intensium Flex High Energy Li-lon battery,

SAFT Company.
Duration (min)
Rated Capacity 1 10 30 60 180 | 300
45 A.h 197.92 | 131.25 | 75 | 40.62 | 1417 | 9
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Figure 10.5. Curve fitting results for two different methods.

As mentioned in the earlier sections, curve fitting on the data provided in Figure
10.4 is required to determine the coefficients of the function in (10.2). Figure 10.5 shows
the curve fitting results using PSO and NLLS.

The root mean square error (RMSE) of the curve fitting results is calculated for

both methods as follows:

2 2 2
RMSEz\/Xl Xt K (10.12)

n

where X, is the error between data sample n and the value obtained by fitted curve. The

RMSE was 0.124 and 3.509 for PSO and NLLS methods, respectively. It can be
concluded from Figure 10.5 and the RMSE that the results from PSO are significantly
accurate compared to those from NLLS method. As a result, the accuracy of the battery
lifetime estimation will be improved which consequently enhances the cost of battery

calculations.
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As it was mentioned earlier, the actual discharge current has significant impact on
the battery aging, where (10.4) is given to account for this impact. Equation (10.4)
requires data interpolation at each specific discharge current using the experimental data
given in the manufacturer datasheet (see Table 10.1). Interpolation results for the data
given in Table 10.1 and a sample interpolated discharge current are shown in Figure 10.6.
As expected, the actual capacity of the battery reduces when the discharge rates
increases. Based on the theory explained in the earlier section, this effect exponentially

increases for higher discharge rates, shown in Figure 10.6.

BLE and CEB Test

Unfortunately, there was no experimental data available for the battery discharge
profile (discharge current magnitude and duration) to test the proposed BLE algorithm.

Therefore, an arbitrary discharge profile is created with different discharge current
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magnitude and duration for a day, given in Table 10.2. Then, similar discharge pattern is
repeated for 100 days for the simulation study. The goal of this simulation is to show the
impact of curve fitting algorithm on the battery life estimation and the resulting cost. In
this simulation study, it is assumed that the primary management fully charges the battery
after each discharge. Therefore, enough power is always available in the battery for
discharge. Total discharge time of the battery is considered to be 165 minutes during a
day, i.e., less than 3 hours. Different high power and energy pulses are included in the
created discharge pattern. Also, the discharge current is always maintained below the
critical value given in Table 10.2.

The BLE algorithm has been simulated for different ratios of current magnitude
and its time duration, given in Table 10.2, for both NLLS and PSO methods. In Figure
10.7, results obtained from both NLLS and PSO are shown when the discharge current
magnitude is scaled from 90% to 130% of the original values in Table 10.2, while the
time duration is kept constant. It can be seen from Figure 10.7 that the estimated values
from NLLS and PSO follow the same trend; however the estimated values are
significantly different at each point. In other words, error in the BLE unit using NLLS

approach can result in significant error in the CEB calculation.

Table 10.2. The arbitrary discharge pattern created for a day.

Time, min 1 1 1 2 2 |3|4|14]|5
Current, A | 100 | 150 | 130 | 120 | 110 | 30 | 40 | 40 | 50
Time, min |5 5 10 |11 |11 |20|20|30|30
Current, A |90 |80 (60 |20 |50 [60|70]|50]65
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For the discharge pattern given in Table 10.2, the corresponding CEB is
calculated for both curve fitting methods used in this chapter, i.e., NLLS and PSO. The
useful lifetime of the project is assumed to be 20 years in the simulation studies. The
battery cell has rated capacity of 45 Ah at 48 V as the nominal voltage. The rated DoD is
80% based on the information provided by the company [10.17].

Figure 10.8 shows the CEB for different ratio of discharge current magnitudes. It
can be seen that the CEB values obtained using PSO curve fitting method are
significantly bigger than those obtained by NLLS method because of the difference in the
estimated BLE in the two methods, shown in Figure 10.7.

Also, another simulation study has been performed on the proposed BLE model.
In this case, the current magnitude is remained constant and the time duration of each
discharge event has been changed from 80% to 120%. Both NLLS and PSO curve fitting

methods have been employed in separate simulation study.



290

13
——NLLS
0.25 °—PSO

- T
A

0.1

0.05

Cost of energy from battery ($/kWh)

0
0.8 0.9 1 11 1.2 1.3
Current ratio to the rated values (ratio)

Figure 10.8. The CEB for different discharge current magnitudes, obtained from the
curve fitting results using NLLS and PSO methods.

30 :
——NLLS
2 —o—pPSO |
@
o \
220
: \
o
8 15 N
(o) \
£
S 10
° X
(@))
b
° [ g S i Y
0 | | |
0.7 0.8 0.9 1 1.1 1.2 1.3

Time duration ratio to the rated values (ratio)

Figure 10.9. The BLE values for different time duration studies, obtained using NLLS
and PSO curve fitting methods.



291

0.25 :
= ——NLLS
S —o—PSO
® 02
2 >
=1 /()/(
8 0.15 -
g )/( /‘>
> 01 — y”
5 _
c
(D)
5 0.05
z —
O
Q
07 08 09 1 11 12 13

Time duration ratio to the rated values (ratio)

Figure 10.10. The calculated CEB for different discharging time durations obtained using
NLLS and PSO curve fitting methods.

Simulation results are shown in Figure 10.9. Similar pattern to the CEB
calculations can be observed in this case as well. Again, significant difference between
the two methods in Figure 10.9 can be described using the significant error in the quality
of NLLS method for curve fitting, i.e., Figure 10.5.

In Figure 10.10, the CEB is shown when discharging current magnitude is
assumed to be constant and the time duration of the discharge pattern varies. Again, the

estimated CEB using PSO curve fitting method is higher than the ones from NLLS.

The Proposed Management Framework

In order to evaluate the effectiveness of the proposed management framework, a
grid-tied MG including wind turbine and PV solar panels as generation resources and

Lithium-lon battery pack as storage device is considered in this section. The MG has
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been optimally sized with HOMER® considering the fact that the battery is not allowed to
be charged by the grid. Also, the values for the power purchased from the grid in the
output of the HOMER® design are used as scheduled hourly power from grid in the
dynamic simulations. In real-world applications, the day-ahead economic dispatch
problem should be solved to obtain the scheduled hourly power from the grid. Since the
day-ahead economic dispatch only works in hourly basis with predicted load demand and
renewable power generation, generation and demand mismatch might occur in real-time
operation. Here, the real-time power management is the only solution to avoid power
mismatch and to maintain the system stability. The size of the MG component is
calculated as follows:

v Wind turbine: 20 kW

v' PV solar panels: 40 kW

v’ Lithium-lon battery: 38.8 kWh

The grid-tied islanded MG configuration is shown in Figure 10.1. The battery
specification is also given in Table 10.3. Actual minute-by-minute wind speed, solar
irradiation, ambient temperature, and load demand data are used in this study. The load
demand data is measured in a commercial building. The average load demand during a
year, the peak load and load factor are 34.7 kW, 63.8 kW, and 0.546, respectively. In
order to perform real-time power management, dynamic model of the MG component has
been developed in MATLAB/Simulink. The time-based electricity tariffs are used in this

study, which are given in Table 10.4.
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Table 10.3. Intensium Flex High Energy Lithium-lon battery specification.

Nominal voltage of each pack, V 48
Capacity (C/3), Ah 45
Lifetime at +20 °C perm, year 20
Lifetime at +40 °C, year >10
Cycle life (80% DoD, 20 °C) 3000
NO. of pack in series, and parallel 6, and 1

Table 10.4. Cost of electricity from the grid.

Peak Summer* $0.16489 /kWh
Part-Peak Summer” $0.06595 /kWh
Off-Peak Summer® $0.03298 /kWh

Part-Peak Winter” $0.05334 /kWh
Off-Peak Winter’ $0.03556 /kWh

112:00 noon to 6:00 p.m. Monday through Friday (except holidays)

2(8:30 a.m. to 12:00 noon) AND (6:00 p.m. to 9:30 p.m.) Monday through Friday (except holidays)

%9:30 p.m. to 8:30 a.m. Monday through Friday AND All day Saturday, Sunday, and holidays

#18:30 a.m. to 9:30 p.m. Monday through Friday (except holidays)

®9:30 p.m. to 8:30 a.m. Monday through Friday (except holidays) AND All day Saturday, Sunday, and holidays

According to the SM strategy in the proposed framework, three different cases
can be recognized. In all cases, the decisions made by the management framework are
updated every minute to determine the share of power between battery and the grid. The
simulation has been carried out for a year for each scenario.

CASE I. If the battery SoC is greater than 20% (since the rated DoD of the battery
is 80% [10.17]), the battery should provide the required power. Otherwise, the grid will
provide the required power.

CASE II. If the battery SoC is greater than 20% and the CEB is less than the cost
of energy from the grid, the battery should meet the demand. Otherwise, the grid will
provide the required power.

CASE II1. In this case, it is assumed that the battery cannot be discharged.
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Therefore, required power will be purchased from the grid regardless of its cost.

Different scenarios from those developed in this study can be defined within the
SM block such as heuristic optimization-based methodologies. However, this is out of
scope of this chapter. Note that in CASE 111, the battery has not been used. Therefore, the
CEB and its lifetime are not shown in results.

In Figure 10.11, the battery life estimation for CASEs | and Il is shown. In CASE
I, the battery ages faster due to the more frequent usage. Therefore, it is expected to see a
higher CEB in CASE | compared to CASE I, as shown in Figure 10.12. At the beginning
of the estimation, fast fluctuations can be observed due to the lack of enough discharge
information. However, the accuracy of the estimation improves gradually when time
succeeds. There are several fluctuations in the battery after 50 days for CASE 11 because
of replacement cost. More specifically, whenever the battery life estimation drops below

20 years, replacement cost for at least one battery will be added to the energy cost.

22

20 TW' Ty Wy . Y e

18QI1Y —— CASE |
—— CASE Il

16 'n

14 WN—H""M/’" — e
Wt

12 N

oy

Life estimation of the batter, year

0 50 100 150 200 250 300 350
Days

Figure 10.11. Battery life estimation for CASES | and Il for a year of simulation.
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Figure 10.12. The CEB per kWh in both CASEs for a year of simulation.

The accumulative CEB based on the utilization of the battery for CASEs I and Il
are shown in Figure 10.13. The cost of energy is reduced in CASE 11 because of increase
in the battery lifetime estimation, which eventually results in a lower cost for the
consumers.

Note that in both CASEs, total load demand has been met either by the power
from battery or the grid. However, the aggregated payment by the end of the year in
CASE 1 is almost twice as the one in CASE Il. These results show the effectiveness of the
proposed management framework in extending the battery lifetime and reducing the cost

of energy for the consumer simultaneously.

Table 10.5. Controlled power cost in each case and percentage of savings.

Battery payment, $ | % of money saving
CASE | 588 9.26

CASE Il 527 18.67
CASE I 648 --
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Figure 10.13. Accumulative cost of energy extracted from battery for both CASEs for a
year of simulation.

The total electricity cost for the controlled power at the end of the year for
different CASEs are presented in Table 10.5. It can be seen that the total cost of
electricity is slightly reduced in CASEs | and Il compared to CASE Ill. In other words,
the proposed management framework can reduce the total cost in CASEs | and Il at the
end of the year. Also, the total cost of electricity (for controlled and uncontrolled power)
at the end of the year of simulation has been decreased by 0.42% and 0.85% in CASEs |
and CASE 1, respectively, compared to CASE Ill. The saving in both CASEs I and 11 is
marginal because of relatively small size of the battery compared to other component in
the MG. This way, only a small amount of load can be met by the battery, and the grid
has the biggest share in providing power to the MG. Therefore, the impact of the battery

operation on the total cost of the MG operation is not significant.
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Conclusion

Storage devices are an inevitable part of any MG, where they are usually the most
expensive component of MGs. In this chapter, a power management framework is
proposed for a grid-tied MG with battery as storage device. The goal is to extend the
battery life as well as to reduce the cost of the energy for the consumer. Simulation
results show that both goals have been achieved through the proposed power

management framework.
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Real-Time Energy Management of a Stand-Alone
Hybrid Wind-Microturbine Energy System Using
Particle Swarm Optimization
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Christopher M. Colson, Student Member, IEEE, and Caisheng Wang, Senior Member, IEEE

Abstract—Energy sustainability of hybrid energy systems is es-
sentially a multiobjective, multiconstraint problem, where the en-
ergy system requires the capability to make rapid and robust deci-
sions regarding the dispatch of electrical power produced by gen-
eration assets. This process of control for energy system compo-
nents is known as energy management, In this paper, the applica-
tion of particle swarm optimization (PSQ), which is a biologically
inspired direct search method, to find real-time optimal energy
management solutions for a stand-alone hybrid wind-microturbine
(MT) energy system, is presented. Results demonstrate that the
proposed PSO-based energy management algorithm can solve an
extensive solution space while incorporating many objectives such
as; minimizing the cost of generated electricity, maximizing MT
operational efficiency, and reducing environmental emissions. Ac-
tual wind and end-use load data were used for simulation studies
and the well-established sequential quadratic programming opti-
mization technique was used to validate the results obtained from
PSO. Promising simulation results indicate the suitability of PSO
for real-time energy management of hybrid energy systems.

Index Terms—Battery bank, microturbine (MT), optimization
methods, real-time energy management, wind power generation.

1. INTRODUCTION

NCREASINGLY, forces such as cost, environmental con-
I cerns, and technological availability are exerting influence
on power system design and implementation. Localized frame-
works that combine diverse generation and storage components
in a microgrid architecture, known as energy systems, are
emerging to offer electrical consumers the opportunity to
tailor their installed assets to meet local requirements. Re-
newable energy power generation sources such as wind and
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solar photovoltaic (PV), and emerging low- or zero-emission
power generation devices, such as microturbine (MT) and fuel
cells (FCs), fall in this category. These energy sources can
complement each other to overcome the variable nature of the
renewable energy sources, and together with energy storage
(ES), improve system reliability and energy sustainability
to the maximum extent possible. Such systems can be used
stand-alone as independent microgrids for electrifying remote
areas far from the grid, e.g., [1]-[4], or to serve a collection of
loads in the urban areas, in grid-connected or island mode, e.g.,
[5] and [6]. In either case, proper unit sizing of the available
energy sources is necessary to ensure that proper generation
capacity is available for a particular application. Extensive work
has been done in this area, e.g., [7]-[12]; many dependable
computer-based programs are also available for this purpose,
e.g. [13]1-[15].

Effective energy management of hybrid energy systems is
necessary to ensure optimal energy utilization and energy sus-
tainability to the maximum extent. Furthermore, given the inter-
mittent nature of the renewable energy resources involved and
the multiple objectives that need to be satisfied (some of which
may be conflicting), the energy management system (EMS) is
complex and needs to find solutions quickly and continuously,
e.g., every minute or few minutes. In general, conventional op-
timization techniques are too slow to be used for real-time op-
timization of the subject multiobjective, multiconstraint energy
management problem. As a result, recently, research in this area
has been focused on the application of intelligent control for
unit sizing and energy utilization of hybrid energy systems, e.g.,
[16]-[20]. However, most of the reported work is on off-line ap-
plications such as generation unit sizing and optimal power dis-
patch, and little work has been reported on real-time manage-
ment of energy systems using multiobjective optimization [5],
[21].

This paper targets the real-time application of a heuristic mul-
tiobjective optimization technique, particle swarm optimization
(PSO) [22], [23], for energy management of a hybrid energy
system, which is achieved in a small fraction of a second. A
hybrid stand-alone wind-MT-ES system is considered to supply
the equivalent load requirements of a 120-home residential
neighborhood, shown in Fig. 1. The primary components of
the system are a wind energy conversion system (WECS) that
utilizes a self-excited induction generator (SEIG) [1], [4], a
single-shaft microturbine generator (MTG) that incorporates
an SEIG as well [1]. and a battery bank. The ratings of these
components used in this study are given in the Fig. 1. However,

1949-3029/$26.00 © 2010 IEEE
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Fig. 1. Configuration of the proposed system.

the proposed intelligent EMS described in the paper can be
applied to other WECS and MT configurations, such as a
WECS or a MT which utilize a permanent magnet synchronous
generator, and to other hybrid systems.

The study reported in this paper is the continuation of a pre-
vious work by the authors [1], where the design of an EMS for
a hybrid wind-MT energy system is reported; however, no op-
timization was used in that reference. In the current paper, a
real-time PSO-based EMS for the hybrid wind-MT-ES system
is proposed. In addition, the well-established analytical opti-
mization technique, sequential quadratic programming (SQP)
[25], was also used to validate the results obtained using PSO.
Actual wind and end-use load data were used in the simulation
studies, conducted in the MATLAB/Simulink environment.

The objective function for both optimization algorithms
(PSO and SQP) used is updated every 3 min, during which load
and generation are considered constant. The choice to update
the optimization at a smaller interval is possible, but at the ex-
pense of longer simulation time. The storage battery bank was
used to ensure long-term energy sustainability and to supply
the power needed during each interval to cover short-duration
transients caused by sudden changes in load or wind speed.
The extremely fast convergence speed of PSO [33] and the
promising simulation results obtained show the potential of
this multiobjective optimization technique for real-time energy
management of multisource energy systems. It should be noted
that the focus of the reported work is on energy management,
where 24-hour simulation studies were conducted. Unit sizing
and system voltage and frequency characteristics and stabiliza-
tion are not discussed in this paper and will be reported in a
future work.

This paper is organized as follows. Formulation of the opti-
mization problem is discussed in Section II. Section III gives a
description of the proposed EMS. In Section IV, PSO is briefly
discussed and, PSO-based energy management is presented.
Simulation results are given in Section V. A discussion is
presented in Section VI and concluding remarks are given in
Section VIL

II. FORMULATION OF THE OPTIMIZATION PROBLEM
The objective function developed for the EMS for the hybrid
system presented here takes into account a number of factors
including the cost of energy produced by the WECS and MT, as

IEEE TRANSACTIONS ON SUSTAINABLE ENERGY. VOL. 1, NO. 3, OCTOBER 2010

well as the technical constraints of the optimization procedure.
In this section, the cost functions for the MT and WECS and the
required constraints are developed,

A. MT Cost Function and Constraints

The MT cost function can be expressed as follows [5]:

Fimr = Cyr-Fur - Praar AT + OMe yr + SCrvar - (1)

where

Fynr total operating cost of the MT ($);

Cur fuel cost of the MT unit ($/m?). Natural gas was
used as fuel at a cost of 0.3571 $/m? [26];

Fyr fuel consumption rate (m?/kWh).
Fiyr = 0.85 m?/kWh was used in this
study [21];

Prwr decision variable representing the real power
output from the MT unit (kW);

AT energy management time step which is set at
3 min in this study (h), i.e., the optimization is
updated every 3 min;

OM,; yT operation and maintenance (O & M) cost of the
MT unit ($);

SCymr  start-up cost of the MT unit ($).

The O & M cost of the MT is assumed to be proportional with
the produced energy [5]. [27]

O-\‘It,MT :K()(‘..Ptl.\lr.AT

=0.00587 x Py p7.AT 2)
where the proportionality constant Koc is taken as
0.00587 $/kWh for MT [5]. The start-up cost of the MT
depends on the length of time the unit has been turned OFF
before starting up once again [5], [28]

SCearr = (anr + fur (1 — 7T stimun) )

Al =ug_ymr)  3)

where oy and édyy are the hot start-up and cold start-up costs
for the MT, respectively. myr is the MT cooling time constant,
Totf M 18 the time the MT has been OFF, and ;1) v shows
the status of the MT (being ON or OFF) at time step ¢ — 1. If
cold start-up of the MT requires power to run the MT’s auxiliary
systems [29], then the WECS or battery is required to provide
this cold start-up power. In this study, the MT’s hot start-up time
is 30 s, cold start-up time is 200 s, and its cooling time constant
is 520 s [29]. In general, for optimization studies that include
MT, hot and cold start-up costs should be included; however, in
this particular case, the value of these parameters do not affect
the optimization results, because the fuel cost of the MT [i.e.,
the first term on the right side of (1)] is always higher than the
total cost of operating the WECS.

Emissions cost has not been considered in this work because
of unavailability of data or function [29]; however, if such data
or function is available, an expression for this cost can be added
to the objective function (1),
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The output power of the MT unit in stable operation is re-
stricted by its lower and upper limits as follows:

PY < Pour < P “)
In our case, the maximum available power from the MT is
220 kW and the lower limit is zero, i.e., the MT can be turned
OFF when the output power from the WECS is enough to meet
the demanded power. Once the MT is switched ON (s vr =
1), it has to operate continuously for a certain length of time
before being switched OFF (uy v = 0). Also, a certain OFF-
time period has to be achieved, meaning that the MT must be
OFF for a certain period before being restarted. Violation of such
constraints can shorten the unit’s life time. These constraints are
formulated as continuous run/stop time constraints as follows:
1) Evaluate whether the MT may be shut OFF by comparing
the ON-time of the MT in the previous steps of the energy
management with the MT"s minimum up-time (MU T'yr)

it (Tyfy = MUTyr) > 0,

then Tyr =0, wnr=0 (5)
2) Evaluate whether the MT may be started up by comparing

the OFF-time of the MT in the previous time steps with the
MT’s minimum down-time (MDTyr)

it (T2 — MDTwyr) 20,

then Tof =0, wyr=1 (6)

where Ty, Toff. (s) are the time length the MT has been
ON or OFF, respectively. In this study, MUTyp = 600 s
and MD Tyt = 300 s [29]. Also, the number of starts and
stops should not exceed a certain maximum depending on
the MT specifications [5]

)]

Estnrnfsl,op S 1V1n:|x

where £4iart—stop» 1 the number of start-stops during sim-
ulation, and Ny, is the maximum number of start-stops.
In this study, Nyax = 30, which is never reached.

B. WECS Cost Function and Constraints
The following cost function is used for the WECS [20]:

Fywr = Cwr. Prwr AT (8)

where Fi w is the cost of wind-generated energy, P wr and
Cywr are the WECS” wind power (kW) and its cost coefficient
for the generated energy at each time step ($/kWh), respectively.
In this study, Fyywr is always less than F, yyp. The value of
Cwr depends on the actual cost of the wind-generated energy,
which, in this case, is taken as $0.1/kWh. Again, this factor will
not affect the results since Iy wr < Iy .

The output power of the WECS is restricted based on its
power curve and parameters. The following parameters are used
in this study [1]:

1) Cut-in speed, veyy—i, = 3 m/s;

2) Rated speed, vpated = 14 m/s;

3) Cut-out speed, veyi—out = 25 m/s.

The WECS does not generate any power f0or Uyind < Veut—in-
Pitch control is used to limit the output power of the WECS to its
rated value (370 kW) when 9pated < Uwind < Yeut—out, and the

Set constraints for
loptimization, Eq. (12)

dodify constraints)
Eq. (13)

Optimization

odify constraints]
E

No

:
(T Ty Gange ) i

Inactive Ch: I

(Oprim el u\é@: Ili’_‘;v-'c[s

(Optimization

—Discharging —»

Fig. 2. Proposed energy management strategies for the WECS-MT-ES-EWH
system.

WECS output power is zero for vyind > Veut—out- The details
of the WECS modeling are given in [30]. The WECS output
power is calculated at each time step using the wind speed at that
instant. The power balance (equality constraint) for the WECS
and MT to meet the load demand is

Pyt + Powr = Prload 9
0 < Pwr <piwT (10)
where P [oaq is the load demand at each time step. Proper
optimization techniques can then be used to best share power
amongst the generation sources of the hybrid system to min-
imize the cost of electricity while satisfying the equality and
inequality constraints given above. According to the following
objective function, total operational cost is minimized:

Min. Objective Func. = Fyyr + Frwr- (11

II1. PROPOSED REAL-TIME EMS

The flowchart for the proposed energy management, which
accounts for multiple simultaneous objectives for the hybrid en-
ergy system, is annotated in Fig. 2. As shown in this figure, the
battery has three states; charging, discharging, and inactive. The
battery is in the inactive or charging mode in scenarios 1 and 2,
and in discharging mode in scenario 3. The primary objectives
of the EMS are as follows:

1) minimize the cost of energy generation;

2) maximize battery life by monitoring and controlling its

state of charge (SOC) and charge/discharge process;

3) maximize the use of excess available wind power in a
useful dump load when the battery is fully charged in an
attempt to increase system utilization [34];

4) when the MT is in operation, adjust its operating point to
near its rated power to increase its operation efficiency and
reduce its environmental impact [29];

5) maximize the average available stored energy in the battery
(i.e., higher battery SOC), hence improving system relia-
bility.
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At the start of the proposed energy management algorithm,
the boundary equations for the energy sources involved and the
equality constraints are defined as follows:

oW = P, PYT = 0;
rated _ ¢ AT min - _
Pt = 220kW, PP =0,
P, quppry = Demand,,
__ poptim optim
= Fiwr + B

(12)

P cupply + P part

max

« where P and P/ are the maximum and minimum

wind power limitations for the WECS, respectively;

« prted ynd PR are the maximum (rated) and minimum

power limitation for the MT;

¢ P supply is the overall power demand of the hybrid system,

including power supplied to the load, dump load, and to the
battery;

¢ Demand, is the power demanded by the load at time #;

o PR and POREE are the optimized share of the WECS

and the MT after optimization;

* P pbate is the amount of charge/discharge power to/from

the battery.

Scenario 1: As shown in Fig. 2, if the maximum available
power from the WECS is greater than demand, there is excess
power available from the WECS which can be used to charge
the battery, if needed. Otherwise, the excess power is supplied
to a useful dump load, e.g., an auxiliary electric water heater
(EWH) to preheat water, as proposed in [34]. Therefore, the
actual demand is set to the available power from the WECS,
i.e., the equality constraint (9) of the optimization will change
to

avail
+,WT

P supply =

(13)

After performing optimization, the excess available power is
the difference between the total generation and demand as fol-
lows:

Pupt im

_ poptim
=P, + t,MT

LWT — Demand,.

(14)

As shown in Fig. 2, the excess power is used to charge the
battery, if the battery is not fully charged. Otherwise, the bat-
tery will remain inactive and the excess power is directed to the
useful dump load. In this operation mode, the mechanical stress
on the wind turbine is reduced because the WECS output power
is not limited by pitch control.

Scenario 2: In cases where power from the WECS is not
enough to meet the demand, the MT will be turned ON. In this
case, if the total power from the WECS and MT is greater than
demand and the battery SOC is higher than 80%, the battery
remains inactive and the optimization procedure will be per-
formed to determine the generation dispatch of the WECS and
MT. If the battery SOC is lower than 80%;, the optimization con-
straints will be changed as follows:

{ i = kW
Pisuppty = P + Ptr,{ll\tle'lﬂ'
This way, the excess power will be used to charge the battery
bank, which can increase the reliability of the whole system,
resulting in improved energy sustainability. According to [35].
recharging lead-acid batteries immediately after discharging
will extend battery life significantly. In order to avoid charging

ljt,exces:

(15)
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the battery at very low currents, which can reduce the battery
lifespan, the lower limit of the battery charging power is arbi-
trarily set to 1 kW (about 3 A). Also, the upper battery charge
power is limited to 62.4 kW (about 200 A) to keep the battery
in safe condition. Note that this strategy is only applied when
the MT is already turned ON to meet a part of the demand,
because turning ON the MT only for charging the battery will
add hot start-up cost to the energy production cost. Moreover,
the number of starts and stops of the MTG can affect its life and
efficiency. Cost analysis of MT operation is beyond the scope
of this paper and has not been carried out.

Scenario 3: If the total power from the WECS and MTG is
less than demand, the battery needs to be discharged to meet
demand. In this condition, optimization is not necessary and the
output power from the WT, MT, and battery is as follows:

P:)!)1i1u1 — pavail
povtim _ prated _ 990 kW (16)
MT  — fMT —

Hoptim

Pyare = Demand — Pip™ — 1";[‘3151”'.

In this study, two optimization techniques are used: the evo-
lutionary algorithm, PSO, and the conventional technique, SQP.
PSO is the main optimization algorithm used; it is described in
Section IV. The PSO-based EMS developed for this study, is de-
scribed in Section IV-A. SQP-based EMS is used to verify the
results of the PSO-based strategy.

IV. PARTICLE SWARM OPTIMIZATION

The PSO algorithm is performed at each time step (every
3 min) to determine the optimum balance of the WECS and
MT to meet demand. Wind speed data, demand data, status of
the MT, and the battery SOC are the input values to the opti-
mization block. The battery model used and the method of cal-
culating battery SOC are available in the MATLAB/Simulink
SimPowerSystems toolbox [31]. Since the proposed optimiza-
tion system operates in real-time, fast and accurate optimization
methods should be employed. If any changes in demand or wind
speed occur during the optimization intervals, the storage bat-
tery will respond to the power transients.

PSO is a population-based stochastic optimization technique
developed by Kennedy and Eberhart [32], inspired by social be-
havior of bird flocking, fish schooling, and swarm theory. PSO
shares many similarities with evolutionary computation tech-
niques such as genetic algorithms (GAs). The system is initial-
ized with a population of random solutions and searches for op-
tima by updating generations. However, unlike GA, PSO has
no evolution operators such as crossover and mutation. In PSO,
the potential solutions, named as particles, “fly” through the
problem space following the current optimum particles. Each
particle is regarded as a point in a d-dimensional space that ad-
justs “flying” according to its own flying experience and flying
experience of other particles.

PSO is simple in concept. It has few parameters to adjust and
is easy to implement. In the past several years, PSO has been
successfully applied in many research and application areas. In
general, all the application areas that the other evolutionary ap-
plication techniques are good at are the application areas for
PSO. Reference [33] gives a comprehensive overview of PSO
and its applications in power systems, and discusses its fast con-
vergence speed and advantage over other stochastic methods.
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Towards its best
performance

Towards the best
performance of its

particle

Towards the accessible
Point by following
Its proper velocity

(a) (b)

Fig. 3. (a) Three fundamental elements the particles position updating.
(b) Graph of influence of a swarm of N particles in circular form with three
informants for each particle [22].

The original PSO maintains a population of particles (x,
&9, ..., op) which are initially distributed uniformly around the
search space. Each particle represents a potential solution to the
optimization problem. Let p be the size of the swarm. For each
particle 4, the position x; is updated as follows [22], [32]:

Thr = T+ Ui (7
Each particle in PSO is associated with a pseudovelocity
Vg (—i,r;mx <y £ ttfmx), which represents the rate of
the position change for the particle [22], [32]

'ui,_,_l = Wt e (pi - .z}‘) +eara g (pf",” - 11) . (18)

Equation (18) is used to calculate each particle’s new velocity
¥}.41 based on its previous velocity -1;}; and the distances of its
current position ri_ from its own best experience (position) and
the best experienced position of its own informants, pf. ac-
cording to Fig. 3(a). Here, subscripts £ and i indicate a pseudo-
time increment and the number of particles, respectively; r; and
79 represent uniform random numbers between 0 and 1, which
will be regenerated at each iteration. ¢y and ¢y are two posi-
tive constants, called the cognitive and social parameter, respec-
tively (in this study, they are chosen as ¢; = 1.5 and e; = 1.5)
[22], [32].

Initially (at time step ¢ = 0), the particles” velocities v, are
random numbers within the boundary 0 < w»§ < w! . The
maximum velocity v™** allowed actually serves as a constraint
that controls the maximum global exploration ability PSO can
have. Then, each particle flies toward a new position according
to (17) and (18). The inertia weight wy, in (18) should be neither
too large, which could result in premature convergence, nor too
small, which can slow down convergence excessively (they are
chosen as wpin = 0.6 and wynax = 1.25 w holds the wyy;, value
at the beginning of each simulation cycle and increases linearly
10 Wypay at the end) [22]. Therefore, the particles have a tendency
to fly towards better and better search areas over the course of
the search process. As a result, the search can always reach an
optimum or a solution very close to the optimum using fewer
fitness evaluations [22].

The performance of each particle is measured according to a
predefined fitness function, which is related to the problem to be
solved. Each particle moves around the search space updating
its velocity and position based on the best positions ( Pest ) thus
far discovered by itself and by its informants. If all the particles

are informed by each other, all the information acquired is dis-
seminated immediately. This is a favorable scenario; however, it
is highly risky to have a behavior that is too uniform, i.e., when
all the particles will act uniformly [22]. Conversely, if each par-
ticle has too few informants, more diversified behaviors will be
obtained. This scenario carries the risk that poor information can
be transmitted.

In this study, the information links between the particles were
defined once (and kept unchanged throughout the simulation),
generally according to the “circular” diagram shown in Fig. 3(b)
[22].

The NV particles of the swarm are laid out virtually on a circle,
and numbered sequentially from 1 by traversing the circle. Each
particle has a set of informants of fixed size K.

The neighborhood of size K of a particle is obtained from the
virtual circle by recruiting alternately on the right and left of its
position, until a total of K — 1 neighbors are obtained. The par-
ticle itself is also included, i.e., K = 3. In this study, a swarm
with five particles is used. Handling PSO by informant config-
uration, shown in Fig. 3(b), leads us to differentiate properly
between the two functions provided by the particles: exploring
the search space and memorizing the best position Ppes¢ found
during this search. These two functions are carried by distinct
particles [22].

A. PSO-Based Energy Management

To apply PSO to the WECS-MT energy management problem
at hand, P; w is selected as a decision variable to be optimized
by PSO. The variable P, T is then computed using the equality
constraint given by (9). To optimize the problem in each step,
initial swarms are defined as follows:

yavail
tLWT ™

Py wr = rand() x ( ’R‘lP) + 1’{{3%‘3 (19)
where rand() represents uniform random numbers between 0
and 1, P23 is the maximum available power from the WECS,
which is calculated by the algorithm given in Fig. 2 using wind
speed data. Then, the output power of the MT can be calculated
as follows:

Piyr = Piload — Prowr. (20)

Given that the energy resource (wind) for the WECS is
free and environmentally friendly, the overall objective of the
WECS-MT system is to operate the WECS to the full capacity
needed and operate the MT when the WECS cannot supply
all the demanded power by itself. Two energy management
scenarios are considered.

Case 1, no Optimization, WECS-MT-ES: In this case, the
WECS power will supply the load and if excess power is avail-
able, it will be used to charge the storage battery if it is not fully
charged (SOC = 100%). Otherwise, the WECS output power is
limited to that required by the load. The MT will be used when
the combination of WECS and battery power is not sufficient
to supply the load. Therefore, the WECS maximum power dis-
patch is governed by the following equation:

if P2 > P 10aa&SOC, = 100% = P13 = Pr 1.oad
pyinax Pa.vail

else:  pir =

LWT
(20
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Egs. (22) and (23)
equality constraint
handling

Objective function
valuation Eq. (11}

Egs. (17) and (18)
update swarm
position

Iteration+1

teration<Epoch,,,

Fig. 4. Flowchart for the proposed PSO algorithm.

This case is similar to that presented in [1]. Its disadvantage is
that when the available wind power is greater than demand and
the battery is fully charged (i.e., when (21) is not satisfied), then
the WECS power must be limited.

Case 2, Optimized, WECS-MT-ES-Dump Load: This is the
preferred energy management strategy, where the maximum
available power is extracted from the WECS at all times. If
the available wind power is more than load demand and the
storage battery is full, the excess available power of the WECS
is supplied to a useful dump load. In a previous study by the
second author, it has been shown that an auxiliary EWH can
be used as a useful dump load [34]. Any excess available wind
power will be supplied to the auxiliary EWH to preheat the
water before entering the main residential EWH. It has been
shown in [34] that the energy used by the main residential
EWH can be reduced considerably by using an auxiliary EWH
as a dump load. This scenario is adapted in the Case 2 study.

In the PSO algorithm, the values of initial guesses used for
the objective functions are assigned by intuition (best guess).
The best possible answer will then be selected and the swarms’
positions will be updated, for each decision variable according
o (17) and (18). The following equality constraints are applied
at each iteration to modify the swarms” positions:

Pywr = Prwr — [Pl

it Pyt <0 22
if Py — { Py =0 (22)
" max Piyr =Pyt + (P — Pow

if Prwr > f‘“‘Tﬁ{Pi \\;: ZdeT. (P = Puwr)

(23)

The above equality constraints ensure that improper selec-
tions for P nip and Py wr values are adjusted into the space
of appropriate dispatch assignments. The flowchart for the
proposed PSO algorithm is illustrated in Fig. 4. For the initial
searching points, 5 swarms and 50 iterations are used. These
values are chosen by experience; caution must be taken to
ensure that the solution converges within the maximum number
of iterations. In this study, when the above values were used,
the optimal solution was reached within 0.012 s.
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Fig. 5. Hourly average demand of 120 typical residences in the Pacific North-
west area [36].

As stated earlier, the well-established analytical optimization
algorithm, SQP, which is available in MATLAB, is used to vali-
date the results obtained using PSO. SQP is applied to show the
accuracy and fast convergence time of PSO. SQP optimization
is based on quadratic programming which uses a quasi-Newton
method. Detailed description of SQP is beyond the scope of this
paper; interested readers are referred to the comprehensive lit-
erature available on this optimization technique, e.g., [25].

V. SIMULATION RESULTS

The stand-alone wind-MT-ES system in this study is de-
signed to supply power to a residential neighborhood in the U.S.
Pacific Northwest area consisting of 120 houses. The typical
average residential daily load demand profile used is obtained
from the Pacific Northwest regional information reported in
[36]. The total aggregate hourly average load demand of the
residential neighborhood is shown in Fig. 5.

Actual wind data is used in this case study, obtained from
the online records of the weather station at Deer Lodge, Mon-
tana, affiliated with the Pacific Northwest Cooperative Agri-
cultural Weather Network (AgriMet) [37]. The hourly average
wind speed data, recorded on March 12, 2007 at a height of
2 m, was chosen for the 24-hour simulation study. This date was
chosen because its 24-hour average wind speed closely matched
the annual average wind speed for the area. The wind data on
this date was also used in the study (by the authors) reported in
[1], which would make the comparison of the results obtained
using the proposed EMS with those reported in [1] easier. Data
reported in [37] was corrected for the proposed wind turbine hub
height of 40 m, shown in Fig. 6, using the following expression

[38]:
(H])n
Vg1 = V0 - | =
51 S0 o,

where vy, g9 (M/s) are wind speeds at the hub height Ay and
the height Hy (m) at which the data was collected. e is the wind
speed correction exponent; in this study, e sets to 0.13 [7], [38].

The energy management algorithm discussed in Section IV
is used with PSO and SQP optimization techniques, and simu-
lation results were compared with those reported in [1], where
no optimization was used (i.e., case 1—no optimization—in this
study).

(24)
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Wind speed (m/s)

Time (hour)

Fig. 6. Actual corrected wind speed data for Deer Lodge, MT on March 12,
2007 [37], corrected to hub height of 40 m.
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Fig. 7. Wind power output for different management algorithms and optimiza-
tion methods.

Fig. 7 shows the output power of the WECS corresponding to
the wind speed profile shown in Fig. 6. It is noted that the wind
power profiles for the proposed EMS (PSO- and SQP-based
EMS) are exactly the same (PSO-based is shown as a grey
line; SQP-based is highlighted with circles), but the power
profile is slightly different under no optimization (i.e., during
the periods 9:30-10:30, 12:30-15:00, and 16:00-16:30), where
the responses are shown with solid (dark) line. In the first
high-wind period (9:30-10:30 h), the excess power from the
WECS is higher than the battery charging limit. Therefore, the
WECS power is limited (by pitch control) to the amount of
demand plus maximum battery charging power. Similarly, in
the next high-wind period (12:30-15:00 h and 16:00-16:30 h),
the WECS output power is more than demand and the battery
is fully charged. Therefore, in the no optimization scenario,
the output power from the WECS is further limited by pitch
controller as described in [30], whereas, in the case of the
proposed EMS, the excess wind power available in the same
periods is delivered to the useful dump load, as shown later in
Fig. 11. During the periods 10:00-10:30 and 12:30-15:00, the
available wind power is higher than the WECS rated power.
Therefore, pitch control is applied to limit the WECS power to
its rated value.

Fig. 8 shows the MTG output power profile for the three
scenarios explored. In most cases, the MTG produces power

300
H i — No optimization
' ! ©  SQP optimization
250 F--------- - T —PS0
' I
' I

Microturbine output power (kW)

Time (hour)

Fig. 8. MTG output power for different management algorithms and optimiza-
tion methods.
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Fig. 9. SOC of battery for different algorithms and optimization methods.

when the available wind power is not sufficient to meet the de-
mand. However, under the proposed EMS (using PSO or SQP),
when the MT is operating and the battery SOC is below 80%,
the MT will operate at rated power to take advantage of im-
proved efficiency and reduced emission [29], and the excess
available power is used to charge the battery (Fig. 8, 2:30-3:30,
19:30-21:00, and 23:30-24:00 h).

Fig. 9 shows the SOC of the battery for the three scenarios
studied. The initial battery SOC is assumed to be 50% to better
show its charge/discharge pattern. From the results shown, the
superiority of the optimized energy management scenarios (in
keeping the battery SOC higher) over when no optimization is
used is clear. Because of its improved SOC profile, the battery
is in a better state of health, and has a longer lifespan [35].

Fig. 10 shows the battery power profile for the three scenarios.
In the no optimization scenario, the battery will charge when the
WECS power is in excess of demand (0:00-2:00, 9:00-11:00,
12:00-12:30 h) and will discharge when the WECS plus MTG
cannot meet the power demand (17:00-19:30, 22:00-23:30
h). In the remainder of the hours, the battery remains idle.
Under the proposed EMS, in addition to the above charging
periods, the battery is also charged when the WECS plus MTG
power is in excess of demand (i.e., 2:00-3:00, 19:30-21:00,
and 23:30-24:00 h). During these periods, the battery is further
charged by the MTG since the MTG is operating near its rated
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Fig. 10. Battery power for different power management algorithms in a day.
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Fig. 11, Auxiliary water heater power for a day in the proposed energy man-
agement strategy.

power to further charge the battery when the battery SOC is
below 80%. As shown in Fig. 10, the battery charging power is
limited to 62.4 kW (about 200 A) for safety reasons.

Fig. 11 shows the periods when excess power is available
from the WECS or MT. This excess power is delivered to a
useful dump load (e.g., an auxiliary EWH) for the PSO and SQP
optimization strategies. No useful dump load was considered
under the “no optimization” case, reported in [1].

VI. DISCUSSION

A stand-alone hybrid wind-MT-ES system has been used
herein to explore the feasibility of a proposed PSO-based en-
ergy management algorithm for real-time applications. In this
case, since priority is given to wind power production because
of obvious advantages, the objective functions defined for the
optimization problem are linear. As a result, the simulation
results obtained when using the PSO and SQP algorithms are
exactly the same. However, in more complex systems, where
the objective functions are nonlinear, the random nature of the
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TABLE 1
COMPUTATION TIME FOR DIFFERENT OPTIMIZATION TECHNIQUES

[ Optimization Algorithm |
{ Time (seconds) {

PSO |
0.012 |

SQP Optimization |
0.957 |

PSO-based EMS can improve the final results in comparison
with the analytical-based optimization techniques [33]. It is our
plan to apply the proposed PSO-based EMS to more complex
multisource systems in future work.

Because the objective here is to explore the feasibility of ap-
plication of PSO for real-time EMS, the convergence time of
the PSO algorithm is highly important. Table T shows a com-
parison of the computation time for the PSO- and SQP-based
EMS for the wind-MT-ES system. As noted in the table, PSO
convergence time is nearly 90 times faster than the analytical
SQP optimization. This fast response of the PSO is critically
important in its real-time application for energy management of
multisource renewable energy-based systems.

VII. CONCLUSIONS

Real-time PSO-based energy management of a stand-alone
hybrid wind-MT-ES system was presented in this paper. The
developed EMS promotes energy sustainability in two ways:
first, by ensuring an optimal balance between the attached gen-
eration sources based on the multiple constraints, and second,
by incorporating desirable energy objectives into the EMS deci-
sion-making process. Specifically, the following factors are also
considered:

1) the use of a useful dump load (an auxiliary EWH) to in-

crease energy efficiency of the system;

2) keeping the operating point of the MT near its rated value
when feasible to increase its operation efficiency and re-
duce its environmental impact;

3) maximizing the average available stored energy in the bat-
tery by striving to keep its SOC at 80% or higher, hence
improving overall system reliability and increasing the bat-
tery life.

Simulation results show the suitability and potential benefits
of the proposed PSO-based energy management strategy for the
hybrid system.

In order to verify the validity of the proposed approach, sim-
ulation results were also obtained for the same system using the
well-established SQP optimization and when no optimization
was used. Simulation results compare well and show the benefits
of the proposed EMS in increasing the overall system reliability
and energy sustainability. In particular, the main advantage of
the PSO-based energy management strategy is its extremely fast
convergence time, which is critically important for real-time en-
ergy management applications.
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Abstract

Power management is an essential tool for MG safe and economic operation,
particularly in the islanded mode. In this chapter, a multi-timescale cost-effective power
management algorithm is proposed for islanded MG operation targeting generation,
storage, and demand management. Comprehensive dynamic modeling, cost, and emission
calculations of the MG components are developed in this chapter to facilitate high
accuracy management. While the MG’s overall power management and operation is
carried out every several minutes to hours, depending on the availability of the required
data, simulation for highly dynamic devices (such as batteries and EWHSs used for DR)
are performed every minute. This structure allows accurate, scalable, and practical power
management taking into consideration the intra-interval dynamics of battery and EWHs.
Two different ON/OFF strategies for EWH control are also proposed for DR application.
Then, the power management algorithm is implemented using the two different DR
strategies and the results are compared with the no-DR case. Actual solar irradiation,
temperature, non-EWH load demand, and hot water consumption data are employed in

the simulation studies. The simulation results for the MG studied show the effectiveness
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of the proposed algorithm to reduce both MG’s cost and emission

Introduction

According to the DOE’s list of five fundamental technologies that will drive the
smart grid [12.1], “advanced control methods to observe essential components for rapid
diagnosis and precise solutions to events” is envisioned as one of the most critical
apparatus for successful implementation of smart grid. Given the complexity of the smart
grid implementation, MGs have emerged as a bridging technology to pave the way to the
smart grid [12.2]. The key to wider recognition and employment of MGs is innovative
power management strategy [12.3].

In general, real-time MG management is classified into energy and power
management. The energy management algorithms deal with monitoring and operation of
a complex system of electrical, thermal, and mechanical components with emphasis on
desired and longer term outcomes. However, the objective of power management is to
affect the instantaneous operational conditions towards certain desired parameters [12.4]-
[12.11]. From a general perspective, both power and energy management refer to control
actions that are based on particular objectives.

MG management algorithms can be divided into centralized [12.4]-[12.9] and
decentralized architecture [12.10], [12.11]. Structurally, MGs can be operated in grid-tied
[12.4], [12.7], [12.9]-[12.11], islanded [12.5], [12.6], or a combination of both modes,
e.g., [12.8]; each of the above modes has certain requirements to be fulfilled. This chapter
focuses on the design, modeling, and proposing a comprehensive cost-effective multi-

timescale power management algorithm for an islanded MG that operates independently
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in a remote area. In islanded MGs, AS is provided using storage and DR to compensate
renewable generation and load demand variability. The MG components include a DiG,
solar PV panels, and storage batteries, which are commonly available for residential
applications.

Although the DR is foreseen to be an essential part of MGs’ cost-effective
operation, some literature on power management do not include the DR in their proposed
algorithm, e.g. [12.6]-[12.8], and others consider generic load for DR, e.g. [12.5],
[12.10], [12.11]. However, in this study, the DR is implemented with EWHSs for which a
dynamic model with actual hot water consumption data is used. Two different ON/OFF
control algorithms (called DR.A and DR.B) are introduced and implemented to provide
the required increase or decrease in load at the time needed.

Moreover, the multi-timescale structure of the proposed algorithm allows two
different simulation intervals for MG components based on their dynamic behavior and
the available data. This way, simulation interval of highly dynamic components (e.g.,
battery and EWHSs) will be decoupled from those of the available load and generation
data, which might be available with different intervals (e.g., 20 minutes or 1 hour). This
way, the flexibility and accuracy of the algorithm will be increased, which can result in
faster control.

Although a rule-based algorithm may not be ideal for grid-tied and plug-and-play
operation on MGs, they are ideal in real-world applications, in particular for rural areas
with minimum computational burden. The multi-timescale structure, the cost-effective

operation, the DR application, and detailed dynamic modeling of MG components
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(including emission production, cost of operation, and efficiency) are the major
contributions of this study. MATLAB® GUIs were developed to easily scale and modify
the proposed MG structure and simulation time interval as well as to observe the MG
performance through a monitoring GUI during the simulation. The GUIs are given in

Appendix D.

MG Design and Modeling

In the following sub-sections, MG design and dynamic modeling are presented for
the MG’s components, including solar PV, diesel generator (DiG), storage, and EWH

loads.

MG Design

The proposed islanded MG (Figure 12.1) is designed for a residential
neighborhood including 100 houses. The residential units are assumed to have EWHs,
which are used as candidates for the DR (when needed) to provide AS for the MG.
Optimal MG design (unit sizing) is carried out using HOMER® [12.12]. Actual minute-
by-minute residential load data, recorded for a single house between 2006 to 2010, has
been used [12.13]. The data has been scaled up to represent power consumption of 100
houses. Actual solar irradiation and ambient temperature have also been used [12.9]. It is
assumed that all PV arrays experience similar solar irradiation and ambient temperature.
The optimized component sizes for the application obtained from HOMER are: 570 kW

of PV, 350 kW of DiG, and 840 kWh of battery.



 Management <«
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Figure 12.1. Schematic diagram of the MG configuration.

MG Dynamic Model

Dynamic modeling of the MG components is an essential part of this chapter for
the proposed multi-timescale structure to perform accurate simulation and decisions
making. In this sub-section, dynamic model of each component will be briefly explained

in addition to the cost and emission calculations that were applied for each component.

PV Model. In this chapter, a dynamic mathematical model of PV, [12.14], is
used where the PV operating point is calculated based on solar irradiation and ambient
temperature. An actual grid wattage PV module from SunPower Corporation (SPR-200-
BLK) which is suitable for residential applications was selected for modeling [12.15].
The maximum power point (MMP) of the PV module at different solar irradiation and
ambient temperatures is obtained using the first derivative of the module instantaneous
power with respect to the module’s voltage. In order to avoid solving numerical nonlinear
equation in each iteration, the MPP corresponding to different common solar irradiation
levels and ambient temperature were calculated and stored in a 2-D lookup table for

future use in the power management algorithms (PMA). This procedure simplifies the
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implementation of the proposed PMA. A 100-W/m? solar irradiation interval and 3°C
temperature interval is used in the 2-D lookup table. These intervals are small enough for
precise linear approximation between two neighboring sample points. This has been
verified through sensitivity analyses for different solar irradiation values and ambient
temperatures, which are not given in this chapter.

Since the PV system is connected to the MG through DC/DC and DC/AC
converters, the efficiency of converters has also been modeled as a function of the
normalized input power [12.7]. Since converters’ efficiency drops rapidly for small
loading, a deadband of 5% of the module nominal power (i.e., 200 W) was considered for
PV operation.

In addition to the dynamic model of the MG components, their accurate
operational cost calculation is also essential for an accurate PMA. The operational cost is
commonly divided into ownership and operating costs [12.16]. In order to calculate the
ownership cost of MG components, a general framework considering uncertainty and risk
analyses was used, which has been proposed in Chapter 9. However, no ownership cost is
considered for the PV system because PV modules usually last for 20-25 years, equal or
more than the 20-year project lifetime assumed. Therefore, no replacement cost is
required throughout the project lifetime. Also, PV operating cost (which only comprises
maintenance cost) is very cheap, less than 0.005 $/kWh [12.18]. Therefore, it is
reasonable to consider PV power as negative load to extract its maximum available

power at any time.

DiG Model. Since DiGs are equipped with electronic speed governor and
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automatic voltage regulator (AVR), their dynamic behavior is not a concern as long as
the simulation interval does not go below one minute. The DiG selected for this study is
rated at 350 kW (CumminsOnan Commercial DFEG-C350D6 diesel genset) with 1.5 and
2.1 seconds recovery time for voltage and frequency after 100% load changes,
respectively [12.19]. In addition, DiGs have incredibly fast cold startup time (about 10
seconds for DiGs smaller than 1000 kW) [12.20]. Therefore, the DIiG modeling for this
study is limited to its cost and emission calculations. Fuel consumption data for the DIG
studies are given in Table 12.1. It should be noted that DiGs are usually responsible to
establish frequency in an islanded MG, which requires the DiG to operate in standby
mode at all times. Therefore, the DiG will consume a minimum amount of fuel (15
L/hour) at no load.

Based on the approach reported in [12.17], the ownership cost for the DiG under
consideration is calculated as $1.6018/hour. The DiG operating cost consists of fuel cost,
cost of other regularly replaceable components, and overhaul costs. Fuel consumption
data for a variety of DiGs ranging from 6 to 2260 kW are compiled and modeled in
[12.10], and is utilized in HOMER® [12.12]. However, employing a similar linear model

for the DiG studied does not show an acceptable fit to the data given in Table 12.1.

Table 12.1. Actual fuel consumption for the DiG studied [12.19].

Model C350D6 No load |25% load | 50% load | 75% load | 100% load
Fuel Consumption (L/hour) 15 30.2 50.4 72 96

A quadratic polynomial curve fitting (12.1) is tried on the data using

MATLAB/Curve Fitting toolbox [12.21], and it gives an excellent fit to the data:
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Foo (i) = Cfue,.(o.ooo1773 PAc (1)+0.1709Py; (i) +14.67) (12.1)

where Py (i) is the DiG operating power level (kW) at interval i; and Cre is the cost of

diesel which is $0.97/L in this study. Comparison of the two methods (i.e., linear vs.
quadratic curves) yields substantial differences which can result in erroneous fuel and
cost calculations which can result in a series of incorrect decisions for the MG operation.

Maintenance cost is another component of DiG’s operating cost which has been
ignored in some studies, e.g. [12.22]. Since the non-fuel operating cost data was not
available for the specific DiG studied, the non-fuel operating cost data for 1-10 MW
DiGs reported by EPRI, [12.23], is utilized. The total maintenance cost (i.e., operating
cost less fuel cost) is approximated as $75.44/kW-installed by looking at the 20-year net
present value of costs [12.23]. Therefore, annual maintenance cost of the 350-kW DiG
used in this study can be approximated as $1320/year. This cost is for all maintenance
levels and overhaul of the DiG used.

There is no emission data provided for this specific 350-kW DiG. However, a
survey has been carried out for the smaller size (e.g., 10 kW) DiGs used in residential
applications on military bases from the manufacturer of the DiG used in this study
[12.24]. In this reference, several experiments are carried out on three different 10-kW
DiGs from the same company, and CO,, CO, Ethylene, NO,, NO, and hydrocarbon (HC)

production are reported. Since CO and CO; typically account for more than 99% of the
carbon emitted in engine exhaust [12.24], the emission production (EMg) is

categorized into CO; and non-CO, emissions, i.e., non-CO, emissions are combined to

simplify the overall emission equation. A fifth-order polynomial is found to be a good fit
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for the data as follows:
EM IgiG (I) = aij I:)DSIG (I)+aJPIZ‘)1|G (I)+a3fP§|G (I) (12 2)
+8 Pog (i) +8 Py (i) +ag |
where j is the type of emission at interval i. Coefficients for the emission types are given
in Table 12.2. For the 350-kW DiG studied, all values are linearly scaled up by

multiplying by 35.

The total cost of emission, which is a function of fuel consumption, can be

calculated as follows:

o ; . ., 0.832
CIJDiG(I)ZCJ'EMIéiG (I)'FDiG (I)XM (123)

where C’ is the damage cost (externality cost) of pollutant j, and 9832 is the conversion

factor for Moo el or & . The damage costs of CO; is estimated as $0.014/kg in [12.25].

liter
The cost for non-CO, pollutants is taken from [12.26], which is estimated at $4.2/kg
pollutant (total hydrocarbon) since they are the most dangerous pollutant for living

organs health. The DiG efficiency can be calculated as follows [12.10]:

POut 3600 x Py, ( )
F:n I:DiG (I)Ec

Tlbic = (12.4)

where E. is the diesel energy density (35000 kJ/L). The efficiency values for the linear
and quadratic fuel consumption functions are shown in Figure 12.2. The significant
difference between the two curves can be due to the two different methods for fuel

consumption calculation.
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Figure 12.2. The overall efficiency of the DiG based on input and output energy.

Table 12.2. Curve-fitted coefficients of the functions for emission production.

Type al | & | & | a | a | 3
CO, 1.511 | -35.47 | 290.1 | -1011 | 1519 | 1422
Non-CO, [-0.01859]| 0.4579 | -4.128 |17.959|-43.776| 105.9

Battery Model. In this chapter, a commonly used valve-regulated lead-acid
(VRLA) battery dynamic model, described in [12.27], is used which later has also been
adapted for power/energy management studies in [12.28]. The VRLA model is slightly
modified for this chapter to work based on its output power instead of voltage.
Instantaneous power, voltage, current, state of charge (SOC), internal temperature, and
efficiency are important parameters of the battery which are monitored and calculated by

the model developed in every one minute interval.
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- Upper SOC limit, SOC,,,=0.9
Lower marginal limit, SOC,;»=0.3
Reserve limit=0.2
GLower SOC limit = 0.15

100%  State of Charge (SOC) 0%

Figure 12.3. Classification and operational framework for battery SOC limits [12.30].

Battery operational cost, which consists of ownership and operating costs, is also
considered in this study. The battery ownership cost ($1.1815/Ampere-hour in this study)
is calculated based on uncertainty and risk analyses, reported in Chapter 9 and in [12.17].
Since the battery does not consume fuel and does not experience moving and mechanical
parts, its operating cost is treated as a percentage of the total investment cost (1%-2.5%)
[12.29].

Battery safe operation control is a complicated task in a MG and is essential for
its optimal operation. A thorough study of the battery chemical reactions is given in
[12.30], where, the general battery operation framework is given as in Figure 12.3. A

similar principle is utilized for the battery operation in this study.

EWH Model. Residential EWHSs are utilized as the DR medium in this study.
The dynamic model of a single EWH used in this study is similar to the one in [12.31].
Similar EWH model were also used in [12.32], [12.33], where the water temperature is
allowed to rise to 160 °F. The thermostatic-controlled valve is utilized in the model to
assure safe hot water temperature for the household to avoid scalding and burning. No

cost is considered for DR since customers’ hot water temperature will not go beyond a
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pre-defined limit (i.e., customers’ quality of service (QoS) is always considered as the

highest priority and will not be violated). This procedure utilizes any excess available

energy in the residential EWHSs, when available.

Figure 12.4 shows a flowchart diagram of the simulation environment developed

for this study in MATLAB®. At each management interval, the following information (as
y g

shown in Figure 12.4) are given as input to the simulation environment: hot water flow

rate and water temperature of each EWH, ambient temperature and solar irradiation for

PV system, nominal DiG capacity, non-EWH load demand, battery SOC, voltage, and

temperature from the last interval, and power step value, AP . AP is used in each interval

to calculate the maximum amount of power to charge the battery (or to discharge from

the battery).
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Figure 12.4. Flowchart diagram of the MG simulation environment developed for this

study.
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As shown in Figure 12.4, the data will be pre-processed or directly transmitted to
the PMA to calculate the operating points of the MG components. Finally, power/energy,
cost and emission will be calculated.

A MATLAB®-based graphical user interface (GUI) is developed to attain all the
required data for the simulation (Figure D.1 in Appendix D). The GUI allows great
flexibility and scalability of the MG for further investigation with different parameters
and sizes. Finally, a second GUI is developed to show the real-time simulation results at
each interval (Figure D.2 in Appendix D). At the end of the simulation, a summary of the
final results appears. This GUI also makes the plotting of the different system parameters

very easy.

The Proposed Power Management Algorithm

MGs often comprise fixed and variable generation, storage, and load within a
restricted geographical area. Therefore, it is essential to have a real-time management
system to assign appropriate setpoints to different components, to protect them from
operating outside their safe region, and to manage generation, storage and demand.
Numerous objectives have been proposed for MG real-time power management [12.34].
However, desired objectives may be different from one MG to another, system
operators/owners choose the objectives that best fit their MG topology (grid-tied or
islanded) to meet their need. In this section, the design of the multi-timescale rule-based
power management algorithm for cost-effective operation of the designed MG is
explained.

Multi-timescale power management based on pre-defined rules can be an
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effective tool for MG operation as long as the number and size of the available
components and their dynamic behavior are known to the operator. One major advantage
of the rule-based PMA is that they are incredibly fast and computationally efficient
compared to the power management algorithms with optimization techniques,
particularly in real-time applications. It is because the fact that the decision-making
process is already designed based on all possible scenarios using prior knowledge about
the system. Additionally, rule-based PMAs are easy to implement in real-world
applications, particularly for islanded MGs in remote areas. In addition, the multi-
timescale simulation and management structure, proposed in this study, helps to increase
the simulation speed with higher accuracy by choosing different simulation intervals
based on the components’ requirements. Moreover, the proposed rule-based algorithm
targets least cost of the MG operation using least expensive components when possible.
Rule-based algorithms become less applicable and effective in MGs with many devices
and objectives or MG with features such as plug-and-play operation.

The proposed PMA shown in Figure 12.4 is expanded in Figure 12.5. As shown
in the figure, the battery and EWHSs simulations are carried out in one-minute intervals
(i.e., heavy gray area), while the rest of the simulation (light gray area) is performed in a
pre-defined interval, which can be minutes to hours. A description of the input
parameters to the PMA is given in Appendix E.1.

For the non-EWH load demand data, which is available every minute in this
chapter, the average power is calculated and utilized for the length of the management

interval. Using all the input parameters shown in Figure 12.5, the PMA unit computes the
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operating point of each MG component. Here, three different rules can be identified in

Figure 12.5 which are clarified as follows:

.
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Figure 12.5. Schematic diagram for the proposed multi timescale rule-based power
management algorithm.
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RULE I (Right Column in Figure 12.5)

In this rule, the total load demand is less than the available PV power in the

interval ahead, i.e., P™ <Py, where P =P™™" + P Therefore, the excess power,

i.e. P =P —P™  can be stored in the battery if the battery SOC is less than the pre-

defined maximum value. The proposed strategy is given in Algorithm 1 of Appendix
E.2. Note that battery simulation is performed every minute, regardless of the length of
the management interval, to increase the accuracy and better observation of the battery
performance. The one-minute simulation interval helps to accurately calculate maximum
charging power in the battery considering the minute-by-minute battery dynamic and its
nonlinear behavior. The HVFlag is a variable in the battery model that shows the battery
overvoltage or equivalently battery maximum SOC violation, or battery maximum
charging power. In RULE I, the battery will be utilized before the DR because a higher
battery SOC results in a higher battery lifetime. If the battery is not able to store all the
excess PV power, the maximum possible power will be calculated based on the first inner

loop shown in the right column in Figure 12.5. Based on the convention used in this

chapter, battery is in charging mode when the power is negative (PBSX'{-r <0), and it is in

discharging mode when power is positive (PBSf\QT >0). The battery charging algorithm is
given in Appendix E.2. Finally, the operating point of the battery for the interval ahead

can be obtained, given as (P, ) x Since the battery will be charged only by excess

[t.t+AT
PV generation, no cost is assigned to the battery operation in the charging mode.

If excess PV power is still available (i.e., <P:\>;CGSS> > 0), the status of EWHSs

[t.t+AT
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(as DR resource) will be examined to store the excess power in the form of heat energy.
Similar to the battery, this part of the simulation will also be carried out every minute
regardless of the management interval. The DR strategies are designed to fulfill two
important conditions: 1) the increase in EWHs power should not exceed the excess PV
power available at each interval, 2) no more than the pre-specified number of EWHSs are
allowed to be on simultaneously to control peak power. These conditions assure that the
EWHSs accurately participate in the DR implementation. The proposed DR strategy is
given in Algorithm 2 of Appendix E.3. Based on the same principles mentioned in
Algorithm 2, two different ON/OFF control strategies (explained below) are proposed,
where in both cases the customers’ quality of service (QoS) has the highest priority:

DR.A: In this case, upper and lower hot water temperature setpoint remain
between 120-160 °F throughout the day.

DR.B: In this case, a dynamic structure for the upper setpoint for hot water
temperature is considered. While the lower setpoint remains at 120 °F throughout the day
for all EWHSs, the upper setpoint remains at 130 °F unless there is excess PV power. In
that case, the hot water temperature upper setpoint will be elevated to 160 °F. In DR.A
and DR.B when the water temperature goes above 130 °F, the outflowing hot water will
be mixed with an appropriate amount of cool water by a thermostatic mixing valve
(TMV) prior to use to avoid scalding. Details of the calculations are explained in [12.32]
and [12.33]. The difference between the two cases (i.e., DR.A and DR.B) is significant,
as will be shown in the simulation results.

In the rare cases when there is excess PV power and the battery and EWHSs are
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fully charged, the excess energy needs to be curtailed using PEIs in the PV system, or

dissipates in a dump load.

RULE Il (Middle Column in Figure 12.5)

In this rule, the total load demand is less than the available PV power plus the

DiG nominal power in the interval ahead, i.e., P <(PFI{‘,ax +PDTgX). As shown in Figure
12.5, the battery is idle. However in order to guarantee the cost-effective operation in the
proposed PMA, the DR strategy is used to decrease the required power from the DiG, as

much as possible. Then, the remaining load demand will be provided by the DiG as much

as needed, i.e., <thot =P"™ P 4P , Where P,f\ﬁ\r,h is the amount of power

6 ear)
provided by the DR strategy. In this study, the DiG is operated in the standby mode,
where it consumes some fuel even at no load. As a result, the total operational cost will
be cheaper if the DiG is utilized before the battery. This way, the cost-effective operation
of the MG will be achieved, and the MG cost of operation will be equal to the DiG
operational cost. As a result of the DiG operation, its emissions and damage costs will

also be calculated in this rule.

RuLE 11l (Left Column in Figure 12.5)

In this rule, the total load demand is higher than the total of available PV power
and the nominal power of the DiG in the interval ahead; i.e., P[°‘>(PPT7X+P,§;§X).
Therefore, the battery and DR should be utilized to meet the remaining load demand.

Since there is no cost associated with DR in the MG, it is beneficial to perform the DR

strategy before the battery. Therefore, the DR procedure will be executed to provide load
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reduction as much as possible in order to avoid large and random load interruption in the
MG. The DR procedure in this rule is similar to the one explained in Algorithm 2
(Appendix E.3) except that the EWHSs will be sorted in ascending order based on their hot
water temperatures. The two limiting conditions given for the DR in RULE I are also valid
in this rule. It should be noted that the ON/OFF commands for the EWHs will be
overridden in both of the DR algorithms if the hot water temperature goes beyond the
pre-defined upper and lower limits. One-minute simulations will always be carried out
for the EWHs in this rule.

If there is still undelivered load demand after the DR procedure completed, the

battery will be discharged to meet the remaining load demand. In this case, if the battery

SOC s higher than the minimum (SOC_, ), the maximum derivable energy from the

battery will be calculated for the interval ahead using the inner loop in the left column in
Figure 12.5. For this purpose, a similar procedure to the one in Algorithm 1 (Appendix
E.2) is developed in Algorithm 3 (Appendix E.4) for the battery discharging, except that
the discharged power is positive based on the power flow convention defined in this
study. In addition, LVFlag is used instead of the HVFlag, which is introduced in the
battery model to show the low-voltage status of the battery, or equivalently to show if the
battery SOC goes below the pre-defined minimum value, or if the pre-defined
discharging power limit is violated. High accuracy in the battery model is guaranteed by
the one-minute simulation to capture the inherited nonlinearity in the battery model. In
rare cases that the battery and the DR cannot meet the shortage in generation, the partial

undelivered load in the MG will be realized, which has to be shed. In this rule, MG
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operational cost will be computed as the sum of DIG cost and the battery cost in the

discharging mode.

Simulation Results and Discussion

In order to show the effectiveness and applicability of the proposed multi-
timescale rule-based power management algorithm, simulation studies using actual data
are carried out for the MG presented in Figure 12.1. Based on the availability and the
type of DR mechanism, three different management algorithms (namely no-DR, DR.A,
and DR.B) are simulated and their results are compared. The precision of the calculations
is chosen to be 1 W; i.e., all the calculations and actual data are rounded towards 1 W,
which is a reasonable assumption for real-world applications.

Since the actual one-minute load data used in this study was measured for only
one house, the load demand data for 100 houses is generated by normal random
distribution with average of 0.1 kW and standard deviation of 0.2, as shown in Figure
12.6. The different characteristics of the load demand data (e.g., peak hours and annual
energy consumption) match the numbers given in [12.35]. For simulation intervals larger
than one minute, the average load demand data is used. In addition to the non-EWH load
data, hot water flow-rate for each customer is also required for the EWHs model. These
data are calculated from the real set of average residential EWH daily demand available
in [12.36] with the method explained in [12.33]. Since there was only average hot water
demand available in [12.36], a normal distribution with an average temperature of 125 °F
and standard deviation of 5 °F are employed to generate the data for 100 customers; the

results are shown in Figure 12.7 for all houses.
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Active power demand, kW
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Figure 12.6. Minute-by-minute active non-EWH load demand (winter weekday) for 100
houses [12.13].

Weekday hot water flow rate, gallons/hour
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Figure 12.7. Hot water consumption for 100 houses in the MG, winter weekday.
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Figure 12.8. Temperature and solar irradiation for a non-cloudy weekday in the winter
[12.9].

The actual temperature and solar irradiation data, employed in this study, are
shown in Figure 12.8 for a weekday in the winter. It is assumed that all PV modules
experience similar ambient temperature and solar irradiation level.

Three different simulations are performed with DR.A, DR.B, and without DR
(No-DR) to show the effectiveness of the proposed PMAs with DR. For all simulation
studies, the power management is updated every 20 minutes, and the simulation is
performed for 24 hours. Additionally, the DIG is operated in standby mode for the three
cases. The simulation results are reported in Table 12.3 for the MG presented in Figure
12.1.

In the remainder of this section, the effect of PMAs with DR.A and DR.B on the
performance of the MG and its component is compared with the No-DR PMA, based on

the results given in Table 12.3.
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Table 12.3. Simulation results of the MG operation for the three PMAs for 24 hours.

PMAs No-DR DR.A DR.B
PV
Total generation, kWh  1325.171 1631.8417 1749.3663
Unused energy, kWh  508.4457 201.775 84.2503
Average efficiency, %  89.0605 89.7931 89.855
DiG
Total generation, kWh  3187.408 2981.8243 2876.8337
Fuel Consumption, L 1044.8309 996.173 971.1315
Average efficiency, %  23.0945 22.0459 22.0328
Battery
Discharge, kWh  242.645 179.2043 203.1227
Charge, kWh  445.2683 440.8677 480.9853
Average efficiency, %  92.4503 92.9302 91.1408
MG Emission
Total CO,, kg~ 1661.7 1632.4 1603.7
Total Non-COy, kg 53.4 51.0 49.9
Total damage cost, $  38.2105 37.1239 36.4132
Total load, kWh 4309.9557 4352.0027 4348.3373
Total undelivered load, kKWh 20.7687 7.1467 8.112
Total MG operation cost, $ 1339.3116 1245.8123 1238.1705

Solar PV Panel

It can be seen from Table 12.3 that the PV power utilization is increased by
23.1% and 32.0% in the DR.A and DR.B algorithms, respectively, compared to the No-
DR. This is because of employing the DR in the management algorithm. When the
EWHs’ upper thermostat setpoint is increased to 160 °F, a large amount of heat storage
capacity is provided by the EWHs hot water tanks. The percentage of increase is less in
the DR.A algorithm compared to the DR.B algorithm because the upper thermostat
setpoint in the DR.A is set to 160 °F for the whole day. This way, less free capacity in the
hot water tanks will be available when excess PV generation is available in the middle of

the day. The increase in power extraction from the PV also resulted in slightly higher
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efficiency of the PV unit due to higher efficiency of the converters.

DiG

According to Table 12.3, in the PMAs with DR.A and DR.B, the total generated
energy by the DiG is decreased by 6.45% and 9.74% and the total fuel consumption
decreased by 4.66% and 7.05%, respectively. Since the DiG fuel consumption is a
nonlinear function of its output power, the percent reduction in the total generated power
by the DiG is not equal to its corresponding total fuel consumption for the two PMAs.
Storing the excess PV generation as hot water using the DR strategies (which results in
less power consumption by the EWHs in the hours ahead) as well as reducing EWHs
power consumption during power shortage are the two major reasons for the reduction in
the DIG generation. However, the average efficiency of the DiG is slightly decreased in
the DR.A and DR.B algorithms compared to the No-DR algorithm. This is because the
utilization of the DR decreases the need for the DIG power and as a result, the DiG
operates in the lower range of its rated power where its efficiency is lower, as shown in

Figure 12.2.

Battery

The battery discharging is decreased by 26.14% and 16.29% in DR.A and DR.B,
respectively, compared to the No-DR case. This is because using any excess PV
generation to preheat water in EWHSs decreases the energy required by the EWHs during
high demand hours. Therefore, less energy from the battery is required to meet the load

demand. In general, any reduction in the battery discharging reduces the MG operational
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cost, increases battery lifetime, and provides more storage for unexpected loss of PV
power and load variations. The battery SOC for the three simulation cases is shown for
one day in Figure 12.9. The battery discharging starts around 7:30 AM in the DR.B
algorithm. Since the upper thermostat setpoint in the DR.B algorithm is set to 130 °F
during normal condition (i.e., during the time of no excess PV generation availability),
and because the DR is employed more often, as given in RULE Il, more EWHSs will turn
on early in the morning during first peak period (approximately 7:30-9:00 AM), as shown
in Figure 12.7. This way, the PV and the DiG cannot meet the total load demand, so the
battery is discharged to provide the remaining load demand. The hot water temperature
for all households is shown in Figure 12.10 (a) and (b) for the DR.A and DR.B PMAs. It
can be seen that at around 7:30 AM, hot water temperatures for most of EWHSs reach to
about 143 °F in the PMA with DR.A, and the EWHSs stay off during the morning peak
hours. However during this peak demand period, the hot water temperature in the
majority of the EWHs go below 125 °F in the DR.B PMA, where some of the EWHSs turn
on resulting in more demand from the EWHs during the morning peak hours.

In addition, it can be seen from Figure 12.9 that the battery discharging occurs
approximately during 17:00 t018:30 and 21:00 to 22:30 for the No-DR case, while the
battery is idle for the other two PMAs. This is because the EWHSs could not store hot
water during off-peak hours because of the 130 °F upper thermostat setpoint. Therefore,
some of the EWHs will be turned on during the second daily peak hours which increase
the need for power. This way, the battery will be discharged to compensate the shortage

in generation.
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Due to the early battery discharge in the DR.B PMA, the accumulative battery
charging energy at the end of the day is more than the other PMAs. As shown in Figure
12.10 (b), the EWHSs hot water temperature increase toward 160 °F during the excess PV
generation hours (approximately during 12:00-15:00 hours.) This causes all the EWHSs to
be off during the second daily peak hours (approximately 16:30-21:00), which is the main
reason for lower battery discharging in DR.A and DR.B compared to the No-DR case,
shown in Figure 12.9. Although the average efficiency of the battery is decreased when
the DR is used, the average battery SOC for a day of simulation did not change
significantly for the three PMAs. The average battery SOC is 63.8%, 64.0%, and 63.3%

for No-DR, DR.A, and DR.B, respectively.
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Figure 12.9. Battery SOC for the proposed management systems, with and without DR.



339

165

160

155 i

150 i

[N
~
4]

Temperature, °F
[
IS
o o
T
[
|

[Eny
w
o

125

120

115

12 16 20 24
Time, hour

()

165

160

155

150

[an
N
a1

-
N
o

Temperature, °F

0 4 8 12 16 20 24
Time, hour
(b)

Figure 12.10. The hot water temperature for all household in (a) DR.A, and (b) DR.B
PMA:s.

MG Emission
As expected, the total MG emission is reduced because of the DIG generation
reduction when the DR strategies are used. The reduction in CO, and non-CO, emissions

for the DR.A and the DR.B compared to the No-DR PMA are tabulated in Table 12.4.
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1.8% and 3.5% reduction for CO, emission as well as 4.5% and 6.6% reduction in non-
CO;, emissions are observed for the DR.A and DR.B, respectively, compared to the No-
DR case. This results in 2.8% and 4.7% reduction in total damage cost for DR.A and

DR.B, respectively, compared to the No-DR case.

Table 12.4. Reduction in CO, and non-CO, emissions in the DR.A and DR.B PMAs.

PMAs DR.A DR.B
Decrease in CO, emissions 1.8% 3.5%
Decrease in non-CO, emissions 4.5% 6.6%

Total Undelivered Load

Although for the size of the MG studied, the total undelivered power for the No-
DR PMA is negligible (less than 0.5% compared to the total load demand), this value is
reduced by 65.6% and 60.9% for the DR.A and DR.B PMAs, respectively. Undelivered
power occurs when the total reduction in generation, storage, and EWHSs’ power is less
than the sum of the non-EWH load demand and the power demand of the EWHSs that are
forced to be on. For the DR.A and DR.B PMAs, undelivered load demand occurred during
16:40-17:00 (1.659 kW and 1.329 kW for DR.A and DR.B, respectively) and during
17:40-18:00 (19.781 kW and 22.998 kW for DR.A and DR.B, respectively). According to
Figure 12.10, during these periods all EWHs are off, and the DR cannot be used to avoid

undelivered load demand.

Total MG Operational Cost

As given in Table 12.3, the total MG operational cost is reduced by 6.98% and

7.55% for the DR.A and DR.B PMAs, respectively, compared to the No-DR PMA. It is
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because of the fact that when the DR strategies are employed, the DiG output energy and
the battery discharge decrease. These reductions in energy demand have resulted in

noticeable cost reduction in the MG operation.

Conclusion

In this chapter, a rule-based multi-timescale cost-effective power management
algorithm, is proposed to effectively include generation, storage, and the DR within the
same management framework. The MG design and dynamic modeling are briefly
discussed, and the power management algorithm is presented. Two different EWH DR
strategies (DR.A and DR.B) are proposed and compared with the No-DR case. Simulation
results showed that incorporating the DR in the management algorithm increased the PV
power utilization; decreased the DiG total generation, its fuel consumption and
emissions; increased the battery average SOC; and decreased the total undelivered load in
the MG. As a result, the MG operational costs are decreased remarkably when the DR is
employed in the PMA.

Each of the DR strategies has certain advantages over the other; the choice of
which one to use depends on the specific circumstances and is to be made by the
owner/operator of the MG. DR.A is a better approach when the average efficiency of the
DiG and battery, and the undelivered load demand are important. On the other hand,
DR.B is better in terms of the MG operational cost, PV power utilization, and the total
MG emissions. It should be noted that the proposed PMAs need to be modified to
accommodate other variable generation sources (such as wind) according to their variable

nature, as was done in this chapter for solar PV.
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CHAPTER 13

CONCLUSIONS

This dissertation made an attempt to address the necessity and complexity of
regulation services in the smart grid and MGs in the presence of variable RES generation
using real-time DR. Different studies and models are developed to first show the impacts
of variable RES on the frequency and voltage of the power grid in the transmission and
distribution systems. Then, different heuristic and optimal real-time DR approaches are
proposed to remedy this impact. Additionally, real-time power management of grid-tied
and islanded MGs are investigated, considering simultaneous generation, storage, and DR
management. Extensive dynamic models of different generation, storage, and load are
developed in MATLAB®/Simulink and m-files for different part of the dissertation. The
following conclusions can be drawn from the work reported in the dissertation:

1. As it is presented in Chapter 1, MGs are promising technology to achieve the
smart grid goals. However, effective and wide application of MGs relies on appropriate
control methodologies, especially for cost-effective management of assets and regulation
Services.

2. High penetration of variable RES generation can have negative impact on the
frequency and voltage behavior of the power grid which results in severe stability issues,
as shown in Chapters 2 to 4. This impact is more visible and severe in the islanded MGs.
Distributing the RES generation in a large geographical area, if possible, may be helpful
but cannot be an effective solution for this problem.

3. In order to effectively evaluate the application of real-time DR for regulation
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services, and to compare their effectiveness against traditional methods (such as AGC), a
simulation framework is required. This framework is developed in Chapters 2 and 4 to
integrate a simple model of the grid along with traditional regulation services, i.e., SGM.
The proposed simulation framework can easily be extended to power system of any size
and utilized in similar studies.

4. At the transmission level, where large wind farms are expected to be
implemented, real-time DR seems to be inevitable. However, there is not a single
comprehensive tool to include DR for evaluation and controller design. In order to fill
this gap, the well-known LFC model is enhanced in Chapters 6 and 7 with a real-time DR
control loop considering DR communication delay. To make the proposed model more
effective and real, an electricity market structure is adapted and the model is extended to
multi-area power system with multiple Gencos and Lagcos in each area. This model is an
effective tool for DR performance evaluation and controller design at the transmission
level.

5. In order to compensate inherent variations of RES generation, it is shown that
real-time DR can be very effective to maintain balance between generation and demand
in Chapters 2 to 8 for distribution and transmission systems. Despite the delay existing in
the communication with DR resources, these approaches are still a better solution to the
frequency and voltage issues, particularly in the islanded MGs. An innovative real-time
DR algorithm is proposed for islanded MG applications which not only provide
regulation services to the MG, but also guarantees the minimum load manipulation,

which is an important criterion for successful implementation of DR programs. Based on
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our best knowledge, this algorithm was the first of its own at the time. Simulation results
show that the proposed control algorithm can also be effective for up to 300 msec of DR
communication delay. The proposed control algorithm will significantly impact the
application of real-time DR in the islanded MGs, and will motivate smart grid developers
to implement MGs.

6. Customer participation and utilities investment on the required infrastructure
play important roles in successful DR programs implementation. Therefore, cost-
effective operation of the DR programs can considerably be useful to this end. As a
result, an optimal real-time DR approach is developed in Chapter 5 by adapting the PIM
regulation market in this dissertation. Simulation results show that not only the frequency
and voltage regulation is significantly improved using the proposed technique compared
to the traditional spinning and non-spinning reserves, but also proved that DR can
provide more cost-effective regulation services for the utilities. Additionally, it is shown
that the utilization of DR for regulation services can decrease system power losses. Both
of the above results can be effective in reducing the price of electricity for customers.
This significant achievement can broaden the acceptance of the DR amongst customers
and utilities at the same time.

7. Application of real-time DR is not only limited to islanded MGs. Aggregated
responsive load can participate in the regulation services at the transmission level as well.
To show this, a controller is developed in Chapter 8 using aggregated EWHs model to
provide regulation services in a transmission system with large penetration of wind

generation. The proposed method not only provide more than 75% of the required
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balancing reserve, but also decrease operational cost for both the utilities and customers
simultaneously without affecting customers’ QoS. It can also be effective in shifting load
from on-peak hours to the off-peak periods. This method can motivate customers to
participate in the DR programs, and utilities to develop effective DR programs and to
implement the required infrastructure for DR.

8. Despite the communication delay existing in the DR, it is shown in Chapters 3
to 7 that the DR resources can provide faster regulation services (i.e., faster up and down
ramping regulation) compared to the traditional spinning and non-spinning reserves. It
results in faster frequency regulation in islanded MGs equipped with real-time DR
compared to the AGC method. This is another motivation, besides economic, for the
utilities to develop effective DR programs and to implement the required infrastructure.

9. As mentioned earlier, cost-effective operation of islanded MGs is very
important to broaden MGs acceptance and utilization in the power system. Therefore,
effective approach for cost calculation finds a central role in this regard. To the best of
our knowledge, there is no comprehensive model for ownership cost calculation (as one
of the two costs associated with the MG component cost calculations) considering the
uncertainties and risk in the calculation. An attempt is made to bridge this gap with the
proposed ownership cost calculation method, presented in Chapter 9, to determine this
cost for DERS in uncertain conditions. The proposed general approach can be utilized for
different types of DERs and storage units. The effectiveness of the proposed methods is
shown through different simulation studies.

10. Real-time power management is a vital tool for any grid-tied and islanded
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MG. While centralized and decentralized algorithms have their own advantages and
shortcomings, different central rule-based and optimal power management algorithms for
different MGs are developed in Chapters 10 to 12. Different generation, storage, and load
dynamic modeling has been done in these chapters to provide appropriate simulation
environment for different simulation studies. Also, different objectives are considered in
the proposed algorithms. The innovation of the proposed algorithms can be summarized
as simultaneous generation, storage, and DR management, suitability of specific loads for
DR management, guaranteed optimality of the solutions for both rule-based and optimal
algorithms, battery lifetime maximization, and finding the solutions in real-time.
Simulation results show the effectiveness of the proposed algorithms in reducing MG
operational cost, extending battery lifetime, and the effectiveness of real-time DR
applications.

This dissertation tried to address a significant challenge of smart grid and MG to
employ large penetration of variable RES. It is shown that the impact of large penetration
of variable RES can be smoothed using appropriate real-time DR algorithms.
Additionally, it is shown that the proposed real-time algorithms can be beneficial for both
customers and utilities at the transmission and distribution levels and can be effective in
real-time power management algorithms developed to guarantee optimal operation of the

MGs.
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APPENDIX B

SUS-MATRICES FOR THE LFC-DR MODEL DEVELOPED FOR MULTI-AREA
POWER SYSTEM WITH MULTIPLE GENCOS AND LAGCOS



Sub-matrices for the system matrix (i.e., matrix A; in (7.5) and (7.6)) can be calculated for any multi-area power system with

multiple Gencos and Lagcos as below:
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Also, the sub-matrices required to calculate the control input matrix (i.e., matrix B; in (7.5) and (7.6)) are as follows:
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m load aggregator

The disturbance matrix (i.e., matrix I'; in(7.5) and (7.6)) can be computed for any multi-area power system as follows:
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Finally, the modified input matrix (i.e., matrix B in (7.7)) can be determined using the following sub-matrices:
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APPENDIX C

BATTERY LIFE ESTIMATION AND OPERATIONAL
COST CALCULATION GUI
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APPENDIX D

MULTI-TIMESCALE POWER MANAGEMENT GUIs
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APPENDIX E

INPUT DESCRIPTION, ALGORITHMS, AND PSEUDO-CODES
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APPENDIX E.1

Different input parameters to the PMA are defined as follows:

<ppmvax >[ ]: Maximum PV available power for the interval ahead (i.e., tto t + AT ),
tt+AT

calculated by “PV dynamic model” module, shown in Figure 12.4.

G >[ ; Nominal capacity of the DiG unit. Ppig is a constant throughout Chapter 12,
'S /[t teaT

but it can change in different time intervals.
(SOC), : The latest value of the battery SOC.

(AP) - is used in each interval to calculate the maximum amount of power to charge

[t.t+AT]

the battery (or to discharge from the battery).

(EWH_, >[ : EWHSs’ primary ON/OFF status calculated by “EWH dynamic model”

t,t+AT]

module, shown in Figure 12.4, based on the actual hot water flow rate at the beginning of
the simulation for each interval.

<PLEWH> : Load demand from the EWHSs for tto t+ AT interval, calculated by

[t.t+AT]
“EWH dynamic model” module.

<an°nEWH> : Non-EWH load demand for tto t + AT interval.

[t.t+aT]
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APPENDIX E.2

Battery charging algorithm (Algorithm 1) developed in Chapter 12 is given in pseudo-

code style as follows. Required input parameters are also introduced.

Algorithm 1. BATTERY CHARGING

Required: Battery SOC, internal voltage and temperature at the end of the last interval,
step power change (AP ), battery scheduled power (PBSE\QT ), and simulation interval (AT

. P < Poar
HVFlag = BattModel*( Py ,(SOC,V,T), ,AT)
: While (HVFlag = 0) & (P <0) do
P;AhTT = PB'C:TT +AP

)
1
2
3
4
5. HVFlag = BattModel( Py, (SOC,V, T), ,AT)
6
7
8
9

End While
If (HVFlag = 1) & (Pinr <0) then
<PBATT >[t,t+AT] = PB?ETT ;<P§\§C€SS >[t‘t+ AT] Paarr — Paarr
. Else
10: <PBATT >[t,t+AT] =0, <Ppe\7:ess>[t't+ AT] = PBS/?\';T ,
11: End If

T«BattModel” is the dynamic model of the battery developed in MATLAB® m-file.
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APPENDIX E.3

EWHs ON/OFF algorithm (Algorithm 2) developed in Chapter 12 is given in pseudo-

code style as follows. Required input parameters are also introduced.

Algorithm 2. EWHS ON/OFF CONTROL ALGORITHM

Required: PV excess power (Ps ), EWHs consumption and status (S;™") for the

interval ahead and at the end of the last interval, number of EWHs (NOg,,), and
simulation interval (AT ).

1. PR« P, te1
2: For(t< AT)do
3. Ind=sort’((T;),; i=1,...,NOg,, ,‘descending’)
4:  calculate P2 (t)
5. While (i< NOg,,, ) do
6: If ((T,),,> T™) then S, (t) <0
7: Else If ((T,),,< T™) then S, (t) «1
8: Else
9: If (S;(t)=0), then S, (t)=1
10: temp = sum(S; (t); i=1...,NOq,)
11: calculate Por™ (t)
11: If (temp > MaXon) ||
((Paw ™ (1) - Py ™ () > Pgg), then
12: S, (t)=0; break;
13: End If
14: End If
15: End If
16: Data=EWHModel*((S,, T, F),)
17: l<—i+1
18: End While
190 t<«t+1
20: End For

21 (R = R —(REL™ ORI Q)
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" “sort” is the sorting algorithm in MATLAB®.
¥ “EWHModel” is the dynamic model of the single EWH developed in MATLAB® m-file.

“ Required modifications for Algorithm 2 in RULE Il for reduction in the EWHs consumption:
1: ng « Pl_uon:delivered ’ t (_1

3:  Ind=sort’((T;),; i=1...,NOg,, ‘ascending’)

9: If (S;(t)=1), then S, (t)=0
11: If (temp > MaXos) ||
((Pas™ (O - Pas ™ (©)) > Pog), then
12: S, (t)= 1; break;

. deli d deli d I, l,ori
21: <PLuonade ivered _ PLuor;de ivere _(PEt\c;\tlaH new (t) . PEt\(/)\t/aH orig (t) )>[t’t+AT]



408

APPENDIX E.4

Battery discharging algorithm (Algorithm 3) developed in Chapter 12 is given in pseudo-

code style as follows. Required input parameters are also introduced.

Algorithm 3. BATTERY DISCHARGING

Required: Battery SOC, internal voltage and temperature at the end of the last interval,
step power change (AP ), battery scheduled power (PBSE\QT ), and simulation interval (AT

)
1: PE;in\STT < P;XI;T

2: LVFlag = BattModel"( Py, ,(SOC,V,T), ,AT)
3: While (LVFlag = 0) & (Ps; >0) do

4 PBd/iASTT = PBdAi\?rT —AP

5. LVFlag = BattModel( Py, ,(SOC,V,T) ,AT)
6: End While

7: If (LVFlag = 1) & (Pss, >0) then

8

9

_ pdis - undelivered __ psch dis *
<PBATT >[t,t+AT] - I:)BATT ’ <PLoad >[t,t +AT] - PBATT - PBATT !

. Else
10: <PBATT >[t,t+AT] =0, <P|_uonad: fered >[t‘t+ AT] = Paarr ’
11: End If

" “BattModel” is the dynamic model of the battery developed in MATLAB® m-file.
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