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Abstract

Small scale power generating technologies, such as gas turbines, small hydro turbines, pho-
tovoltaics, wind turbines and fuel cells, are gradually replacing conventional generating
technologies, for various applications, in the electric power system. The industry restruc-
turing process in the United States, is exposing the power sector to market forces, which is
creating competitive structures for generation and alternative regulatory structures for the
transmissicn and distribution systems. The potentially conflicting economic and technical
demands of the new, independent generators introduce a set of significant uncertainties.
What balance between market forces and centralized control will be found to coordinate
distribution system operations? How will the siting of numerous small scale generators in
distribution feeders impact the technical operations and control of the distribution system?
Who will provide ancillary services (such as voltage support and spinning reserves) in the
new competitive environment?

This thesis investigates both the engineering and market integration of distributed gen-
erators into the distribution system. On the technical side, this thesis investigates the
frequency performance of a distribution system that has multiple small scale generators.
Using IEEE sample distribution systems and new dynamic generator models, this thesis de-
velops general methods for ensuring system stability. One such method is to specify ranges,
or standards, for governor settings which will ensure local frequency stability.

With respect to the emerging competitive markets, this thesis develops a price-based
control concept which allows independent generators to participate in both the energy and
the services markets, with minimal constraints from a central authority. In particular, a
closed loop price signal is designed to operate in a competitive market and facilitate desired
energy transactions without depending upon the extensive information and centralized con-
trol structure of the traditional power system. This thesis simulates the use of the price
signal, and demonstrates its ability to coordinate generator actions in the competitive mar-
ket while also maintaining the desired level of system reliability and stability.

The policies developed during the industry restructuring process, and the extent to



which these policies open the emerging markets to distributed generators, will impact the
penetration of distributed generators in the distribution system and their ability to partic-
ipate in the competitive markets. In particular, state polices which constrain distributed
generators to be owned by local distribution utilities will prevent these generators from
becoming equal players in the competitive markets. Alternatively, retail competition may
encourage an increased use of distributed generators. A closed loop price signal, as pro-
posed in this thesis, is an important element of the industry restructuring process because
it promotes the development of competitive markets and the full integration of distributed
generators into these markets.

Thesis Committee:

Marija D. Ilié
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Chapter 1

Introduction

Small scale power generating technologies, such as gas turbines, small hydro turbines, pho-
tovoltaics, wind turbines and fuel cells, are gradually replacing conventional generating
technologies, for various applications, in the electric power system. These distributed tech-
nologies have many benefits, such as high fuel efficiency, short construction lead time,
modular installation, and low capital expense, which all contribute to their growing pop-
ularity. The prospect of independent ownership for distributed and other new generators,
as encouraged by the current deregulation of the generation sector, further broadens their
appeal. In addition, the industry restructuring process is moving the power sector in gen-
eral away from the traditional vertical integration and cost-based regulation and toward
increased exposure to market forces. Competitive structures for generation and alternative
regulatory structures for transmission and distribution are emerging from the restructuring
process.

These changes introduce a set of significant uncertainties. How will the siiing of nu-
merous small scale generators in distribution feeders impact the technical operations and
control of the distribution system, a system designed to operate with a small number of
large, central generating facilities? How will the power system architecture evolve as a result
of both technological advances and competitive market forces? In response to the new and
potentially conflicting economic and technical demands of a growing number of independent

generators, what balance between market forces and centralized control will be found to
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coordinate distribution system operations? How will ancillary services be maintained in the
new environment?

A restructured electric power industry is likely to inciude many generators that are
not under the direct centralized control of an electric utility. These new generators will
be independently operated as well as independently owned. For such a system to operate
reliably and efficiently, the system’s operation and control strategy must accommodate
both the engineering need to maintain collective system services and the economic push
for independent and decentralized decision making. Hierarchical control schemes currently
implemented at the transmission level for generators and system coordinating facilities,
may need to be revisited and extended to the distribution level so that the stability and
efficiency of the power system are ensured in the emerging industry structure. Price signals
are one mechanism available to coordinate the cperation of the power system in the emerging
competitive market.

This thesis analyzes the affect of an increased use of distributed generation on the
operation and control of the distribution system. It demonstrates system operation and
evolut.on of the system architecture through the use of a set of models that are developed
to simulate the response of generators to technical and economic control signals, consistent

with the evolving industry structure.

1.1 Historical Background

The electric power industry has experienced many structural changes, both physically and
operationally, since the early 1990s. Early in the century electricity was generated predom-
inantly by reciprocating engines commonly located at industrial complexes or other load
centers. It was also common to have competing distribution companies to supply municipal
power rather than a single, franchise monopoly distribution company common today. With
the development of the steam turbine, economies of scale became an important facter in
electricity generation, favoring larger generators. The use of these larger generators was
facilitated by the technological development of high voltage transmission lines capable of

transporting electric power long distances. The combination of these technological advances
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favored a change from the industry’s early organizational pattern to one of central generat-
ing facilities connected to load centers and each other via high voltage lines, and structured
economically as a vertically integrated industry. State and federal regulation of electric
power followed, and was welcomed by many of the early owners who felt that the benefits
of monopoly production outweighed the costs of regulation.

In the late 1960s and early 1970s three general forces acted together to fundamentally
change the previously stable operating environment of the electric power sector (6, 45, 65,
107]. The economic environment shifted as inflation rose in response to the expansionist
policies of the Federal Government during the 1960s. High inflation lead to increased
construction and investment costs for the industry, and fuel prices also began to increase in
real terms during the 1960s and into the 1970’s, partially in response to OPEC actions.

During the 1960s and early 1970s, the previous decades’ technological improvements,
both in the scale of turbines and thermal conversion efficiencies, began to saturate. Im-
provements in transmission and distribution technologies also slowed. Around this time
development of the combined cycle gas turbine (CCGT) had advanced to the point that it
became a viable technology for power generation. By the late 1980s the average capacity of
CCGTs was close to 100MW, with a total efficiency of 45%. The apparent end to advances
in steam turbine power generation combined with the availability of a small scale alternative
called into question one of the fundamental justifications for government regulation of the
power industry—natural monopoly status due to economies of scale.

A third significant change during this period could be seen in the societal impressions
of power generation and its affects on the environment. The consumer and environmental
movements gained popularity during the 1960s and 1970s. Concern over environmental
damage from emissions and lengthy battles over siting new genera.tidn and transmission

facilities added to the cost of the facilities both in terms of added regulations and the

increased number and length of regulatory and other legal proceedings.

The first major policy response to these changes, which began the move toward dereg-
ulation in power generation, came in 1978 with the Public Utilities Regulatory Policy Act
(PURPA), part of President Carter’s National Energy Plan. Three goals of PURPA were
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to:

. promote supply-side energy conservation by utilities,
. optimize the efficiency of facilities and resources used by utilities, and

. promote demand-side energy conservation through new customer rate structures which

encouraged conservation.

With these goals in mind, PURPA encouraged industry restructuring in two ways [45]:

1. PURPA created a new group of generators, known as Qualifying Facilities (QFs).

PURPA removed some of the regulation-imposed entry barriers by exempting QFs
from much of the strict regulation placed on utilities, and guaranteed a market for
power generated by QFs by requiring utilities to buy their power at the utilities’

avoided cost.

2. PURPA also stimulated a reexamination of the underlying rationzle for the power

industry’s continued status as a regulated monopoly by bringing to light the facts
that: a) assumed entry barriers due to the large capital to labor ratio for start-up and
operation did not in fact deter the explosion of enthusiasm in IPPs and cogeneration
after the passage of PURPA (with the large response partly due to the avoided costs
terms of purchased power which favored IPPs at the expense of utility revenue), b)
the pattern of declining marginal costs enjoyed through 1970 had ended, and the
newer CCGT and cogeneration facilities often had lower marginal costs than the
large, conventional generators, ¢) the new competitors often could provide the desired
increments of generating capacity more quickly and with greater resource efficiency

than could the traditional utilities.

The next major energy policy initiative came in 1992 with the passage of the Energy

Policy Act (EPAct). As a response to the changes that had occurred since 1978, EPAct

fundamentally altered the wholesale power market by i) creating a new class of generators

for the wholesale market, exempt wholesale generators or EWGSs, and ii) by ensuring the
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existence of a market for these generators by allowing the Federal Energy Regulatory Com-
mission (FERC) to require utilities to give requesting wholesale producers open access to
their transmission facilities at fair and reasonable rates (the golden rule of transmission
which essentially adopts the adage of “do unto others as you would have them do unto

you.”).

One indication of the affect these policies have had on the industry is the fluctuating
extent of independent generating capacity. Industrial cogeneration capacity fell steadily
from 1922 until the passage of PURPA in 1978, when it accounted for only 3.5% of ca-
pacity. In contrast to this trend, an IPP industry group recently predicted that of all new
capacity anticipated to be built during the 1990’s, between 20% and 50% will be non-utility
generation [28].

Restructuring of the power industry is creating opportunities for emerging energy service
providers, stakeholders in the gas industry, related technology developers, and other non
traditional energy providers to invest in and operate distributed generation. Uncertainty
created by industry restructuring combined with continued excess capacity make utilities
less willing to invest in large generating facilities. In addition, there is ongoing debate
on environmental air quality and the responsibility of large fossil fueled pcwer plants in
decreasing pollutant emissions. Investment in small generators located in the distribution
system can postpone the need for a utility to upgrade distribution and substation facilities,
which would otherwise be required to meet local load growth. These new players are
interested, among other possibilities, in the chance to contract directly with individual
or groups of consumers, and so would benefit from siting distributed generators close to
or in load centers. These preferences are facilitated by the fact that many alternative
technologies, such as fuel cells, storage technologies, photovoltaics and some wind turbines,
are inherently small, often environmentally friendly, and well suited for siting close to loads
in the distribution system, and are approaching commercial economic viability.

The numerous, recent changes in the electric power industry, technological and regula-
tory, have opened the door to a fundamental reexamination of physical and institutional

organization of the power industry. The main functional blocks in the industry are genera-
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tion, delivery (transmission and distribution) and market coordination (unit dispatch and
spot market trading). BRecent events have shown that generation is no longer a natural
monopoly. The transmission and distribution systems fit into the core network category of
natural monopolies, such that duplication of these facilities would be inefficient. In addi-
tion the coordination functions of dispatching and spot market trading can be separated
from the physical operation of the transmission system, and themselves represent a type of
institutional core network, such that duplication of these functions would also be inefficient.
The work for this thesis assumes that these three functional blocks can and will be separate
in the future structure.

This overview of the institutional changes in the electric power industry demonstrates
that although the concept of distributed generation may appear to represent an abrupt
break with recent utility practice, it in fact resembles the early structure of the industry

and has been slowlr reemerging since the 1970’s.

1.2 Theoretical Background

1.2.1 The Distributed Utility

The small, distributed generators discussed so far represent one component of the broader
theoretical concept of a distributed utility. This concept focuses on the evolution of the
power system as it responds to technological advances, industry restructuring and the un-
certainties associated with these changes. As a result of the relative newness of the idea and
the variety of related projects, the term distributed utility has already come to be used by
various practitioners differently. For example, the emphasis can be on demand side manage-
ment, generation, storage, automation or any combination of these. Generators of interest
might be new, alternative technologies such as fuel cells and storage facilities, or fossil fuel
technologies (of relatively smaller capacity), such as gas turbines and cogeneration facili-
ties, or renewable energy technologies or any combination of these. The plant capacity of
interest can range from tens of kilowatts to 25 MW or more. And firally the siting options

can include the high voltage transmission system, urban or suburban distribution systems,
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or more remote rural locations. These differences aside, the commonalities in the usage of
the terms distributed generation or distributed utility lie in the assumption of increased
interest in alternative small-scale technologies which are installed in closer proximity to the
load than is current practice.

One of the earliest and better known distributed generation projects is referred to as
the Kerman Project, located in Pacific Gas & Electric’s Kerman distribution area [109].
For this project, photovoltaic cells were installed in several locations in the distribution
system, and were demonstrated to provide benefits of decreased fossil fuel consumption, re-
duced emissions, improved local system reliability, and decreased capital expenditures from
deferred transmission, substation and distribution upgrades. Some of the people involved
with this project later joined a team from EPRI, NREL and PG&E in 1993, which worked
to formally define the concept of a distributed utility in general and categorize analysis
methods useful for demonstrating the benefits of distributed generators [17].

A separate project, at MIT titled A Conceptual Design of a Distributed Utility Sys-
tem Architecture, developed a working definition for a future distributed utility [60]. This
definition avoids trying to develop a single distributed utility architecture definition, in-
stead emphasizing that a system will evolve as a function of the starting point or initial
architecture and the demands placed on it by the properties of the available technologies,
the institutional setting (industry organization), the new energy service providers and con-
sumers. The report from this project developed conceptual definitions for two distinct

architectures:

e intermediate architectures which develop from existing systems in response to near-

term demands placed on the system, and

e distributed architectures, likely to evolve over the decades to come, which are quali-

tatively different from the existing systems.

The report indicates that the process of evolving into a distributed system architecture can
be viewed as a quasi-dynamic process taking place over very long time horizons measured in

years. This process is economically driven, under technical and environmental constraints.
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As more efficient generating technologies evolve, this process could lead to highly distributed
generation, storage and automation serving highly distributed loads.

Other important issues related to the distributed utility concept concern more general
economic and financial aspects of these technologies. Extensive research has been performed
in such areas as projecting future costs of the technologies, calculating the economic value
of distributed generation to a utility, and determining the financial payback period for dif-

ferent technologies of interest. This thesis does not directly address these broader financial

concerns. For more discussion see [16, 17, 21, 32, 35, 78, 50, 89, 93, 106, 118).

In addition to the work on the distributed utility concept already mentioned, there has
been research into specific areas such as optimal location for distributed units [17, 36, 78,
93], where the optimality criteria can vary from minimizing losses to improving voltage
and VAR support. And finally, not only is small-scale generation of interest, but also
distributed storage and distributed automation are anticipated to be integral components
of the future distributed utility. These concepts will be discussed further throughout this

thesis, particularly in Chapters 2 and 3.

1.2.2 Pricing Theory

At the heart of the research for this thesis is the development of a closed loop, price based
control signal which reflects the dynamics of supplier and consumer economic behavior, and
also responds to system disturbances. This general topic, referred to as dynamic pricing, re-
sponsive pricing, spot pricing, or priority service has previously been researched extensively,
for example see [8, 9, 10, 22, 63, 81, 88, 105, 106, 115, 116, 119].

The work of Vickrey in the 1970’s [115, 116] on the topic of responsive pricing touched on
the electric power industry, but emphasized mainly other public service industries such as
airlines and urban transportation. Some more recent work by Chao and Peck [88] focuses
on market pricing in the transmission grid. A number of people at UC Berkeley have
researched dynamic pricing concepts, for both the transmission and distribution systems,
and have demonstrated numerical methods for calculating dynamic prices using load flow

models. These projects assume that private economic information is available to a central
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system coordinator, and use this foundation of complete information to asrive at their
results [63, 81, 84].

A related pricing method, called priority service, establishes a price schedule based on
the different levels of reliability desired by customers [119]. Customers can self select the
reliability they desire based on the price per unit for different quality of supply levels. By
pricing in this manner suppliers can easily identify higher priority customers (since the
customers identify themselves via their willingness to pay for reliability), and so do not
need to implement random supply interruptions. This pricing method is related to spot
prices in that the equilibrium price for each reliability level is the expected value of the spot
price for that service.

Significant research into the concept of responsive and real-time pricing has previously
been performed at MIT. In 1980 a paper discussing load management through the use of
consumer response to price introduced the concept of homeostatic control. This group later
developed a complete theory of spot pricing for electricity, including equations and methods
for determining the spot price for clectricity at any location or time [10, 105]. Both of these
theories, that of homeostatic control and spot pricing, were developed under the assump-
tion that the power industry was composed of regulated, vertically integrated monopolies.
In such a setting, price would be controlled by the certral utility and communicated to
consumers or independent producers. There would be no competitive market mechanism
of establishing price via market clearing dynamics.

The pricing aspect of the research for this thesis is based on the fundamental economic
concept of a spot price!, and draws on all of the work mentioned above. It extends these

efforts in a couple of directions. First, it uses state-space models with a closed-loop price

signal, rather than load flow equations alone. Second, it assumes the existence of a competi-
tive market in the generation sector where prices will be established via market interactions

rather than by calculations of a central authority.

1A spot market is a commodity market where the good is traded or delivered immediately (in contrast
to a futures market). A spot price is the commodity price in the spot market.
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1.2.3 Hierarchical Control

The electric power system is one of the most complex, interconnected engineering systems
in existence. The operation and control of this system can be separated into distinct func-
tions based on both the physical organization of the system and the time scales at which
phenomena on the system occur. From a physical point of view, an electric power system
is composed of many distinct subsystems. In the traditional power industry structure the
highest level is the regional control center, which focuses mainly on gathering and commu-
nicating information to member power pools. The power pool and utiiity operating centers
also gather information, and in addition decide on target values for such system operating
parameters as frequency and voltage profile. The next level iy represented by power plant
or substation (and potentially customer) control rooms, which determine specific set points
for the controllers on local equipment. The final level in the hierarchy consists of the local
controllers themselves, such as governors, exciters and regulators, which both sense local
signals, and act to maintain system values to the set points they are given [104].

The different dynamic phenomena occurring on a power system, and corresponding
control resporses can be distinguished by the time scale at which they occur, as well as
by which hierarchical level acts to correct the problem. Tertiary dynamics, evolving over
several minutes to several hours and generally controlled at the power pool and regional
level, represent events such as updating target values for system parameters. Secondary
dynamics, from 5 seconds to 1 minute and controlled at the power plant or substation
contrel room, can for example be the result of control actions of secondary level controllers
updating set points. Primary dynamics include events of time duration from 2 to 5 seconds
which can occur as a result of load disturbance, a local control action, or a stochastic
resource disturbance. In practice, secondary level controls are designed assuming that the
primary dynamics have settled, and tertiary controls assume that secondary dvnamics have
settled. Modeling and analysis of dynamic phenomena must mirror these assumptioné.

The power system modeling in this thesis draws upon the work of earlier MIT research
into hierarchical control. In 1978 Schweppe discussed a general view of a future power

system operation in a hierarchical control structure [104]. Recently, Ili¢ and many of her



1.3. Statement of Problem 29

students have developed detailed concepts along with the necessary mathematics for mod-
eling hierarchical control structures for electric power systems [25, 26, 59, 61, 121). This
previous work not only establishes a modeling framework valid for the traditional power
system, which is operated and controlled from a centralized utility or power pool control
center, but also incorporates the concepts and mathematics required to model the power
industry with a competitive, market driven generation sector. This thesis uses the same
general modeling structure as developed in the work cited above, and adds to this framework

a closed loop, price based control signal.

1.3 Statement of Problem

This thesis investigates the integration of small scale generation into the radial distribution
system of the electric power industry. Technrical issues associated with increasing the pen-

etration of these generators into the distribution system are analyzed in Chapters 2 and 3.

Integration of small generators into the emerging market structure, in a manner that does
no compromise the desired system performance, is examined in Chapters 4 and 5.

To frame this problem and explain the issues investigated in this thesis, the section below
traces the anticipated evolution of the distribution system, as driven by both an increasing
penetration of distributed generation and the industry restructuring process. Section 1.3.2

then defines the problem from the perspective of power system operations and control.

1.3.1 Power System Evolution
Traditional Distribution System Structure

In the traditional power system, the load in the distribution system is supplied exclusively
by power delivered through the substation.? See Figure 1-1. I such a system power flow is
unidirectional, frequency does not fluctuate significantly, and most of the control effort in
the distribution system is focused on maintaining the desired local voltage profile.

At the industry level, one function of the traditional power system is to build and operate

2Qccasionally a larger customer may self-generate or cogenerate a portion of their own load.
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Figure 1-1: The Historical Structure of the Distribution System

the power generating capacity that is required to meet the energy and power demands of
customers. The traditional industry structure is that of a vertically integrated, regulated
industry, operated without the price-based incentives of a competitive market to guide

customers and producers in maximizing system efficiency.

Initial Phases of Restructuring

The restructuring process is introducing market forces to the power industry in general,
and to the generation sector in particular. In the first stages of restructuring a few small
scale generators may be installed in distribution systems. Initially though, restructuring
efforts in the distribution system are likely to focus on capturing the price elasticity or
price responsiveness of customers, since efforts in this area will not be as complex or time
consuming as building new power plants.

As more customers are charged based on the actual cost of supply, variations in local fre-
quency and voltage may exceed the ranges common in the current system. These variations
will be self-correcting to some extent due to the response of frequency sensitive load and

local VAR support equipment. The point of interest is that it is possible that the variations
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in local frequency and voltage may exceed those typical in the traditional distribution sys-
tem, even before any small scale generation is installed in the system (simply as a result of
Customers responding to market incentives). If this does occur, it will be the first indication
of a need to establish market driven methods for ensuring the desired level of power quality
and reliability in the distribution system. In such a system it will be customers, via market
forces, who determine the allowable deviations of frequency and voltage from the nominal

values.

The Future Distribution System with Increased Penetration of Distributed Gen-

eration

One focus of this thesis is analyzing the performance of the distribution system in response
to an increased penetration of distributed generation. Further into the future of the re-
structuring process it is likely that multiple distributed generators wil! be sited in each
distribution system as shown in Figure 1-2, which shows customers and different types of
generators distributed throughout the system. Reasons for interest in these generators were
discussed earlier in this chapter. It is this anticipated direction of power system evolution—
one wkich assumes a significant role for distributed generation—which raises the questions
addressed in this thesis.

One set of questions focuses on the behavior of small scale generators within a single
distribution system and the performance of the distribution system itself. The industry
restructuring process raises engineering concerns of maintaining system performance levels
(local frequency and voltage in particular), as a growing number of active devices with
diverse characteristics are sited within the distribution system. The fundamental changes
to distribution system behavior introduced by distributed generation may demand that the
issue of local (geographical) stability be revisited. Strengthening the technical capability
for decentralized control and dispatch of generation, to parallel the growing potential for
independent ownership will also be of interest in the restructured industry. Assuming that
it does not compromise stability, decentralized control is desirable because it will facilitate

non-utility ownership by allowing non-utility generators to be more fully independent from
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the local utility or other centralized system coordination authority.

A second focus of this thesis is the development of a closed loop price model to coordi-
nate the actions of distributed generators as they participate in the emerging competitive
market. This price signal is designed to maintain the desired system performance and guide
distributed generators as they participate in both the short run energy market and the
ancillary services® market. Legitimate concerns are raised over the extent to which market
forces can replace the traditional centralized command and control structure. Will a system
controlled in a decentralized manner consistently have access to the resources required to
meet system demand and respoad to system fluctuations? When should criteria other than
market efficiency take precedence in operating decisions? Can a price signal bc used to
coordinate energy transactions? Can this price signal be used for system regulation? as well
as for bulk energy exchange?

The price signal proposed in this thesis facilitates the desired industry transition toward
increased independent and decentralized generator decision making, by conveying efficiency
incentives to generators through market mechanisms, without compromising system perfor-
mance. The closed loop price signal is consistent with the industry restructuring goals in
that it frees the system operator from the extensive information requirements of the cen-
trally controlled systems common today. With the closed loop price signal proposed here,
the system operator does not require access to cost or technical performance characteristics
of the individual and independent units. Instead, this information remains private, and
generators make independent operating decisions in response to the close loop price signal.
The simulations with the price model demonstrate that this type of signal can be used to

coordinate energy transactions and meet system regulation needs.

3As discussed in Section 1.5.2, ancillary services are compensation for losses, load frequency control,
automatic generation control, voltage support, spinning reserves, scheduling and unit commitment, and
monitoring and control.

"Regulation refers to the engineering control functions, and not the economic idea of industry regulation.
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The Future Distributed Utility

The power system will eventually evolve into what can be referred to as a distributed utility,
as shown in Figure 1-3. Distributed generators are one component of the distributed utility
concept—a concept that anticipates an increased use of distributed resources in order to
increase the efficiency of the power system. A fully distributed utility architecture is one
where no incentives can be found, whether to add a technology or implement an additional
operating strategy, which will improve the system performance [60).> New generating and
control technologies will continually improve system efficiency, but at any given point in
time there is a maximum achievable efficiency. The distributed utility architecture is not
unique, but instead is defined for a specific system at a given point in time, as a function
of the current system architecture and the existing technologies.

Once the behavior of distributed generation, operating in a competitive market, and
within a single distribution system is understood, this thesis examines the performance
of a future distributed utility, using the closed loop price signal to coordinate generator
actions. To model the operation of a future distributed utility, this thesis assumes that dis-
tributed resources are located throughout the system, and are free to contract to supply load
anywhere in the system—they are not restricted to operate within their local distribution
system.

In this phase of the restructuring process the closed loop price signal as developed in
this thesis is particularly important. The price signal is ¢ Tective in guiding generator oper-
ations in a setting where the generator operating decisio1s are based on private economic
incentives, and are not controlled by a central authority.

To understand the significance of the price framework developed in this thesis, it is
useful to consider the following example. Suppose that the small generator in System B
of Figure 1-3 decides to supply a customer in the lower left, because the market price in
System C is greater than that in System B. If the total generation in system B exceeds
that system’s demand, then there will be a power mismatch within the distribution system,

which may have negative impacts on the system performance—the local frequency in this

SEfficiency refers to both technological and economic efficiency.
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case (see Section 1.3.2 and Chapter 3). In the power system today, there are sophisticated
control strategies to counteract such supply-demand mismatches at the transmission level.
The example presented for Figure 1-3 differs from the situation common in today’s system

for two reasons:

1. The existing hierarchical control strategies have been developed predominantly for
the transmission system. Since there is little or no generation in the traditional
distribution system, no parallel control strategies have been developed for that system,

and

2. The example is set in the restructured, competitive market driven power system, not

the traditional centrally controlled and regulated system.

The question then is: What form of control structure will be developed for the future power
system, such that bilateral transactions between any two distributed resources will not have
negative impacts on power system performance (frequency behavior in this example)?
The closed loop price signal developed in this thesis presents one method to maintain
the desired system performance. In response to the excess generation in System B, the
market price for ancillary services in that system would increase, or more specifically the
price offered for services of the form of frequency stabilization, or designating some currently
utilized capacity to spinning reserve, would increase. This price increase would trigger a
decrease in power generation, until the price in System B rose to match that in System C. In
this manner, equilibrium would be restored via the price signal—i.e. the market mechanism.
Note that the closed loop price signal is certainly not the only means to control the system
in response to the hypotilesized power mismatch. It does however, have the advantage of
being consistent with the emerging competitive market structure, in contrast to traditional
control strategies which are centralized and tend to rely on access to what will become

private information.
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1.3.2 Power System Dynamic Behavior

This thesis continues from the earlier rescarch project at MIT on the Distributed Utility
System Architecture [60], and focuses on a fundamental research issue raised in the summary
of that report—the development of models for control and pricing structures required for
the analysis and operation of an efficient, distributed electric power system. Distributed
generation and storage units are considered by many in the power industry to be alternative
and unproven technologies. Research for this thesis addresses some issues around their
technical integration into and dynamic interactions with the existing distribution system,
and one potential method for their operation within a competitive environment.

Distributed generation (which for the purposes of this project refers to small generators
(500kW to 25MW) located in the distribution system of a traditional electric power utility)
are modeled and analyzed. The research for this thesis focuses on developing dynamic,
state space models which incorporate a closed-loop, price based control signal, and uses
these models to analyze the dynamic behavior of a distribution system with distributed
generation operating within a hierarchical control structure.

This thesis analyzes the distribution system and generator dynamics that are driven
by deviations from the scheduled demand (and equivalent scheduled generation), as shown
in the sequence of figures, from Figure 1-4 to 1-8. Figure 1-4 shows the demand in a
hypothetical distribution system for one day, from three sources. Figure 1-5 shows the
output from three generators, along with the total geaeration, as scheduled to meet this
demand. Figure 1-6 next graphs the (exaggerated) result of deviations in both the supply
and demand from the schedule. The total hourly mismatch between the supply and demand
is shown as the bottom line in this figure.

The analysis in this thesis is based on power deviations which foliow the same pattern,
but are focused on a shorter time scale. Figure 1-7 mirrors Figure 1-6, for a period of one
hour, plotting only the scheduled power flow and the mismatch. Note that in this figure, it
is now assumed that disturbances will only occur at five minute intervals, and that between
these steps, power flow is constant. This same data is graphed in Figure 1-8 which now

plots the “mismatch” explicitly as a deviation from the scheduled power flows.
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With respect to the investigation of distribution system and generator dynamics, this
thesis first analyzes the dynamic behavior at the level of primary dynamics, following a
system disturbance as shown in Figure 1-8. After methods are established to ensure stability
at the primary dynamics level, this thesis investigates the behavior of a distributed utility
system at the secondary and tertiary dynamics levels. The closed lcop price signal developed

in this thesis operates at the secondary and tertiary levels.

1.4 Thesis Contribution

This thesis develops models to demonstrate the operation of the energy and ancillary services
markets for distributed generation, in 1l:he distribution system, as might exist in the future. A
closed loop control model, with price as a control signal in a hierarchical control framework,
is proposed. The effectiveness of such a price signal in guiding the operating decisions of
distributed generators, and in maintaining the system energy balance, and local frequency

and voltage profile, is tested.
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One fundamental difference between this research and earlier projects arises from the
fact that the industry is currently in a transition period, and previous assumptions about
ownership, provision of services, and rate making are no longer valid. These changes to
the underlying industry structure and the strengthening of competition in generation make
the assumptions and other aspects of the modeling in this research distinct from earlier
projects.

A second difference between this and other research is the inclusion of non-dispatchable
technologies in the dynamic, state-space modeling and hierarchical control strategies. These
technologies have qualitatively different operation and performance characteristics than
traditional technologies based on rotating machinery.

One challenge for this research is the development of operations and control strategies
which will ensure stability in the distribution system and facilitate decentralized operation
of the independent facilities to the extent possible. The contribution from this part of the
thesis lies in the development of a set of low order state space models for the distributed gen-
erators. This modeling effort includes a generalization of a modeling approach for secondary
dynamics that was first developed in [76].

A second challenge, focusing on the economic and financial aspects of power system
operation, is the development of an economic, price based signal as part of the closed-loop,
hierarchical control strategy. A major contribution of this thesis, driven by the emerging
economic competition in the power industry, is the development of a closed loop price signal
which is designed and implemented in a manner that is consistent with the both economic
principles and with the existing control strategies for the electric power system. This price
signal is distinct from other common control signals such as frequency and voltage since
price, in a competitive sctting, is determined via market forces. In contrast, signals such as
frequency and voltage are determined based on technical properties of the system, and in
many cases can be viewed as constraints on allowed system operation.

A second contribution from this part of the thesis is the development of a generator cost
equation, which expresses the cost of power generation in terms of the state variables in the

generator state space models. The cost equation is based on the assumption that the sum
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of the marginal costs associated with each state variable will accurately represent the full
marginal cost of generating with the technology. Traditionally cost is modeled as a function
only of the generator heat rate. The cost equation developed here incerporates cest terms
that have been traditionally neglected, but which are likely to becoine more important as
generators operate in a competitive market.

In the near term, distributed generation applications will be few and necessarily targeted
to the pressing needs of the existing system, such as equipment upgrade deferrals. Over
longer time horizons the technologies now categorized as “alternative” will become more
common and their performance characteristics better understood, thus facilitating system
evolution to a distributed architecture. The objective of this modeling is to demonstrate the
potential for power system evolution to such a distributed and decentralized architecture,
as driven by both technological and economic forces. The contribution of this research will
come from the ccordinated modeling of the engineering based hierarchical control strategies
which maintain systera stability and reliable operation, with the economic price-based signal
introduced above. This thesis develops a market based hierarchical control structure to

parallel the existing engineering control structure, introduced in Section 1.2.3.

1.5 Complementary Research

1.5.1 Distribution versus Transmission System Modeling

The basic power system modeling and analysis approach used in this thesis is equally valid
for both transmigsion and distribution systems. Significant differences in the specific models

developed for distribution systems as part of this research are:

e The distribution systems modeled are radial systems, as opposed to the meshed struc-

ture of transmission grids,

e The distribution system is not an isolated system, but instead can and does rely on
receiving significant quantities of both energy and ancillary services from the bulk

power system at the substation,
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e The generating technologies modeled in this project are small scale generators inap-
propriate for use on the high voltage transmission grid. Some of the technologies,
such as gas or hydro turbines, do have larger analogs commonly used for bulk power
generation. Some newer technologies such as fuel cells are designed only to be sited
near load centers in the distribution system. Still others, due to their modularity
and small capacity as well as the stochastic and distributed nature of their resource,
such as photovoltaic cells and wind turbines, are inherently suited for locating in a

distributed setting.

These differences suggest that the results and analysis performed for the distribution systems
specified in this research may not be directly transportable to questions concerning greater

dispersion of generation on the high voltage transmission grid.

1.5.2 Ancillary Services

A second area of related interest is that of determining an economic value for ancillary
services. These services, as defined in FERC Order 888, are those which must be provided
(or secured from independent suppliers) by the system operator in order to maintain the

quality of supply and reliability of the system [121]). They include:
e Compensation for Losses
e Load Frequency Control or Load Following
e Automatic Generation Control
e Voltage Support
e Spinning Reserves
e Scheduling and Unit Commitment
e Monitoring and Control (as is necessary to perform the above functions)

Many of these functions are services that can potentially be provided by distributed gener-

ation or storage units, and as such knowledge of the economic value of these services has
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direct implications for the economic attractiveness of distributed generation. Nonetheless,
this thesis does not attempt directly to determine a value or range of values for these ser-
vices. Instead the modeling in this research will use exogenously determined values for
ancillary services as part of the supply schedule of the bulk power supply, or of the demand
schedule of consumers, and thus provide information on what price ranges would induce
distributed generation operators to provide the desired services. The results of this work
could potentially be used to obtain information about values for the ancillary services, which
would be meaningful to owners of distributed generation. Valuation of ancillary services
can be viewed as a related or parallel research issue, yet one that is distinct from the work

on this thesis.

1.5.3 Alternative Price Models

The general proposals for retail competition assume that there will be different pricing
options for market participants [44, 79], ranging from a Standard Offer fixed over the tran-
sition period, to a more market based price calculated from the posted spot market price.
The price signal framework proposed in this thesis is dynamic rather than static, with the
focus on the instantaneous services and energy spot markets. Alternative price models tend
to calculate prices under the assumption that the state of the system is known as with
economic dispatch and optimal power flow studies. One model developed by Murphy, Kaye
and Wu [81] for distributed spot pricing assumes tbat there is only load and no generation
within the distribution system. As such, the bulk system is assumed to both supply all
the load and system services. With distributed generation, these assumptions can both be
relaxed. In addition, their model assumes that all demands and subsequent costs are fixed
for the duration of the pricing period, explicitly removing dynamic interactions (control and
stability issues) from their modeling.

A separate model proposed by Ishkida and Varaiya {63] builds from the spot pricing
theory presented in [105]. This model assumes that there is a central facility which gathers
all relevant information, including that which they recognize as private and decentralized.

This assumption is contrary to the operation of a competitive market which assumes private
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information remains private, and the market is coordinated by price alone.

The price model proposed in this thesis differs from this earlier work in two respects.
First it is based on the competitive market model which relies on price to convey inforration
on efficient production levels, and does not require extensive centralized data gathering of
private information. Second, the spot price is assumed to be a function not only of scheduled
generation and line flows, but also of generator dynamics that are driven by stochastic load
and supply deviations. This price response model, as represented by demand for ancillary

services, is developed in Chapter 5.

1.6 Research Approach

The goals of the modeling for this project are to simulate the dynamic interactions of
distributed generators in response to local disturbances and system level control signals,
in order to analyze the effectiveness of different control stirategies which involve a price
signal. System control strategies are driven by both engineering and economic rationale
and can be categorized in terms of the time period in which they act. In the short run,
these concerns focus on system stability, economic dispatch and unit commitment, and in
the long run on investment, siting and system efficiency. The different dynamic phenomena
and corresponding control responses can be distinguished by the time scale at which they
occur: phenomena at the primary (2 to 5 seconds), secondary (5 seconds to 1 minute) and
tertiary (several minutes to several hours). levels. In practice, secondary level controls are
designed assuming that the primary dynamics have settled, and tertiary controls assume
that secondary dynamics have settled. Modeling and analysis of dynamic phenomena must
mirror these assumptions.

The general approach will be to model the closed-loop dynamics of a distribution system
with both generation and control devices. Short term (primary and secondary) dynamics
will be represented with state space models of generators and the interconnecting system.
Load/power flow analysis will tell us what the response is to specified outputs from the dis-
persed generation units, in the longer, tertiary time scale. The objective of the modeling for

this research project is to demonstrate a decentralized control strategy, incorporating both
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physical and economic control signals, that is consistent with the evolving system structure.
In the short run this framework must ensure stability in the distribution system, and in
the long run must provide incentives to owners and operators of distributed generation to
pursue the efficient evolution of the power system.

Constraints within the models are time varying spot prices and loads, and the stochastic
component of both the load and specific renewable technologies such as wind and photo-
voltaics. Models for load will reflect the realistic rate of load response to price, which is not
necessarily the same as the control rate.

Operating decisions for dispersed technologies will be made in response to both pri-
mary controllers and individual price-based algorithms. Conceptually this modeling can be

divided into three steps:

e Develop control concepts for individual distributed technology response to local system

states.

e Develop operating strategies which will respond to economic, price-based signals, for

deciding whether or not to operate at any given time.

e Test the impact of increased quantities of distributed, non-dispatchable technologies

within the distribution system.

In a perfectly competitive environment all players are assumed to have the information
required for them to make economically rational decisions, leading to the most efficient
operation of the power system. To achieve this efficient operation two types of information

are required for both economic and physical system interactions.
e The basic economic control signal is system or locational spot price [105].

e The basic physical control 3ignals, of interest for the control of dispersed technologies,

are voltage magnitude and power quality.

The distribution system modeling will initially assume that all players have perfect infor-
mation, as required for the system to operate efficiently, and then expand this model by

assuming that there is asymmetric information. The modeling will incorporate the impacts
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of both dispatchable and non-dispatchable technologies distributed within the system. The
results of this modeling will be to demonstrate the impacts of imperfect information on
system operation.

Models for the efficient operation of dispersed (dispatchable and non-dispatchable) gen-
eration within an intermediate power system architecture require controls at both primary

and secondary levels:

e Primary controls are fully decentralized, located at the individual technologies, and
responding to local system state signals.

e Secondary controls are located at the system level, (operating with a longer time
constant than the primary controls) with the goal of optimizing the distribution system

performance in a more centralized manner.

An idealized, fully distributed system architecture would require only primary controls, by
definition.

The goal will be to develop decentralized control strategies for both the individual unit
and the system level to optimize the overall system performance both economically and
physically. These strategies will respond to system state, as represented by locally available
information. The evolution to a fully distributed, optimally efficient power system will

require that only primary controls are required for optimally efficient system operation.

1.7 Overview of Thesis

This thesis explores engineering, economic and policy questions associated with integrating
small scale distributed generators into the distribution system, as shown in Figure 1-9.

To accommodate the expanded use of distributed generation in the near term, the first
part of this thesis discusses issues for the distribution system such as selecting optimal
locations for the generators, integrating them into the general operations of the system,
and maintaining system performance as defined by engineering criteria. It is also likely that

the operations and control procedures and related equipment in the distribution system
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Figure 1-9: Integration of Distributed Generation into the Distribution System
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will need to be adapted in response to the presence of active power sources and resulting
bi-directional power flow.

Chapter 2, Operations and Control Setting for Distributed Technologies, introduces both
the distributed generator technologies that will be discussed throughout the thesis, and the
current methods for operation and control in the transmission and distribution systems.
Traditionally the distribution system has had very little need for dynamic control, though
this pattern has been gradually changing as more and more automation is introduced at
the distribution level. Some experience gained from operating the high voltage grid and
central generating facilities can be applied to the distribution system and small generators.
This chapter includes a discussion of distribution automation, and the potential develop-
ment of more complex distribution management systems in response to both the industry
restructuring, and an increased number of generators in the distribution system.

Chapter 3, Integration of Distributed Generation into Distribution System Operations
and Control, discusses issues associated with connecting a :arge number of generators into
the distribution system. Siting and general operational issues are addressed first. The
chapter then focuses on analyzing the impacts of distributed generators on system reliabil-
ity and stability. This chapter presents models for distributed generators and the complete
interconnected distribution system. The detailed model development is presented in Ap-
pendix A. Results from simulating the interconnected system are presented, along with

methods to ensure system stability is maintained.

The second part of this thesis discusses issues for distributed generation that deal with
the ability of small generators to participate in the competitive markets which will be es-
tablished as generation is deregulated and the indvstry is restructured. The development of
a competitive market for generation creates the opportunity for distributed generators (as
with all generators) to participate in energy and related markets as independent producers.

Two factors influence the ability of small generators to participate in the emerging markets.

e The first factor is the legal and regulatory structure which may constrain the extent

to whick small generators are allowed to participate in these markets (entry). In par-
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ticular, the grewth of retail competition, and the designation of distributed generation
(DG) as part of the distribution versus the generation sector will both shape the role

of DG in the emerging competitive markets.

e A second issue is the day to day, and minute to minute operation of these technologies,
and the creation of a competitive market to coordinate such short run operation within
the distribution system. This short run coordination can be performed by a market
based control signal. Where the regulatory structure discussed above is important
to the extent that it defines entry criteria into the market, a market- or price-based

control signal is important in that it facilitates operation in the markets.

The regulatory changes and debate that is currently defining the new system level insti-
tutions are discussed in Chapter 4, Industry and Market Setiing for Distributed Generation.
This chapter presents the background of the restructuring process in the electric power in-
dustry. The possibility that distributed generators will eventually interact with the emerging
system coordination institutions—the Independent System Operator (ISO) and the Power
Exchange (PX) is also explored. Finally, this chapter introduces pricing theory, emphasiz-
ing both the generz] concept of a competitive price coordinating market interactions, and
also the specific theory of spot pricing.

Chapter 5, Integration of Distributed Generation into the Market Structure, discusses
the operation of distributed generators in the long run contract markets as well as the short
run spot energy and services markets. The industry structure and rules for entry into energy
markets are in the process of being defined in the Federal and state policy arenas. Much
of what will be settled in that debate (for the transmission system and central generating
facilities) can probably be extended to the distribution system and small scale generators,
with appropriate changes.

The focus of Chapter 5 is on the creation of a closed loop price signal to coordinate
distributed generator operations, since such a signal is required if market forces are to
be used to guide generator operations, in addition to investment decisions and wholesale
contracts decisions. The goal in developing and simulating the price signal in this chapter

is to demonstrate the potential for the operation and control of the distribution system by
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means of market forces and independent production decisions, rather than by the control

room of a vertically integrated ntility.

Chapter 6 presents conclusions and policy implications for the work presented in this

thesis.
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Chapter 2

Operations and Control
Framework for Distributed

Technologies

The power system is designed to serve demand that is dispersed over a large geographic
area, to maintain sufficient capacity to meet peak demand with high reliability and stable
frequency, and to maintain a stable voltage profile. This chapter introduces the small scale
generators that are discussed throughout this thesis, and then discusses the distribution
and transmission systems, which together form the delivery system for the electric power
industry.

Section 2.1 introduces the topic of small scale generator modeling by describing the
properties of two general types of technologies that are used for distributed applications—
non-dispatchable and small scale dispatchable technologies. This section also discusses the
specific technologies, and some of their identifying characteristics.

To deliver the energy demanded with high reliability, the transmission and distribu-
tion systems have developed sophisticated operations and control procedures. Section 2.2
turns the discussion to the T&D system by first addressing some of the physical differences

between the transmission and distribution systems. Section 2.3 introduces some of the op-
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erations and control requirements of the transmission system, emphasizing those concepts
that may be useful at the distribution level as the penetration of distributed generation
increases. Finally, section 2.4 discusses the distribution system including the functions that
have been automater. to date in many systems, the additional functions included in more
advanced distribution management systems, and the impacts of small generators on system

operation.

2.1 Distributed Generator Characteristics

2.1.1 Existing Uses of Distributed Generation

In response to continuing technological improvements and deregulé.tion of generation, a
large variety of small generating technologies are considered viable options for supplying
power, whether owned independently or by utilities. Certain applications for distributed
generation have persisted over the decades even as the industry in general moved toward
increased centralized generation. The most common use of distributed generation (DG) is
a diesel generator between 0.5 and 5SMVA. These units are owned by businesses and other
institutions for backup generation, powering elevators, emergency lighting, fire alarms, etc.
Between 100MVA and 400MVA of this type of DC is installed in most major US cities, and
is expected to be needed only a few hours each year [118]. Such units in industrializing
countries may be expected to run one or more hours each day, to compensate for rolling
blackouts commonly scheduled in those countries. Combustion turbines are also common
DG units. They tend to be more flexible in the type of fuel used, are larger than diesel
units, and are run more for peaking capacity than for backup. Fuel cells, photovoltaics and
a variety of storage technologies are also in use, although less commonly, as DG units.
Existing applications for distributed generation limit the actual hours of operation due
to the high cost and low availability of fuel, the (often) lower fuel efficiency than central
facilities, and limits imposed by local air quality regulations. Various studies [89] suggest
that approximately 200 hours of operation annually (with a maximum installed capacity of

3MW per feeder) are reasonable limits given the above drawbacks to extended distributed
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generation use. These limits are based on the assumption that the most prevalent DG
technology is the diesel genset, and does not account for the benefits of many of the new and
renewable energy technologies, which are clean and in the case of fuel ceils have additional

fuel flexibility.

2.1.2 Dispatchable Technologies

One way to categorize small power generators is in terms of whether they are dispatchable
or non-dispatchable. Conventional power generating technologies are dispatchable, meaning
that they can be controlled by a central authority and relied upon to generate according
to the needs of the power system. This is in contrast to non-dispatchable technologies
which generate not as a function of power system needs, but rather as a function of the

intermittent availability of their renewable resource (see Section 2.1.3 for more discussion).

Gensets

The most common distributed generator today is the small engine-generator set typically
used as backup emergency power by businesses and institutions. The engines can be fueled
either by diesel or natural gas, with either induction or synchronous generators. The hours
of operation of these engine-generator sets is usually severely limited by local air quality
standards, and siting new units is increasingly difficult due to zoning restrictions. Gas-
turbine generator sets are also in use, where the turbine is typically fueled by natural
gas, but can alternatively run on distillate, pure methane or land-fill gas [29]. Both of
these genset technologies, diesel engine and gas turbine, are commercially available with

capacities usually in the range of 500kW to 26MW.

Cogeneration

Small gensets account for the largest percentage of installed capacity of distributed genera-
tors. In terms of grid connected units though, cogeneration is currently the most common
DG technology. The standard definition of a cogeneration plant is a facility which gener-

ates both thermal and electric energy for independent uses. A more general definition, and
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one used by utilities, is that cogeneration is any independent, customer owued generator.
In terms of this broader definition, cogeneration accounts for 70% of the capacity from

Qualifying Facilities. [29].

Fuel Celis

Fuel cells are modular technologies which generate dc power, and are ideally suited for
distributed applications due to their low emissions, low noise level, and fuel diversity. The
two main fuel cell technologies are the phosphoric acid fuel cell, PAFC, and the molten
carbonate fuel cell, MCFC. The PAFC is more expensive than the carbonate cell yct is
more readily available. The carbonate cell is more efficient, more compact, and is expected
to become less expensive than the phosphoric cell by early next century. For fuel these tech-
. nologies require supplies of hydrogen at the anode and oxygen at the cathede. Throagh an
electrochemical reactidn combining the hydrogen and oxygen, fuel cells convert the chemical
energy in the hydrogen rich stream of gas to electricity and heat. The hydrogen rich gas
can be obtained from natural gas, biogas, or directly from pure hydrogen. When fuel cells
operate on methane or any fuel other than pure hydrogen they do have pollut:ant emissions
(such as CO, CO; and NO;) associated with their operation. Since there is no combustion
process however, these emissions are much lower than those associated with other fossil fuel
technologies.

Static power converters are used to interconnect fuel cells to the power system, convert-
ing the dc power to ac. This power conditioning equipment can also be used to provide
VAR support to t} - system, by changing the power factor of the generated power as needed

to supply reactive power to the local inductive loads.

Hydroelectric Power

In the United States, hydroelectric plants account for approximately 12% of the total gen-

erating capacity. Much of this capacity is from facilities classified as “large,” defincd as

'A qualifying facility, or QF, is defined in the 1978 Public Utilities Regulatory Policy Act (PURPA) as
an independently owned generating plant of at most 80MW in capacity.
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having at least 1000MW capacity. Small hydro plants are also very common, being actively
manufactured and installed in more than 100 countries. There are three general categories
for smaller hydro plants, micro-hydro of less than 100kW, mini-hydro of 100 to 1000kW, and
small-hydro ranging from 1 to 30MW. Typically plants less than 100kW use an induction
generator to generate the electricity, while those of greater than IMW use a synchronous
generator. Plants in the intermediate range can use either, depending on design and cost
analysis.

Many of these smaller plants do not include a dam, but are instead run of the river.
This form of operation makes them not fully dispatchable, since they are more dependent
upon the variations of water flow in the river than those facilities with a storage reservoir.
The different types of small hydro plants can also be sited in irrigation canals, water supply

facilities and wastewater treatment plants.

2.1.3 Non-Dispatchable Technologies

A defining feature of non-dispatchable technologies, NDTs, is the nature of their resource,
such as solar or wind energy, which is inherently intermittent. This pioperty means that
NDTs generate when their resource is available and not necessarily when energy is demanded
by utilities or customers. The fact that NDTs can not be controlled or dispatched by
central control rooms has made them less popular with utilities and less understood than
other technologies. One important point is that although the resource is intermittent, the
technologies themselves are very reliable. And second, the resource is intermittent yet
predictable. With multi-year resource and weather data, the resource can be modeled and
predicted with high accuracy [13]. Storage can be installed with NDTs so that taken as
a unit, the facility is dispatchable. This is not widely done however, since the addition of
storage greatly increases the total plant cost.

For dynamic analyses, the stochastic nature of the resource can be treated much as
load is treated. In this way, a sudden change in the renewable resource impacts the power
system the same as an unpredicted change in load, and can be balanced with the same

control actions (e.g. governor action from rotating machinery).
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The two NDTs included in this thesis are wind turbines and photovoltaics. The discus-
sions that follow address both the resource and the power equipment, since both aspects

are important to the operation of NDTs.

Wind Turbines

Every ten days, the earth receives solar energy of an amount equal to the world’s entire
fossil fuel reserves, and approximately one percent of this is converted to wind energy. This
solar radiation is converted to wind energy as a result of the unequal heating of the equator
as compared to the poles, and of the oceans as compared to the continents. A second cause
of wind is the motion of the earth.

The basic properties of the wind are its speed, direction, and fluctuations in this speed
and direction. These properties are affected both by local terrain, in terms of vegetation,
buildings, and topography, and by the height of the wind above these features. Increased
height results in less influence from these surface features, and also leads to an overall
increase in wind speed.

Wind turbine systems convert the kinetic energy in the wind first to mechanical energy
and then to electrical energy. They use the aerodynamic forces of lift and/or drag to produce
a torque on a rotating shaft, which is then coupled to the shaft of an electric generator to
produce electric power. The turbines can be categorized broadly by the orientation of
their axis: horizontal or vertical; with horizontal axis turbines relying mainly on the lift
component of the force to produce the rotation, and vertical axis machines using drag. The
basic elements of the system are the turbine and blades, the control systems for rotor speed
and direction, the electric generator, the tower structure, and the electronics to connect the
system to the power system.

Control of the turbine speed is important since this directly impacts the frequency (and
thus the quality) of the power generated. When there is low penetration of wind turbines
on a strong power system, the turbines usually rely on the inertia in the power system itself
to keep the turbine speed constant at 60 Hz. With no additional controls though, the load

and stresses on the blades and thus on the generator, will increase continually with wind
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speed, and may become excessive at high wind speeds.

The generator used in the wind turbine system is usually an induction machine, and can
be connected to the power system either directly or with an inverter. A direct connection
is cheaper than including an inverter. Capacitors must still be included in the turbine
interconnection however, to balance most of the reactive power drawn by the induction
machines. The dominant dynamics from a wind farm are the power fluctuations from the
hourly wind variations. The dyramics from the shorter wind dynamics are not an issue
when even a small number of wind turbines are jointly supplying the power system, since
the wind gusts average out over all the turbines. This is not the case when there are only
one or two turbines connected for a distributed application [71].

When an inverter is used as an interface between the power system and the turbine, the
turbine is allowed to accelerate with wind gusts, and the inverter acts to slowly increase
the power output, which in turn decreases the turbine spe«d. In terms of dynamic interac-
tions, the inverter decouples the generator and power system dynamics, making the wind

turbine(s) appear to be a constant power source, where the constant is slowly changing [71].

Photovoltaics

Solar radiation is a main source of electromagnetic energy in our environment, and is the
resource used by solar cells to generate electric power. At the top of the earth’s atmosphere
the energy in the solar spectrum is essentially constant, although it does vary slightly (4 3%)
due to seasonal differences in the earth-sun distance.

Once inside the atmosphere, solar radiation is significantly altered by both absorption
and scattering of the energy by molecules and particles in the earth’s atmosphere. Dif-
ferences in altitude, latitude and time of day require the solar energy to travel different
distances through the atmosphere, thus affecting the spectrum at the earth’s surface to
greater or lesser extent. The spectrum is also altered by weather conditions and air pollu-
tion. Cloud formations and air pollution particles tend to scatter the energy, thus decreasing
the intensity of the energy which reaches the earth’s surface. The two major components

of solar insolation are diffuse and direct. Diffuse (horizontal) radiation reaches the earth'’s
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surface after it has been scattered or reradiated by the atmosphere. Direct (normal) radia-
tion travels directly from the sun to the earth’s surface without being scattered or absorbed
by the atmosphere.

Photovoltaics, PVs, convert solar insolation directly into electricity via semiconductor
technology. Although there are some concentrator PV systems which utilize only direct
radiation, flat-plate PV systems, or simply solar cells, use both direct and diffuse energy.
To generate power a PV cell must supply both voltage and current. An electric field created
at the junction of the n- and p-type semiconductors used in manufacturing the solar cells
supplies the voltage. Current is created once the cells are placed in sunlight, where the
absorbed photons create free electrons which form the current through the external circuit.

When used in electric power applications, a single PV cell must be incorporated into
a larger system. A single solar cell can produce about 1 to 2 watts of power. In order to
generate more at useful capacities, many PV cells are joined together into modules, and
modules are then grouped into arrays. The arrays also require support structures, often
have tracking mechanisms, and finally need power conditioning equipment to convert the
dc power from the PV arrays into the ac power required by the power system. On cloudless
summer days it weuld be possible for solar facilities to use the power conditioning equipment
to supply VAR support. In other weather conditions though, the stochastic nature of the

resource precludes the use of PVs as suppliers of ancillary services.

2.2 The Transmission and Distribution Systems

Having introduced the specific generating technologies, Section 2.2 introduces the transmis-
sion and distribution systems which interconnect the generators io each other and the rest

of the power system.

2.2.1 Physical Differences

The transmission and distribution systems differ in a number of technical and physical

parameters. One basic difference is the voltage levels of the power lines. Voltage levels
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at the transmission and subtransmission levels range from 69kV to 1100kV with common
values of 138kV and 345kV. The substation is the interface between the subtransmission
lines and primary distribution feeders. Common distribution feeder voltage levels are 13.8kV
and 23.9kV, with the standard range being 2.2kV to 34.5kV. Service transformers step the
voltage down to the utilization voltage at 120/240V. As voltage decreases, line impedance
increases, with a concurrent increase in losses and voltage drop along the lines. Voltage is
specified according to both the allowed voltage drop along lines and in the + deviation from
the scheduled value at each bus. On the transmission grid, voltage is limited to deviations
of distribution level the allowed range is only + 0.5%. Maintaining the voltage profile in
the distribution system is made more difficult by the increased voltage drop along lines. At
the utilization level, single phase power lines are usually limited to a few hundred yards in
length to avoid excessive losses and voltage drop.

A second fundamental difference between the two systems is the structure of the system,
in terms of whether it is a meshed or radial network. Transmission systems are meshed
networks, connecting central generating facilities to each other and to substations or load
centers. The meshed structure provides multiple electrical paths to each bus leading to high
reliability and stability of the system. Distribution systems in contrast are almost always
radial systems. Though they are often built as loop or meshed networks, they are operated
radially by means of switching devices that are kept normally open. This added flexibility
from opening and closing switches increases the reliability of the system in comparison to
that of a radial system with a single configuration. However, all such systems remain less
reliable than meshed networks.

The largest advantage of radial systems lies in the ease of analysis and predictability
of the system’s operating behavior. The analysis of system performance is made simple by
the facts that the direction of power flow is certain, and the load on any element is easily
calculated simply by adding the load represented by the downstream customers. Section 2.4
discusses the aspects of radial systems that make them more complex to operate, which is
an increasingly important consideration as automation becomes more sophisticated.

A third general distinction between transmission and distribution is the number of
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elements (power lines and associated equipment) at each level. For example, a system
that has 50 transmission lines might have 100 substations, 600 distribution feeders, and
40,000 service transformers, each serving 2 to 5 customers. The capacity of each individual
piece of equipment is less at lower voltage levels. The total capacity though, the product
of average individual capacity times the number of units, increases at lower voltage levels.
Continuing with the above example, if the total substation capacity were 4500 MVA, feeder
capacity might be 6200 MVA with the total capacity of service transformers approaching
9000 MVA [118]. This pattern of increased total capacity at lower voltage levels is the result
of the load profile and the lack of temporal coincidence of local peak demands across the

system.

2.2.2 Load Shape and Peak Coincidence

Figure 2-1 shows the load shape at four different levels of aggregation, for 1 to 100 homes
on a distribution feeder in Florida. From the perspective of distribution system equipment,
individual customers cause needle peaks as appliances and machinery are turned on and
off [118]. Aggregation of several customers will smooth the needle peaks to some degree.
In general though, power systelﬁ equipment close to customers, at low voltage levels, expe-
riences sharp peaks of short duration, which cause increased wear and tear on the system
equipment.

The graphs in Figure 2-1 show both the trend toward the smoothing of the load profile
and the decrease in peak demand per customer, at higher levels of aggregation {and higher
voltage). Both of these trends are a consequence of the non-coincidence of peak demand at
different locations.

Peak coincidence is a term used to express the contribution of an individual’s or group’s
peak demand to system peak. If the peak demand of all customers occurred at the same
time, then the system peak would simply be the sum of the peak demands of downstream
customers. The fact that peaks in demand are not coincident is the reason why the capacity
of equipment at progressively higher voltage levels is less than the sum of the downstream

peaks.
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Figure 2-1: Smoothing of Load Profile with Load Aggregation

The peak demand of an individual or group determines the capacity of the equipment
immediately serving that group. As demand increases, pressure for increased capacity ‘s
automatically felt by local distribution equipment. It is only felt by transmission equipment
and central generating facilities to the extent that the local peak contributes to the system
peak. A parameter useful in quantifying a group’s contribution to the system peak is the

coincidence factor, defined as

_ (ObservedPeak forGroup)

€ = S(Individual Peaks) (2.1)

Typical values are in the range of 0.33 to 0.5.

In recent decades, pressure for capacity expansion has become increasingly pronounced
at the distribution level. In 1989 capital investments in the distribution system accounted
for 50% of all utility investments. This level is expected to increase to 80% by the late
1990's [32]. The high cost associated with upgrading and expanding the equipment and

power lines at both the distribution and transmission levels has given utilities an incentive
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to find alternate means to serve the connected load. Demand side management programs,
automation and control technologies, and distributed generation and storage can all be used
by a utility to delay the need to upgrade power lines and transformers.

The differences between the transmission and distribution systems discussed in this
section demonstrate that the systems are likely to require different control and operation
strategies, though some procedures may be applicable at many levels in the power system.
The general approach to transmission system control is introduced next, addressing those
concepts which may become relevant to control of the distribution system as distribution

automation and distributed generation become more prevalent.

2.3 Lessons from Transmission System Control

2.3.1 (n —1) Security Criterion

Due to the complexity of control of a power system during a large disturbance, the tra-
ditional approach to power system control has been one of preventative rather than real
time control [61]. Along this line of reasoning, one of the most basic design and operations
criterion for the power system as a whole is referred to as the (n-1) security criterion, which
specifies that system reliability must be unaffected by the failure or removal of any single
element on the system. This criterion defines the reserves required by the system, which are
made larger as the capacity of the largest element increases, but which decrease as systems
become more interconnected and thus can access distant resources as needed. The ability
of power systems to share resources in emergency situations, which greatly increases the
reliability of each individual system, is currently the main reason for the extensive intercon-
nections between power systems. (The interconnections are also used to facilitate energy
purchases and sales between systems for the econromic reason of having access to low cost
generation.)

An increased penetration of distributed generation could affect the (n-1) criterion in
either of two ways. First, if there is extensive penetration of distributed resources then load

could be served by local generatior during a contingency, relieving the interconnected high
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voltage grid of this responsibility. Second, if the industry evolves to a highly distributed
architecture in general, this will signal a move away from the trend of siting large, cen-
tral generating facilities. To the extent that the capacity of the largest generating facility

decreases, the system reserve requirements will also decrease.

2.3.2 Time Scale Separation

Control strategies for electric power systems have been designed to counteract system dis-
turbances caused by load fluctuations and equipment failure. The control devices on gener-
ating plants react automatically to suppress the impacts of these disturbances. The existing
equipment on the transmission system itself responds much more slowly, and acts by ad-
justing the parametric values of the power lines. As a result of this time scale separation
between generation- and transmission-based control equipment, closed loop system control
relies mostly on generation-based controls.? Newer transmission line technologies called
FACTS devices (Flexible AC Transmission System) respond to suppress disturbances in
a time frame comparable to the generation-based devices, suggesting that in the near fu-
ture power system regulation will be performed with a combination of generation- and
transmission-based equipment. At present however, no theory has been developed for the
simultaneous use of generator-based and fast transmission controls [61].

With respect to distributed generation, the generation-based controls such as governors
and exciters on generators with rotating machinery such as wind turbines, combustion
turbines, micro-hydro and diesel sets, can be used much as the generation-based controls on
the high voltage grid. Alternative technologies such as fuel cells, photovoltaics, batteries and
wind turbines (depending on the type of interconnectioi) are interconnected to the power
lines with power electronic interfaces. With the power electronics, the operation and control
capabilities of distributed technologies are similar to those of FACTS devices rather than
the turbine based technologies. A distribution system with a distributed generators could

thus find itself in need of a control strategy for integrating the generation and transmission

2These controls do have a disadvantage in that they have operating costs (fuel) associated with their
use, in contrast to transmission system equipment which has essentially zero operating costs (both types of
equipment have capital costs and fixed operating costs).
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based control technologies.

2.3.3 Hierarchical Contrgl of Transmission

The development of the hierarchical control strategy common on high voltage transmission
system arose from the underlying characteristics of the system, some of which were intro-
duced in the previous Sections of this chapter. The development of the hierarchical control

structure are:

e The inherent time scale distinction associated with the equipment response capabili-

ties,

e The different time frames of various system functions, such as automatic generation

control and unit commitment, and

e The fact that the interconnections between systems are traditionally much weaker than

those within any single system.

The control hierarchy developed in response to these characteristics is shown conceptually

in Figure 2-2 [104]. The control levels shown in the Figure are discussed below.

Primary Controls

With respect to time scales, the devices with the shortest response times, referred to as
primary controls, are the local governors and exciters on generating plants. If there is an
increase in demand, the immediate source of increased supply is the kinetic energy stored
in the rotors of the rotating generating machinery. As the kinetic energy is withdrawn, the
system frequency decreases, which then leads to a decease in net demand from frequency
dependent load. Thus the stored kinetic energy and the decrease in frequency dependent
demand act together to balance the original increase in demand within the first 2 sec-
onds after the disturbance. If the deviation is large enough to swing outside th: ;overnor
deadbands, then within approximately 10 seconds, power output from the generators will
increase due to primary control (governor) action. After this control action, the frequency

will stop decreasing and the overall system will stabilize, but at a lower frequency.
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Figure 2-2: Hierarchical Control Levels

To return the system frequency to its scheduled value, there must be a separate control loop.

This control action is part of the secondary coatrol level, and is responsible for fixing the

frequency and voltage set points to which the individual primary controls respond. It is the

goal of secondary controls to maintain the scheduled system frequency and voltage profile,

which they do in a time frame of 1 to 10 minutes. It is possible for this secondary action to be

performed manually. Automatic Generation Control, AGC, has been developed partially to

automate this secondary control and reduce response time to between 1 and 2 minutes [64].

In this capacity AGC acts by sensing at a central location, a change in system frequency,

and sending control signals to participating generators. The control signals request the

generators to update their set points and so return the system to the scheduled frequency.

This strategy relies on generator controls to update the reference values of their primary

controllers, with the initiating control signals being sent from a central control room.
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Tertiary Controis

A single, isolated power system requires both primary and secondary levels in the control
hierarchy, as well as a third level to coordinate overall system performance. The objective
of this third level is to decide the target values for system frequency and voltage, with the
objective of achieving optimal system performance. The tertiary level communicates these

values to the secondary control loop.

Regional Coordination

Interconnections between regions and power pools are electrically weak, with the result that
each system drifts slightly in frequency, from its neighbors, yet does so without causing
significant adverse affects. At present the regional controllers determine target set points
for their systems in a decentralized manner, without significant coordination between the
system control centers. To maintain tie-line power flow at scheduled vzlues though, some
monitoring and coordination of the complete, interconnected system is needed. Automatic
generation control in coordination with the calculation of an Area Control Error, ACE, is
used to maintain regional frequency coordination automatically, assuming areas are weakly
interconnected. Regional control centers provide additional oversight by facilitating the flow

of information between the separate, interconnected systems.

2.3.4 SCADA

For maintaining system parameters as described above, tasks are assigned to the different
hierarchical levels based on the time scale of the phenomenon begin corrected, and to some
extent on the geographical scope required to perform the task. In addition to the functions
addressed previously in this section, important functions for the system and regional level
control centers are unit commitment, which may be performed no more frequently than
once or twice a day, and economic dispatch which is updated every 5 to 30 minutes.

A third function at the system level is Supervisory Control and Data Acquisition, or
SCADA. Supervisory control, in general, is defined as a system or collection of equipment

“... that will provide an operator at a remote location with enough information to determine
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Figure 2-3: Existing Structure for Energy Management Systeins

the status of a particular piece of equipment or an entire substation or power plant, and
cause actions to take place regarding that equipment or facility without being physically
present. ...The normal arrangement is to have one centralized location receiving data
and exercising control over many remote locations.” {52] At this general ievel of system
control, SCADA is viewed as part of the the overall Energy Management System, as shown
in Figure 2-3.

The extensive planning and data acquisition facilities of the existing utilities has al-
lowed demand to be both measured and forecast with high certainty. Deviations from the
anticipated load profile are currently handled by AGC (and AVC where it is implemented).
Industry restructuring may remove all incentives for system-wide planning, and may prevent
extensive data gathering which will undermine the capability of system level planning. In
addition, deviations from any load forecasting that is performed may increase significantly
in magnitude, as a result of both the lack of information and freedom of actions of the
rumerous independent suppliers.

These changes in the access to information are likely to drive changes in the existing
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SCADA infrastructure. Chaages to the industry organization driven by the restructuring
process will impact the operation and control of the power system. The unit commitment,
economic dispatch and SCADA functions all rely upon the high degree of centralized control
and monitoring capability of the traditional system. In particular, the management and
control of generating facilities is assumed to be fully centralized. Also, the two main func-

3 are not typically

tions of generators, to supply customers and to provide ancillary services,
identified as distinct functions of specific generators.

As generation is deregulated and utility services are unbundled, neither of these assump-
tions will remain valid. Instead it is likely that generators will want to contract separately
for providing both system services and wholesale or retail energy, highlighting the need
for the system operator to be able to distinguish these functions, if only for financial and
billing purposes. Finally, restructuring may also undermine the validity of the assumption
that the connections between power pools or regions are weak relative to the connections
within those systems. If the interconpections are strengthened to support increased compe-
tition, the control strategies which require weak interconnections between regions in order
to function properly, such as AGC, may no longer be capable of maintaining inter-regional
stability.

Various relevant points from transmission system control and approaches that may be-

come applicable to the distribution system as the penetration of distributed generation

increases will be discussed below as appropriate, in the Section 2.4.

2.4 Distribution System Automation

2.4.1 Automation Functions and Devices

The distribution system has traditionally required much less sophistication in control tech-
nology than the transmission system, partly by design in the choice of a radial network,

and partly by function in that the system has primarily load and not active power sources.

3 Ancillary services are the functions required by the power system as a whole to keep the system operating
reliably and safely, for the benefit of all participants, see Section 1.5.2.
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Many of the functions within the distribution system have been automated though, since
they are simple, repetitive tasks. Two differences between this automated structure and the
control of the transmission grid are i) that distribution automation has very little two-way
communication, relying instead on one-way commands or simply automated actions follow-
ing preset schedules, and ii) that automation in the distribution system is relatively flat in
that it does not have the layers of hierarchy found at the transmission level.

Other general differences affecting the control and operation of the two systems are [16]

e Distribution system devices (switching devices, relays, capacitors ...) are located
along the length of distribution lines while transmission devices are typically sited
at relatively few locations such as substations, making the number of data gathering

points approximately an order of magnitude greater at the distribution level,

o The amount of data gathered at each distribution system location is still less than for
the transmission grid, yet the final database at the distribution level is typically an

order of magnitude larger than at the transmission level,

e Many distribution system devices are manually operated while those on the transmis-

sion system are more typically controlled remotely, and

e The distribution system configuration may be altered at locations other than switching
devices, as a result of automobile accidents which break power lines. This happens

only rarely on the transmission system.

The large number of devices in the distribution system and the fact that much of what
they are expected to do is repetitive actions at the same time each day or week, such as
turnicg devices on or off, changing settings or measuring desired quantities, make these
devices good candidates for automation. An increasing number of power systems automate
their distribution systems to varying degrees in order to improve energy efficiency, improve
load management, restore service after an outage more rapidly, decrease losses, and improve
voltage regulation.

Much of the equipment in the distribution system was not originally designed for au-

tomation. A completely automated system will require either new or upgraded equipment.
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The standard distribution system equipment is listed in Table 2.1 [50]. Tasks commonly
automated today are listed in Table 2.2 [50]. These functions require access to extensive
information, suggesting that a basic infrastructure for data acquisition must exist before
the system can be automated.

Automatic bus sectionalizing is a series of steps, typically implemented in software, for
the dispatcher to take to restore service after a fault. It is the function of feeder deployment
switching and automatic sectionalizirg to determine which feeder or section of a feeder has
experienced a fault, isolate that sections and begin steps to restore service. This task is made
more complex in the presence of distributed resources which may continue to feed power
into a faulted or islanded section, which otherwise would be assumed not to be energized.
Distributed resources also require the addition of directional sensors, since power can flow
in both directions on a feeder with a generator.

Integrated Volt/VAR control is designed to maintain feeder voltage within specified
limits. Substation transformer load balancing acts continuously to improve the load sharing
between transformers in the distribution system. The feeder load balancing function acts to
minimize feeder overloads by balancing the load across all feeders. Load centrol refers to the
direct control of end use appliances such as water heaters and air conditioning systems. At
present, remote metering is not common as a result of the relatively low cost of mechanical
meters and human meter readers as compared to cost of replacing these with electronic
meters and communications equipment. As the power industry is restructured and some
players push for retail competition and multiple suppliers of these services, this pattern may
change.

A distribution dispatch center provides the interface for the dispatcher to monitor and
control the distribution system. The tasks listed in Table 2.2 are inherently the respon-
sibility of the distribution dispatcher, not the central power system dispatcher, resulting
in a system with a degree of decentralized control by definition. It is interesting to note
though that this form of decentralization is not necessarily compatible with a deregulated
generation sector. Individual device actions or dispatch decisions are not under the tmme-

diate control or a central authority, yet all information on the system is available to the
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Substation Equipment
Transformers

Relaying Devices

Voltage Regulators

Instrument Recorders

Batteries

Capacitors

Feeder Circuit Breakers/Reclosers
Metering

Distribution Feeder Equipment
Line Switches

Transformers .
Power Factor Correction Capacitors
Line Reclosers

Sensors

Potential Transformers
Sectionalizers

Voltage Regulators

Fault Indicators

Metering

Current Transformers
Transducers

Customer Equipment

Meters

Load Management

Whole House/Building Disconnect
Appliances

Induction Machines

Table 2.1: Distribution System Equipment
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Automatic Bus Sectionalizing
Fault Isolation

Service Restoration

Overload Detection

Feeder Deployment Switching and Automatic Sectionalizing
Fault Location

Fault Isolation

Service Restoration

Feeder Reconfiguration

Integrated Volt/VAR Control

Bus Voltage Control

Substation Transformer Circulating Current Control
Feeder Reactive Power Control

Substation Transformer Load Balarcing

Substation Reactive Power Control

Feeder Load Balancing

Load Management
Load Control
Remote Service Connect/Disconnect
Pass-Through Commands:
Load Shedding
Responsive Pricing

Remote Metering

Load Survey

Peak Demand Metering
Remote Meter Reading
Remote Programming of Meter
Tamper Detection

Data Acquisition and Processing
Data Monitoring

Data Logging

Analog Data Freeze

Table 2.2: Distribution ‘atomation Functions
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central control center, and the actions of the decentralized distribution centers are guided
by system level optimization goals. In a competitive generation market, information will

not be shared as readily, and individual actions will be guided by independent objectives.

2.4.2 Communications Requirements

The communications requirements for automation and control in the distribution system
are more complex than those in the transmission system. Some of the experience and
knowledge from the SCADA infrastructure can be transferred to the distribution leve!, but
much of this system will also need to be adapted for it to function successfully within the
distribution system.

Three general categories of tasks requiring a communication system are introduced first.
The first is simple data gathering, such as automatic meter reading and recording device
status (e.g. tap setting). The second category is one-way control, such as load management
which requires the capability of sending a command signal to a device, but does not require
acknowledgment from the device. The third category is critical, or two-way control, such
as remote control of sectionalizing switches, which requires the ability to send a control
command, receive both acknowledgment of receipt of the command and updated device
status, and record any line configuration changes as necessary to the appropriate data base.

The difficulty in designing a reliable communication system at the distribution level
has a number of sources. Various properties of the distribution system decrease the overall
reliability of a communication system that is based on power line technology, as is done
with SCADA systems at the transmission level. In the transmission system, with all three
phases, a line fault does not necessarily cut off communication along a line. It is difficult
to sustain communication into fault regions in the distribution system since a line fault on
single phase lines also removes the direct communication path. This requires that additional
equipment be installed to bypass faulted areas to maintain communications.

The distribution system is also electrically more complex as a result of the large number
of junctions, transformers, shunt capacitors and line ends. These discontinuities can create

signal holes in the communications signal, as a result of the electromagnetic waves (signals)
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being reflected at these discontinuities and canceling the incoming signals.

Finally, communication along the power lines is generally more difficult as a result of
the high attenuation from the relatively high impedaﬁce. The most common means for
communication with SCADA is a Power Line Carrier, PLC, where the carrier frequency in
the range of 20 to 300kHz. Due to the high attenuation and reflections, this method is much
less reliable on the distribution system, where it is referred to as DLC, Distribution Line
Carrier. To decrease tne attenuation, DLC utilizes a lower carrier frequency, in the range
of 5 to 20kHz. In addition, other methods can be used. The first, called ripple control,
relies on modulation as does DLC, but operates at 2kHz, much closer to the system power
frequency of 60Hz. The drawbacks of this method are that the signal with ripple control
is increasingly susceptible to distortion from power system harmonics, and also is slower
as a result of the lower carrier frequency. The second alternative is to operate at 60Hz,
and transmit information by modulating the zero crossings of the 60Hz power signal. This
method suffers from the same drawbacks as ripple control.

Communication not relying on power lines is also possible. The telephone is one obvious
choice. However, this system is not controlled or owned by the power company, increasing
costs of using this system. Cable TV is a second option, but has increased costs as with
telephone, and in addition is designed only for one-way, rather than two-way communica-
tion. Finally, radio communication is an option. A system relying on radio communication
though, suffers from interference, which will only get worse as the number of units increases.

The demand for a reliable and fast communication system will grow in response to
improved automation and control systems, and increased penetration of distributed genera-
tion. In contrast to the distributed automation systems common today, more comprehensive
Distribution Management Systems, DMS, will need to be developed for a future distributed
utility. Figure 2-4 shows the general control structure of the power system some years into
the future, after automation and control in the distribution system have become more ad-
vanced. In contrast to Figure 2-3, Figure 2-4 shows generation under the control of the
DMS at the distribution level as well as under SCADA at the transmission level.

The DMS will continue the automated functions common today, and add functions to
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Figure 2-4: Projected Structure for Combined Energy and Distribution Management Sys-

tems

both analyze present system behavior and predict future conditions. The DMS will need to

evolve to share responsibility with SCADA for generation control as distributed generation

applications increase. The future DMS will also need to incorporate numerous new devices

and generation technologies into the system.
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Chapter 3

Integration of Distributed
Generation into the Distribution

System

There are many benefits with respect to distribution system operation and management,
to an increased presence of distributed generation (DG). The high cost associated with
upgrading distribution equipment, and the lumpiness of the investment are two such in-
centives for distribution utilities to either build or contract for distributed generation. In
this case, DG is used to reduce the loading on distribution equipment during local peaks.
When upgrading distribution equipment, a utility will typical'y increase the capacity 50%
to 100%. In all cases it costs approximately three times more to upgrade to a higher capac-
ity than to install that capacity initially [118], providing justification for delaying upgrades
by use of DG, on financial grounds. A drawback to using distributed generation, instead
of directly upgrading distribution equipment is that new distribution equipment leads to a
higher reliability than does the use of DG on the old system. In addition to relieving local
peaks, DG can be used as can any new capacity—to relieve system peaks.

This chapter is divided into three main areas. Section 3.1 addresses the issues associ-

ated with siting distributed generators in a radial distribution system, and with deciding
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whether to operate the units as load following or base load. After this general discussion,
Sections 3.2 and 3.4 address the impacts of distributed generation on frequency stability
in the distribution system. The models necessary to perform the analysis are developed in
Section 3.2. Simulations and analysis with sample distribution systems are then presented
in Section 3.4.

Distributed generation can be used very successfully to provide VAR support, which is
best provided locally. The final section of this chapter, Section 3.5, addresses the issue of
voltage profile and VAR support, as provided by distributed generation.

3.1 Siting and Mode of Operation

As with the growing number of acceptable applications for distributed generators, siting
decisions are also evolving. With the most common application for DG being a small diesel
set for backup power, the typical location for thcse generators is at a customer site by
definition. These generators are not connected to supply power to the system, but rather
generate as a stand alone generator under blackout conditions. In a similar application,
siting DG near a single large customer also improves the likelihood of being able to defer
equipment upgrades since it is relatively easy to match the DG output to the load shape of
the large customer, with a resulting consistent decrease in line loading.

Expanding from this narrow role, the next most common location for DG units is at the
substation. This location decreases system level losses, but does nothing to relieve loading
on distribution system equipment. To capture more extensive benefits from the use of DG
such units must be allowed greater flexibility for being sited within the distribution system.

Optimal locations for distributed generators can be defined in terms of the extent to
which the resources will decrease line loading, real power losses and reactive power losses,
which combined will also allow deferral of equipment upgrades. Rau and Wan [93] ad-
dress these issues for distributed resources in general, and present an analytical method
for identifying optimal locations. A similar issue, the question of determining the opti-
mal location of capacitors in the distribution system, had been a fundamental compo-

nent of distribution system planning for decades, resulting in extensive research into this
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problem. A number of references detailing the issues involved and solution techniques
are [1, 4, 20, 36, 37, 40, 73, 82, 91, 103, 112, 113].

Locating distributed resources according to the criteria discussed above is appropriate
for passive devices which do not actually generate, or for very small sources such as pho-
tovoltaics. In terms of the optimizing criteria of minimizing line loading and losses, the
benefits from distributed resources tend to be initially very high, but saturate quickly as
the installed capacity is increased [93]. Additional benefits and uses for distributed gen-
eration however, justify supporting a significant penetration of DG. The most obvious of
these “other uses” is simply the role of DG in supplying power to end users in an era when
the construction of large generating facilities is increasingly difficult for both financial and
environmental reasons.

For a generator with a capacity capable of supplying load connected to the given feeder
beyond the immediate c‘customer site, additional considerations are of equal importance.
These new factors address the ways in which distributed generators interact with the oper-

ation of the distribution system, and are

e Bi-directional power flow,
e Distribution system protection,
e Operation mode and voltage support, and

e Operation and control complexity.

3.1.1 Bi-Directinal Power Flow

Distribution systems are traditionally designed assuming that power always flows in one
direction—from the substation to the customers. If a distributed generator on the system
serves more than a single customer then it will inject power into the distribution system,
leading to one of two possibilities: i) the connected load between the DG unit and the end
of the feeder is greater than (or equal to) the total power injected by the generator, or ii)
the load between the unit and the end of the feeder is less than the power injected into the

feeder by the DG. In case (i) the loading on the equipment upstream from the DG unit is
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reduced, and the power flow continues to be from the substation toward the ends of the
feeders. In situation (ii) the upstream equipment again sees reduced load. However now
the direction of power flow is reversed along a portion of the feeder upstream of the DG.
The load connected along the length of the feeder with reversed power flow is now served
by the DG rather than the substation, further reducing the load on the substation.

As an increasing percentage of the load is served by the DG, the loading on the substa-
tion equipment is lessened, which in turn increases the potential benefit from the deferral of
upgrades. However, this benefit is balanced by i) an increase in requirements for protection
equipment as a result of bi-directional power flow, ii) a potential increased loading on the
existing equipment near the DG unit, and iii) overall increased complexity of system oper-
ation and control. Note that bi-directional power flow is not a new phenomenon for power
systems in general, but does represent a change for distribution systems which traditionally

have had only uni-directional power flow.

3.1.2 System Protection

Protection equipment is needed to protect both other pieces of equipment and line crews
working to repair failed portions of the system (so they are not caught working on an
energized section of the system). The standard devices in a distribution system are listed
in Table 3.1 [35].

Distributed generators add to the system protection requirements in general. Circuit
breakers and fuses are typically used with generators to isolate the generator if it either fails
or is directly supplying a faulted line. The maximum possible fault current will increase
in the vicinity of the generator, potentially requiring the installation of additional circuit
breakers or more expensive protection equipment as found on the high voltage network.
Such new equipment is most likely to be necessary if a generator is located near a lead
center or just downstream of a major branch on the feeder [118]. Switching devices must be
upgraded to sense current flow in two directions rather than simply one, and have different
trip settings depending on whether or not a DG unit is generating. Also, these directional

switches may need to be located on both sides of a junction or generator connection rather
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Switch: A device for making, breaking, or changing the connection in an electric circuit
Disconnect Switch: A switch designed to disconnect power devices at no-load conditions

Load-break Switch: A switch designed to interrupt load currents Hut not (greater) fault
currents

Circuit Breaker: A switch designed to interrupt fault curreuts

Automatic Circuit Reclosers: An overcurrent protective device that trips and recloses a
preset number of times to clear transient faults or to isolate permanent faults

Automatic Line Sectionalizer: An overcurrent protective device used only with backup
circuit breakers or reclosers but not alone

Fuse: An overcurrent protective device with a circuit-opening fusible member directly
heated and destroyed by the passage of overcurrent through it in the event of an overload
or short-circuit condition

Relay: A device that responds to variations in the conditions in one electric circuit to
affect the operation of other devices in the same of in another electric circuit

Lightning Arrester: A device put on electric power equipment to reduce the voltage of
a surge applied to its terminals.

Table 3.1: System Protection Devices
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than just one. These additional switches provide flexibility in configuring the system during
a fault to allow the distributed generator to maintain supply to certain portions of the

system.

3.1.3 Mode of Operation

A distributed generator can be operated in one of two modes: base load or load follow-
ing/constant voltage. From the perspective of voltage support, the best location for a
distributed generator is at the end of a feeder since that is where veltage drops to its lowest
value, and has the greatest variation. To maximize the voltage support the generator should
be operated as a P-V bus such that voltage is set constant and output varies as necessary
to maintain the voltage. The wear and tear on the distributed generator from cycling and
attempting to track stochastic peaks of many small customers (see Figure 2-1) is high in
this mode of operation.

The second mode of operation is to run the unit as a base load generator. One benefit
from this mode is that the generator will experience less wear and tear as it will not attempt
to track load fluctuations, but rather will generate at a set output level. A drawback from
this mode is that the percentage of load served by the DG will vary, which also affects the
operation of other equipment, such as capacitor banks installed for voltage regulation. For
this reason, DG units run as base load may be subject to an additional constraint on their
output level such that the load on the feeder served by the DG is exclusively downsiream

of all voltage regulation equipment.

3.1.4 Distribution System Control Requirements

The impacts of distributed generators on distribution system operation discussed so far
in Section 3.1 raise a number of issues relevant to system control, and the concept of a
Distribution Management System, as introduced in Section 2.4.2. To summarize, the control
requirements resulting from the impacts of DG on the system, a distribution management

system will need to be capable of:

e Detecting a line fault, and either
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— Reconfiguring the system to best utilize available DG, or

— Disconnecting the DG if necessary,
e Detecting a DG fault or out-of-limits condition, and disconnecting the unit,
e Centrolling DG to not exceed power line or equipment limits,
e Controlling DG for the specified voltage profile (if operated as P-V buses), and

e Monitoring all units and recording status.

In terms of current applications for DG units, a DMS will be required at a minimum,
remotely to control the generators for peak shaving, and so allow upgrade deferrals. As
the DMS evolves, it will develop a greater capability to respond to the actual system state,
and not merely to monitor preset automated device actions. Ultimately, as the control re-
quirements increasingly resemble those of the transmission grid, distribution system control
may adopt some of that system’s hierarchical structure. As this happens, generators in the
distribution system may come to assume significant responsibility for responding to load
who in the control hierarchy is responsible for this function, or
alternatively who will be allowed to both provide and be paid for this and other ancillary
services in the competitive market, will become increasingly important as both generation

is deregulated and the number of potential suppliers increases.

3.2 Modeling System Frequency Performance

The considerations involved in the smooth integration of distributed generation into the
distribution system range from long term siting questions to concerns over maintaining
frequency stability and the desired voltage profile. A number of the siting and general oper-
ational issues were discussed in the previous section. Once location and mode of operation
are decided, and the necessary protection equipment is installed, the small generators will
be able to supply power to customers, whether by contracting directly with customers, a
power marketer or the system operator. The modeling for these bulk interactions involves

using well established static models such as load flow and optimal power flow models, and
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does not raise new engineering questions. Some aspects of participation in bulk power mar-
kets are questions related to the structure of the emerging markets, and will be addressed
in Chapter 4.

Supplying bulk power is only one of the possible functions open to these small generators.
The question of participation in the short run energy and ancillary services markets within
the distribution system is also of interest, and is an issue for both market structure and
engineering concerns. For example, in the case of a potential outage, local DG capacity could
fill the role of spinning reserve by maintaining a continuous power supply to customers when
they may otherwise have experienced a blackout. DG can also be used to maintain frequency
within the local distribution system when an instability is caused locally by a fluctuation in
connected load. (Frequency on the HV transmission grid will remain the sole responsibility
of generation connected to the grid.) This section addresses the engineering aspects of
the issue of system frequency regulation and analyzes what impacts, if any, distributed
generation may have on the reliability and stability of the power supply in the distribution
system.

Concern over frequency stability is a new issue related to the relatively recent increased
interest in distributed generation. Where previously there was only a single substation sup-
plying power to the distribution system (or possibly one other small generator at a customer
site), the distribution system now faces the possibility of having multiple generators seeking
to supply multiple customers each. The introduction of numerous active, generating sources
in the distribution system could cause frequency to go unstable in some situations. A recent
study by Lee et. al. [74] found that the installation of a cogeneration plant in a distribution
system caused low frequency oscillations. In this and other new scenarios, the distribution
system has the potential of having frequency drift (as on the transmission grid when there
is no tertiary control), or even of losing synchronism.

In light of these concerns, this chapter models and simulates frequency behavior in a
distribution system with multiple distributed generators. The generator and system dy-
namics which correspond to system regulation functions, such as those ensuring frequency

stability, occur at the primary and secondary dynamics levels (see Section 2.3.3). The
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operating point for the modeling is defined by the load flow solution for the bulk power
flows. Small-signal models, developed as part of this thesis, are used for examining the sys-
tem regulation questions and analyzing the frequency stability in the distribution system
in particular. These models, along with simulations and analysis of system behavior, are
presented in Section 3.2.3. The next section discusses the physical phenomena that can

cause frequency deviations, which potentially lead to instability in the distribution system.

3.2.1 Causes and Impacts of Frequency Deviations

The frequency dynamics that are modeled and analyzed in this thesis are driven by devia-
tions from the scheduled demand (and equivelent scheduled generation), equal to

Pyen — P
Praismatch = __genp toad (31)
gen

These deviations are shown in the sequence of figures, from Figure 3-1 to 3-5. Figure 3-1
shows the demand in a hypothetical distribution system for one day, from three sources—
residential air conditioning, commercial air conditioning and street lighting. Figure 3-2
shows the output from three generators as scheduled to meet this demand, along with the
total generation. Figure 3-3 next graphs the (exaggerated) result of deviations in both the
supply and demand from the schedule. The total hourly mismatch between the supply and
demand for one day is shown as the bottom line in this figure.

The analysis in this :L.sis is based on power deviations which follow the same pattern,
but are focused on a shorter time scale. Figure 3-4 mirrors Figure 3-3, for a period of one
hour, plotting only the scheduled power flow and the mismatch. Note that this figure shows
idealized behavior based on the assumption that disturbances will only occur at five minute
intervals, and that between these disturbances, power flow is constant. Finally, this same
data is graphed in Figure 3-5 which plots the “mismatch” explicitly as a deviation from
the scheduled power flows. Each step change in the scheduled power flow is assumed to be
the result of a disturbance, which is caused either by a change in demand or a change in

output from a non-dispatchable generator (such as wind or photovoltaics). It is this series
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of disturbances and their affect on distribution system performance that are analyzed in

this thesis. The assumptions and the models developed for this analysis are presented next.

3.2.2 Model Specification and Assumptions
Assumptions

The frequency dynamics within the radial distribution system are the focus of this analysis—
the bulk power grid behind the local substation is grouped together and modeled as a “very-
large” bus, filling the role of the infinite bus for the system. Within the distribution system
itself, load is distributed throughout the system, and generators are located at specified
buses. To simulate the dynamic behavior of the system, system disturbances ar .- ified
as either load or stochastic resource fluctuations, and are assumed to be small encigh in

magnitude to allow the use of small-signal, linear models.
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Model Specifications

A system model is defined by specifying the distribution system topology, the location
and size of loads and the location, size and type of the generators. The inputs to the
models are the system disturbances, represented as the input vector to the system of state
equations. This vector is defined by specifying the location and the timing of the system
disturbances. For the non-dispatchable technologies such as wind turbines a fluctuation in
the wind resource is a system disturbance, otherwise the disturbance is a small increase or
decrease in demand.

The model is used to simulate the dynamics due to both the disturbances and the
specified control actions. The output from the simulation is the dynamic behavior of all the
state variables, with frequency and real power output typically being of greater interest than
the others. The frequency stability can be assessed by monitoring the frequency at each
bus. Interactions of rotating machines with each other are analyzed by varying the initial
system definition in terms of the generators and their location in the system. Also different
control strategies can be specified and analyzed in order to determine their effectiveness
in maintaining frequency stability. The next sections explain the derivation of the models,

and their use in exploring frequency stability.

3.2.3 Generator and System Model Development

The goals in developing models for analyzing frequency behavior are to represent the dy-
namics of distributed generators in response to system disturbances, and to propose and

analyze the effectiveness of different control strategies designed to ensure system stability.

Individual Generator Models

'State space models developed for this thesis include models for steam turbines, hydroelec-
tric turbines, combustion turbines, combined cycle plants, and wind turbines. Numerous
dynamic models exist for each of these technologies, however the majority are very complex,
involving a large number of state variables. In developing the models for this thesis, the

objective is to represent each generator with a small number of state variables (three to
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four) so that interconnecied system models, which each include a number of the distributed
generators, will not be overly complex. A second objective is to develop each set of local
state equations such that they incorporate P; as the system coupling variable, ensuring
that they will be mutually compatible when modeled together in the extended state space.
The traditional system coupling variable is rotor angle, 6. The reasons for selecting P are
discussed in Section A.3.

The emphasis of the modeling in this section is on decoupled real power/frequency dy-
namics. One major reason for this emphasis is that the frequency dynamics of a radial
distribution system with distributed generators, and the possibility of these units partici-
pating in the supply of ancillary services such as frequency stability and spinning reserve,
are relatively new issues. Voltage is more of a local issue, affecting power quality at load
sites (i.e. in the distribution system), and is not a new concern for the distribution system.

The small-signal, dynamic models for each generator are shown in Table 3.2. Note that
the state vector for each generator model includes wg, the generator frequency, and that
each model has Pg as in input variable. The models are all small-signal models, and so
are useful for analyzing the system dynamics in a small range around an operating point,
which is found by running a load flow program. All the variables in the linearized generator
models represent deviations from the equilibrium or operating point. The state variables in
these models and the parameter values are defined in detail in Appendix A.

Each individual generator model from Table 3.2 can be written in matrix form as

Zrc = Arczrc + CuPg (3.2)

where z ¢ is the local state vector, and ¢ is the time derivative of this vector, dz/dt,
representing the time evolution of the state variables. The bold variables represent matrices,
where Arc in part .ular is referred to as the local system matrix, whose elements consist

of the linear coefficients of the generator parameters.
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Hydro-Turbine-Generator
Muweg = —(ey + D)wg +kgq — kuwa — Pg
§ = wg/T;—q/Ty+a/Ty
T.0 = —-v+ra
Ta = —wg+v—(rn+7')a

Steam-Turbine-Generator

Mwcg = (eg—D)wg+ P — Fg
T,P, = —P +ka
Ta = ~wg-—ra

Combustion-Turbine-Generator

Mwc = —-Dwg+cWpr - Pg
bWee = —Kpwg-— Vce
WF = Wprdot

aWrpdot = aVog — Wr — BWrdot

Combined Cycle Plant

Mwg = -Dwg+ (f2+ Pst)—Fg
bVCE —Kpwg — VcE
WF Wrdot
aWgrdot = aVeg — YWk — BWrdot

TWar = dwg + Vog — Wair
Pst = Psrdo
(TmTB)Pstaot = —pwe +nWr + mWair — Pst — (Tnm + TB) Psraot
Wind Turbine - Induction Generator
Mgwe = ~(D¢ - Dr)wg+ (Dg ~ Dr)wr +Ty — Pg
0 = ~wg+tuwr

Mror = Drwg— K — Drwr + Ty

Table 3.2: Small-Signal Generator State Space Models
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Figure 3-6: 30 Bus Radial Distribution Test System

Distribution System Models

A full system model requires not only the generators, but also the distribution system
model. There are two aspects to the modeling of the radial distribution systems. The first
is the actual topology—the number of buses and the structure of the systems. The second
is the mathematical representation of the systems. The test systems used in this thesis
are all taken from the literature on modeling and simulating radial distribution systems.
A number of test systems were developed by an IEEE Working Group [56]. Others were
developed for specific projects, based on actual systems, and have subsequently been used
by a number of different authors [27, 36, 69, 101].

The distribution test system that is used for the majority of the simulations in this thesis
is shown in Figure 3-6. The data for this system is presented in Appendix B, in Table B.1
and can be found in [36, 101]. Alternative test distribution systems and the associated line
data are also in Appendix B.

The second step to modeling the distribution system is the mathematical representa-
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tion. 1. this aspect the distribution system is represented simply with the set of load flow

equat.ons

P, = E|V||V|[g,,cos(6—6)+b_,sm (6i — 6;)]

J_

Qi Z | Vi Il Vj | lgijsin(8i — 85) — byjcos(8i — 6;)] (3.3)

where P, is the real power at each bus, @; is the reactive power, | V;; | is bus voltage
magnitude, g;; and b;; are the line admittance parameters, and 6;; is the rotor angle.
The incidence and admittance matrices and line parameters in these equations will differ

depending on the specific test system being modeled.

Full System Model

To build the complete system model, the individual generator models are coupled to each
other via the distribution system. Mathematically, the local state space of each individ-
ual generator must be extended to include the system coupling variable, which allows the
dynamics at one point on the system to be transmitted to all other points. This coupling

variable is selected to be power output, or Pg, the state equation for which is
Pe = Kpwg + DpPp (3-4)

The two matrices in this equation, Kp and Dp are derived from the Jacobian matrix. PL
represents a load disturbance and is the input variable to the systern. In this form, the
variable Pz can be included in the local generator state spaces to formy what is referred
to as the extended state space. This equation for P; was first developed in [ ], and is
explained fully in Appendix A.

With Equation 3.4 added to the dynamic models, the system model has the form

Fegt = ATezt + DpPL (3.5)
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where z.;; is the vector of extended state space variables, and A is the partitioned system
matrix as shown in Equation (A.20) in Appendix A.

The control input is u[k], and this signal controls the variable w™/, which is the reference
frequency for the governor. Note that in the time scale of the primary dynamics w™®/ is
constant and so is not included in the small-signal equations of Table 3.2. For the secondary

dynamics w"®/ is variable, and so is represented in the above equation, Equation (3.2).

3.3 Distribution System Frequency Simulations

This model is now used to simulate the performance of a radial distribution system with dis-
tributed generators. In particular, the system performance is analyzed in terms of frequency
behavior, with particular attention paid to the question of: Under what circumstances, if
any, can the frequency in the system as modeled either drift noticeably from the desircd
nominal value, or even go unstable?

Maintaining a stable frequency has not traditionally been a concern in the distribution
system, because the distribution system traditionally has had no, or very few active de-
vices. This question is important for the distribution system in the restructured industry
because the presence of distributed generators will change some basic properties and op-
erating characteristics of the distribution system. For example, with multiple distributed
generators it will be possible for the generators to lose synchronism, as can happen now at
the transmission level. It may also be desirable to extend secondary controls to distributed
generators, so that after a system disturbance the local frequency is restored to its nominal
value as quickly as possible.

Since secondary level controls are required for the transmission system, it is not sur-
prising that they may also be required in a distribution system with distributed generators.
Concerns of frequency stability are less expected since this issue is well understood and has
been successfully addressed in the control strategies for the transmission system. The mere
presence of distributed generators in the distribution system does not explain why the fre-
quency behavior may differ from that on the transmission system today. Nonetheless, the

simulations in this section demonstrate that the frequency in a distribution system with dis-
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tributed generators may in fact exhibit instability. A recent study identified low frequency
oscillations as a potential problem in a distribution system with an installed cogeneration
plant. The simulations in this section differ from that work by investigating the dynamic
frequency stability (high frequency).

The instability in the system simulated here is found to be a function of the number
of generators in the distribution system, such that instability becomes more likely as the
number of generators increases. The instability itself results from the combination of the
relatively small machine inertias and increased influence of the network itself on the system
dynamics. The details of this analysis follow the simulations, which are presented next. The
first simulation presents the desired system performance, with respect to system stability.
This first example also demonstrates the need for secondary level frequency controls in the

distribution system when distributed generators are present.

3.3.1 Frequency Drift and Secondary Controls

The distribution system modeled in the first set of examples is the 30 bus system shown
in Figure 3-6. Total load on the system is 15 p.u. and the total capacity from distributed
generation varies from 0.7 p.u. to 2.5 p.u. in the examples presented. The first example
discussed has a 0.7 p.u. combustion turbine (700 kW) at bus 24 (as well as a slack bus at
the substation). The load disturbance is a 0.1 p.u. increase in demand at bus 21, at time
equals 2 seconds.

Figure 3-7 shows the frequency deviation from the equilibrium point for this system.?
The rotor frequency for the small combﬁstion turbine is seen to oscillate around the nominal
60Hz frequency, and settle to a slightly slower value. The behavior demonstrated by the
system in Figure 3-7 is the expected behavior, given that in this example there are no sec-

ondary level controls to return the system frequency to the nominal value.. The simulation

! All the graphs in this thesis are of deviations from equilibrium, and not absolute values. This is follows
directly from the use of linearized state space models which represent small-signal dynamics around an
equilibrium point. The deviations from equilibrium are the quantities of interest in this thesis, since the
bulk power flows (the equilibrium) are assumed to be established by the system operator. The regulation and
system stability questions addressed in this thesis are inherently small-signal issues, and so readily analyzed
with linearized state space models.
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Figure 3-7: Frequency Deviation from Equilibrium for Single Combustion Turbine

is allowed to run without any secondary control action, well beyond the primary time scale
of 2 to 5 seconds, in order to show the nature of the dynamic behavior.

This simulation shows that without the corrective action of secondary controls, the
frequency may drift from the nominal, desired value after a system disturbance. Secondary
controls if implemented will act to return the steady state frequency to the nominal 60Hz
value, as shown in Figure 3-8. In this figure, simulated at the secondary time scale, the
system disturbance causes system frequency to drop at time t = 8 seconds, and then the
secondary controls act to return the system frequency at time t = 10 seconds. The models

for the secondary dynamics are developed in Appendix C.

3.3.2 Frequency Stability

The next two examples explore the possibility of distributed gener. -ors causing frequency
instability in a radial distribution system. As stated above, this is a relatively new concern,

which has not been addressed previously for the simple reason that generators have not
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Figure 3-8: Frequency Deviation with Secondary Controls Active

traditionally been sited in significant numbers in the distribution system. As the following
examples show, different types of generators are more or less likely to cause instability, and
a greater number of generators is more likely to cause instability than when only one or two
DG units are operating.

For the first example, the system is modeled with four combustion turbines, ranging
from 0.5 p.u. to 0.75 p.u., distributed throughout the system, at buses 10, 17, 24 and 29.
The turbines have slightly different values for the controller gains, all within the ranges
specified in [41, 43, 98]. A small load disturbance of 0.1 pu at bus 21 occurs at time ¢t = 2
seconds. The frequency deviation from equilibrium for two of these generators, along with
the slack bus, is plotted in Figure 3-9. The frequency deviations of the remaining generators
are not plotted to avoid confusion in the figure. This figure clearly demonstrates that local
system frequency becomes unstable, as a result of the same load disturbance as occurred in
the system in the first example, Figure 3-7. It is significant to note that the system remains
stable when only two combustion turbines are in the system. It is not until there are four

generators that the instability is exhibited, suggesting that at least for frequency stability,
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Figure 3-9: Frequency Deviation from Equilibrium with Four Combustion Turbines

technical problems are loosely a function of the number of distributed generators.

For the next example, if the distribution system is modeled with a single hydroelectric
generator at bus 17 the frequency also becomes unstable. With a combustion turbine added
to the system at bus 24 (both generators of capacity 0.7 p.u.), the instability caused by the
hydroelectric plant creates instability at the combustion turbine bus as well. See Figure 3-
10. Note that the instability remains local to the distribution system in all examples; the
slack bus frequency is unaffected as a result of the modeling assumption of a large inertia
representing the bulk power system behind the substation.?

The instability found in the above example can be avoided by carefully tuning the
generator to the specific system. Note though that the hydro plant as modeled, has all
parameters set within the ranges as established for existing small hydro facilities. Therefore,
the point of this example is not that hydro or any other small scale generating technology

will automatically cause frequency instability, but rather that it is possible for them to

2In actual system operation with hydro-electric facilities, there are conditions which are known to cause
unstable behavior. Two such situations are identified in [70], pages 396 and 752.
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do so unless close attention is paid to the new situation represented by siting numerous
generators in a radial distribution system. The following section addresses the significant

characteristics of this new situation in detail.

3.4 Analysis of Frequency Stability

3.4.1 Eigenvalue Analysis and Participation Factors

Eigenanalysis of the system matrices, Apc; and A, is used to begin identifying the cause of
the instability. The eigenvalues for the individual generators and for the examples presented
above are listed in Tables 3.3 and 3.4 respectively. (The eigenvalues are calculated for A ¢
for each generator, and for A for two sample systems—one with four CTs and the other with
one CT and one hydro generator. See Equations (A.19) and (A.21) for the definition of the
matrices.) For the examples presented here all Az system matrices are stable. In some

scenarios though the interconnected system is found to be unstable. The tables clearly
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| Steam Turbine | Combustion Turbine | Hydro Turbine |

—0.50 + ;1.63 —20.24 + j4.95 —0.03+ ;148
—0.50 + j1.63 —20.24 — j4.95 —0.03 — j1.48
~5.66 —0.12 + j4.83 —7.17

—0.12 + j4.83 ~0.36

Table 3.3: Eigenvalues of Individual Generator Models

show that each generator is individually stable, while the systems that include multiple
CTs or a hydro plant can be unstable. (Note that the zero eigenvalue for each system is
inherent to the structure of power systems, and does not represent a stability problem [61].)
The unstable modes skown in Table 3.4 are the slow, electro-mechanical, or swing modes,
which are reiated to the state variables wg; (and 4;, when 4§ is included in the state space
as the system coupling variable, see Appendix A). If the unstable eigenvalues can be
uniquely associated with specific state variables, then the identified state variable could be
directly controlled to regain system stability. If the state variable(s) associated with the
unstable modes vary with different system configurations though, then other means must
be investigated to stabilize the system.

Participation factors, developed fully in reference [86], can be used to associate individual

state variables with specific modes. A participation factor, p;;, is defined as
Pij = wijvij (3.6)

where wj; is the i'" entry in the j'* left eigenvector, and v;; is analogous for the right
eigenvector. The p;; provide a measure of the contribution of the i‘" state variable to the
j* eigenvalue and so can be used to correlate the contribution of each state variable to each
mode.

Participation factors have been calculated for the unstable modes for the systems dis-
cussed in this chapter, as well as others with the generators or load disturbances located at
different buses. This analysis leads to identifying different state variables, in particular wg

from different generators (in addition to other state variables), as causing the instability for
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4 CT System 4 CT con’t Hydro & CT
—21.23 + j4.94 | —0.46 + 72.95 || —20.30 + j2.41
—21.23 — j4.94 | —0.46 — 52.95 || ~20.30 — 52.41

—21.20 + j4.92 ~5.00 —6.62
—21.20 — j4.92 —0.67 | 0.07+j4.33
~920.31 + j2.41 | —0.07 +50.22 || 0.07 — j4.33
—20.31 — j2.41 | —0.07 — j0.22 || —0.47 + j2.68
—20.30 + j2.40 -1.19 —0.47 — j2.68
—20.30 — j2.40 -0.19 —5.00
0.18 + j5.72 ~1.61 ~1.26
0.18 — j5.72 0.00 ~0.90
—0.06 + j4.97 ~0.17
—0.06 — j4.97 —0.06 + j0.05
—0.25 + j3.77 —0.06 — j0.05
—0.25 — j3.77 0.00

Table 3.4: Eigenvalues of 30 Bus System Examples

each different system configuration. These results show that the instability is not caused
by a single state variable or a single generator, but is more appropriately identified as a
system phenomenon.

Recognizing the instability as a characteristic of the system raises the question of what
are the differences, as related to stability, between the two systems, i.e. between the high
voltage network with large generators and a radial distribution system with smaller dis-
tributed generators? One distinction is that the generators on the high voltage grid are
very large with correspondingly large inertias. In comparison, the distributed generators
as modeled for this thesis have relatively small machine inertias, making the elements in
matrix Cps (see Equation (3.2)) relatively large. This leads to stronger coupling between
the local state space zrc and the system coupling variable Pg than is common on the
high voltage grid. This relationship can be seen by referring to the equation for the full
interconnected system, Equation (3.2).

A second distinction is that the radial distribution system has relatively high line
impedance, representing a basic change to the interconnecting network and its subsequent

influenice on local generator dynamics. When modeling the high voltage transmission system
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it is usually assumed that the local dynamics in z¢c are slow relative to the network dy-
namics, with the implication that any change in z ¢ is instantaneously transmitted through
the system, so that the network itself has no affect on the local generator dynamics. The
impedance of the distribution lines affects elements of the Jacobian-based matrix Kp, and
so affects the coupling between the system and the local frequency dynamics.

The relatively large line impedances and relatively small machine inertias can be seen

as acting together in the following manner:

1. The smaller inertias affect the local frcquency dynamics in that they are too small
to damp out the oscillations rapidly, and also create stronger coupling between the

system dynamics, Pg, and the local frequency.

2. The increased line resistance, though representing a larger dampening than the lines

on the high voltage grid, is not enough to counter the affect of th: small inertias.

These observations of the differences between the high voltage grid and the distribution
system are not surprising. What is unexpected is that they may be significant enough to

affect stability within the distribution system.

3.4.2 Stabilizing the System

The stability problem suggests that new attention may need to be paid to local control
settings in order to ensure that stability will be maintained in a radial distribution system
which has multiple distributed generators. Rather than suggesting new controls a specific
state variable, this more general approach aims at finding ranges for values of the parameters
in the system matrix.

A general method for specifying ranges for the values of local control parameters, as
defined in the local system matrix Aj¢c, is to calculate eigenvalue sensitivity to the pa-
rameters, for the unstable system eigenvalues. This calculation is similar to that for the
participation factors discussed earlier. The sensitivity matrix, S, for the i*" eigenvalue is
defined to be

Si = [0Ai/Bajk) = wv] (3.7)
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where the ); are the eigenvalues of the system, the a ;i are the elements of the A ¢ matrix,
and w; and v; are the left and right eigenvectors respectively for the i** eigenvalue, where
v} is a row vector. (Note that the diagonal elements of this matrix are identical to the
participation factors.)

This matrix is calculated for the unstable eigenvalies for each system with instability,
two of which are shown in Figures 3-9 and 3-10. The sensitivity matrix shows that for the
systems with a hydroelectric plant, the unstable mode is most sensitive to the parameters
in the equation for the gate position. The time constant T; is a factor in each of these
parameters, (see Equation (A.4)), suggesting that T, would be a good value to adjust.
Figure 3-11 shows the system of Figure 3-10, with the time constant for the gate opening of
the hydro plant increased so that it can not react as quickly to a disturbance, preventing it
from resonating with the oscillations. (The unlabeled, dotted line on this and the following
two figures represents the substation.) Note that although this solution solves the stability
problem, it also serves to challenge one of the anticipated benefits of distributed generation,
specifically that the fast response capabilities of small generators would be beneficial in
responding quickly to changes in demand and so help minimize any disturbance.

A second parameter found to significantly affect the stability is the inertia constant.
Figure 3-12 shows the deviation from the equilibrium frequency for the same system as
Figure 3-10, but with an increased inertia for the hydroelectric turbine-generator. Imple-
mentation of this change implies the need to specify a minimum inertia or size of plant
installed (both machine size and rotation frequency determine machine inertia).

For the system with only combustion turbines (Figure 3-9), the greatest sensitivity is
found in the gain in the fuel system controller (see [98] for detailed explanation of these
parameters). When this gain is decreased, the system is stabilized, as shown in Figure 3-
13. Note that the system modeled for Figures 3-10 through 3-12 has both a hydro and a
combustion turbine, and that the gain in the CT fuel system controller is not identified
as the parameter to which the unstable mode is most sensitive—a finding consistent with
the earlier assertion that the instability is a system phenomenon, and not caused by one

generator or generator type.
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Figure 3-12: Hydro Inertia Increased in System with Hydro and Combustion Turbine
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Figure 3-13: Fuel Controller Gain Decreased for System with Four Combustion Turbines

Summary

The first part of this chapter has described the modeling approach used to simulate the
decoupled frequency dynamics for a distribution system with small, distributed generators.
In the frequency analysis, instability at the primary dynamics level was found, and was
shown to be a system level phenomenon rather than one caused by a single state variable.
Examining the sensitivity matrix suggested various methods for stabilizing the system,
requiring that close attention be paid to local control parameters—time constants and
gains, or to generator selection—machine size or inertia. It was also demonstrated, that
in some cases instability may only occur as the number of distributed generators in the
distribution system increases.

The frequency issues raised in the previous sections are not new to power systems, but
are new to the distribution system. One difference in the solutions suggested here to those
currently implemented on the high voltage grid is the focus on using the generator governors

to secure frequency stability. At the high voltage level, generator governors react more
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slowly and so are not relied upon for maintaining system stability. In contrast, the analysis
in this chapter has shown that local gernerator governors can be vsed at the distribution
level to ensure frequency stability. A drawback of this sensitivity to the governor settings,
is that at the distribution level generators may not be able to turn off their governors and
drift with the system frequency as they can at the transmission level.

A deregulated capacity market incorporating distributed generators is more consistent
with decentralized than with centralized contrcl. However, the methods for stabilizing
the system introduced in this chapter do require some degree of centralized oversight in
determining governor standards or in generator selection. It is important to point out that
the frequency concerns for the distribution system raised here are easily addressed. It is
vital that the extra stability analysis is performed though, as the penetration of distributed

generators increases, so that the potential frequency problems are successfully avoided.

3.5 Voltage Support and Distributed Generation

Voltage support with distributed generation is presented in a brief discussion below. It
is likely that the benefit from using distributed generators to provide voltage support will
equal that of using them for frequency regulation—the lack of parallel treatment in this
thesis is not intended to imply that voltage support is less important. Additional reasons
for the focus on real power/frequency dynamics are presented in the Chapter 5 when the

closed loop price signal is introduced.

3.5.1 Role of Distributed Generators in Providing Voltage Support

On the high voltage grid in quasi-steady state operation there is essentially a single system
frequency which is observable throughout the system. Frequency control schemes such as
automatic generation control (AGC) use this system-wide variable to regulate the system
frequency to the desired value. In contrast to this system level approach for frequency
regulation, voltage is regulated on a regional level, in countries such as France which do

have automatic voltage control (AVC) (the United States currently has no equivalent system
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for voltage control). Since there is no single, system-wide voltage level, but rather a desired
voltage profile across the system, multiple buses throughout the system are regulated to
specified voltage levels to provide regional reference or pilot points. In the distribution
system, which directly supplies customers, voltage regulation is much tighter than at the
transmission level, requiring that voltage remain within + 0.5% [118] of the scheduled value
at any given bus, to avoid either adversely affecting customer load or causing annoyance
from flickering lights.

Distributed generators, being sited within the distribution system, and therefore close to
customers, are well suited to provide voltage support. There are two general ways in which
these units can provide this support. First, these small generators improve the voltage
profile simply by supplying power close to the load, which decreases the need to transmit
power from more distant buses. Even in situations when most power is centrally generated,
distributed generators could be operated as synchronous condensors to reduce the need for
additional equipment in the distribution system that is dedicated to voltage support. This
potential function of distributed generation is likely to become increasingly important as the
power system is restructured and contracts are made between distant parties. Distributed
generators will be in a position to compensate for the reactive power mismatch near the
load centers, and so facilitate the long distance power sales.

The second means by which distributed generators can provide VAR support is by
controlling the power electrorics in the power conditioning equipment so that the voltage
at the generator bus is held constant. The power conditioning equipment can be set to
supply power with either a leading or a lagging power factor, and so can be used to improve
the local reactive power mismatch. In this way distributed generators could be operated
much as static VAR compensators, and provide a valuable service even when their real
power output is zero. If distributed generator units are operated in this manner they could

come to fill the same role as FACT'S devices are expected to fill at the transmission level.
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3.5.2 Industry Structure and Local VAR Support

The extent to which distributed generators are used for local voltage support will be signif-
icantly influenced by the restructuring process, and the mechanisms through which voltage
support is provided. When operating in the competitive market, the small generators can
be expected to supply voltage support only if they are compensated for it, suggesting a
need to develop mechanisms to monitor and pay for voltage support that is provided lo-
cally. Developing both the policies to promote the unbundling of ancillary services, and the
mechanisms for these services to be bought and sold in the competitive markets wiil e an
important part of the restructuring and deres,alation process. If this is not done, the ISO
(Independent System Operator, see Chapter 4) will be required to purchase voltage support
from other, contracted sources, or rely on the regulated distribution utility to purchase and

provide it—breaking with the trend toward increased reliance on market forces.?

Distributed generation is likely to be introduced slowly, as the power system evolves to-
ward a more distributed architecture. A competitive setting may come to facilitate an
increased penetration of distributed generation, if the competitive environment is such that
maintaining system reliability, voltage profile and frequency become the responsibility of the
local provider racher than of the central authority. The development of market institutions

and competitive markets at all levels are discussed in the following two chapters.

3If a DG unit is owned by a distribution utility, and so is not part of the competitive market, then it is
possible that it will be used for voltage support regardless of whether there are industry mechanisms to pay
it directly for this service.



Chapter 4

Industry and Market Setting for

Distributed Generation

The previous two chapters fozused on the technical issues related to an increased penetration
of distributed generation ix the distribution system. Starting with the current chapter, the
thesis now shifts focus to the market integration of distributed generators, and the develop-
ment of a price-based control signal. Chapter 4 steps back from the detailed analysis of the
previous chapter to present a more general discussion of the industry restructuring process,
and the sectors in the industry in which distributed generation may play a role. Chapter 5
returns to model development, an analyzes the effectiveness of a proposed price-based con-

trol signal in coordinating distributed generator actions in the emerging competitive market.

With tbe process of industry restructuring, generation is being deregulated and opened
to competitive market forces, yet the distribution and transmission systems—the wires—
will remain regulated. Distributed generators can play a dual role in the emerging industry
structure, belonging to either the generation sector or the distribution utility. As such
they will be exposed both to market forces when operating as competitive suppliers, or to
regulatory rules when owned and operated by the distribution utility.

Section 4.1 introduces the next two chapters by outlining the parallels between the

existing hierarchical control structure of the transmission system and a possible hierarchi-
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cal structure of the evolving market framework. This section places the proposed market
framework in the larger context of power system operation.

Section 4.2 provides background information on the economic organization of the electric
power industry and highlights those issues that impact the distribution system and the
potential growth of distributed generation. Section 4.3 defines the different markets that
will be opening to distributed generators during the industry transition.

Section 4.4 addresses pricing and the use of a price signal for the economic coordination
of the restructured industry. This section briefly outlines a variety of pricing tools that
are relevant to the electric power industry, and that can be used to coordinate market
operations. Spot prices in particular are of interest. The components of an electricity spot
price are defined, indicating which components can be determined by the market, and which

will continue to be set by regulatory agencies.

4.1 Hierarchical Market Structure

The restructuring process in the power industry is forming new market based institutions,
and creating economic opporiu:nities for many new players. These new institutions and
groups will interact within the system in a variety of ways. Some new players will focus on
coordinating the operation of the emerging competitive markets, while others will simply
participate in those markets.

A hierarchical market structure can be developed parallel to the hierarchy in the trans-
mission system which was shown in Figure 2-2; and which is consistent with the evolving
power industry organization and the emergence of these market players. One significant
difference between the existing hierarchy and the emerging economic framework is that
the economic structure will be extended into the distribution system, as supported by the
continuing advances in distribution automation technologies and the deregulation of the
generation sector in general. Note that these events will also encourage extension of the
existing control hierarchy to the distribution system.

The new market and economic functions in this projected market hierarchy are shown

in Figure 4-1. The tertiary, secondary and primary level functions are assigned as follows:
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Figure 4-1: Parallel Engineering and Projected Market Hierarchies

o Tertiary Market Level: The system coordination and dispatch functions, currently
performed by the vertically integrated utilities, will be separated, into an Independent
System Operator (ISO) and Power Exchange (PX), as a consequence of the ability
to distinguish the purely engineering functions from the economic ones at this level.
The Power Exchange along with other market based groups such as load aggregators
and power marketers, will operate at the tertiary level, performing the functions of
coordinating the market over the long term and gathering information from contracted
customers and generators, as is necessary for market operation. Both the economic

institutions and the markets in which they operate are discussed more in this chapter.

e Secondary Price Dynamics: At the level of secondary dynamics, the engineering and
market functions of the system can not be as readily separated as they are at the
tertiary ievel. The objectives of the existing secondary level controls are to maintain

system frequency and the desired voltage profile. A parallel economic objective is that
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of maintaining a uniform marginal cost of preduction across specified region in the

system.!

Developing the capability to pursue this economic objective for a deregulated power
system is the topic of Chapter 5. A closed loop price signal developed in that chapter
operates at the secondary dynamics level with the objective of using market forces to
coordinate distributed generator actions. This price signal allows distributed genera-
tors to operate in both the spot energy and ancillary services markets in a competitive
manner. The Power Exchange, commonly defined as operating the energy spot market
on an hourly basis, with the schedule determined a day ahead, would be the appropri-
ate institution to evolve into the role of operating the real time energy and ancillary

services markets.

e Primary Dynamics: The primary dynamics in the power system, fast frequency and
voltage fluctuations, occur during the first few seconds after a system disturbance.
Economic dynamics at this time scale are simply expressed through a basic price
equation, which is derived from a cost equation. The cost equation itself is an output
variable of the primary level engineering dynamics. This price function is capable
of tracking changes in price at this level, but the control ot the primary dynamics
remains driven by engineering criteria alone. It is at the functional level of setting
the reference values for the primary controls (i.e. the secondary dynamics level) that
the power system dynamics can begin to be identified according to engineering versus

economic objectives.

The market hierarchy as presented in this section provides a {ramework for thinking
about the integration of distributed generation into the emerging energy markets. The high
level institutions and related markets at the tertiary level are being defined in the policy
arena, and are described in the following section. The development of a proposed closed

loop price signal, the focus of Chapter 5, is the other basic component required for the

'In a market environment, price rather than marginal cost is the variable directly visible in the market.
In a competitive market though, price equals marginal cost, so the objective remains unchanged. This is
discussed more in Sections 4.2 and 4.4.
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successful integration of distributed generation into the full range of emerging markets in

the power industry.

4.2 Institutional Structure of the Electric Power Industry

This section explains the larger context of the changing structure of the electric power
industry with the objective of understanding the position of both the distribution system
and distributed generation within the industry.

The electric power industry in the U.S. has been a vertically integrated, regulated

monopoly since the early 1900s, when power system owners generally agreed to accept
government regulation in return for the benefits of maintaining a monopoly position. At
the time it was argued that the power system as a whole represented a natural monopoly,
which justified both the monopoly structure and the subsequent government oversight. As
discussed in Section 1.1, economic, technological and societal events since the 1970s have
challenged the reasoning behind the traditional industry structure, resulting in the current
restructuring process.

As part of this process both the physical components of the industry and the operational
components of control and coordination are being scrutinized to determine which should
continue as regulated monopolies and which can be opened up to competition. With respect

to the role of distributed generation, the specifics of the restructuring process will determine:

o Who will be able to own and operate distributed generators—distribution utilities,

power marketers, etc., and

¢ How these generators will interact with other players—Will they be operated as base
load plants? Will they have direct access to customers? to the spot market? to the

ISO?

To understand the issues in this debate it is necessary to understand the economic rationale
for choosing to promote either a competitive market or government regulation. The foliow-

ing discussion provides the theoretical background for understanding why some segments of
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the power industry will remain regulated while others are opened to competition, keeping

in mind that DG may operate in both sectors.

4.2.1 Competitive and Monopoly Models

In neo-classical economics, the ideal industry structure is a competitive market where prices
are determined by the supply and the demand for the goods and services offered. This school
of economics, upon which much current government policy is based, is concerned with
efficient resource allocation (as opposed to the distribution of wealth or labor utilization).
This section further defines economic efficiency, describing why competition leads to a mcre
efficient resource allocation than does monopoly, and explains when monopoly is nonetheless

preferred to competition.

The Competitive Model

The starting point for a single commodity competitive market is the basic supply and
demand graph. The variables used to explain market interactions are price and quantity.
Each point on a market, or aggregate demand curve reflects the benefit, or value, to society
of consuming the specific quantity of the good. The value is quantified as price. Similarly,
points on the supply curve represent the cost to society, in terms of resources used, of
different quantities produced. The price and quantity that define the intersection of the
market supply and demand curves, as shown on Figure 4-2, are called the market clearing
price and quantity, P* and Q*, since at this point the price and quantity demanded are
equal to those supplied.

Interest in deregulating all or part of the electric power industry stems from the fact
that a competitive market, when viable, achieves maximum economic efficiency. Economic
efficiency is defined as the resource allocation that provides maximum net benefits to society,
where benefits come from consuming a good and the costs accrue from its production.

Mathematically, the point of maximum net benefits, NB, is found as NB = B — C,
which is maximum when marginal benefit equals marginal cost, or MB = MC. This can

also be understood by referring to Figure 4-2. The benefits from consumption are equal to
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Q* Q

Figure 4-2: Market Clearing Price and Quantity

the area beneath the demand curve and the costs to the area below the supply curve. The
difference of these areas is a maximum at the market clearing point. Thus, when buyers’ and

sellers’ prices and quantities are equal, MB = MC, and economic efficiency is maximized.

Individual Producers

The supply and demand curves in Figure 4-2 are the aggregate or industry level curves. The
ccmpetitive market model assumes that the number of individual producers and consumers
is large enough so that the actions of any individual player are small relative to the market,
and so are unable to affect the market equilibrium, or the market clearing point. On
the production side suppliers are referred to as price takers since as a consequence of this
assumption each firm sees a fixed price for the good. Individually operating with the goal of
maximizing its own profit (profit = revenue — cost, or R— C), each firm will produce to the
level where marginal revenue equals marginal cost, MR = MC. Since each firm is a price
taker, it can decide how much to produce at the market price but not what price to charge—
all output will be sold at the market price, and this price is identically the firm’s marginal
revenue from selling each additional unit. The result is that in a competitive industry each
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firm produces to the point where marginal cost equals the market price (M R), or MC = P.

An important point is that in a competitive market, price carries all the information
necessary to both suppliers and consumers to ensure that the point of economic efficiency
is reached. Since producers face a fixed price, if they produce where their marginal cost
is less than the market price then they forego an increment in profit, and if they produce
where marginal cost is greater than market price then they lose money. Similar incentives
face consumers. For both groups the only information they have to decide how much to
consume or produce is the market price, which conveys everything an individual needs to
know to participate in the competitive market. By definition this price leads each producer

to the most efficient level of production.

Natural Monopoly

In a strict monopoly market there is a single firm, and as with a competitive firm the monop-
olist maximizes profit by producing where MR = MC. Unlike competitive firms though,
a monopolist is not a price taker, but instead sets price based on the aggregate market
demand for the firm’s product. In general this price is above the competitive price and the
output below the competitive production level, in order to maximize profits (See [34, 87)
for further explanation). Since this is an inefficient allocation of resources, economic the-
ory holds that monopoly is less efficient than competition, and advocates the creation of
competitive markets and the prevention of monopolies when possible. For some industries
though, monopoly production is the most efficient market structure Such industries are re-
ferred to as natural monopolies. The characteristics of natural monopolies that are relevant

to the electric power industry are listed below.

1. Economies of Scale — For most products the marginal cost of production increases with
the quantity produced.? A defining feature of a natural monopoly is that marginal

cost and therefore average cost in the long run, decline for all levels of output (in the

%In most industries the marginal cost curve decreases initially and then increases as fixed inputs are used
to capacity, representing the production process in both the short run and the long run, (the long run being
defined as when all factor inputs of concern are variable).
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range of interest). This phenomenon is called economies of scale, and occurs when an

increase in inputs results in a proporttonally greater increase in output.

2. Core Network — An industry has a core network system when a network is required
to provide unified service and when more than one such network would be a duplicate

and inefficient use of resources.

3. Entry Barriers - A form of market power, these occur when incumbent firms have the
ability to prevent other firms from entering a market through high start-up costs for
example. One source of entry barriers apparent in the electric power sector is the high

degree of capital investment required to produce.

If either or both of the first two factors above exist in an industry, then it is in society’s
interest to allow monopoly production. With economies of scale it is cheaper for a single
large firm to produce the good than many, small competitive firms. If a core network is
required for the industry to operate, then the single network is by definition a monopoly.
Entry barriers represent a third type of natural monopoly since even though competitive
production may be beneficial to society, there is no way for competitors to enter the market
without government intervention. The goal of government regulation of natural monopolies
is to exploit the benefit of lower costs from monopoly production and pass most of the

benefits on to consumers.

4.2.2 Functional Blocks in the Electric Power Industry

This section analyzes the functional blocks within the electric power industry, explaining
which can be opened to competition, which are likely to remain regulated, and which are
still under debate as to how they will fit into the industry structure.

Figure 4-3 depicts the functional blocks of the industry as identified from the perspective
of the traditional vertically integrated utility. The main functional categories represented in
the Figure are generation, delivery (transmission and distribution) and market coordination
(unit dispatch and spot market trading) [99].

Improvements in the major generating technology, in terms of both the scale of steam
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Figure 4-3: Functional Blocks of the Electric Power Industry

turbines and thermal conversion efficiencies slowed during the 1960s and early 1970s. At
the same time combined cycle gas turbine technology (CCGT) advanced to the point that
it became a viable technology for power generation. By the late 1980s the average capacity
of CCGTs was close to 100MW, with a total efficiency of 45%. More recently the efficiency
is approaching 55%. The apparent end to advances in steam turbine power generation
combined with the widespread availability of a small scale alternative called into question
one of the fundamental justifications for government regulation of the power industry—the
assumed economies of scale of power generation. With this justification removed and the
preference for competitive markets, the generation sector became an obvious candidate for
deregulation.

The transmission and distribution systems (T&D) fit into the core network category
of natural monopolies, such that duplication of these facilities would be inefficient. As
with T&D, the dispatch and spot trading functions represent a type of institutional core
network, such that duplication of these functions would also be inefficient. A major devel-

opment of the restructuring process is the recognition that there is no economic basis for
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the core networks to be unified into a vertically integrated structure. An important feature
of Figure 4-3 is that it shows the system coordination functions as separate from use of the
physical transmission and distribution systems.

At the current phase in the restructuring process, the projected industry structure mir-
rors the blocks in Figure 4-3. In particular, extensive effort has gone into defining the
responsibilities of both the system coordinator—the Independent System Operator or ISO—
and one or more spot market coordinators—Power Exchanges or PXs. General guidelines
for defining the structure of the ISO are in FERC Order 888 [31]. Keeping in mind that
rules established for the transmission system may eventually be applied to the distribu-
tion system, the following subset of the FERC guidelines are relevant to the discussion of

distributed generation and retail competition (see Section 4.3.2) [31, 46].

1. An ISO should provide open access to the transmission system and all services under

its control ... to all eligible users in a non-discriminatory manner.

2. An ISO should have the primary responsibility in ensuring short-term reliability of
grid operations ... and should comply with applicable standards set by NERC and

the regional council.

3. An ISO should have control over the operation of interconnected transmission facilities

within its region.

4. An ISO should identify constraints on the system and be able to take operational

actions to relieve those constraints.

5. An ISO’s transmission and ancillary services pricing policies should promote the ef-
ficient use of and investment in generation, transmission, and consumption. An ISO
. should conduct such studies as may be necessary to identify operational problems

of appropriate expansions.

6. An ISO should make transmission system information publicly available on a timely
basis via an electronic information network consistent with the Commission’s require-

ments.
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7.

An ISO should develop mechanisms to coordinate with neighboring control areas.

In addition, the California Public Utilities Commission, which has acted to implement

electric power industry restructuring more rapidly than the majority of the country, and

thus serves as a possible model for other states, proposed the following responsibilities for

both the ISO and the PX [47]:

1.

(¥}

The ISO will have primary responsibility for the determination of the final operation
and dispatch of the system to preserve reliability and achieve the lowest total cost for

all uses of the transmission system.

The ISO will have no financial interest in the Power Exchange or in any source of

generation or load.

. The ISO will maintain frequency control and comply with all standards of the North

American Electric Reliability Council (NERC) and the Western Systems Coordinating
Council (WSCQ).

. The ISO will provide open and non-discriminatory services and access to the transmis-

sion grid for all users of the transmission system, including purchasers and suppliers in
transactions arranged through the Power Exchange and suppliers contracting directly

with customers [bilateral transactions].

The ISO will procure from suppliers ancillary services needed to support transmission
and dispatch. When possible, this procurement should be from suppliers on a non-
discriminatory, competitive, unbundled basis. The ISO will offer to users ancillary
services either as competitive, unbundled activities, for those services that can be me-
tered and measured separately for individual users, or a cost-effective joint products,

for those inherently inseparable network services.

The ISO will coordinate day-ahead scheduling and balancing for all uses of the trans-
mission grid. For both the day-ahead schedules and the hourly balancing transactions,
the ISO will accept nominations from the market participants (the Power Exchange

and bilateral participants).
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7. The ISO will coordinate the scheduled nominations from the Power Exchange and the
bilateral transactions to determine any redispatch that would be necessary to meet the
twin objectives of assuring operational reliability and achieving least-cost use of the
system. Along with this redispatch, the ISO will determine the locational marginal
costs incorporating the cost of generation, losses and congestion that will define the
market clearing prices for the Power Exchange and the price of transmission use for

the bilateral transactions.

8. The ISC will coordinate the implementation of the final schedules to adjust as nec-
essary to ensure the reliability and least cost for the actual hourly dispatch ... Over
the course of the day, the ISO will order any redispatch adjustments as necessary to
balance the system. Associated with this actual dispatch, the ISO will again compute

locational marginal costs.

9. The ISO will provide a system of open communication of information for the schedul-
ing market. Individual bids and nominations will be confidential, but all other reason-
able information on market clearing prices, power flows, the state of the transmission
system will be make available to all participants in an appropriate, timely, and non-
discriminatory manner. The ISO will also provide information necessary for long-term
studies by market participants to support commercial contracting and investment de-

cisions.

In these proposals, the ISO is concerned with maintaining reliable operation of the trans-
mission grid and is not expected to interact with the distribution system. As generators
and other active devices are installed in greater numbers in the distribution system and par-
ticipate in providing ancillary services, a parallel set of principles may need to be adopted
for the distribution system.

A Power Exchange, loosely analogous to a stock exchange, is the institution created
to coordinate the commercial interactions of the industry. Table 4.1 depicts a Southern
California Edison proposal for the functions of the Power Exchange, PX, in comparison to

those of the ISO [11].
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ISO—Operating Functions

Manage reliability of the transmission grid

Control dispatch of transmission grid

Provide non-discriminatory, open access to the transmission grid

Coordinate day-ahead power scheduling and real-time power balancing
Perform settlement function for unscheduled transactions and ancillary services
Administer congestion management protocols for the transmission grid

PX—Commercial Functions
Run day-ahead spot market auction

Allow voluntary participation by suppliers

Allow power producers to compete based on non-discriminatory and transparent
bidding rules

Submit proposed power delivery schedule to the ISO

Establish visible market clearing price

Perform settlement function for day-ahead scheduled transactions

Table 4.1: Responsibilities of the Independent System Operaior and the Power Exchange

As with the ISO, the functions of the PX emphasize coordination of large generators
and the wholesale market. As discussed more in the next section, if retail competition
becomes a reality, the PX will need to expand its responsibilities to include coordination of

a commercial market that operates in the distribution system with distributed resources.

4.3 Markets for Distributed Generation

4.3.1 Long and Short Term Power Markets

The Independent System Operator, defined in the previous section, will make operations
and control decisions based on engineering criteria. Other functinns that have traditionally
been under centralized control are now being placed under the jurisdiction of the market.
It is important to note that in the electric power industry there is not a single market, but
rather many different markets, offering different products and operating over different time

frames. See Figure 4-4. In general, the markets focus on the following functions:
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Cycles to Seconds Minuies Hours Days to Years

Figure 4-4: Energy Markets and Related Time Scales

e Investment/Entry — guided by the evolving industry and regulatory structure, and
the perceived prospects for the long term utility of distributed generation,

¢ Contracts — for long run wholesale transactions, and ancillary service call contracts,

e Scheduling (Dispatch) - Nominally established as an hourly schedule, one day in

advance, and

e Short Run Markets — for meeting the demand for energy and ancillary services iu:
response to system disturbances, and to account for deviations from the scheduled

power flows.

For financial and risk sharing purposes, there are long term contracts for investment
in both generating and transmission capacity, shorter term contracts for energy beiween
customers and suppliers, and call contracts for the provision of ancillary services. There is
also a day ahead energy market for scheduling the capacity and bulk energy flows for each

day. And finally there will be a market for short run energy and system regulation needs,
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which is driven by deviations from the scheduled power flows. The ability of distributed
generators to participate in these markets will mirror the participation of central genera-
tion facilities, provided that the charters for regional ISOs and PXs specifically allow such

participation.

4.3.2 Retail Competition

Much of the effort in the restructuring process to date has focused on creating wholesale
markets, with the result that the deregulation of generation and the creation of the ISO and
PX at the transmission level are reasonably well defined and accepted by the industry, as
discuased in the previous section. The potential need to extend the competitive institutions
to the retail level, creating a competitive retail market and and allowing direct access to
customers, was also introduced in the previous section. This concept, called retail compe-
tition, is less well accepted yet its creation will be a critical factor in determining the rcle
of distributed generating resources in the power industry.

There are two basic institutional models being debated for the institutional structure
of the distribution system. The first is simply to continue with the status quo, where
the distribution system and all the services and operations within it remain together as a
regulated distribution utility. In this structure therefore, distributed generation will be part
of the regulated utility rather than the competitive market.

In contrast, the second basic model expressed in the current proposals for retail com-
petition, point out that there is no economic or technological justification for services at
the distribution level to remain bundled as the exclusive responsibility of the distribution
utility [44]. The first step in retail conspetition is to open services in the revenue cycle, such
as metering and billing, to competition. Proponents of retail competition also seek access
to the wealth ¢f customer information that would become available through direct access
to customers. Figure 4-5 shows a power system with more than one power marketer. Note
that the power marketers are not constrained to act in a single distribution system, but are
free to aggregate loads and generators across the gzographical boundaries of distribution

gystems.
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Figure 4-5: Power System with Two Power Marketers, 'rossing Geographic Boundaries of
Distribution Systems
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From the perspective of distributed generation, retail competition represents much more
extensive changes to the structure of the distribution system than simply opening the rev-
enue cycle. Fundamentally, the commodity portion of the distribution system functions will
be separated from those functions that are a natural monopoly. Thus the power lines that
compose the distribution system will remain a regulated utility. All other services will be
opened to competition and offered to customers by new competitive companies called power
marketers. In addition, distributed generators will be free to participate in the emerging
competitive markets. In such a system customers, generators and power marketers will have
direct access to the spot market and the ability to contract to provide services to the ISO.

Such a development is of obvious importance to distributed generators since it will allow
them to participate fully in the competitive market and not be constrained by the interests
the local distribution utility. It will also have significant impacts on the basic patterns of
behavior of both customers and generators in the distribution system. For example, the
creation of retail competition implies the creation of a competitive price to which generators
and customers can respond. If a closed loop signal is created, this competitive price would
provide economic opportunities for distributed generators to be compensated for responding
to the local deviations and to supply locally demanded ancillary services—rather than
buying these from the bulk power system.

In the initial phases of the restructuring process the price signal may simply be open
loop, such that it would be determined by a central authority as a function of “real-time”3
costs and communicated to small generators and customers. Such a signal would influence
generator and customer behavior as a function of their price elasticities, but would not be
updated in response to feedback from these suppliers or customers. The effectiveness of an
open loop signal is limited by the fact that it is not a function of local deviations in supply
or demand. For a fully competitive market the signal needs to be a closed loop signal, where
the market price itself (ppnx¢, see Figure 4-5) is a function of the aggregate behavior of the

generators and customers, and so will change in response to local deviations.

3The real time costs referred to here could be those calculated based on estimations of what the costs
will be, or on actual real time data.
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If the closed loop price signal accurately captures the cost? associated with such devia-
tions, it will provide a stabilizing and least cost incentive to generators and customers. If
however, the price is “wrong,” a competitive retail market could prove very detrimental to
stable distribution system operation.

The development and use of a price signal is discussed in Chapter 5. In that chapter
the focus is on price feedback for real power and frequency deviations. Voitage dynamics
and local voltage support could also be provided in response to economic incentives, in a
competitive market. For generators to be willing to provide reactive power however, (and
so supply less real power) competitive retail markets must include clear guidelines on the
desired voltage profile and power factor, and pay generators (or customers) who act to
maintain the power supply within the defined performance boundaries.

At present retail competition is not a reality. The Massachusetts Department of Public
Utilities touched on the issue in its discussion of distributed resources [79, Section IX]. The
question addressed was whether a distribution utility would or would not be allowed to own
distributed generators itself. Advocates stated that DG is an important element in distri-
bution system expansion in that small generators can be used to delay the need to upgrade
other facilities. Opponents felt that if the utility were allowed to own its own generation,
then it would be able to exercise market power and discriminate against competitive suppli-
ers. The Massachusetts DPU did rule to allow distribution utility ownership of DG. Almost
more significant than the final decision of the DPU is the fact that the debate focused on
how and not if distributed generation will play a role in the industry.

Common issues and functional distinctions in the current debate on retail versus whole-
sale competition are listed in Table 4.2 [95]. In general, retail issues deal with developing
competitive marketing functions and open access to the distribution lines, while wholesale
issues focus on encouraging competitive generation and open access to the power grid.

If the use of DG becomes more widespread, topics now relevant only at the wholesale

level such as competitive generation, the provision of ancillary services and the prevention

Including both the fuel cost and the costs to the system for compensating for the deviations, for example
those costs associated with call contracts
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Retail Competition | Wholesale Competition
Metering Market Power
Meter Reading Divestiture
Billing Must-Run Units
Collection Power Exchange
Credit Ancillary Services
Customer Contact ISO
Customer Information Stranded Costs

Table 4.2: Issues for Retail and Wholesale Competition

of market power, are likely to become important at the distribution/retail level as well.

In summary, to fully account for the future role of distributed generation, both the reg-
ulatory structure of the distribution system and the competitive market framework for
generation must be understood. A complete picture of distributed generators includes un-
derstanding their position not only physically in the distribution system, but also institu-
tionally in the restructured industry. The institutional context encompasses both ownership
of distributed generators—whether they will be part of the regulated utility cr the com-
petitive market, and functionality—whether they will operate actively in the spot energy
and ancillary services markets, or whether they will more typically be must-run units or
wholesale suppliers. Figure 4-6 shows an alternative view from that presented earlier in
Figure 4-3, of the functional blocks in the electric power industry.

The updated figure, Figure 4-6, is a representation consistent with a future distributed
architecture, explicitly separating the roles of the ISO and the PX. This figure represents
generation in both its centralized and distributed roles, and explicitly traces the ability
of customers to contract directly with all segments of the industry. This figure shows the
possibility of distributed generation being owned and operated by the new power marketers
at the retail level, as depicted by the lighter line connecting the “Retailing and Energy
Services” box to the “Distribution System and Distributed Generators” box. This direct

line of control would provide more flexibility for both small generators and retail marketers
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Figure 4-6: Functional Blocks of a Distributed Electric Power Industry

than if they were constrained to operate through the wholesale market.
The next section introduces the topic of pricing, as relevant to both the regulated and

the competitive portions on the industry.

4.4 Competitive Market Pricing

Pricing is an important aspect of the emerging competitive framework since it impacts
the financial viability of generators, and is critical in determining the behavior and role
of distributed generators in the evolving industry, as discussed in the previous section.
Distributed generators will also be impacted by the regulatory process both when interacting
with the regulated PX and ISO, and also when they are part of a regulated distribution

utility.
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4.4.1 Marginal Cost Pricing

For a competitive industry, an economically efficient allocation of resources is achieved when
price equals marginal cost, by definition (see Section 4.2.1). Ignoring differences in prices
that may be introduced by transactions costs, competitive pricing is simple linear pricing,
which is to say that every unit of a good is sold at the same price, regardless of the quantity
or the time of the purchase.

In industries with economies of scale, if the price is set equal to marginal cost then
producers will be unable to cover fixed costs (MC < AC by definition) and therefore will
not be able to continue production. Alternative pricing frameworks have been developed,
called second-best pricing, that maintains some incentive of marginal cost pricing, while
allowing firms to recover costs and so continue to produce. Specifics of common pricing

concepts are introduced below.

e Marginal Cost Pricing: As developed in Section 4.2.1, economic efficiency is achieved
when price equals marginal cost. Two marginal cost values are available, short run
(SRMC) and long run (LRMC). One definition for short run marginal cost is the
sum of the variable costs associated with producing one more unit of the good, not
including the fixed costs which are assumed to be constant over the “short-run” time
period. The LRMC assumes that all costs are variable (the definition of “long-run”
is the point at which all costs become variable), and so includes all costs associated
with producing the good, including incremental costs for future capital investment.
SRMC and LRMC can also be defined in terms of time streams of expenditures and
discounting in such a way that SRMC = LRMC. When used in this way, SRMC does
include costs of future investments, discounted to their present value. In general, the
SRMC increases with the quantity produced, as a result of the law of diminishing
returns [85]. The LRMC cost does not follow a law such as the law of diminishing
returns, and may be increasing, decreasing or constant as a function of quantity

produced.

In most industries SRMC is greater than LRMC, with the result that if P = MC ,
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it automatically covers long run replacement or investment costs. When SRMC does
not cover long run costs though, second best approaches such as two part tariffs and

peak responsibility can be used [67, 80].

o Average Cost Pricing: Average cost pricing is better for society in terms of efficient use
of resources and level of production than monopoly pricing, but does not communicate
the efficiency incentives of marginal cost pricing to either the firm or the consumer.
This method also distorts the pricing signals that correctly reflect hourly, seasonal
and annual variations in production cost. A benefit of average cost pricing is that it

is generally easier to implement than marginal costs pricing.

4.4.2 Spot Prices

A spot market is any commodity or money market where the good is traded for immediate
delivery. The price of the good in a spot market is defined as the spot price. In a well
established competitive market such as wheat, this price can simply be observed by any
interested participant. In the electric power industry however, the competitive market
is still emerging, making it difficult to observe a well established spot price. As a starting
point therefore, it is beneficial to understand the components of the theoretically determined
spot price and use this value as a basis for comparison to an actual spot price, posted for
example by a Power Exchange. The price theory can also be used as a means to calculate
those components of the spot price which remain associated with the regulated sectors of
the industry, and which will be added to the market based components to form the final
spot price seen by the producers.

As discussed in Chapter 2 of [105], the spot price for electricity,® p;, at some customer lo-

5The spot price as defined and calculated in [105] and discussed below is actually a cost and not a price.
However, if the assumption of a competitive market can be made these two quantities become identical.
In addition, understanding the components and calculation of this cost provides a good starting point for
understanding how the spot price and system lambda are ultimately determined.
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vr marginal cost of fuel
+ vm marginal cost of maintenance associated with generation
L + nr,i marginal cost of network losses
cation 1, is equal to:
+ vq marginal cost associated with constrained generation capacity
+ nq, marginal cost associated with constrained network capacity

+ YR+ 7R, revenue reconciliation terms

Note that all of these terms are time dependent. The first two terms, y¢ and <) represent
the marginal cost of generation with respect to demand, and taken together are referred
to as “System Lambda,” A. 7o and 7g; are the quality of supply terms, and are usually
close to zero, assuming significant positive values only when the system is constrained, in
generation or line capacity respectively. Being time dependent, these terms are likely to
be significantly non-zero during periods of peak demand, and as such represent a form of
peak-load pricing as introduced above in Section 4.4.1.

The framework for determining the spot price of electricity was initially developed when
the industry was vertically integrated and regulated. In a regulated industry, the regulators
must ensure that the rates they approve cover all the revenue requirements of the industry,
or the suppliers will not be able to cover their costs. The two revenue reconciliation terms,
7Yr and ng;, are included to ensure that the utility can meet its revenue requirements.

In the restructured industry with generation deregulated, the yg term will no longer
be needed since the market and not a regulatory agency will determine the price. The
necessity of accounting for the network revenue requirement though remains, and may in
fact be more complex than the single term ng; implies since each separate core network—
the transmission and distributions systems, the ISO and the PX—will all reed to have
their revenue requirements met. (The same complexity of course, applies to all network
components of the spot price, p;.)

A form of Ramsey Pricing® can be used to ensure revenue reconciliation while main-

SRamsey Fricing: A pricing theory attributed to Frank P. Ramsey [92] which states that the price to each
customer should be inversely proportional to their elasticity of demand, (defined as the percentage change
in the quantity demanded in response to a 1% change in price, (d@/Q)/(dP/P)). People who demand, or
value, the product more see a higher price than those who value it less. For electricity this pricing strategy
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taining the efficiency incentives of marginal cost pricing [105]. Two possible forms are the

multiplicative with constant m and additive with constant a:

P=[1+m]MC (4.1)
P=MC+a (4.2)

Focusing on the multiplicative form, the revenue reconciliation term can be expressed as

nRr,i = m(nLi + 1q,i) so that the spot price becomes

pi = A+ 70 + (1 + m)(nL; + 1g,) (4.3)

m is selected so that the income to the network from the rate set according to (1+m)(n.i+
10,i) equals the target revenue. Note that strictly speaking Ramsey Pricing is a pricing
formula based on short run marginal costs and so could lead to input inefficiencies by
distorting investment decisions (i.e. long run marginal costs are not considered in the

formula, and as discussed above, LRMC can be higher than SRMC in the electric industry).

Summary

The restructuring of the power industry will impact distributed generation in a variety of
ways. The generation sector is being deregulated and the distribution system will become a
separate regulated utility. Distributed generators may be part of the competitive generation
sector or they may be owned and operated by the distribution utility, and so be regulated.
To the extent that they operate in the competitive energy and services markets, they will
interact with the Power Exchange and the Independent System Operator. To not hinder
increased penetration of DG, it will be necessary to make sure that neither the PX nor
the ISO operation principles favor central generating facilities at the expense of small,
distributed ones.

Ultimately, the viability of distributed generators depends on their financial perfor-

would mean that power at peak periods would be priced higher than power at off-peak times, causing those
consumers with a greater price elasticity to decrease or delay consumption in response to the higher rate.
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mance, which depends among other things, on the price they receive. In a competitive
market, this price is determined by the aggregate actions of every consumer and producer,
and is represented by a spot price when operating in a spot market. At the individual level
the market price conveys all the information necessary for each generator to produce at the
most efficient level, assuming there is perfect information in determining the price initially.
If there is not perfect information, then marginal cost pricing will not lead to the theoret-
ical maximum efficiency. Deviation from a competitive market structure is only justified
though, when the alternative structure, such as a regulated monopoly, can be demonstrated

to perform better than the competitive market.



Chapter 5

Integration of Distributed
Generation into the Market

Structure

In the existing distribution and transmission systems, only a skeleton of the institutional
structure required for market driven operation is in place. The growth of competition in the
generation sector demands that this framework be expanded. To fully integrate small scale
generators into the markets, this institutional framework must extend to all the markets in
which distributed generators can participate—long run contract, wholesale, scheduling, and
short run energy and services markets. The institutions to facilitate distributed generator
participation in scheduling and in the wholesale market can be the same institutions as
those currently being created at the transmission level. This possibility was addressed in
Section 4.2.

To coordinate distributed generator actions in the shorter term operations and control
of the spot energy and services markets, this thesis proposes a new closed loop price sig-
nal. There is no mechanism for a closed loop price structure in the traditional, vertically
integrated utility, since this need arises only with deregulation and the increased reliance

on market forces. And to the extent that price signals are included in existing power sys-
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tem operation they are exclusively open loop, feedforward signals. Section 5.1 discusses
the objectives in developing this closed loop signal and its anticipated role in the market.
Section 5.2 presents the mathematics for the closed loop price model, including the devel-
opment and interpretation of a basic cost equation at the primary dynamics level. This
section presents four variations for the closed loop price model, which differ according to
the state space and the input variables. Criteria for choosing between the versions of the
price model are presented and used to analyze each version of the model. The control law
for the price model is presented at the end of this section.

Section 5.3 demonstrates the role of a closed loop price signal in coordinating both the
engineering and the economic aspects of distributed generator operation in a restructured
power system. Both dispatchable and non-dispatchable technologies are modeled. The
simulations demonstrate the ability of the distributed generators to participate in the com-
petitive energy and ancillary services markets, with the closed loop price signal coordinating

system operation.

5.1 Distributed Generation in Spot Energy and Services

Markets

The market structure envisioned in this thesis assumes that a competitive market will be
developed at the distribution level and that distributed generators will be allowed not only to
enter into contracts at the wholesale and retail levels, and participate in the Power Exchange,

but also provide ancillary services to the ISO and local customers on a competitive basis.

5.1.1 Objectives of the Closed Loop Price Signal

One objective in introducing a closed loop price signal to the generation sector is to aid in the
creation of the desired competitive market. Market based institutions must be purposefully
created as regulatory oversight is decreased in the generation sector, or it is likely that the
sector will simply become an unregulated monopoly rather than a competitive market. A

price signal expresses to consumers and suppliers the efficient levels of demand and supply.
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A closed loop price signal will capture the market clearing dynamic of a competitive market
in the dynamics of the feedback control, and so incorporate market prices into system control
decisions as well as in siting and investment decisions.

A second goal of the price signal is to provide a decentralized control mechanism which
allows each generator to operate independently while also providing an incentive for the
generators in aggregate to produce at the efficient level. The price signal facilitates the cre-
ation of a decentralized system in which distributed generators are free to act independently,
required neither to give control, nor any private information to a centralized authority.

Note that the price signal developed here is not designed to quantify an expected rev-
enue stream for a distributed generator, which could then be used to promote investment.
Instead, the objective of the price model is to demonstrate that a market-based price signal
can be used in conjunction with the existing bulk flow market price to successfully control

and coordinate a distribution system.

5.1.2 The Role of the Closed Loop Price Signal in the Market

The future power system is likely to have competitive markets for both energy and ancillary
services [58]. In the proposed price framework the basic piece of information communicated
to the distributed generators from the ISO and the PX is the spot price of energy and/or
services. In general there is not a single price, but rather multiple prices in the system,
reflecting differences in the location and the product provided. The spot price as defined in
Section 4.4.2 corresponds to the price of the scheduled power flows (as determined by the
ISO and PX). In the price framework proposed in this thesis, the full price communicated to
the distributed generators via the substation represents both the spot price and a component
to account for deviations from the scheduled power flows.

The magnitude of the price variable in the model presented below, as with all the state
variables in the models, represents this component for the deviation from equilibrium and
not the full market or absolute value. The full price of energy in the market can thus be

expressed as

Pbase T Ap
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where Ap is the quantity determined by the price based control loop in this chapter and
Pbase 18 the spot price of the scheduled, bulk power flows. In the context of current power
system operation, Ap would likely be calculated after all flows and power output levels
are known, or else forecasted using either expected, future values, or historical values. In
contrast to this approach, the price control model derived in thkis chapter determines Ap
dynamically, via feedback, and without centralized control.

This price signal operates at the secondary price dynamics level. Every K minutes the
market or system price, pnmt, is updated to reflect the current price of power delivered to
the distribution system. The time step K could be as long as 30 minutes or 1 hour, and
sc coincide with the spot market as typically defined in the ongoing industry restructuring
debate. To capture system regulation needs, and provide market incentives for small gener-
ators to provide ancillary services though, K must be defined for a shorter time step, such
as 5 minutes. A significant aspect of the proposed price control structure is that the math-
ematical representation and corresponding system response are identical whether it is the
real-time energy market or the services market that is being modeled. This mirrors events
in the actual power system since inside the 30 minute or 1 hour window of the traditional
spot market, a change in the demand for energy is the source of the system demand for
anucillary services. At this time scale both the services and short term energy markets are
driven by deviations from scheduled power flow, and are differentiated only in the length of
the time step K, and also conceptually, in the cause of the system disturbance.

Price based controls are typically precluded from acting this quickly due to the longer
time frame assumed necessary for market interactions. It is not a theoretical constraint
hcwever that prevents the price feedback from being implemented in the shorter time step—
the price signal defined in this chapter is in fact capable of acting in this short time period.
It is within this shorter time window that system regulation is an issue, and that controls
act to stabilize the system. The price control model in this chapter demonstrates that both

the short run energy and the services markets can be operated competitively.
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5.1.3 Anticipated Generator Response to Price Feedback

The closed loop price signal corresponds to the marginal revenue earned by a participating
distributed generator, and as dictated by economic thecry, the competitive suppliers will
produce at the level where their marginal cost equals marginal revenue. The price model
incorporates this economic objective (MC = MR) into the short run operating strategies
of the individual distributed generators such that tke generators respond automatically to
changes in the system price by altering their output until their marginal costs of production
equal the spot price.

Figures 5-1 through 5-3 demonstrate the anticipated generator response to the price
signal. Figure 5-1 shows a system disturbance on the test system of Figure 3-6, occurring
at time t = 8 minutes, and the resulting increase in generator output without the price
signal implemented. To compare the system respcnse with and without the price signal,
Figure 5-2 first shows this system output and corresponding price deviations without the
price feedback implemented. Figure 5-3 then shows the output and price deviations with
the price signal implemented. The price signal, acting at time t = 10 minutes, causes the
generators to adjust their output so that the final generation levels are all close to the
system price (represented by the lower, dotted line on the graphs). The simulations will be
analyzed more fully at the end of this chapter after the price model has been developed.

5.2 Closed Loop Price Signal Model

In the power system today, there is no closed loop market signal integrated into system
operating decisions. Industry restructuring, and particularly the deregulation of generation,
is opening the power sector to market forces. As part of this process, price-based market
signals will be integrated into the operating decisions at all levels of the power system. An
hourly spot market is currently being designed in the regulatory and policy arena, with
xtensive input from utility engineers and the academic community. There is at present
however, little effort to make this hourly spot market a closed loop structure. Instead the

spot market development is following the pattern established in other countries as well as in
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Figure 5-1: Load Disturbance with Corresponding Increase in Power Output (No Price
Feedback)
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Figure 5-2: Power Deviation and Corresponding Price Deviation Without Price Feedback
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Figure 5-3: Power Deviation and Corresponding Price Deviation With Price Feedback

some areas of this country, by setting the hourly schedule a day in advance, and determining
the price as an open loop signal. In addition to the lack of effort in designing a closed loop
signal, there is not yet effort to integrate market forces into the operations and control
decisions on a time scale shorter than one hour, such as every five or ten minutes, or even
shorter as is consistent with the dynamics of system regulation.

This section develops, for the first time, the mathematical framework for a closed loop
price signal, designed to coordinate distributed geuerators as they participate in both the
short run energy market and the ancillary services market. A price signal of this form is
of interest because it creates the means for competitive market forces to guide operating
and control decisions in real-time. Assuming there are no market failures, the efficiency
of the power system will improve as the reliance on market forces increases. Improving
efficiency will be a long term process reflected through investment decisions as well as short
run operating decisions—developing a closed loop price signal is one component of this
evolution.

The closed loop price signal developed here is a contribution to the theory and process

of integrating distributed generators into the power system because it demonstrates that a
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closed loop price signal can be effective in guiding distributed generator operating decisions,
without compromising syst.m stability. It is8 important to note that the price signal mod-
els presented in this section are idealized models developed for the specific application of
distributed generation in a radial system, and are not intended to be the definitive answer
for market driven operation decisions throughout the power system.

The price models presented below are for decoupled real power/frequency dynamics.
The reason for this emphasis is two fold. First, with this emphasis, the modeling effort
mirrors the pattern to date for developing a spot price or responsive price system, which
usually focuses on pricing real power, since that is the major commodity of the industry. To
be consistent with developments on the high voltage grid,! a price framework for distributed
generators should also focus first on real power and the manner in which generators in the
distribution system can be integrated intc market structures being created for the power
system.

A second reason for this emphasis of the modeling is that the use of distributed genera-
tors for voltage support is reasonably well accepted by the power industry, and many studies
have already been performed on this topic (see [29, 100, 118]). In contrast, the frequency
dynamics of distribution systems with distributed generation units, and the possibility of
these units participating in the supply of ancillary services such as frequency stability and
spinning reserve, are relatively new issues.

The scheduled, bulk power flows (large signal characteristics) are determined exoge-
nously by the PXs as one of their prime functions. It is the deviations from this schedule
that drive the short run energy and ancillary services markets, and which are the focus of

this chapter. Small signal, linearized models are used for analyzing these markets.

5.2.1 Cost Output Equation

The development of the closed loop price model begins here by expressing the cost of power

generation in terms of the state variables in the generator equations of Table 3.2. Cost

1As part of FERC Order 888, the Federal Government is overseeing the development of an on-line
information system called OASIS, Open Access Same-Time Information System, which may eventually
serve as a type of bulletin board for spot prices for electric energy.
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can be incorporated into the state space generator models by writing an output equation
to capture the variable costs associated with generating power from any given technology.
Each state space model identifies the set of elements that together can reproduce the basic
machine performance. The cost output equation is then based on the assumption that the
sum of the marginal costs associated with each state variable will accurately represent the
full marginal cost of generating with the technology. Referring to the dynamic generator
models in Table 3.2, the cost equations for the different generator types would e written

as

CH = CwHWG + €+ Cypv + cona+ cguPe
C; = CyswWG+ cth + caa + CgaPG
ccr = cwerwe + cverVek + ¢gerWr + egerPo (6.1)

ccc = cweewa + cvecVek + cgecWF + cawWair + cpst Pst + coccFa

The coefficients in these equations represent the marginal cost associated with each piece
of equipment or process represented by the specified state variable. In particular, ¢, is the
marginal fuel cost. The ezistence and sign of c,, can be established, though it does not have
as direct an interpretation as c,.2

The significance of the values of the coefficients in the cost equation lies not in the
absolute values chosen, but rather in the relative values of the coefficients between the
different technologies and distributed generators. It is the relative cost values that capture
the real-time differences in using one technology before another. This interpretation of the
cost coefficients is valid for all generators modeled except the slack bus.® The cost equation
for the slack bus is interpreted as representing the cost to the bulk system (rather than to

a single generator) of generating the power supplied to the distribution system (delivered

to the substation).

2At the time scale of primary dynamics, an increase in generator speed wg is correlated to a decrease in
power output, P, and visa versa. Thus if the generator speed changes there is a non-zero affect on cost,
linked through Pg. This inverse reiationship between wg and cost, c, is represented as cy,.

3The modeling assumptions explaining the role of the slack bus are discussed in Appendix A.
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With the addition of the output cost equation, the model for each generator can be

expressed as

Mwg = —(eg+ D)wg + kqq — kwa — Pg
¢ = wg/Ty—q/Ty+a/Ty
THo = —-v+rla (5.2)
T,a = —wg+v—(rp+r)e+w™
CH = CwHWG +Cqq+ oV + caga+ cguFPe

where this set of equations is for the hydro-turbine-generator. More generally, each set of

equations now has the form

trc = fl(zLe, Pe,w™!)

c = h(ch,PG,w"’f) (5.3)

See Section 3.2.3 and Appendix A for the model development and the full set of generator

models.

Differentiating Cost from Price

Before proceeding with the development of the price model it is important to establish the
relationship between cost and price. The total cost of producing a product is the sum of the
actual cost to the firm of all the inputs, labor, equipment, maintenance, etc. In contrast, the
price of a product is the amount charged by the firm, and which is seen by other participants
in the industry. Price is related to cost to a greater or lesser degree depending on the nature
of the industry. A competitive industry is identified by the fact that price is identical to the
industry’s marginal cost. For other industry structures though, price is determined based
on other variables, with cost acting as a lower boundary.

In the framework presented in this chapter cost and price are used as follows. At

the primary control level the output cost variable is introduced, and represents the actual
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cost of generating electricity. This was presented above. Marketplace icteractions are
based on price however, not cost, so the cost variable is translated to price before being
integrated into the system model. In the simulations presented at the end of this chapter,
the generation sector is modeled as a competitive industry, making this distinction less
important (P = MC). When imperfect information and alternative market structures are
modeled though, the distinction between cost and price can become non-trivial. With this

relationship established, the price model can now be derived.

5.2.2 Discrete Time Price Models and State Space Selection

The generators and the system will respond to the price signal at specific intervals, indicating
that the closed loop price signal is best modeled in discrete time. The first step in developing
this discrete time model is to assume the primary dynamics have settled, reducing all the
generator models of the form in Equation (5.3) to a set of simultaneous, algebraic equations

of the form

0 = flzrc,Pa,w™)

c = h(ch,PG,wre'f) (5.4)

Solving these equations as in Appendix C for the secondary level dynamic models, results

in a discrete time cost equation of the form
cn(K] = nw™/ (K] + 12P6[K] (5.5)

where K represents the discrete time index for the price control loop, and -, and 2 are con-
stant expressions of the generator parameters and cost coefficients. For the hydro generator

these coefficients are of the form

Eﬂzq. l. ' _1_ _ _1_ _ i _ , —1—
[( T. + (conr" + Canr) 1‘;.) (cwn + CgHTq(TI —_Twr;.) (conr +c°”)rh )orca)
1

1 i
Yen = [cgm —(Cwn + CgHTq(T—! - T_?:) - (eonr’ + CaH);_;‘)UH] (5.6)

MH



148 Chapter 5. Integration of Distributed Generation into the Market Structure

These coefficients for the remaining technologies are defined in Appendix D.

The second step in developing the price model is to translate Equation (5.5) from the
private cost equation to a market price equation. For a competitive market model this
requires only a change of variable from cost to price, where p is the variable used to designate

price. In a competitive market then the individual price equation is simply
plK] = mw"/ K] + 12 P6[K] (5.7)

The format of this equation is identical for all the other technologies, with the unique
properties of each technology being expressed in the definitions of the coefficients, vy; and
Y2-

The third step in developing a price signal is to form the dynamic model, by writing
Equation (5.7) for two sequential time steps and subtracting. The dynamic equation for

the price of energy supplied at a generator is expressed as
plK + 1] = p[K] + m(w ™ [K + 1] — "/ [K]) + 72(Ps[K + 1] - Pg[K])  (58)

As with the secondary frequency control development outlined in Appendix C, the control
variables for the price model is w™/ which is again seen to be implicit integral control, such
that

u,[K] = ™ [K + 1] — w¢/[K] (5.9)

or
WK +1] = ™ [K] +u, (5.10)

where the time index is K. The significance of using w"¢/ as the control variable is that the
proposed price model integrates the existing local generator control (i.e. the governor for
frequency control) into the closed loop price feedback structure.

As the fourth step, Equation (5.9) is substituted into Equation (5.8), leading to the
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following form for the dynamic price equation
plK + 1] = p|K] -+ mu,[K] + 7v2(P6[K + 1] - Pg[K]) (5.11)

This equation can now be used as is or with other state equations to form a complete
closed loop price model. The only remaining step required before the model can be used to
simulate frequency behavior is the calculation of the gain in the feedback loop. This step is
addressed in Section 5.2.3. The remainder of this section focuses on selecting which state
variables wili be included in the feedback loop.

The state variables of interest, at the time scale corresponding to price dynamics, are
price, p, frequency, wg and real power, Pg. Equation (5.11) along with Equations (C.23)
and (C.30) are used below to develop four possible variations for a dynamic price model.

The models are all of the form
1,[K + 1] = z,[K] + mu[K] + 122[K] (5.12)

where z, is the price-based state space, u[K] is the control and 2[K] is the system input.
The four versions of the price model differ in the selection of both the state variables and
the system input variables.

The development and analysis of these four models is important because it highlights
the fact that the closed loop price model is not unique. There are nonetheless criteria to be
used in selecting one model over another. As a first step in selecting the model to be used
for the modeling in this section, the state space of the price model is constrained to contain
only the state variables of interest, identified above to be p, wg and Pg. The second step
is to analyze each model according to the following three characteristics, desirable in any

closed loop price model:

1. The state equations for each generator should be decoupled from those of all other
generators, allowing distributed generators to have independent decision making capa-
bilities. If the generator models are coupled, then individual decisions will necessarily

be based on information or data from other generators.
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2. Generators can dynamically set their output in response to the price signal, or equiv-
alently the system must be controllable. This implies both that the basic definition
of the price signal incorporates a control variable such as w™/, and also that the real
power output, Pg, can be controlled by manipulating this control input. This crite-
rion seems obvious, but must be stated here to ensure that it is included rigorously

in the analysis, in terms of testing for controllability.

3. Pg is directly incorporated into the model, either as the variable to be controlled, or
as an input upon which to base operating decisions. This criterion is included due to
the strong interest in real power as the most visible commodity in the market. and

therefore a good variable to use for decisionmaking.

The price models developed below are analyzed according to the above criteria.

Price Model: Variation One

In the first variation of the price model, the state space is simply p, the vector of price
variables from each generator, and the system input is the vector of the changes in real
power, APg, at each generator. The deviations from the scheduled Pg at each bus result
from exogenous system disturbances, such as a fluctuations in demand or stochastic resource

inputs. This model is written as

plK + 1] = p[K] + G1u,[K] + G2 Pg[K + 1] — Pg[K]) (5.13)

where the matrices G; and G2 are diagonal matrices of the coefficients y; and 2 for each
generator.

Analysis of this model according to the above criteria begins with analyzing the coupling
between the state variable. The model in Equation (5.13) has a single state variable, p,
for each generator. These variables are seen to be decoupled due to the fact that all the
matrices in the model, I (the system matrix), G; and G2 are diagonal. This model also has
the advantage of using AP as the input variable. This is beneficial since Pg is relatively

easy to measure and because it makes the link between changes in power output and in
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price explicit.

A limitation of this model is that it is possible for it to lose controllability. This pos-
sibility can be seen by examining to the original cost equation, (5.5). In this equation the
coefficient of real power, representing marginal fuel cost, ¢y, is the only coefficient with a
firm, physical interpretation. If the other coefficients are thus believed to be zero, or simply
set equal to zero as a base case analysis, the matrix G, becomes identically zero. This

reduces the price model of Equation (5.13) to
plK + 1] = p|K] + G2(Pg|K + 1] — Pe(K]) (5.14)

which has no contro! input and so is not controllable. The loss of controllability is also triv-
jally proved by checking the rank of the controllability matrix B, = [B|AB]... |A(n=1) B,
where B =Gy = 0.

Price Model: Variation Two

The second possible dynamic price model is developed with both p and wg as state variables,
and the actual system disturbance, e.g. APL or ATy, as the input. To obtain this model,
the network coupling equation, (A.13) is substituted into Equation (5.7). The dynamic
model for this variation then becomes

g = A 7| +BuK]+DdK] (5.15)

“G Ik “G Ik

where A,, B, and D, are matrices whose entries are functions of the cost coefficients, gen-
erator parameters and system network information. See Appendix D for the full derivation.

This second price model has two state variables for each generator, p and wg. The
benefits of this model are first that it does not lose controllability if c, alone of the cost
coefficients is non-zero. (Examining Equation (D.15) for the situation with only ¢, non-zero
reveals that the system remains controllable.)

The second benefit is that the actual system disturbance, is the input disturbance to
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this set of equations, providing a direct link between events on the system and changes to
the local price of supply. This link to system events though comes at the cost of having
the state variables of different generators coupled, as seen in the off-diagonal terms in the
system matrix A, (from K, and A, which are derived from the Jacobian matrix). A second
drawback to this model is that Pg is not included diréctly in the equations, so there is no

direct link between the economic, price-based operating decisions and the rezl power flow.

Price Model: Variation Three

The third variation of the price model returns to using p as the state variable, while changing

the input variable to Awg. The dynamic form for this model is
plK +1] = pK] + Gsu,[K] + Ga(wslK +1] - wglK]) (5.16)

where G3 and G4 are matrices whose elements are functions of generator parameters and
cost coefficients. The full derivation of this model and the coefficient matrices are contained
in Appendix D.

This model allows decentralized and independent decision making, as the matrices I
(the system matrix), G3 and G4 are all diagonal. The trade-off for not having Pg incor-
porated into this model is that controllability is not lost, even if only ¢, is non-zero. (See

Equations (D.18) and (D.20).)

Price Model: Variation Four

A final alternative for the price model is to use p and P; as the state variables which
explicitly identifies these quantities as those to be used in operations and control decisions.
The difficulty with such a model is that Pg is not fully controllable, on the current system
with existing technology. Comparing the secondary level dynamic equations for frequency
and real power, (C.23) and (C.30), shows that while frequency is directly controllable via
u[k], such that in the absence of any other excitation u[k] will act to maintain wg[k + 1] =

wglk], Pg is not. Examining Equation (C.30) reveals that there is no control mechanism



5.2. Closed Loop Price Signal Model 153

to maintain Pg[k + 1] = Pg[k] when the system has no other excitation. Essentially, Pg is
free to drift [61, page 108]. Since the price equation itself is based on an output equation

and does not add a new control variable, the addition of the price equation does not alter

this basic fact. Thus a price model with the state space defined as

is free to drift as well.

Model Selection

In summary, the three desired characteristics of a closed loop price model are that
1. Generator dynamics are decoupled from each other,
2. The model is controllable, and

3. P is the input variable driving the price ¢ v amics. and thus the price-based operating

decisions.

None of the models investigated above satisfies all three characteristics. The most important
model characteristics, in terms of operating in a competitive market, are the ability to
maintain controllability and ensure mathematical decoupling between the generators. These

are the most important characteristics for the following two reasons.

o First, a potential loss of controllability implies that in some situations the generators
operating within price framework would lose the ability to control their price and
output in response to price-based signals from the system. This loss of control renders
the price framework useless since its basic purpose is to provide a means for generators

to control output in response to a price signal.

e Second, coupling between state variables of different generators implies that genera-

tors would need access to information about other generators—information that may
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be considered standard now, but which may not be available in a competitive mar-
ket. Thus a model with coupling between generators may not be implementable in a

competitive market structure.

The first, second and fourth price model variations all have one or both of these undesirable
properties—loss of controllability and coupling between generators. Therefore, the third
version of the price model, Equation (5.16), is the model which is used for the majority of the
sirnulations in Section 5.3. Even though this model does not use Pg as the input variable, it
is determined to be the most desirable model since the state variables for different generators
are decoupled from each other and the system always remains controllable. Specifically, the
model of Equation {5.16) can be used by individual generators to make operating decisions

in response to a closed loop price signal while operating in a competitive market setting.

5.2.3 Price Model Control Law

The final component required for the price model is the closed loop control law, which is the
mechanism that moves the system to the desired equilibrium while minimizing a specified
performance index. The target equilibrium point for the price model is defined by the
competitive market equilibrium. The market equilibrium is in turn defined by the actions
of all the participating distributed generators which are assumed to be competitive price
takers.

According to the competitive model the market price represents each generator’s marginal
revenue, M R. To maximize profit, each generator will produce to the level where marginal
cost equals marginal revenue, MC = MR. This market dynamic is captured in the con-
trol law by defining the market price, p,x¢, as the equilibrium point to which each small
generator matches its price p; (and the corresponding output level, Pg). Note that stating
Pmkt = pi is equivalent to stating MR = MC. Mathematically, the economic goal can be
expressed either as

Pi=pmee Vi, 1=12,...n (5.17)
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where n = the number of distributed generators, or equivalently as

(Pi — Pmke) = 0 (5.18)

The second expression is the version used in the price control law, since mathematically
power system models must include a reference bus.
To represent the model in terms of a reference bus, the price model of Equation (5.16)

is written in matrix form as

P1 Y31 ~,
J7) 732 0 22
Pn 0 Y3_n Pn
| Pmkt Jik41) i Y3_mkt 1L Pmkt lix)
Y41 1
Va2 0
+ Awg (56.19)
0 Y4_n
Y4_mkt ]

where p,,x: is the market price, expressed as the price at the reference bus. This set of

equations is multiplied by the n x (n + 1) transformation matrix

(1 0 o 1]
01 0 .. -1

T = | _ . (5.20)
-O —1-

in order to explicitly reference every bus to the slack bus. The state vector is thus trans-
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formed to
[ P1 — Pmkt ]
P2~ Pkt (5.21)
. Pn — Pmkt |

In this form the objective of the feedback control is clearly that of returning the state vector
to the origin.
The control input for the price model is calculated as

u,[K] = -K,z, (5.22)

where z, is the state space of the price model, and K, is the gain in the feedback loop. The
generator price, p;, is then controlled to the market price, pk:, by updating w™/ by means
of

WK + 1] = " [K] + u,[K] (5.23)

The final step is the calculation of the gain, K,. One common method is to use a linear
quadratic regulator, LQR, (defined in Section C.3) which calculates the gain of the feedback

loop, K,, to optimize the performance function
Jp, = TP (z[K])' Qz[K] + u[K] Ru[K]) (5.24)

The relative magnitude of the weighting matrices, @ and R, are the design variables which
change the definition of the performance function and so influence the calculation of the
optimal gain matrix K.

This performance index, J,, defines the squared deviations from equilibrium as the
quantity to be minimized. Since the scheduled power flow is defined as the equilibrium,
and is also the least cost solution for the system (as determined by the Power Exchange),

the action of the control signal becomes that of returning the system to the schedule—
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maintaining the least cost system operation. x In this price loop, u, is assumed to act on a
slower time scale (T},) than that of the secondary frequency control (Ts), where T, > T}, and
the corresponding discrete time indices K > k. u, essentially acts as a correction to w'e/f,
based on ecornomic and market goals. This correction control signal acts on a longer time

scale than the existing frequency control, which is based on strictly technical objectives.

5.3 Closed Loop Price Signal Analysis

The objective in developing a feedback price signal is to facilitate the operation and control
of the power system by means of market forces and independent production decisions rather
than by the control room of a vertically integrated utility. The existence of a market
based signal is a prerequisite to the creation of a generation market with truly independent
generators, since market based coordination removes the need for generators to divulge
private information to a central authority. This section presents simulations demonstrating

the use of the price signal in coordinating system operation and control.

5.3.1 Base Case — Competitive Market

The first example uses the sample distribution system shown in Figure 3-7, with one hydro
turbine at bus 10 and one combustion turbine (CT) at bus 24. As before the model input
is a small load disturbance at bus 9 occurring at time ¢ = 8 minutes. Conceptually the
model action is that the Power Exchange (or market coordinator) updates the system price
in response to the disturbance, and then the distributed generators respond to this price
change by altering their output such that the MC of generation equals the new M R (recall
that the MR is defined as the market price since for now all the distributed generators are
price takers).

Figure 5-4 plots the changes in power and relative price at each generator, without the
price signal implemented, and Figure 5-5 with the price signal.

The first two graphs, without price feedback, show the generator outputs and purchases

from the grid increasing in response to the increase in demand, and the resultant price
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increase at each generator. Note that the slack bus represents power flow at the substation
and so is a proxy for purchases from the grid. The price offered at this bus is ppx¢, can be
seen to change in response to the disturbance.

The second two graphs show the same system operating in a competitive market setting
with the price feedback implemented. The price signal is updated every ten minutes. The
proportion of the increased demand met by each generator is now determined by each
the individual economic objective of operating where MC = MR, as well as by system
needs to maintain power balance and the nominal system frequency. The lower right graph
demonstrates that the relative prices are now much closer than they were without price
feedback (upper right graph). These values are not identical though as a result of the
competic~ need to maintain system frequency as well as account for the small system

losses.

5.3.2 The Price Signal in Conjunction with AGC

In the above graphs, the price signal is seen to act on a much slower time scale than the
secondary frequency control, and can be interpreted as updating the secondary frequency
control, with the objective of reaching an equilibrium point simultaneously for price and
frequency. Figure 5-6 shows the same system as in the base case above, when AGC is not
implemented.

Clearly, the price signal alone can stabilize the system and move the generator outputs
to an equilibrium point. This figure also demonstrates that when AGC is not implemented,
the system converges to the price equilibrium point more rapidly than when both systems
are implemented simultaneously—a situation where the two functions fight with each other
to a small extent.

As the power system evolves to incorporate more extensive distributed automation, it
is likely that AGC will be extended to the distribution system and distributed generators.
It is also likely that a closed loop price signal as proposed in this thesis will be adopted
more slowly than AGC, reflecting the fact that AGC is already well understood by indus-

try, and the price signal is not. However, if no secondary control is implemented in the
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Figure 5-6: System with Price Signal but no AGC

distribution system, with multiple distributed generators, it would be expected that the
local system frequency would slowly drift, and eventually lose synchronism with the rest
of the power system. This eventuality is showw in Figure 5-7, which graphs the power
outputs and frequency and each generator in the test system after the system disturbance
when no secondary control is implemented. The small negative frequency deviation shown
in the graph is not necessarily a concern. With numerous system disturbances though, the
frequency would be much more severe, and could result in damaging frequency sensitive
loads, and disrupt systems dependent upon the 60Hz cycle.

The majority of simulations in this chapter are for a system with both AGC and the price
signal implemented, to demonstrate that the systems can be operated together, especially
during the restructuring process when not all generators would immediately participate
in a price feedback structure, even if one were available. The figures in the remainder of
this chapter demonstrate the system response and stability as controlled by the traditional,

AGC framework, in conjunction with the market based price framework.
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Figure 5-7: System with no Secondary Control

5.3.3 Non-Participation in Price Feedback

The simplest market structure simulated with the price model is the competitive market
example above where all the small generators are incorporated into the price c~utrol loop.
It is likely however, that while the system is in the process of being restructured some
generators will elect to not respond to the price signal, instead remaining under direct
central control. Figure 5-8 shows the output and corresponding prices in the test system
when there are four combustion turbines installed, but only one has elected to participate
in the price feedback framework. The solid line, lowest on the graph represents the system
purchases and price, and the line just above the system (dot-dash line)represents the single
combustion turbine (CT) that responds to the price signal.

The remaining three CTs have elected to not participate in the price feedback system,
and as a result they do not reduce their output to match p; to o™kt An important point
to note though is that this does not imply that they are now receiving the higher price
corresponding to the level on the righthand graph. The price they receive is determined
exogenously by the central authority, and the righthand graph shows the price at the gen-

erators of producing at the given level, but not the price they receive. The generators not
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Figure 5-8: Generation and Price Deviations with Single CT Participating in Price Feedback

participating are seen to produce at a cost above the system marginal cost. This result can
be interpreted as reflecting a suboptimal level of system efficiency and performance, due to

the non-competitive decision making of three of the generators.

5.3.4 Non-Dispatchable Technologies: Wind Turbines

In addition to the scenario introduced above, this mix of participating and non-participating
generators can result when some of the generators are non-dispatchable technologies (NDT's)
which do not have primary controllers, such as wind turbines. The stability of the system
with such a mix of technologies is simulated next.

The first example with NDTs replaces the steam turbine from the previous example
with a wind turbine. The wind turbine is a non-dispatchable technology (NDT), and is
assumed not to participate in the price feedback framework. The small increase in wind
turbine output after the load disturbance at ¢ = 8 minutes is a consequence of the fact that
system frequency is briefly disturbed from its nominal value, and so momentarily affects the
output from the wind turbine. (The link between rotor frequency, system frequency and

power output was mentioned above.) This example demonstrates the behavior of the system
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Figure 5-9: Generation and Price Deviations With Wind Turbine in System

in general if one of the distributed generators is not participating in the price feedback. In
such a situation, whether the generator is a non-dispatchable or a dispatchable technology,
the output of the non-participating generator will not change in response to a change in the
reference price except for a small deviation as the system finds its new equilibrium. The
system does remain stable.

For the second example, the system is the same as in Figure 5-9 but now the disturbance
is an increase in output from the wind turbine at { = 8 minutes rather than a change in
demand.? Figure 5-10 shows the changes in power and relative price after this disturbance.
Both the output from the combustion turbine and the supply through the substation de-
crease to balance the increased output from the wind turbine (left hand graph). The system
price and price of generation at the CT are both seen to decrease in the right hand graph.
The interesting point from this example is the dynamic between the wind turbine and the
neighboring combustion turbine. As output from the wind turbine increases, the CT is

forced to decrease its output to maintain nominal system frequency, with a concurrent de-

“Note that the plot for the price deviation of wind is not on the figure since wind does not participate in
the closed loop price framework.
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Figure 5-10: Generation and Price Deviations After Increase in Wind Turbine Output

crease in its revenue stream. System fluctuations driven by NDTs in small penetrations
will most likely be indistinguishable form fluctuations caused by load changes. At larger
penetrations NDTs may cause system fluctuations large enough to noticeably impact the
revenue stream of other generators, which will create a tension between the system’s need

for dispatchable technologies to alter their output and those generators’ financial objectives.

5.3.5 Imperfect Information: Uncertainty

The market organization itself is altered for the final category of market interactions. The
first variation to the competitive market is a weakening of the assumption of perfect infor-
mation. Imperfect information results both from uniform uncertainty in measurements and
system values, and also from unequal access to system information. Unequal access can re-
sult from generators that were originally owned by a utility simply having greater operating
experience than new, independent generators. It could also be the result of generators that
contract to a power marketer, having access to more extensive, shared in.ormation than
single units. In either case, one impact of such uncertainty in information will be that the

independent generators will calculate their optimal control gain based on an estimated set
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Figure 5-11: System with 1 Hydro and 1 CT: Uncertainty in Parameter Values

of parameters, and will then operate in the actual distribution system. The estimated and
actual values are likely to be different. Figurc 5-11 shows the response of the system with
one hydro and one CT when their estimated values {used to calculate the feedback gain)
differ from the actual values (used to simulate system behavior) by 10% to 25%.

Figure 5-11 shows that the system remains stable even with this uncertainty. However,
comparing this figure with Figure 5-5, when there is no uncertainty, reveals that the conver-
gence of the output levels to the target equilibrium, as driven by the price signal, is much
slower when there is uncertainty than when there is none. The right-hand graph in Fig-
ure 5-11 seems to imply that the price converges more quickly in face of uncertainty. This
is incorrect since the prices plotted in this graph are functions of the incorrect (uncertain)
values, and so do not reflect the actual prices associated with the generators. (Note that
the values plotted for the generator output levels are the actual output levels, and are not

directly functions of the uncertain parameters.)
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Market Power

Finally, the assumption that all generators are competitive price takers is examined. In
actual industries an ideal competitive market where P = MC is rare. In most industries
producers look for means to charge a price above marginal cost. With no market power
though, an individual producer will receive less profit if P is set to be greater than MC
than if P equals MC.

One main way in which a generator can enjoy market power is if it is serving isolated
load—customers who are unable to buy power from any other source due to congestion on
the power lines. If the congestion is in a radial distribution system, as opposed to on the
transmission network, it is relatively easy to identify a generator that is artificially causing
congestion on a line in order to exercise market power. Therefore for the type of systems
modeled in this thesis market power is not a significant concern. A more detailed definition
of market power and the potential for market power in the distribution system is explored

further in Appendix E.

5.4 Implementing a Closed Leoop Price Signal

The first sections of this chapter have been devoted to developing the model for the price
signal and demonstrating its use in the distribution system. This section addresses some
issues relevant to implementing a closed loop price signal of the form proposed in this thesis.
Information is an important factor in many aspects of the proposed framework. The infor-
mation requirements are addressed first. Second, this section suggests one possible approach
for adapting existing control hardware which will enable generators to sense and respond
to the price signal. Finally, some general limitations of the proposed price framework are

introduced.

5.4.1 Information Requirements

Identifying what data is needed, and the impacts on system performance when more or less

information is available, is one dimension of the information question. A second dimension
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is obtaining this data, or establishing the means or technologies to measure and record the
desired information.

Determining what data is needed and its impact on system performance is related to
state space selection, which was addressed in Section 5.2.2. In particular, criteria to guide

state space selection are
1. The information required to calculate the feedback gain,
2. The convergence of the system to the equilibrium point, z,_eqm = 0, and
3. The sensitivity of the control response to uncertainty in the gain calculation.

The first criterion above is simply the first characteristic from Section 5.2.2 (whether
the state space is decoupled or not) rephrased from the perspective cf an operator of a
distributed generator. An operator or owner of a small generator will be interested in
whether the individual feedback gain can be calculated strictly with private information
and that publicly available on the system, or whether information on other generators or
non-accessible system information is also required. Specifically, a price model in which the
variables for any given generator are decoupled from those of the other generators, implies
that generators need access only to local information to participate in the price framewerk.

With respect to the price model of Equation (5.16), the only information required by
a generator to participate in the price system is the local cost data, cxpressed in matri-
ces G3 and Gy, and the local gererator frequency. In contrast, for the price modei in
Equation (5.15), generators must also have access to both retwork parameters and config-
uration data (incidence matrix), as well as the generator frequency at all generator buses.
As demonstrated below, this increased information improves system performance, but at
additional effort and cost.

The additional required information could pose significant problems. First, the system
configuration in a distribution system is changed much more often than in a transmissicn
system, as part of standard operating procedures. The costs associated with obtaining real-
time system configuration data are much greater than those for using static data alone.

Second, obtaining frequency data for all generator buses rather than only that for the local
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Figure 5-12: Power Deviation and Corresponding Price Deviation With Decoupled Price
Model

bus, increases the cost. The metering and coordination required to provide this additional
data makes the price model of Equation (5.15) more complex and expensive to implement
than the model in Equation (5.16).

The speed of convergence of the system to the desired price equilibrium is related to the
extent of available information and the cost of the control effort. If the coupled price model,
Equation (5.15) is implemented rather than that of Equation (5.16), more information is
required, yet the system converges to the desired price equilibrium more rapidly. Figures 5-
12 and 5-13 compare the time required for the output levels to converge to equilibrium,
for the test system with one hydro generator and one CT. These graphs clearly show the
tradeoff between cost (information) and performance.
| The final criterion above, the sensitivity of the gain and subsequent system performance
to uncertainty in parameter values, determines the accuracy required in measurements or
estimates of the parameters, where a greater sensitivity implies increased effort and even-
tually cost in implementing a closed loop price system. The impact on system performance
of this uncertainty was analyzed in the previous section (see Figure 5-11). The remainder

of this section discusses the advances in metering technologies and methods used to obtain



5.4. Implementing a Closed Loop Price Signal 169

Generator Real Power Outputs Generator Output Price
0.06 v 0.06 :
—_ N ¥
Foos 5y 50.05 [\ Hydro
50.04 N 5 0.04 ]
o I EETETETE = ! TR T
d>) 0.03 ! ,[ g 0.03 I ,,
50.02 P © 0.02 L
; ' I" .o ‘ l.
[ i = I ]
a 0.01 F a 0.01 o
[ Ir
0 L 0 £
0 5 10 15 20 0 5 10 15 20
Time (minutes) Time (minutes)

Figure 5-13: Power Deviation and Corresponding Price Deviation With Coupled Price
Model

the data for the distribution system, which determine the amount and accuracy of the data
available on the system.

As discussed in Chapter 2, the amount of data gathered ia a typical distribution man-
agement system tends to be an order of magnitude greater than that for SCADA at the
transmission level. Increases in the automation and control demands of the distribution
system will only exacerbate this problem. In order to determine how much money is owed
each day to the distributed generators which participate in the price feedback structure,
extensive effort will be required to meter not only the output levels but also the time of
output.

Two recent articles present real-time metering schemes for the distribution system to
help address this concern [5, 75]. The first study, by Baran et. al., suggests the use of
state estimation, in conjunction with standard inetering, to provide the required system
data. Baran et. al. also point out that existing load forecasting techniques work well for
estimating load in the aggregate, but can not be used to estimate individual loads accurately.
The cost of metering prohibits extensive use of meters. To overcome this problem, they

develop rules for meter placement, such that the real-time data gathered can be used along
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with forecasted data, to supply the information required by a real-time monitoring system,
to be used for state estimation and system operation. The second study, by Lee et. al. [75],
focuses on the potential of frequency oscillations in a distribution system after a cogeneration
plant is installed. This study reports on the development of a real-time monitoring system,
that can be used to help maintain system stability in a distribution system with distributed

generation.

5.4.2 Adaptations to Control Hardware

The price feedback signal was developed assuming that w™/ is an appropriate variable to use
as the control variable. Referring to the governor equation for the hydro turbine generator
model in Chapter 3, the variable w™/ is seen to control generator output by changing the

governor valve position as
To = —we +v— (rp+7")a+wf (5.25)
Alternatively, a new control variable, p"¢/, could be introduced via the above equation.
Tya = —wg +v — (rp + r')a + it 4+ pfef (5.26)

This new variable would not alter the derivations of the closed loop price signal as presented
in Section 5.2.2. In those equations, p"¢/ would simply replace w™/, as the frequency
reference point set by the price loop, and updated on the slower time scale (K rather than
k).

Equation (5.26) differentiates the reference variables updated by the two control loops,
and explicitly identifies the variable with the control loop, based on time scale. One benefit
from writing the equation in this form is that it emphasizes that it is the governor that
should be designed to sense the price signal, in a manner parallel to its existing function
of sensing the frequency reference value, w™/. Also, if a generator is participating in the
price framework but for some reason decides to generate at constant output for a period of

time, the p™®/ parameter could be designed to be manually controlled. In this manner, a
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distributed generator operator could set p"¢f to a constant value, and so control its output
level to a constant value, without needing to alter other parameters in the system.

A s;econd set of changes that will be required at the individual generator level, for
implementing the price feedback framework, is the measurement, or metering, required to
determine the values of the coefficients and state variables themselves in the cost output
equation

CH = CwHWG + ¢qq + CyHY + Cana + cgu PG (5.27)

This problem is greatly simplified if ¢, alone is assumed to be non-zero. With the model
simulated in this thesis, Equation (5.16), system performance is not greatly enhanced when
all the cost coefficients are assumed to be non-zero. However, this may change with actual

systems, or further optimization of the closed loop signal.

5.4.3 Limitations to the Closed Loop Price Signal

There are a number of limitations to the closed loop price signal proposed in this chapter.
First, in contrast to today’s system, market based pricing in general has no allowance for ‘
ensuring that a generator receives a fair rate of return on investment, as has been the
practice in regulated rate setting. This difference will increase the financial risk associated
with investing in generating capacity in general. In addition, the price signal developed
in this thesis makes no attempt to analytically quantify the value of distributed generators
and their dynamic capabilities to either investors or to the system. This type of valuation
analysis has been performed extensively by many national labs and other research projects.
In contrast, the closed loop price signal developed in this chapter establishes that such a

signal can be created and implemented.
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Chapter 6

Conclusions

6.1 Conclusions and Contributions

The siting of numerous small scale generators in distribution feeders raises questions about
how these generators may impact the technical operations and control of the distribution
system, a system designed to operate with a small number of large, central generating
facilities. In response to the restructuring and deregulation process, the growing number of
independent generators will also face new and potentially conflicting technical and economic
incentives. Policies and institutions must be developed to balance the incentives provided
by market forces with the continuing need for some centralized system coordination.

The integration of distributed generation into the distribution system, in terms of both
engineering and market coordination issues, has been explored in this thesis. The modeling
and simulation effort has emphasized the short-term primary and secondary dynamics,
which represent phenomena evolving in a time period from seconds to five or ten minutes,
as driven by deviations from the scheduled power flows. This section presents conclusions
for the primary dynamics and engineering concerns first, followed by those for the secondary
dynamics and market integration. Policy impacts are addressed in the following section.

The main conclusions from the analysis at the primary dynamics level, focusing first on

frequency behavior, are:

e Local frequency in the distribution system can become unstable depending on the type
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and number of distributed generators in the the system. Altering the location of the
generators does not affect the stability of the system. These results were demonstrated

with models and system simulations.

o One method that was developed for ensuring frequency stability involves developing
specific standards, or ranges, for governor setting on distributed generators. This
proposed method to ensure local frequency stability is easily implemented, though it
does represent a change from existing practice. Currently on the transmission system,
generator governors on the large, central generating facilities react more slowly than
those on small distributed generators, and so are not relied upon for maintaining sys-
tem stability. The analysis in this thesis demonstrated that local generator governors

can be used at the distribution level to ensure frequency stability.

Conticuing to focus on the engineering integration of distributed generators, general
conclusions £ a the discussion with respect to voltage support in the distribution system

are:

e Generators operated as synchronous condensors can provide local voltage support,

e Power conditioning and power electronic equipment increase the flexibility of dis-
tributed generators, allowing them to be used in the same manner as static VAR

compensators and FACTS devices are, to provide local voltage support,

e Both of these possibilities have the potential to increase the value of DG units to
the system, but unless this capability is recognized and compensated (financially),
it is unlikely that distributed generators will provide this service, forcing the ISO to

purchase local voltage support from other suppliers.

This first part of the thesis discussed many issues related to an increased penetration of
distributed generation in the distribution system. Factors involved with siting and mode
of operation decisions were addressed in general terms. Dctailed modeling and simulations
were performed for decoupled real power — frequency dynamics.

The second part of the thesis addressed the market integration of distributed generation.

It focused primarily on secondary level dynamics and the development and analysis of a
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model for a closed loop price signal, used to coordinate the actions of distributed generators

in a future competitive market. It was assumed that the owners of the new, small generators

would to operate in the emerging competitive markets, independent of a central authority.

These distributed generators would further require an incentive to supply ancillary services,

or they would be likely to concentrate on the supply and demand market for real power.

The main conclusions from this part of the thesis are:

o A closed loop price signal, as designed in this thesis, will allow distributed generators

to operate in a competitive market without depending upon the extensive information

and centralized control structure of the traditional power system,

e The closed loop price signal was shown to function successfully in an ideal competitive

market as well as other scenarios, such as:

1.

2.

Not every distributed generator may choose to participate in the price framework.
In this situation those generators not participating are likely to produce at a cost
above the system marginal cost, reflecting a suboptimal level of efficiency and

performance at the system level.

If there is 2 mix of non-dispatchable (NDT) and dispatchable generation technolo-
gies in the distril,ution system, the dispatchable technologies may be forced to
provide system balancing and ancillary services to compensate for the stochastic
changes in NDT output, much as they compensate for the stochastic deviations

in demand.

When the generators operate with imperfect information—information critical
to detcrmining private operating decisions—the system converges to the price

equilibrium more slowly than when perfect information is available,

e To maintain the desired power system performance, the future system may need to

develop a coordinated transmission-distribution performance standard.

This thesis has demonstrated that if generators are to be sited in the distribution sys-

tem in significant numbers, then operations and control issues that have historically been
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of concern only at the transmission level may become concerns for the distribution level
as well. The final item above simply points out that if this does happen, then standards
and operating procedures may need to be developed in a coordinated fashion for the trans-
mission and distribution systems. In summary, this part of the thesis demonstrated that a
c.used loop price signal can be used to coordinate generator actions in a competitive market

while also maintaining the desired level of system reliability and stability.

Additional contributions from this research are

e The development of a set of state space models for a variety of distributed generation

technologies,
e The generalization of the secondary dynamics modeling methodology,

e The development of a generator cost equation which reflects the marginal cost of all
equipment and processes involved in the operation of distributed generators. The
increased accuracy in the cost equation (i.e. basing cost on more than simply fuel

cost or heat rate curves) is important for operation in a competitive market,

e The development of a closed loop price signal that is consistent with both economic

principles and the existing power system control framework,

e The development of a hierarchical market structure to parallel the existing hierarchical

engineering control structure at the transmission level.

6.2 Policy Impacts on Distributed Generation

The policies developed during the industry restructuring process will impact the penetration
of distributed gererators into the distribution system and their ability to participate in the
competitive markets in three areas—entry, operations and system evolution. These three

areas are discussed below.
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6.2.1 Power System Evolution

This thesis anticipates that the electric power system will evolve to a state where distributed
generation is well established and freely operating in the competitive market structure. In
this future system architecture distributed resources will be located throughout the system,
and will be free to contract to supply load auywhere in the system—they will not be
restricted to operate within their local distribution system. In this phase of the restructuring
process the closed loop price signal as developed in this thesis is particularly important. The
price signa! will provide incentives for generator operations in a setting where the generator
operating decisions are based on private economic incentives, and are not controlled by a
central authority.

To understand the significance of the proposed price framework, it is useful to consider
the following example. Suppose that the small generator in System B of Figure 6-1 decides
to supply a customer in the lower left of the figure, because the market price in System C
is greater than that in System B. If the total generation in system B exceeds that system’s
demand, then there will be a power mismatch within that distribution system, which may
have negative impacts on the system performance—in this case the local frequency will in-
crease (see Section 1.3.2 and Chapter 3). In the power system today, there are sophisticated
control strategies to counteract such supply-demand mismatches at the transmission level.
The example presented for Figure 6-1 differs from the situation common in today’s system

for two reasons:

1. The existing hierarchical control strategies have been developed predominantly for
the transmission system. Since there is little or no generation in the traditional
distribution system, no parallel control strategies have been developed for that system,

and

2. The example is set in the restructured, competitive market driven power system, not

the traditional centrally controlled and regulated system.

The question then is what form of control structure will be developed for the future power

system, such that bilateral transactions between any two distributed resources will not
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Figure 6-1: Distributed Generation in a Future Distributed Utility
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negatively impact power system performance (frequency behavior in this example)?

The closed loop price signal developed in this thesis presents one method for maintaining
the desired system performance. In response to the excess generation in System B, the
market price for ancillary services in thai system would increase, or more specifically the
price offered for the service of frequency stabilization, would increase. This price increase
would trigger a decrease in power generation, until the price in System B rose to match that
in System C. In this manner, the system frequency equilibrium would be restored via the
price signal—i.e. the market mechanism. Note that the closed loop price signal is certainly
not the only means to control the system in response to the hypothesized power mismatch.
It does however, have the advantage of being consistent with the emerging competitive
market structure, in contrast to traditional control strategies which are centralized and
tend to rely on access to what will become private information.

Before the power system can evolve to this distributed structure, some more immediate
issues must be addressed, dealing with entry and operations. These issues are discussed

below.

6.2.2 Entry into the Competitive Markets

The future penetration of distributed generators will be influenced by the extent to which
the government policies open the emerging markets to distributed generators and extend the
competitive institutions to the distribution system. The new industry rules will establish
who will be allowed to participate in the competitive markets. In particular, state polices
which constrain distributed generators to be owned by local distribution utilities will prevent
these generators from becoming equal players in the competitive markets. Alternatively, if
retail competition is encouraged and opened to distributed generators, the generators will

gain an increased presence in the future electric power system.

6.2.3 Operating in the Competitive Market

Competitive institutions at the distribution and retail levels will provide incentives to im-

prove the system operating efficiency, which in turn will increase the demand for system
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automation and control equipmen‘. At present the distribution system has very little dy-
namic control and automation. As introduced in Chapter 2, the development of distribution
management systems (DMS) offers a general method for increasing the automation and con-
trol of generators and other equipment in the distribution system. This type of centralized
automation system alone may not encourage the operation of distributed generators in a
competitive market. For competitive operation generators must be free to make independent
operating decisions. The development and implementation of a closed loop price signal as
developed in this thesis-—in conjunction with the scheduling for bulk power flows and the
spot market institutions—will allow such independent decision making.

Once the means to operate in competitive markets is established, the next step is to
identify the goods and services that the distributed generators will produce and sell. The
institutions to facilitate distributed generator participation in scheduling and wholesale
power markets will likely be the same institutions as those currently being created at the
transmission level, as was addressed in Section 4.2. When operating in the short run
markets, the small generators can be expected to supply the local ancillary services only if
they are compensated for them. The extent to which distributed generators are called upon
to supply frequency regulation and local voltage support will thus be significantly inftuenced
by the restructuring process and the mechanisms created for providing system services in
the restructured industry. The short term coordination of distributed generators operating
in competitive markets can be achieved with the new closed loop price signal proposed in
this thesis.

Developing both the policies to promote the unbundling of ancillary services, and the
mechanisms for these services to be bought and sold in the competitive markets is consistent
with the restructuring and deregulation process. If such mechanisms are not developed, the
ISO will be required to purchase ancillary services from other, contracted sources, or rely

on the regulated distribution utility to purchase and provide them.!

'If a DG unit is owned by a distribution utility, and so is not part of the competitive market, then it is
possible that it will be used to supply ancillary services regardless of whether there are industry mechanisms
to pay it directly or not.
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The market driven control signal developed in this thesis is an important element of the

industry restructuring process because it will promote:
e The development of competitive markets,
o The full integration of distributed generators into these markets, and

o The opportunities for distributed generators to provide both real power and ancillary

services.
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Appendix A

Distributed Generator Modeling

The variety of small scale generators available for use in distributed applications has the
potential to make dynamic modeling of distributed power systems very complex. This ap-
pendix presents state space models of both the individual generators and the interconnected
distribution system which are developed with the objective of making a low order state space
interconnected system model. Section A.1 presents the state space models of the individual
generators developed for this thesis. Section A.2 is essentially a table of parameter values
used in the modeling. Section A.3 develops the mathematics for the complete, intercon-
nected system model that will be used to simulate the dynamic behavior of the system with
distributed generators.

Tke emphasis of the modeling is on decoupled real power/frequency dynamics. An in-
verter, used for the power conditioning equipment for fuel cells, photovoltaics and others,
would be required for modeling of voltage dynamics. The models presented below are all
decoupled real power/reactive power models, representing real power/frequency dynamics.
The reason for this emphasis is two fold. First, the use of distributed generators for volt-
age support is well accepted by the power industry, and many studies have already been
performed on this topic (see [29, 100, 118]). In contrast, the frequency dynamics of a ra-
dial distribution system with distributed generation units, and the possibility of these units
participating in the supply an ancillary services such as frequency stability and spinning re-

serve, are relatively new issues. A recent study [74] has identified low frequency oscillations
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as a potential problem in a distribution system with a cogeneration plant. The simulations
in this thesis find that dynamic frequency stability (high frequency) may also be a concern.

A second reason for this emphasis of the modeling has to do with one of the central
objectives of this thesis—to develop a price feedback framework for distributed generators.
Most of the effort in the power industry to date, for developing a spot price, or responsive
price system, has focused on pricing real power, since that is the major commodity of the
industry. To be consistent with developments on the high voltage grid,! a price framework
for distributed generators should also focus first on real power and the manner in which
generators in the distribution system can be integrated into market structures being created

for the power system.

The extended state space modeling framework presented here was previously developed
in [76] for modeling steam turbines on the transmission grid. The dynamic models for the
variety of distributed technologies have been developed as part of the work for this thesis,
as discussed in Section A.l. The secondary level modeling has been adapted to facilitate

modeling the variety of technologies.

A.1 Individual Generator Models

A.1.1 Modeling Goals and Assumptions

The modeling effort is based on building decoupled, linearized state space models? for each
type of distributed generator, and coupling® them through a distribution system model.
State space models have been developed for steam turbines, hydroelectric turbines, com-
bustion turbines, combined cycle plants, wind turbines and inverters (to be used with fuel

cells and photovoltaics). Numerous dynamic models exist for each of these technologies,

'As part of FERC Order 888, the Federal Government is overseeing the development of an on-line
information system called OASIS, Open Access Simultaneous Information System, which will eventually
serve as a type of bulletin board for spot prices for electric energy.

2Decoupled here refers to the assumption that for small disturbances frequency and voltage dynamics are
essentially independent, and are related to real power and reactive power respectively.

3'Coupling’ here refers to the physical connection of the generators with each other by means of the
distribution system.
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however the majority are very complex, involving a large number of state variables. In
developing the models for this thesis, the objective is to represent each generator with a
small number of state variables (three to four) so that interconnected system models, which
each include a number of the distributed generators, will not be overly complex. A second
objective is to develop each set of local state equations such that they incorporate Pg as
the system coupling variable. T..e traditional system coupling variable is rotor angle, 4.
The reasons for selecting Pg are discussed in Section A.3. Regardless of which variable is
used though, all the models must include the same variable so that they will be mutually
compatible when modeled together in the extended state space.

The models which include a synchronous generator all use a form of the swing equation

as the generator state equation:
J§+D§=P,-P, (A.1)

where P, = Pg, the electrical power output. Use of this equation facilitates the inclusion
of the system coupling variable, P in each set of local state equations. The models for
steam- hydro- and combustion-turbine generator plants all use this equation as the basis for
the synchronous generator state equation, and are presented next. This generator equation
differs for different technologies, since the mechanical power from the turbine, Py, has a

different representation for each turbine type.

A.1.2 Steam-Turbine-Generator

The simplest model of this form is for the steam turbine where P, is equivalent to F,
the local state variable for the turbine. The other state variables are wg for the generator
(where wg = 4) and a fer the governor. The full set of steam turbine-generator equations

is:

Mwe = (e¢— D)wg+ P —PFg
T,P, = —P,+ka (A.2)
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Tyo = -we—-ra+w™f

In these equations M is the inertia constant, er is a coefficient representing the turbine
self-regulation, defined as 9P, /0wg, D is the damping coefficient, T}, is the time constant
representing the delay hetween the control valves and the turbine nozzles, k; is a pro-
portionality factor representing the control valve position variation relative to the turbine
output variation, T is the time constant of the valve-servomotor-turbine gate system, and
7 is the permanent speed droop of the turbine. These parameters are defined in refer-
ences [12, 51, 96). w™/ is the reference frequency set by the secondary controls, and so is
assumed constant in the primary dynamics time scale. Pg is defined as an input to this

system of equations.

A.1.3 Hydro-Turbine-Generator

A slightly more complex set of equations than that for the steam turbine is that for a hydro
turbine-generator. This model follows the moaei for a low-head hydro facility developed
in [12}, with additional information for parameter values from [42, 114]. The state variables
for this technology are wg for the generator equation, g for penstock flow, v for governor

droop and a for gate position.

Mwe = —(ey+ D)wg + kqq — kya — Pg
9 = wg/Ty—q/Ty+a/T,
T = -v+r'a (A.3)
Ta = —wg+v—(rp+r)a+w™f

M and D are the inertia and damping constants as above. ey, kq and k,, are all ratios of
constants from a standard hydro-turbine diagram referred to as the universal water turbine
stead-state performance diagram (see for example Figure 8 in [12]), Ty, T,, and T, are also
all ratios of constants from the same diagram, multiplied by T, the time constant of the

penstock, T, is the time constant of the valve-turbine gate system, T} is the time constant
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of the servomotor gates, rj is the permanent speed droop, and 7' is the transient speed

droop. These coefficients are contained in references [12, 54, 96].

A.1.4 Combustion-Turbine-Generator

The set of equations used for a combustion turbine are presented below. The equations

represent the generator (wg), fuel controller (Vcg), and fuel flow (both Wr and Wrdot)

Mwg = —-Dwg+ cWr— FPg
bWeg = —-Kpwg—Vce + KDwref
We = Wrdot (A.4)

aWrdot = aVog — 6Wg — fWrdot

These equations are derived from the equations and models found in (41, 43, 98]. M and
D are the inertia and damping coefficients respectively. a, b and c are transfer function
coefficients for the fuel system, and K is the governor gain. § and § are algebraic functions
of the parameters in the references, defined as # = b + c7r and § = ¢ + aKF, where 77 is

the fuel system time constant, and K is the fuel system feedback gain.

A.1.5 Combined Cycle Plant

A combined cycle combustion turbine, CCCT, plant has both a combustion turbine and
steam turbine driving the synchronous generator. The hot exhaust gases from the combus-
tion turbine, the first stage, are used to create steam in the boiler for the steam turbine.
The model develop for the CCCT uses the equations for the fuel controller (Vcg), and
the fuel flow (both Wr and Wgdot) from the CT model. The fourth equation represents
the thermodynamic coupling between the turbines, using the air flow, Wy, as the coupling
variable. The fifth and sixth equations are for the steam turbine, wb- . | <.~ represents
the mechanical power output from the steam turbine. The final equation is the generator

output (swing equation), with the mechanical power from both the steam and combustion
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turbines as input.

Mwe = —Dwg+ (f2+ Pst) - Pg
Weg = —-Kpwg-—Veg+ Kpw'/
Wp = Whpdot

aWpdot = aVog — YWFr — fWgdot

TWair = dwe + Vo — Wair (A.5)
Pst = Pstdo
(TMTB)Pstane = —pwe +nWr +mWair — Pst — (T + TB) Pstdot
(A.6)

The new parameters in this set of equations are 7, the vane control time constant, d, the
ratio of the fuel flow to rotor speed, T)s and Tg are time constants for a simplified steam
turbine modeled in Figure 8 of [55], m and n represent the enthalpy in the mass flow of the
air and fuel respectively, p is a function of the turbine exhaust temperature (see function f;
in [98]), and the function f;, also defined in [98], represents the turbine torque. This model
was derived from the models in [23, 51, 55, 57, 98).

A.1.6 Wind Turbine — Induction Generator

The model for the wind turbine system is based substantially on the work in [18], which
specifically developed a model to be used for dynamic studies of dispersed wind turbine
applications. The model below differs from that model in that it has a single torque input,
Ty (defined as the wind torque), rather than both T, and Tiyrpine. Turbine torque is
expressed in terms of the turbine inertia and wind torque.

The wind turbine system is modeled as two rotating masses—the turbine and gener-
ator rotors—coupled by a tortional spring. The three equations represent the induction
generator, wg, the tortional spring, 4, and the wind turbine, wr. Note that the wind tur-

bine system has no generator control, as in the other models, which is appropriate for a
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non-dispatchable technology.

. —(Dg — D Deg-D 1 1
o = ( i\;/lc,- T)wG+( GMG T)W+MGT‘”_MGPG
b = —wg+uwr (A.7)
D K D 1
_ Dr T or+ T,

“T'Z M My Mrp Mt
(A.8)

Mg, Mr, Dg and Dr are the generator and turbine inertias and damping coefficients. T,
is the wind torque, and is an input to the system of equations, as is Pg, and K is the spring
constant of the tortional spring used to model the drive train coupling between the two

rotors. References [66, 120] were also used for developing this model.

A.2 Generator Model Parameter Values

The specific values for the parameters in the generator models, which are used in the system
simulations in this thesis are presented in Table A.1. In addition to the references cited in
each individual section above, a number of people from industry assisted by providing pa-
rameter values, particularly for the inertias of the turbines and generators. These references

are [2, 72, 97, 110, 117).

A.3 The Interconnected System Model

A.3.1 The Extended State Space

To build the complete system model, the individual generator models are coupled to each
other via the distribution system. Mathematically, the local state space of each individ-
ual generator must be extended to include the system coupling variable, which allows the
dynamics at one point on the system to be transmitted to all other points. This coupling
variable is selected to be power output, or Pg, the equation for which is developed next.
The first step for connecting the generator models via the distribution system is to

determine the operating point for the full systern by running a lcad flow program. The
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Steamn Turbine Parameters

M 1.26 k, 0.95
D 20 T, 0.25
e 0.15 r 0.05
T, 0.2
Hydro Turbine Parameters
M 15 T, 0.72
D 20 Tw 0.76
en, -0217| T, 2.0
kg 278 ' 0.40
ky 1.52 T, 0.10
T, -3.60 rp, 0.05
Combustion Turbine Parameters
M 115 a 0.45
D 20 a 10
c 10 e 0.40
Kp 250 Kr 0.0
b 0.05
Combined Cycle Parameters
Ty r
d m
TM n
Tp
Wind Turbine Paramelers
Mg 5 Dr 1.0
Mr 11 K 400
Dg 0.8 s -0.05

Table A.1: Generator Model Parameters

Distributed Generator Modeling
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next step is to linearize the distribution system model (load flow equations) around the

system operating point by use of the Jacobian matrix. Using the decoupling assumption

and defining Pg out of a bus as positive and Py, into a bus as negative, the linearized forms

of the real power load flow equations for any bus are

P = Jgcbéc + JgLéL

-P, = Jygdc+ JLLiL

(A.9)
(A.10)

where the J;;, defined as dF;/34; with i, j = G or L, are partitions of the Jacobian matrix.

Rearranging the equation for Py, of equation (A.10) (note that this assumes J,; is invertible,

which is reasonable for normal operating conditions) leads to
6L = -Jit b — JLLPL
This is substituted into equation (A.9) to obtain
P = (Jog — JoLI[} ILG)oc — JaL I PL
By defining

Kp = Joe—JerJijJLc

Dp = _JGLJELI,

equation (A.12) becomes

Pg =Kpég+DpPL

And taking the time derivative of equation (A.13) results in

PG = Kpuwg + DpPL

(A.11)

(A.12)

(A.13)

(A.14)

where Py, representing a load disturbance, is an input variable to the system. In this form
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Pg is a state variable and is ready to use as the system coupling variable. Equation (A.14)
is included with each set of local state space equations to form what is referred to as the

extended state space. This equation for P was first developed in [76].

Selecting the System Coupling Variable: P; versus §

The choice of Pg for the system coupling variable, rather than the traditional choice of rotor
angle, 6, follows directly from the process of linearizing the full system model, as developed
above. To fully appreciate the difference between these cheices, Equations A.2 are written
below, with 4 as the coupling variable. Now Pg is expressed as a function of rotor angle, 4,
where 4 represents the vector of all generator angles, and an equation for 4 is added as the

system coupling equation.

Mo = (e —D)wg + P.— f(6)é

TP, = —-P+ka (A.15)
T = —wg-—ra+ wref
§ = wg

f(6) is simply the load flow equation

P = Z | Vi ll Vj | lgijcos(8; — 65) + bijsin(b; — 4;)] (A.16)
j=1
so that f(6) is
F(8) =" | Vi ll Vi | [~gijsin(8; — 6;) + bijeos(6; — 6)] (A.17)
j=1

The local generator dynamics are identical in the models with either Pg or 4 as the coupling
variable. The differences come in the use and interpretation of the coupling variable. Real
power is of greater direct interest than rotor angle to most participants in the generation

sector, since power is what is bought and sold. The identification of P as a state variable
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facilitates tracking power dynamics. By expressing Pg as in Equation A.14 and including
this as a state equation, the structure of the interconnecting system and its impacts on the
system’s dynamics are easily identified, via matrices Kp and Dp. And finally, a system
disturbance such as Py, (Pp[k+ 1] — PL[k]), or (Tw[k+ 1] —Ty[k]), is included directly in the
modeling framework as an input variable, facilitating the analysis of the dynamic impacts

of these disturbances.

A.3.2 System Model

The state equations for the steam turbine-generator, can be written in matrix form as

e “ B0 || we o 0
B| = 0 2 & |+l o |B+]o]w (A18)
e Lxm o Flle] [O] L1
or as
irc = Arczrc + CuFPe + Bu (A.19)

where z1¢ is the local state vector, and Z.c is the time derivative of this vector, dz/dt,
representing the time evolution of the state variables. The control input is u[k], and this
signal controls the variable wf, which is the reference frequency for the governor. The
bold variables represent matrices, where A ¢ in particular is referred to as the local system
matrix, whose elements consist of the linear coefficients of the generator parameters.

Note that all variables in the linearized generator models represent deviations from
equilibrium. For the time frame of interest in modeling the primary dynamics, the variable
w™®f is constant, as it represents a higher level control signal acting in a longer time frame.
“ince it is constant at the primary dynamics time frame, its deviation from equilibrium is
zero, and thus it drops out of the primary dynamics equation set. Models for the secondary
dynamics, which do not assume that w™/ is constant, include w™/ as a variable. In matrix

form, w™/ is incorporated as shown in Equation (A.19), where it is represented via the
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integral control ulk] (u[k] = w™/[k + 1] — w™¢/[k]).

Including Pg for the extended state space, the full system model now takes the form

Zrc1 Arer 0 |Cvy O TLCl
o .| 0 - : )
. = + DPPL (A-20)
Pgy KpE ---| 0 --- FPg,
L " ! : - : - JL : J

which, for purposes of studying primary controls, can be written as

where z.,; i8 the vector of extended state space variables, and A is the partitioned system
matrix as shown in equation (A.20) (The term w™/ = 0 for primary dynamics).

In the equations for Py only wg; of the local state space for each generator has a non-
zero coefficient. The matrix E, shown in the bottom left partition of the system matrix,
has block diagonal elements of the form {1 0 0 ...] such that the total number of entries in
the vector equals the number of state variables for that generator. In this form the matrix
E is zero except for elements corresponding to wg;, where the entry is equal to 1 to provide

the coupling between Pg; and wg; (via Kp), the Jacobian matrix.
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Distribution System Models

There are two aspects to the mod=ling of the radial distribution systems. The first is the
actual topology—the number of buses and the structure of the systems. The second is the
mathematical representation of the systems. The test systems used in this thesis are all
taken from the literature on modeling and simulating radial distribution systems. Some of
the test systems were developed specifically by an IEEE Working Group [56]. Others were
developed for specific projects, based on actual systems, and have subsequently been used
by a number of different authors [27, 36, 69, 101].

The data for the distribution test system that is used for the majority of the simulations
in this thesis is presented in Table B.1 and can be found in [36, 101]. The topology of the
system is shown in Figure 3-6.

In addition to the 30 bus test system of Table B.1 and Figure 3-6, a 14 bus test sys-
tem [27] and 37 bus test system [56] are used to check that the results presented in this
thesis are not peculiar to the 30 bus test system. The data and topologies for these systems

are presented in Table B.2, Table B.3, Figure B-1, and Figure B-2.

The second step to modeling the distribution system is the mathematical representa-

tion. In this aspect the distribution system is represented simply with the set of load flow
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Bus Bus Branch Impedance Max. Load at Bus j

i () =zi()  PEW)  QGkW)
0 1 0.5096 1.7030 - -
1 2 02191 0.0118 522 174
2 3 0.3485 0.3446 - -
3 4 1.1750 1.0214 936 312
4 5 0.5530 0.4806 - -
5 6 1.6625 0.9365 - -
6 7  1.3506 0.7608 - -
7 8 1.3506 0.7608 - -
8 9 1.3259 0.7469 189 63
9 10 1.3259 0.7469 - -
10 11 3.9709 2.2369 336 112
11 12 1.8549 1.0449 657 219
12 13  0.7557 0.4257 783 261
13 14 1.5389 0.8669 729 243
8 15 0.4752 0.4131 477 159
15 16 0.7282 0.4102 549 183
16 17  1.3053 0.7353 477 159
6 18 0.4838 0.4206 432 144
18 19  1.5898 1.3818 672 224
19 20 1.5389 0.8669 495 165
6 21  0.6048 0.5257 207 69
3 22 0.5639 0.5575 522 174
22 23 0.3432 0.3393 1917 639
23 24  0.5728 0.4979 - -
24 25 1.4602 1.2692 1116 372
25 26 1.0627 0.9237 549 183
26 27 1.5114 0.8514 792 264
1 28 0.4659 0.051 82 294
28 29 1.6351 0.9211 882 294
29 30 1.1143 0.6277 882 294

Vrated = 23kV

Table B.1: Data for the 30 Bus Radial Distribution Test System
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Bus Bus Branch Impedance
' rij(©)  zi;()
0.01938 0.05917
0.04699 0.19797
0.05695 0.17388
0.06701 0.17103
0.00000 0.25202
0.00000 0.20912
0.00000 0.17615
0.00000 0.55618
10 0.03181 0.08450
11  0.09498 0.19890
12 0.12291 0.25581
14 0.19711 0.27038
0.22092 0.19988

WO 00 3 i OUtw NS,

O O DO =3 UTWNN e

[
N
—
(1]

Table B.2: Data for the 14 Bus Radial Distribution Test System

2 3 91 10
Ol

Bulk Power Grid 5 6 12

Figure B-1: 14 Bus Radial Distribution Test System
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Bus Bus Branch Impedance

i i () zi(9)
1 2 0.0375 0.0616
2 5 0.1167 0.0350
2 13 0.0524 0.0335
2 3 0.3850 0.1154
3 27 0.0700 0.0210
3 30 0.0874 0.0558
4 14 0.0233 0.0070
4 20 0.1165 0.0745
5 42 0.0933 0.0280
5 12 0.0700 0.0210
6 25 0.0817 0.0245
7 24 0.2217 0.0664
7 22 0.0350 0.0105
8 33 0.0466 0.0298
8 3 0.0933 0.0280
9 31 0.0874 0.0558
9 8 0.0466 0.0298
10 35 0.0583 0.0175
10 36 0.3733 0.1119
11 41 0.0583 0.0372
11 40 0.0583 0.0175
13 4 0.0757 0.0484
14 18 0.1517 0.0455
20 7 0.2683 0.0804
20 6 0.0874 0.0558
27 44 0.0817 0.0245
30 9 0.0291 0.0186
33 34 0.0816 0.0521
34 37 0.0932 0.0596
34 10 0.1517 0.0455
37 38 0.0583 0.0372
38 11  0.0583 0.0372
44 28 0.0583 0.0175
44 29 0.0817 0.0245
75 9 0.2625 0.0787

99 1 0.0368 0.1042

Table B.3: Data for the 37 Bus Radial Distribution Test System
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Figure B-2: 37 Bus Radial Distribution Test System
equations

> 1 Vill V; | [gijcos(8; — 8;) + bijsin(6; — 8;)]

P" —_
i=1

Qi = X 1VillVjllgijsin(d; — 8;) — bijeos(8; — 6;)] (B.1)
i=1

where P, is the real power at each bus, Q; is the reactive power, | V;; | is bus voltage
magnitude, g;; and b;; are the line admittance parameters, and J;; is the rotor angle.
The incidence and admittance matrices and line parameters in these equations will differ
depending on the specific test system being modeled.

These equations and data sets are used to run the load flow program, to determine the

operating point for the system.
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Appendix C

Modeling Framework for

Secondary Dynamics

This appendix develops the mathematical framework for modeling secondary dynamics,
specifically for frequency and real power. This methodology was originally developed in [25],
for a steam turbine generator. This appendix generalizes this methodology, so that it can
be applied to multiple generating technologies simultaneously. Section C.i develops the
discrete time frequency model from the generator droop equation, that is based on the
generator models in Appendix A. Section C.2 then presents the real power, Pg, discrete
time model. Finally, Section C.3 describes the use of the Linear Quadratic Regulator in

developing the secondary dynamics control law.

C.1 Frequency Model

For the secondary dynamics, the state space for each generator is selected to consist of wg
and Pg. Models for the secondary dynamics are developed by assuming that the primary
dynamics have settled, so that the time derivatives in the continuous time state equations

are set equal to zero. Starting with the frequency model, the system of equations in (A.2)
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is solved with the left hand side set identically zero, resulting in
wG = a%w"‘f —oPg (C.1)

Equation (C.1) is the droop equation for the steam turbine-generator. The droop coefficient,

o is defined as
r

7= ki +rD —re;

(C.2)

Following the same procedure as for the steam turbine, the droop equation for the hydro

turbine-generator plant has a similar format to that in Equation C.1:
wg = _aH62wref —oyPg (C.3)

with oy defined as

= (D +en) ~( Tf Twry Th ) (C4)

and c; defined as
2= — (22 + k) (C.5)
Th

—2=D ) gorPy (C.6)

where
v +aKFp

oer = (v +aKfr)D +aKp (C.7)

The droop equation for the combined cycle plant is

wg = —0ecc3w™ — 0.Pg (C.8)
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where o is defined as

1
O-CC = K , (C-g)
D - (tnleke 4 m(d — Kp) - p
and C3 is
aKp anKp
=0 —_ 1
c3 'Y+GKF+mKD+‘y+aKF (C.10)
The droop equation for the wind model is
wg = ow(Tw — Pg) (C.11)
with
-1
= —— C.12
W = s(De + D) (C12)
where s in Equation C.12 is the slip of the induction generator, defined as
s= 26T (C.13)

wg

Discrete Time Frequency Model

Secondary dynamics evolve over a longer time frame than primary dynamics, with the
controls acting only at specific time steps. As a result of this slower time evolution and
response, secondary dynamics and control actions are modeled in discrete time, as opposed
to the continuous time representation for primary dynamics. With the droop equations
established, the next step is to develop the discrete time frequency equations. wel, a
constant at the primary dynamics time scale, is now a variable representing the secondary
control. With & = 0,1,2,... representing the series of iime steps at the secondary time

scale, the droop equation (C.1) can be written in discrete time as

walk] = oI [k] - o PolA] (C.14)
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To bring the network interactions into the frequency model, the network coupling equation

from Appendix A, Equation (A.13), is substituted into Equation (C.14), so that
wlk] = Er~'kew™/ k] — SK,é6[k] — 0D, Py [K] (C.15)

where ¥ and the bolded caefficients k¢ and r represent diagonal matrices of these coefficients
for the individual generators.
Next, Equation (C.15) is subtracted at two sequential time steps to form the dynamic

representation of the frequency model.

wglk+1] = we[k]+Zr 'k, (W [k+1)) —u'ef[k])—ZKp(JG[k+1]—63[19])—-ED,,(PL[I:+1]—PL[A:])
(C.16)
Referring to Equation (C.16), the control signal is defined as

ulk] = Wk + 1) — w'e! k] (C.17)

where u(k] is an implicit integral control. The change in load is defined as the system

disturbance
dlk] = Pk + 1] - Py (k] (C.18)

and finally, using the Euler approximation and defining 7, as the secondary time scale

sampling interval
walk + 1) ~ Sk 1 — 0lK] (C.19)
Using these definitions, Equation (C.16) can be rewritten as
wglk + 1] + BKpTywelk + 1] = wglk] + Sr~ ke (ufk]) — D, (d[k]) (C.20)
The final set of definitions is
A, = (1+3K,T,)! (C.21)
B, = A,r 'k, (C.22)
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allowing the secondary dynamics frequency model to be expressed as

wglk + 1] = A,wglk] + B,ulk] — A,ED,d[k]

The subscript, s, designates the secondary time scale.

(C.23)

Identical derivations are performed for the other technologies, with the only differences

being the form of the droop coefficient o, and the matrix B;. These matrices for hydroelec-

tric plants, are defined as

A = (1+ZyK,T,)™!
Bt = Auu[-Zu(-r;(Typ'kqTq + kw))]

for combustion turbines as

AaCT

BsCT

for combined cycle facilities as

and for wind turbines as

BsW

(14 ZerK,pT,) ™!

AscrZery +aKplaKp

(1+ S K,pT,) !

Ascc(— 2¢:¢:c3)

(1+ ZwK,T,) ™!
0

(C.24)

(C.25)

(C.26)

(C.27)

Note that since wind turbine systems do not have generator governor controls, the matrix

B,w is identically 0.
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C.2 Real Power Model

The second state variable in this secondary level model is real power, P;. To develop this

model, Equation (C.14) is rearranged as
Polk] = r Tkew ™/ [k] — 7wl (C.28)
which can also be expressed as
Pglk} = 571 (A7 'Byw™/ [k] — welk]) (C.29)

Equation (C.29) is identical for each technology, using the appropriate matrices, A, and
B,, as defined above, and can be used to track changes in Pg that result from system
disturbances and updates to w™/.

A dynamic model for real power is cbtained by first writing the network coupling equa-
tion, (A.13), at two consecutive time steps and subtracting. By using the approximation
wglk + 1] = ﬂm;.:—&[’fl and substituting the droop equation, {C.15) for wg, the model
becomes

Pglk +1] = (I - K,T, ) Pglk] + K, Ts Ay ' B,w™/ [k] + Dypd[k] (C.30)

C.3 Secondary Level Control Law

With single, isolated generators, only primary dynamics are present. With generators and
loads interconnected via the distribution system, secondary dynamics also become impor-
tant. For real power/frequency dynamics, a phenomena evolving at the secondary time
scale is the slow drift of the system frequency that results from local generator controls
stabilizing the system after a disturbance, but having no reference for returning the system
as a whole to the nominal, scheduled frequency. The objective of the secondary control

therefore, is to update the generator reference frequency at each participating generator in
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order to return the system frequency to the equilibrium value.! The final piece of the model

for secondary dynamics is to develop the closed loop control whick will achieve this goal.
The linear quadratic regulator, LQR, is a basic controller which balances the competing

goals of returning selected state variable(s) to zero quickly with the desire to keep the cost

and energy associated with the control small. For the system

clk+1] = Az[k] + Bulk]
ylk] = Calk] (C.31)

where 7 expresses the combination of state variables that should be kept small, the perfor-

mance function, J

J = SR (kI Qulk] + ulk) Rulk) (C.32)

can be used to balance these two control objectives. The weighting matrices @ and R
are used to express the relative importance of keeping variables y small versus keeping the
control effort low.

The solution, u, that minimizes J is a linear feedback controller of the form
ulk] = —K,z[k] (C.33)

where the gain K is defined as K; = R~1B’P. Matrices R and B are defined above. P
is the solution to the algebraic Riccati equation. (See [68, 83] for information on solving
the Riccati equation.) The objective in designing the controller is thus to find the closed
loop gain matrix, K,, which minimizes the performance index, J. Many standard computer
tools are available for calculating K.

The benefits of an LQR controller are that the control law is guaranteed to be linear,
and the system stable. Also, the solution is relatively easy to understand and calculate,

although it does require some iterations in selecting the weighting matrices. LQR is limited

!Note that all the state variables in the linearized models in this chapter represent deviations from
equilibrium, so the control objective for this secendary controller is to return wg to zero. Also, the target
values for eack individual governor reference is set by tertiary control.
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in that it requires full state feedback, as seen in the control law, u[k] = —K,z[k]. And
finally, the calculations become more complex if there is a finite time horizon required for
achieving the minimized performance index (i.e. the upper bound on (C.32) is finite). If
this is the case, the control law remains linear but the gain matrix becomes time varying.
(See [68, 77, 83] for more on LQR in general.)

In summary, if an LQR controller is used to find the closed loop gain for the secondary
level frequency model, the system to be controlled is Equation )C.23(, and the control law
is

ulk] = —K,walk] (C.34)

where K is the secondary controller gain. With respect to the original control objective,
the system frequency will be returned to its scheduled value by updating (as necessary) the

governor reference frequency of participating generators according to

Wk + 1] = W™/ (k] + ulk] {C.35)
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Closed Loop Price Signal

Development

This appendix complements the development of the closed loop price signal in Chapter 5.
Section D.1 presents the output cost equations for each technology modeled in the thesis
(based on the state space models in Appendix A). Section D.2 then uses these algebraic
equations, along with the method developed in Appendix C for the secondary frequency
dynamics, to develop three potential discrete time price models. The application for and

simulations with these models are presented in the body of the thesis, in Chapter 5.

D.1 Cost Output Equation

Each state space model identifies the set of elements that together model the basic machine
performance. The cost output equation is based on the assumption that the sum of the
marginal costs associated with each state variable will accurately represent the full marginal
cost of generating with the technology. Referring to the dynamic models in Appendix A,
the cost equations for a steam turbine, hydro turbine, combustion turbine, combined cycle

and wind turbine, are, respectively

Cs = Cuswg+ cpP;+caa+cyPo
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CH = CywHWG ¢4+ cyuv +caga+ ¢y FPg
cct = cwerwe + cverVeke + cserWr + cgerPe (D.1)
ccc = cweewe t+cvecVeke + csecWF + cawWair + cpst Pst + ¢4ccPo

cw = Cywwg + cdd + cyrwr

The coefficients in these equations represent the marginal cost associated with each piece
of equipment or process represented by the specified state variable. In particular, ¢, is the
marginal fuel cost. The existence and sign of ¢, can be established, though it does not have
as direct an interpretation as c,.!

The significance of the values of the coefficients in the cost equation lies not in the
absolute values chosen, but rather in the relative values of the coefficients between the
different technologies and distributed generators. It is the relative cost values that capture
the real-time differences in using one technology before another. This interpretation of the
cost coefficients is valid for all generators modeled except the slack bus.2 The cost equation
for the slack bus is interpreted as representing the cost to the bulk system (rather than to
a single generator) of generating the power supplied to the distribution system (delivered
to the substation).

With the addition of the output cost equation, the model for each generator from Ap-

pendix A becomes

tre = f(zre, Pe,w™)

¢ = h(zrc,Pg,w™) (D.2)

where Z ¢ is the local state space and c is the output, cost, variable for each generator.

! At the time scale of primary dynamics, an increase in generator speed wc is correlated to a decrease in
power output, Pg, and visa versa. Thus if the generator speed changes there is a non-zero affect on cost,
linked through Pg. This inverse relationship between wg and cost, c, is represented as c,,.

2The modeling assumptions explaining the role of the slack bus are discussed in Chapter 3.
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D.2 Discrete Time Price Models

Solving these equations as for secondary frequency contro] developed in Appendix C results

in a discrete time cost equation, for the steam turbine, of the form

droop equation, Equation (C.1), into (D.3) results in

_ kt k¢ Cpkt k‘t Ca Cq ref Cpkt Ca
C,[K] = (0701,_, —U?T —U?T + 7 w [K] + (Cg —OCy +0’T +0";)PG[K] (D4)
Defining
—_ kt kt cpkt kt Cq Cq
T = et o
T = (cg—oc, + 09—’:_& + 0%) - (D)
leads to Equation (D.4) being expressed as
esK] = 1o/ [K] + o, Po[K ] (D.6)
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individual price equation is simply
pslK] = 15w [K] + 725 P6[K] (D.7)

The format of this equation is identical for the other technologies, and differs only in the
definitions of the coefficients, v, and ;. For the other technologies these coefficients are

defined as

= qCenTql ' 1, 1 1
ne = [( T. + (cynr’ + caH)rh) (cwn + C,;an(Tf Twrh) (cynr’ + caH)rh )ouca)
_ 11 , 1
Yeu = [egr — (cwnm + CgHTq(T! Tw"'h) {(cont’ + €anr) o )oH]
crereK aK creraK
mer = [(ewer — cwerKp — L") (oer=—=2) + (cver Kp + LEL22B)]
c aK
yveer = legor — ocrlcwer — coerKp — LR (D.8)
TNice = [cwcc — cyecKp — Cfeel + Cacc(d - KD) + cp(md -mKp—p— nn)]owc3
+levee KD + €fech + Cacc KD + ¢omKp + nn]
Y2cCc = Cgee — [cwcc —cyeeKp — Cfech + Cace(d — Kp)+ Cp(md -mKp—p-— n”)]acc

where 7 for the combined cycle plant is defined as "—%’2, and the other parameters are defined
in Appendix A. Note that no price control equation is developed for wind turbines since
they do not have primary controls which could respond to the price feedback signal. They
could be incorporated directly into the price framework using this same method, if they
were to be equipped with primary control technology.

To form the dynamic model, Equation (D.7) is written for two sequential time steps and

subtracted. The dynamic equation for the price of energy supplied at a generator, thus is
plK +1] = plK] + (W™ [K +1] - /[K]) + 1o(PalK +1] - Pg[K])  (D.9)

As with the secondary frequency control, the control for price through w™/ is again seen to
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be implicit integral control, such that
up[K] = WK +1) - w /K] (D.10)

or

Wl [K 4+ 1] = w™[K] + 4, (D.11)

The significance of using w™/ as the control variable is that the proposed price model
integrates the existing local generator control (i.e. the governor for frequency control) into
the closed loop price feedback structure. Three variations of the dynamic price model can
be developed from this point, differing in the selection of the state variables and the input
variables.

In the first version of the price model, the state space is p, the vector of price variables
from each generator, and the system input is the vector of the changes in real power, AFPg,
at each generator. The deviations from the scheduled Pg at each bus result from exogenous
system disturbances, such as a fluctuations in demand or stochastic resource inputs. This

model is

pIK + 1] = p[K] + Gru,[K] + Ga(Pe[K + 1] - Po[K]) (D.12)

where the matrices G; and G2 are diagonal matrices of the coefficients v, and 7, for each
generator.

The second possible dynamic price model is developed with both p and wg as state
variables, and the actual system disturbance, e.g. APy or AT, as the input. To obtain
this model, the network coupling equation, (A.13) is substituted into Equation (D.7). The

dynamic form of the price equation for this model then becomes
plK +1] = p[K] + Gru,[K] + GaKy(3G[K + 1] — 66(K]) + Dp(PL[K + 1] — P[K]) (D.13)

Defining T, as the sampling rate for the price signal, and using the approximation that
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wg[K +1) = ﬁgﬂ(_ﬁ-a—ﬁ[ﬁl’ Equation (D.13) becomes

pIK +1] = p[K] + GoKpT,Awe K] + (G1 + G2 KT, B ), [K] + G (I + K,T,A,X)D,d[K]
(D.14)
The second state equation for this model is the frequency state equation, (C.23). The full

model is then expressed as

p I G K,T,A; P Gy + G2K,T,B,
= + up[ K]
Go(I +K,T,A,X)D
21 + K, T,A.Z)Dy d[K] (D.15)
A,TD,
or
p p
= A, + Bru,[K] + D,d[K] (D.16)
wg wag
[K+1] [K)

The third variation of the price model returns to p as the state variable, while chang-
ing the input variable to Awg. To obtain this model, for the steam turbine equations,

Equation (C.29) is substituted into Equation (D.3) forming

k k k
K] = (7 + 2 4+ B0 T (K] + (e — B2 2 4 B)ugK] (D.17)
By defining
v = 2Fty Ca Caskt
r - r T
= _Gk ca Ce
Vo = Cws— S =+ 4 (D.18)

and subtracting the equation at two consecutive time steps, Equation (D.17) can be written
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in dynamic form as

p[K + 1) = p[K] + 735up[K] + Y4s(we[K + 1] — wg[K])

For the other technology types, the coefficients 3 and <4 are defined as

Y3H

YaH

Y3cr

YacT

T3ce

Yacc

CouT, 1 1
(gTle; + (CuHT' + caH);;)cyHCQ

1
Twra

CyH
) — (corrr’ + canr) — 2=
OH

1
(cwtt + cguTy(= —
9 q Tf

c K K
cuorkp + ST2KD  Gerakp

CICTGK D _ CgCT
¥ )

cwer — cwerKp —

Cvec KD — Cfec) + Cacc KD + cp(md + nn) + cgeccs

C,
Cwee — Coec KD — Cpec) + Cace(d — Kp) + ¢p(md — mKp — p — nn) — %

(D.19)

(D.20)

cc

For a system with more than one generator, the coefficients 3 and 74 are written as diagonal

matrices G3 and G4.

The limitations of a possible fourth model with p and Pg as the state variables are

discussed in Chapter 5.
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Appendix E

Market Power in a Restructured

Electric Power Industry

The 1992 Energy Policy Act and subsequent actions taken by the Federal Energy Regu-
latory Commission (FERC) initiated competition in the wholesale electricity market. The
essential component of this competition is FERC’s guarantee of open access on transmis-
sion systems, achieved through mandatory, nondiscriminatory and comparable transmission
tarifis. FERC Crder 888 [31] in 1995 went far to ensure open access on the transmission
system for all wholesale competitors. While these measures address vertical market power
issues raised under the old industry structure, horizontal market power remains a potential
obstacle to a fully competitive electricity market where small, independent producers can
compete freely with the traditional utilities.

The concern over horizontal market power stems not only from the number of generators
a company owns, but also how a company can strategically dispatch those generators in
order to benefit from the restrictions imposed on network flows by physical laws. Patterns
of ownership and opportunities for strategic behavior will both be changing during industry
restructuring. To reflect the changes in the industry, the FERC issued a new merger policy
in December, 1996. In its Policy Statement Establishing Factors the Commission Will Con-
sider in Evaluating Whether A Proposer Merger is Consistent With the Public Interest, [30]
FERC adopted the antitrust principles and analysis used by the Department of Justice and
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Federal Trade Commission. [24]

E.1 Identifying Market Power

The ability of players in any industry to exercise market power is determined by the structure
of the industry, the conduct of the firms and the existence of three factors which limit the

abuse of market power. These three limiting factors are:

1. Demand Substitutability - the potential of consumers to shift to other products,

2. Supply Substitutability - the ability, in the short-run, of other producers to switch
production in their existing facilities to the product in question, or to expand supply

patterns to include the region in question, and

3. Entry - the potential, in the long-run, for significant new investment.

The procedure developed in the Department of Justice Merger Guidelines for determin-
ing whether the Federal Government should challenge a proposed merger consists of three
steps, where the first two steps can be performed together as the market delineation. These

steps are:

1. Product Market Definition,
2. Geographic Market Definition:

e identify customers who may be affected by the merger,

» identify potential suppliers that can compete to serve a given market or customer

3. Market Concentration Calculation.

The analysis of market power preceeds by determining the impact of the limiting factors
(listed above) on the identified product and geographic markets, and then calculating the
market concentration in the final, identified market using the Herfindahl-Hirschman Index

(HHI).! These steps are discussed in more detail below.

'The Herfindahl-Hirschman Index is the sum of the squares of the market shares. If measured in per-
centages, the index for a monopoly would be 1602 = 10,000. With an infinite number of firms of equal size,
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e Steps 1 and 2 - Market Delineation: The relevant product and geographic markets
are delineated in an iterative process. The initial candidate market would consist of
the specific product and geographic region served by the merging firms. The analyst
then hypothesizes a 5% price increase imposed by the potential new monopolist, and
looks to the effect of the three factors stated above for any market response to the
hypothetical price increase. If any of the three factors would negate the benefit to
the monopolist of the price increase then the market is expanded and the test (price
increase and market response) is repeated. Negation of the benefit to the monopolist
would occur if, for example, consumers switched to a substitute product or other
producers began supplying the effected group of consumers, or a combination of these

responses occurred.

If any of these responses are considered likely, then the product market definition is
expanded to include the substitute product, or the geographic market definition is
expanded to include the region covered by the new supplier (to the extent that the
original consumers travel to the extended region). With the new candidate market
definitions, the hypothetical price increase is imposed again, and the anticipated re-
sponses tested. The process is repeated until it is determined that a monopolist in
the candidate product and geographic markets would profit from a significant price
increase (typically estimated as 5%) for a significant amount of time (1 to 2 years).
These markets then define the relevant product and geographic markets, and for an-

titrust cases are used in the final step of calculating the market concentration.

e Step 4 - Market Concentration: The final step in the DOJ Merger Guidelines is to
measure the market power of the firm in question by calculating concentration in the
identified market. Although many methods exist for calculating market concentration,
the Guidelines currently support the use of the HHI. The range for an HHI which will
raise market power concerns, and call for further antitrust analysis is a value in the

range of 1800 and 2500. The foriner has traditionally been the threshold for merger

the limiting value is zero.
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cases, but more recently it has been questioned as tuo restrictive. The higher end of

the range has been applied by the DOJ in market pricing analyses for oil pipelines.

E.2 Potential Market Power Abuse

In the electric power industry there are three areas of potential market power abuse.

1. Access to the Transmission System: As stated above an early focus of the market

power debate was the control of the transmission system by the existing electric util-
ities. This control allowed one group of suppliers to exercise market power against
other suppliers by preventing them from participating in the market, and against na-
tive customers by preventing them from seeking alternative suppliers. This issue was
recognized as a significant obstacle to the development of a competitive electricity
market early in the debate, and was addressed in the 1992 Energy Policy Act. It has

continued as a topic of debate at both the federal and state levels.

Long Run Capacity Markets: In addition to being concerned with physical access to
the transmission system, independent generators are concerned that electric utilities
can exercise market power in the capacity market by threatening to bring their excess
capacity on-line at a price below that possible from new capacity, essentially deterring
entry. This is an example of utilities exercising market power against other producers

(or large consumers in some cases) on a regional level.

Short Term Energy Markets: Finally, it is possible for producers to exercise market
power in energy markets against other producers and against consumers. This market
responds continuously to supply and demand fluctuations and as such operates over
time periods much shorter than those required either for investment decisions or for
gaining access to the transmission system. Market power in such a market can vary
not only in extent from local to regional, but also with time of day as the transmission
lines become more or less congested. In this market, if a producer is able to profitably
raise price above the competitive level, even if for only a relatively short period of

time, then the producer enjoys market power. This is not to say that if a producer
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is able to profitably raise price during a particular time period for one day that they
enjoy market power. But rather it points out that if a producer can profitable raise
price during a portion of every day due to predictable fluctuations in the system then

they do have market power.

These latter two dimensions of the market power issue are distinct from the concern
over open access to the transmission system, which was addressed in FERC Order 888.
Major determinants of market power in capacity markets are the physical topology of the
transmission system and the pattern of capacity ownership. Small, independent producers
can be discouraged from entering this market by larger competitors, as discussed above. For
the short term energy markets it is necessary to have information on the daily fluctuations
in demand and line flows. It is this dependency which makes market power in energy
markets inherently dynamic and difficult to identify, and which highlights the importance
of analyzing network interactions, or loop flow, when analyzing market power in energy

markets.

E.3 Market Power versus Economic Signal

In situations when none of the three mitigating factors—demand substitutability, supply
substitutability and entry—act to negate the price increase, a dominant firm’s action will
resuit in higher profits. It is important to remember that a price increase alone dces not
signal an abuse of market power, since this can result from the smooth functioning of the
market. If a price increase reflects the true cost of available generation in the region, then
the price represents a market signal for increased investment (in either low cost generation
in the region or expansion of the transmission network serving the region) and not market
power. Three situations where an increase in price facilitates an increase in profits are

discussed below.

1. Supply Scarcity: The first such situation where a price increase can lead to increased
profits occurs when there is excess demand (or scarcity in supply). A price increase

which occurs in response to the demand increase is defined in economic terms as a
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scarcity rent. Economic theory holds that the price increase in this situation is a
signal for increased in investment in generating capacity for the region, and as such

represents the smooth functioning of the market.

2. Isolated Region: The second situation occurs when a region of the power system
becomes isolated from the rest of the grid due to individual transmission line con-
straints. A price increase to the isolated market in this situation could be the result
of two factors, acting alone or together: i) the exploitation of market power by low cost
generators in the region, or ii) a reflection of the true cost of the remaining high cost
generation in the isolated region (as the network pathways to lower cost generation
are temporarily congested). In the case of network constraints the isolated region is
relatively easy to identify, as is the market power of any generator serving the captive

market.2

3. Network Externalities: The third situation of an increase in price leading to an increase
in profits is that of network interactions or loop flow facilitating the exploitation of
market power. Firms can exercise market power in this situation in one of two ways:

e A producer imposed price increase (at differing demaund levels), or

e A restriction in supply.
Market power resulting from network externalities is discussed more in [14].

For distributed generators in a radiai distribution system, the concern with market power
focuses on the issue of operating in easily isolated regions. Since such regions are also easily

identified though, this concern can be addressed in the policy arena.

’It is well documented that the generators in the UK learned how to exploit this situation to their
advantage very quickly, with abuse becoming common enough that specific rules were developed to deal
with such price increases. See Richard Green and David Newbery, "Competition in the British Electricity
Spot Market,” Journal of Political Economy, 1992, vol. 100, no. 5, pp. 929-952; Richard Green, "Britain's
Unregulated Electricity Pool,” in Einhorn, Michael, ed., From Regulation to competition: New Frontiers
in Electricity Markets, 1994; David Newbery, "Power Markets and Market Power,” EEE Conference, April
1995.
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