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Abstract

In this paper we describe certain tools for
understanding and operating power systems in a
deregulated environment. Many of the current
models for this competitive market that employ an
independent system operator (ISO) for controlling
transmission, ensuring fair access and security, and
providing a spot market for power will be studied.
This centrally-dispatched power pool also ensures
that generation meets demand based on bids
submitted daily from independent generators (and
from customers offering interruptible loads).
Currently, most ISO bidding models allow only a
single bid per day. In this paper, we present an
asynchronous bidding scheme as a possible
alternative. In particular, we examine the effects of
including a feedback mechanism such that upon
receiving generation levels from the ISO,
independent generators (IGs) be allowed to modify
their bid if they so desire. This competitive or
‘sequential’ bidding process should be allowed to
take place each day for a predetermined period of
time; in this way, IGs will have a chance to compete
and hopefully optimize their profit margins. This
paper also discusses the development tools
necessary for examining the effects of different

bidding processes on the ISO model and evaluating

their capability of driving the market to an efficient
state of operation.

1.0 Introduction

Recent proposals from FERC to deregulate
the power industry are causing broad changes in how
the industry currently operates. While there is no
general agreement on how to restructure the industry
for less regulation, there is agreement that pressures
for greater competition in the generation sector
should continue, consumer choice should be
enhanced and access rights to the transmission
system should occur in ways necessary to
accommodate greater customer choice and supply
competition.

In the recent past debates about coordinated
operation of the deregulated system centered on two
ends of a spectrum. On one end is the bilateral
model where suppliers and consumers are allowed
to independently arrange trades without involving a
system operator. At
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the other end of the spectrum is the so-called Poolco
model born of a necessity to coordinate trades. In
the Poolco model all utilities combine to form a sort
of super-utility. Suppliers and consumers offer price
and quantity bids to an independent system operator
(ISO) and the ISO exercises traditional scheduling
and operating responsibilities in terms of ensuring
power balance, reliability and security, and
coordinating transmission access and services. In
effect then, all trades are with a centralized pool that
determines which trades to accept and which to
reject.

At present, many ISO models involve a
centrally-dispatched power pool from which
generation meets demand based on bids submitted
daily from independent generators (and from
customers offering interruptible loads). Given this
type of model, we suggest that a single bid
submitted each day may not be the best mechanism
to ensure the market is driven to an efficient
operating condition. Instead, a more responsive
feedback mechanism should be included in the
model such that upon receiving generation levels
from the ISO, the IGs be allowed to modify their bid
if they so desire. Such a scenario could arise, for
example, if an IG believes that it could increase its
profit by changing its bid. This ‘sequential bidding’
process should be allowed to take place each day for
a set period of time (e.g. - one hour); in this way,
IGs will have a chance to haggle/bargain and
hopefully optimize their profit margins.

2.0 Problem Formulation

To begin, suppose the system consists of a
set of independent generators (IG), a set of
independent consumers (loads) and an
interconnected network controlled by an
independent system operator (ISO). Next, assume
each IG has submitted a bid function (in $) to the
ISO, Bj(Pgi), and a set of generation injection limits

(e.g. Pgimin, pgi max, Qgi min, Qgimax)- The bid
function conists of a set of coefficients (e.g. -

defining a piecewise linear function, or an nth order
polynomial) submitted to the ISO. Upon receiving
these bids, the ISO determines a set of generation

powers Po = (Pg{, . . . Pgn)T that satisfy the system

economic, security and reliability constraints
through application of a freely available and open
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algorithm. The ISO is assumed to provide
information such as the load forecasting data used in
their calculations to all participants. Finally, we
assume that there is a maximum amount consumers

n
are willing to pay so that 3 B; <Bp where BT
i=1

represents the total system cost. This simplification
is not necessary but it helps simplify the problem so
that the 1G’s bidding dilemma is more easily
exposed. For this discussion we do not consider
generator startup costs.

For the following description, the ISO is
assumed to solve the following ‘optimal power flow’
problem:

n
min .Z B;| P
subject to

Load Flow Constraints
Pg=13(d, V,B)Qqg =1f4(d, V, B)

Generator Constraints
min max
< <
P g = P g S P g
min max
< <
Qg T Qg - Qg

v oy <y

Network Constraints
min max
Piine = Pline = Pline

Consumer Constraints

n

Upon solving this problem, the ISO then notifies
each potential generator of the results. It is
important to note that the ability to solve this
problem for large-scale systems is an open question.

3.0 Sequential Bidding Model

Although the above formulation assumes
that a bid is submitted to the ISO, it does not specify
the information contained within the bid function,
nor does it specify how often the bid is submitted.
These details are reserved for what we define as the
‘bidding model’. For instance, current ISO bidding
models allow for a single bid per day. As an
alternative, we now present a rudimentary version of

N

an asynchronous or ‘sequential’ bidding model.
Upon notification of ISO generation levels obtained
from the formulation in section 2.0, IG’s may then
choose to hold or submit a new bid based upon
subjective criteria. For example, a reasonable
approach for a given IG is to maximize its own
profit function:

max d.

B. 1
i

where d; = Bi (Pg. )_. C; (Pg. )
i 1

Here Cj(Pgj) is the IG cost function which includes

fuel and other costs necessary to operate the plant.
The overall process is illustrated in figure 1.
Clearly, each IG should not know the profit function
of the other competitors. Since the bids in effect
determine the amount of power each IG will be
asked to generate, it is important to bid judiciously.
The method used by a particular IG to generate a bid
is defined as the bidding ‘strategy’. It is important
to note that the ‘ith’ IG’s bidding strategy could be a
(complicated) function of the overall system bidding
history; hence, knowledge of such a relation might
be critical.

ISO Strategy
Generators Submit
Bid

A 4

1SO decides power for each
generator such that the overall

system cost is minimized while

satisfying system constraints.

Bid Strategy -
S Fig

ure 1: System block diagram for iterative
bidding strategy

The sequential bidding process is an iterative
mechanism that allows IGs, consumers and the ISO
to enter into a competitive feedback process.
Assuming the sequential process contains rules that
encourage ‘sensible’, ‘stable’ behavior in the market,
the possibility exists for participants to interact in a
way that could drive the system toward market
equilibrium. Such a formulation would then be
equivalent to applying an iterative algorithm that
could locate global minima.

4.0 Numerical Studies
For this discussion, a three machine, nine
bus system is used to illustrate possible outcomes of

the sequential bidding scenario when different
algorithms are applied to the sequential bidding
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process. In the spirit of previous competitions ([2],
[31, [5]), we have been formulating various bidding
strategies to be applied to small and large-scale
power systems. Given these strategies, it is possible
to analyze their effects on market share, profit and
system optimality. Such simulations are useful for
developing realistic guidelines for the bidding
process and measures of success in the restructured
power market. For this presentation, we describe a
strategy that attempts to predict the other generator
bids based upon past power and bidding histories.

4.1 Learn and Predict Strategy

This method attempts to learn the history of
past bids and generation levels in order to predict the
outcome of the next bidding iteration. Several
approaches such as Kalman filtering, Bayes decision
or neural networks can be applied to implement this

strategy. Denote the bid history Bl, .. BK and

generation history Pgl, - ng. There exists a
relationship
Pg = h(B) 4.1

between bids and the generation patterns produced
by them. While it is impossible to write function
h(B) explicitly, it should be possible to approximate
it given enough data.

Recall that the generator profit function
being applied is the difference between revenues
obtained based upon a specific bid and the cost of
generation. For this discussion, let us assume that
the bid function is linear; that is, for the ‘ith’
generator let

di = bini Ci (Pgi
where Pgi is the power output of (IG)j and bj is the
bid coefficient submitted by the °‘ith’ IG in
dollars/MWh and dj is profit associated with (IG); in
dollars.

The bidding strategy applied in this example
is for each generator to make its own estimate of the
next system operating point, h*(b), based upon the
past bidding and operating point histories broadcast
by the ISO. Using the estimate the ‘ith’ generator
can find a b that will maximize its own profit

function
* %
rgax bih, (b)~c; (hi (b))

1

In the above equation, hj*(b) represents the ith
component of the estimate as function of the bids.

Of course, in order for any one generator to estimate
power and calculate the constraint equation, the
other bids must be known. Since this information is
unavailable, we suggest that each generator assume
the other generator bids do not change drastically
from one iteration to the next. Near an equilibrium
solution of the iterative process, this assumption is
not unreasonable; therefore, the ‘ith’ profit
maximization procedure reduces to a one parameter
search for which all other generator bids are held
constant at their values from the previous iteration.

For the discussion at hand, we apply a radial
basis function neural network [11] as the estimator.
Training data for the network is obtained from the
bidding and power histories. At each iteration the
network is updated with the latest data so that it can
continually learn the power as a function of the bid.
After the network is trained, the bids can then be fed
into the network to obtain a power estimate, h*(b)
(see Figure 2).

' NN ‘
Bid .o . |——=Power Estimate
| Estimator | »

Figure 2: Neural network estimate of h*(b)

At bid time k and given the bid history (IG); for the
ith IG,

1) Let Pgik=: hi*(bk, w*) be an approximate
relation for (4.1) parameterized by constants w*.
Choose the w* to best approximate h (note that the
predictor algorithm need not be a neural network,

other function approximation approaches such as
interpolation could also be used).

2) Since we want to determine biK+1 to
maximize the profit function, dj, given all other bids

and generation histories, for the purpose of the
algorithm assume

bjk“'l = bjk j#1 (not a bad assumption
near equilibrium)
Then

Py k+1 . hi*(bk"'l) 4.2)

3) Substituting relation (4.2) into the profit function
yields
dik+1 - bik"'l hi*(bk'*’l) e [hi*(bk"'l)] 4.3)

4.2 Numerical Experiment

This test involves the three generators
running the learn and predict algorithm. The cost
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functions Cj(p), i=1,2,3 for each generator are
arranged so that C1(p) > C2(p) > C3(p). In this test,
the bid constraint, b, is first set to a value of 20 for
25 iterations of the algorithm and then changed to 12
for another 20 iterations. This is done so that the
system robustness and the estimation procedure can
be examined as function of a particular step change
(i.e. - the pool of funds available) in system
conditions. Figure 3 clearly shows that the accuracy
of the estimate increases as more data becomes
available. Furthermore, after the change in bid
constraint at iteration 25, the network is able to
minimize the error in just a few iterations. Finally,
figure 4 shows the bid histories for each IG along
with the sum of all the bids. Observe that the sum of
the bids approaches the system constraint. This
result makes sense from a free market standpoint
where all the generators are attempting to maximize
their own profits. Finally, recall that this example
has been set up so that C1(p) > C2(p) > C3(p). In
figure 4, we observe that, in the limit, b1(p) > b2(p)
> b3(p). This result is also consistent since a

generator with higher costs must bid higher in order
to maximize its own profit.

Sum squared esor between estimate and 1SO power (pu)

30 35 40 45

Figure 3: Sum squah;éoa difference between
estimated power and the ISO

mx> Generator 1, 'o'm=> Genemtor 2, %'==> Gencrator 3, ‘#'==> Sum

Generator Bid (VMWR)

Figure 4: Generator bid histories

5.0 Open Internet Tournaments

In order to perform broader tests of the
various bidding models, we have developed a
distributed interactive test environment on the
Internet, specifically on the World Wide Web
(WWW). This test environment is a distributed
system called PowerWeb that is being used to host
real-time, interactive tournaments involving other
researchers in the field. Figure 5 shows a sample
page from the user interface which depicts a three
machine, nine bus system used in preliminary
Internet competitions.

The distributed nature of the environment
allows participation from any location with a
connection to the Internet, eliminating travel costs.
The software is based on the standard WWW
protocols, requiring only a web browser, which most
participants already have. Since web browsers are
freely available for all popular computer platforms,
this WWW approach also has the advantage of being
cross-platform, allowing each participant to use the
computer and operating system of their choice. This
eliminates the need for participants to buy a
particular type of computing hardware or software. It
also eliminates the need for distribution of any
specialized software necessary for the simulation.
The only cost to the participant involves the time
spent in planning a strategy and playing in the
tournament.

The real-time, interactive nature of the
proposed test environment makes it possible to
easily incorporate the ‘human factor’ in the bidding
strategies. The participants are each given a
particular generator in the system for which they are
responsible. They each formulate their own bidding
strategy which they employ throughout the
tournament in an attempt to maximize their profit
based on the system conditions and the bids of the
other participants. Some may choose strategies
which would be difficult to characterize as a set of
rules for a computer program to follow. The
tournament should also expose problems in the
bidding models which may have been overlooked. It
should also lead to further investigation of important
issues surrounding the deregulated environment. For
instance, questions regarding the feasibility of using
the Internet as a conduit for communicating
information in real-time and the necessity of
developing standards and protocols will naturally
arise as PowerWeb is further refined. Finally, the
web based simulator will be a very useful tool in
communicating our results and their significance to
others
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Figure 5: Sample PowerWeb page for a three
machine system

6.0 Conclusions

In this paper, we have presented a formulation for
the sequential buidding model in a deregulated
power systems environment. In particular,
numerical experiments have been presented in order
to demonstrate various issues in this new
environment. In addition, an algorithm to predict
competitors’ bidding strategies has been presented.
Future research will also involve using PowerWeb
as a tool to experiment between various bidding
models.
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