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Abstract

Recent moves to open up electric power transmission
networks to foster generation competition and customer
choice have touched off a debate over how the transimis-
sion system should be restructured in order to meet the
goal. The opposing sides of this debate are now commenly
represented by the bilateral model and the poolco model.
Both models resort to conventional centralized operation
in dealing with the shared resources of an integrated trans-
mission network. The conventional operating paradigin
was developed in a different era for electric utilities oper-
ated as regulated monopolies. A new operating paradigm
is needed for a restructured industry that encourages ctfi-
clent competition and at the samc time maintains neces-
sary coordination te  guarantee a high standard  of
refiability. We propose a new operating paradigni in which
the decision mechanisms regarding economics and reli-
ability (security} of system operation are separated. Eco-
nomic decision is carried out by private multilateral trades
among generators and consumers. The function ot reli-
ability is coordinated through the power system operator
who provides publicly accessible data based on which
generators and consumers can determine profitable trades
that meet the secure transmission laading limits. We prove
that any sequence of such coordinated private multilateral
trades, each of which berefits all parties to the trade, leads
to efficient operations. i.e., maximizes social welfare. The
coordinated multilateral trading model achieves all the
benefits of a centralized pool operation without the visible
hand of a pool operator in economic decisions. It is also
shown that the coordinated multilateral trading model can
coexist with the traditonzal model and provides non-dis-
criminatory service to both utility customers and direct-
access customers.

1 Introduction

Recently, regulated industries such as telecommunica-
tions, trucking. airline and gas have expericnced major
changes resulting from reduced regulation and increased
competition. The electric utility industry is the last major
regulated monopoly to undergo change. The traditional

24

regulated menopoly is justified only in an environment in
which {1} economy of scale exists in the industry, and (2)
the pace and magnitude of technological advancement
remains moderate and predictable. As social acceptance
and financial viability of large generators have declined
and possibilities for innovations in electrical, as well as
supporting information technologies, have soared, the
continued monopolization of the electric utility industry
becomes untenable.

These recent moves to open up the electric power
industry demonstrate the new general agreement on three
principles: (1) pressure for greater competition should
continue; (2) consumer choice should be enhanced; and
(3) access to transmission services should be arranged in
ways necessary to accommodate consumer choice and
supply competition. These new competitive pressures and
emerging market forces exert an increasing influence over
the future structure of the industry.

When the CPUC issued its proposal promising direct
access and open competition by the year 2002, it touched
off a debate over how the transmission system should be
resirnctured in order to meet that goal. The opposing sides
of this debate are now commonly represented as the bilat-
eral model and the poolco model.!

The bilateral model is based on the principle that free
market competition is a route to economic efficiency. In
this model suppliers and consumers independently arrange
trades, setting by themselves the amount of generation and
consumption and the corresponding financial terms, with
no involvement or interference by the power system oper-
ator (PS0O).% Economic incentives will lead generators to
find the best-paying customers and consumers to find the
cheapest generators. So long as consumers or generators
do not have significant market power, these trades will
lead to short term economic efficiency. Perhaps even more
important in the long run, generators and other providers
will find it profitable to support innovations that con-
sumers want. However, the bilateral model faces a funda-
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incentive in the traditional operating paradigm to promote
competition; it was never design to do so. Because both
the bilateral model and the poolco model embrace the tra-
ditional paradigm, both models require regulation in order
to force the PSO to perform its duties. Therefore, it is not
surprising that both models result in significant gain in the
requiremnent for regulation, contrary to the original intent.

We take a completely different approach. We propose
to develop a new operating paradigm that is compatible
with the competitive market structure. The crowning
achievement of the traditional operating paradigm is its
seamless coordination of transmission operation. Coordi-
nation does not require centralization. Coordination
among various parties has two dimensions: information
structure and decision-making authority. In the traditional
operating paradigm, both the information structure and
decision-making are centralized. We have examined alter-
native information and decision-making structures for a
new operating paradigm to achieve the same level of
seamless coordination and have developed a model which
we call it the Coordinated Multilateral Trading model. We
have solved the fundamental problem, namely ensuring
systermn reliability/security, that weakened the bilateral
model. Moreover, our model will achieve the same eco-
nomic efficiency as the poolco model ideally achieves. But
the PSO has no visible hand in the economic decisions.
Efficiency is attained through the invisible hand of the
market., The proposed model does not require explicit
description of cost/benefit functions as other models do-
such requirement in an economic system can lead to wel-
fare loss. Therefore the coordinated multilateral trading
model will achieve higher economic efficiency.

2 Requirements for a New Operating
Paradigm

2.1 Coordination

For the transmission system to properly support
“shared™ services such as maintaining security and pro-
viding transmission losses, coordination among all parties
is required. It is a gross simplification to equate coordina-
tion with centralization. As a matter of fact, an examina-
tion of coordination should focus on ways to distribute
information (who knows what) and control {who does
what}) for all parties: generators, consumers, system ocper-
ator, regulator, etc., to achieve the goals. In the traditional
paradigm, both information structure and decision-making

3. There is also need to coordinate the use of other shared
rcsources, e.g., back-up generators.

4. These concepts are borrowed from the theory of coerdination.
Coordination theory studies the specification of the “rules of the
game” by which the decisions of various agents can be coordi-
nated in order to achieve a common goal.




authority are centralized to achieve the three main aper-
ating objectives: power balance, security/reliability, and
economy. As we move toward increased competition, the
way in which the traditional paradigm relies on centralized
authority may not be necessary or desirable to attain coor-
dination. Tt is possible to reach the same level of coordina-
tion through different information and decision-making
structures. With this objective in mind, we seek to (1) sepa-
rate each objective (power balance, security/reliability,
and economy) and (i) design information and decision
mechanisms for each objective. We can then evaluate the
alternative operating paradigm in terms of economic effi-
ciency, reliability and implemcntability.5 The goal is to
find a new operating paradigm which achieves at least the
same economic efficiency and the same level of reliability
as the centralized paradigm does. and hopefully more. and
which is refiable and implementable using existing com-
puter, communication and control (3C) infrastructure.

2.2 Separating security and economy

As competition is introduced in gencration. thus
breaking up the monopoly, we belteve that the decision-
making for efficiency and reliability can and should be
decentralized and it can be done with a proper information
structure. First of all, it is helpfui to analyze sccurity and
economic generation separately by examining the differ-
ences in decision-making and information structure
requirements for the two functions.

In analyzing the task of economy, we must remember
the goal of a market based economy. Tn a free market,
decision-making authority should be decentralized and
decisions should be made by participating suppliers and
consumers. The information structure in a {ree market
should facilitate economic efficiency. Furthermore. the
information structure should not result in a situation in
which there is market dominance or anti-competitive
gaming opportunity. To achieve that, it is necessary to
keep the cost/benefit information completely private.

The security of the transmission system is a shared
responsibility among all generators and consumers. With
today's technology, there is a delay in communication and
control that makes it impossible or undesirable to mitigate
a security violation after it occurs. Therefore. in system
operation, the security concerns must be incorporated
while economic decisions are being made. This is consis-
tent with the principle of current practice in which security
is treated as an operating constraint in economic decisions.

5. Several alternative information structures have been pro-
posed: Kaye, R, J.. F. F. Wu. P. Varaiya, "Pricing for systcm
security.” IEEE PES Winter Meeting. New York, Jan. 1992, Bual-
dick. R., R. I. Kave, and F. F. Wu, “Electricity tariffs under
impertect knowledge of participant benelits.” IEEE Tran, Power
Systems. val. 7. 1992, pp. 1471-1480,
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The challenge, however, is to determine the degree of cen-
tralization and decentralization in the decision-making
process and to design an information structure such that
sufficient information can be made available to all poten-
tiak trades to assess security feasibility and economic via-
bility. Moreover, for fair competition, public information
should be shared and transparent, i.e., the method by
which the data is obtained and security constraints are cal-

culated must be obvious and readily reproducible by
anyone.

2.3 Requirement summary

We propose a new operating paradigm which allows
suppliers and consumers primarily to seek profit on their
own. while the PSO guarantees security. Only when secu-
rity is threatened, does the PSO intervene to make a deci-
sion on curtailment, Participants collaborate in the
responsibility for maintaining security with the help of
information provided by PSO. For the purpose of main-
taining security, the PSO passes on information to the gen-
erators and foads based on which the generators and loads
structure their trades so as not to cause security problems.
Because maintaining security is a community effort, all
security information is open to the public.

Suppliers and consumers themselves carry out the
cconomic function, making the decisions concerning the
price and amount at which to buy and sell. The pricing
information relied upon by participants for their economic
decisions is all private. Since all trades are independently
arranged, methods to calculate and allocate transmission
losses are required.

Ultimately, the goal of this new paradigm is to: (1)
organize arrangements so as to achieve economic effi-
clency; and (2) encourage search for alternatives and inno-
vations for any function that requires a centralized duty.

3 Coordinated Multilateral Trading Model

A multilateral trade is a trade involving two or more
parties in which the sum of generation minus the sum of
consumption losses s equal to its share of losses. The
party that arranges the trade is called a broker. The broker
may be a generator or consumer involved in the trade but
may also be an unrelated third party. A multilateral trade is
a generalization of a bilateral trade. But, as will be shown
later, in order to relieve congestion or to ensure security of
operation, it is essential to have coordinated trades
involving three or more parties.

3.1 Optimal Dispatch

Consider a power network consisting of (1 + 7) nodes
or buses operating in sinusoidal steady-state. The voltage
phasor at bus / is denoted
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An arbitrary bus, say bus 0, is chosen as the reference bus
for the voltage phasar angles, i.e., 8, = 0, Let us assume
that the voltages V, are kept constant by adjusting reactive
powers at the buses and we focus on real power flows, The
real power flow balance at each bus s expressed by the
(real) power balance equation®

L8 =g, i=01,. . (2)

_ T
wher'e 8=1(8,.., 8,07, g, is the net power injection at
bus z._We fldopt the sign convention that G; 1s positive
(negative) if there is net generatipn (consumption) at bus .

.Tl_le \-fccto? q= g, gy, - q,| > the array of all nodal
Injections, is called an injectiof vector.

The (real) power flow through any transmission line
(or transformer) can be expressed as a function of 8,
Indeed, the power flow through

] a set of lines or between
two regions can always

: : be expressed as a function of 8.
Let the line ﬂUW limit on line i or the tansfer limit
petween two regions be denoted by {;; then the transmis-
sion loading constraints are

sl k=121 (3)

where L is the tota] number of such consiraints.

. Let ¢,(g,) be the cost function if bus i is a net genera-
tion bus, g,> 0, and let ¢,(g;) be the negative of the con-
sumer benefit function if bus 7 is a net consumption or load

bus, g{< 0.' We assume that the functions ¢; are convex
and strictly increasing.

The optimal dispatch problem is to maximize total

consumer benefit and to minimize tota] generation cost
such th_at the power flows are balanced and the line flow
constfamts are satisfied. If consurmer benefit is treated as
negative cost, then the problem becomes

n

min clg) =Y ¢ (q) ()

i=0

6. Letthe reciprocal of the impedance between line km be
Yem = Vo, = g, ~Jb,, - Then the k-th equation is

8) = 2 -
fk( ) %gkrnvk + 2 gknrvi\'vmcos (ek - em)

i3
+Ebkmvk VmSin(ek—em) (l)
m
= q’k
- See textbooks such as Bergen, A. R. Power Systems Analysis,

Prentice-Hall, 1986, and Wood, A. I, and B. F. Wollenberg,

Power Generation, Control and Operation. N :
Wiloy and Sem o o ton. New York: John
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subject to
fF8) =¢q ©)
g(®) <I ©)

The Kuhn-Tucker optimnality conditions for the above
nonlinear programming problem (4)-(6} are:

de

—_— = 7
g P "
rof | Tog _ 8
88+u o8 0 ®

{ Ho(g (8)-1)=20 9

w20

The optimal dispatch problem (4)-(6) stated here is
the standard welfare maximization problem in economic
theory. It is also a generalization of the standard optimal
power flow {OPF) problem in power systems analysis,
with consumer benefit included.

We now make two simplifying assumptions. The first
is to assumne that the lines are lossless and the second is to
assume that the linear approximation of the line flows (2)
and {3) is valid. We will revisit and relax these two
assumptions in Sec. 8.5 and Sec. 8.6, respectively. It
should be pointed out that linear approximations are otten
used in power flow analysis. The approximations are fairly
good for real power flows.

Under the linearity assumption, the power flow equa-
tions (2) and (3) can be written as:

<fp8>=q:‘ ) 0,1,....n (10)

<g.0><i k=12 ..L (11}

where  the inner product of two  vectors

aand b, <a,b>, is defined as a'b.

In this case, the optimal dispatch problem becomes:

min c(q} (12)
suhject to
<f,,0> = g, (13)
FO =g (14)
<g.8><f k=12 ..L (15)
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"and F = .
—f—

F is invertible. Problem {12)-(15) is a convex program-

ming problem with linear constraints. Therefore, g* is
optimal it and only if it satisfies (7)-(9):

where § = (g, ....q,) . Note that

de s
%(q ) =p (16)
L
- T T
pfo+ ) F+ Y ngl =0 (17)
=1
][ W, (<g,.0>—[)=0 -
W, 20

Using the standard terminclogy of nonlinear program-
ming, any ¢ satisfying (10)-(11), or (13)-(15) is said 1o be
feasible. The set of fensible ¢, denoted by 5. is a convex
set in a (n+1)-dimensional space. Assume that S has inte-
rior, the boundary of S is denoted by 95 .

3.2 Feasible Trades

We shall define multilateral trades. A bilateral trade
between a generator at node / and a consumer at node j for
o MW to be generated at node { and ¢ MW to be deliv-
ered at node j is represented by an injection vector g
whose ith component is O and jith component is (-x) In
general, a trade may involve multiple parties and will be
called a multilateral trade.

Definition A multilateral trade is represented by an injec-

H
tion vector g|A] such that zqi [k] = 0. where k is used
i=0
to index a set of multilateral trades. The set of all mululat-
eral trades in the system results In an injection vector

q = zq [4] . A multilateral trade g[k] is said to be cur-
&
tailed if g|&| is replaced by Yiglk] O0<vy, =1

Definition Suppose that g € d5 . ie.. egs. (10)-{11) are
satisfied and

<g, B>=1 fork =k, k.. .,k and (19)
<g,.b><i  otherwise
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A (multilateral) trade Ag = (Ag,,A7) is a fea-
sible-direction (FD) trade at g, if
<, AG><0 fork = ki Ky, .

ok (20)

Ht

where

-T
n,=Flg 1)

and F is defined in eq. (14),

Remark. The physical meaning of the vector nk defined in
eq. {21) is the following: the i-th element of 1K is equal to
the amount of MW flows on line k if | MW is injected into
the i-th node of the network (and taken out at the reference
node). To see this, we first express the i-th element of nk,
(nK)i. using a vector €i, whose elements are all zeros
except the i-th element which is equal to 1. We have (nk)i
= <n.e>= <g 0> where F§ = e,. The second
inner product implies that (nk)i is the amount of power
flow through line k when the operating point is at B, the
solution of the power flow equations when the power
injected to the network is ei, i.e., one unit power injected
into node i. The inner product <n,,Ag> is thus the net
amount of power flow on line k as a result of the trade Aq.
The requirement for a trade to be in the feasible direction
(Eq.(2(h) 1s that the trade should result in reducing the net
power flowing through the congested line. We shall refer
to the vector nk as the Loading Sensitivity Vector corre-
sponding to line k. Those who are familiar with optimiza-
tion theory will recognize nk as the normal vector to the

manifold (affine subspace. in the linear case) defined by

the constraints <g 8> = / .

We now state two key results.

Lemma 4. Let g € S and ¢ # ¢* . There exists a FD trade
Aq at g that reduces the total cost, i.e.. c(g + Ag) < clg).

Lemma 5 For a FD trade Ag at g e S that reduces the

total cost, ¢ (g + Ag) < ¢ (g) . there is profit to be made in
arranging such a trade,

[t is possible that a profitable trade between partici-
pants can result in overload of another transmission limit
besides the original congestion. If the trade potentially
overloads an additional transfer limit, the PSO must solve
a set of equations similar to those concerning the original
transmission congestion to ensure that the additional
transfer limit is not overloaded. In other words, the PSO
must curtail the trade to insure that this transfer limit is not
overloaded and then broadcast the Loading vector corre-
sponding to this constraint. The PSO thus sends to partici-
pants two vectors: a Loading vector for the original
transinission congestion and a Loading vector for the addi-
tional congestion. With these two vectors, participants can
negotiate trades that are profitable while not resulting in



overloa_d.for either the original congested transmission or
the additional transfer limit. Ip the
of transmission transfers gre congested, the PSO can pro-
duce Loading vector, one for each transfer Jimit and partic-

1pants can use thes? YECLOrS 1o ensure that their trade does
not overload any of them.

general case, if several

3.3  Coordinated Multilatera} Trading Process

Now we are ready to state the

; roposed multi
trading process. prop ultilateral

Coordinated Multilaterql Trading Process
Step 1. (Initialization)

Brokers
0
g = qlk.
%

Step 2. (Curtailment)

amange  trades gk .

If g0 is not feasible, the
. s power syst ator
{PSO) curtails the trades 1o 4 e the e

(L) : point where the resultine
Injections g are feasible, )

Step 3. {Announcement)

If lines k... .k, are congested gt g, the system
Operator  announces  the Loading  vectors
ny k=k, ok

m-

Step 4. (Trading)

If a profitable trade in (ke feasible direction is
found, a broker arranges it. The broker uses
determine whether a trade s i the feasible d{r
If no profitable trade is found, goto Stf;p 6

Step 5. (Feasibility)
If the trade is infeasible, Jor the power system

operator curtail the trade and F
. ) £0 1o Step 3. If the trz
is feasible, let PSO fulfill it ang 20 to Sptep 4 e

Step 6. (Termination)

nk w
ection.

Stop.

.We are going to show that the coordinated multilateral
trading process converges to the optimal solution under
the assumption that all Participants make re
sions. By that we mean whenever
profitable trade, the participants w
precisely, let us call a trade
(c(q) -clg+Ag)) <g,

with profit greater than ¢,

asonable deci-
there is a worthwhile
il carry it out. More
Agq with profit less than ¢ (e,
an € -unworthy trade and one

(clg) ~c(g+aq)) >
ZE, ¢
€ -worthy trade. We assume thy (i} For any g )>)o (suf(tli]j

c_iently smatl), any € -unworthy trade in the feasible dir
tion will not be arranged and any €-worthy trad eC]i
eventually be identified and arranged. (ip) On)c/:c a ° W;]
profitable trade is identified, the parties involvgdor;ri
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willing to carry it out. The following theorem asserts that
the coordinated multilateral trading process converges to
the solution of the optimal dispatch under such assump-
tions.

Theorem 1. Under the assumptions that all participants
make reasonable decisions (assumptions (i) and (ii)
above). the Coordinated Multilateral Trading Process con-
verges to the selution of the optimal dispatch g%,

In fact, the coordinated multilateral trading model
achieves better economic efficiency if the cost and benefit
functions can not be explicitly written down as functions
of generation or consumption as required for any central-
ized economic dispatch. In such a case, there is potential
welfare loss for the centralized dispatch model, but not in
the coordinated multilateral model. Thus the coordinated
multilateral trading model is superior to any scheme that
relies on centralized dispatch both on grounds of incentive
compatibility and information efficiency.’

3.4 Trading Arrangement

We now elaborate the trading arrangement process
between the generators and the consumers, with the help
of a broker. The decision-making by a broker to find a
profitable trade Ag in the feasible direction can be formu-
lated analytically as an optimization problem. Let [ be the
index set of the generators and loads engaged in the trade
Ag arranged by the broker, ie, [ = {i:Ag,#0} . The
objective of the broker is to maximize the net profit of the
trade, or to maximize the total cost reduction
éc‘f (g3 —c,{g; +Aq,} , subject to the constraints that (i)
thes amount of generation and load balances out, and (ii)
the loading constraints (feasible direction) set by the PSO
is observed. Mathematically, it can be written as

miny c,(q,+48q)-c,(q) (22)
ief
subject to
D Ag =0 (23)
=1
Y (1) ,Aq,<0, ke K = {k,ky..k,} (24)

=1

The optimization problem formulated above (22)-(24)
is a version of the transmission constrained economic dis-
patch (TCED). If the cost function is quadratic, the
resulting TCED is a simple quadratic programming
problem for which efficient solution algorithms exist. The
optimality conditions for the optimization problem stated
above are:

7. See literature.......




-@{qﬁﬁ%) =Ah+ Zuk{nk),. ie Li#0 (25)
dq; e K

iJ"—C—O(%+Aqg) =X ieli=10 (26)
dqp

where A and [ are the Lagrange multipliers of Egs.
(23yand (24), respectively. Several immediate conclusions
follow from the above results, which are stated below as
assertions.

Assertion 1. If (i) the optimal solution occurs at a point
involving only those constraints in K and (ii) the addi-
tional  trade  involves  all  participants,  ie.,
= 4012 ... ,n} ., then the solution to the TCED 13
precisely the solution of the optimal dispatch and the mar-
ginal cost at the buses correspond to the optimal solution,
The value of the optimal marginal cost at bus 1 relative to
the marginal cost at the slack bus (} is equal to
de, deg

i

— = by (1) 27
dyg, dg, ka AT

Proof: Combining Egs. (35) and (26) we obtain Eq. (27).
Comparing Eq. (27) with the optimality condition Egs.
(17) and {IR), ignoring losses, the assertion follows.

A very important conclusion that can be drawn from
the above formulation is on the number of parties neces-
sary to construct a profitable trade in the feasible direction.
It is stated below.

Assertion 2_If there is only one transmission congestion,
e, m=1, a trilateral trade may be necessary in order to
construct a profitable trade in the feasible direction.

Progf: At the optimal solution of the TCED, Eqs. (23)-(26)
must all be satisfied. 1f the trade involves only two parties,
Eqgs (33)-(24) become two equations with two unknowns.
If there is a solution. it may not satisfy Eqgs. (35)-(26).
Therefore. a trilateral trade may be necessary.

Of course, if more parties are mvolved, the better
solution the chance a profitable can be found. The extreme
case is that every generator and joad is involved in the
trading, which is precisely the arrangement of today’s inte-
grated utility arrangement, the problem formulated above
then becomes the so-called transmission-constrained eco-
nomic dispatch in today’s advanced control centers,

Consider the case with only one transmission conges-
tion, further guidelines for finding a feasible trilateral trade
can be derived. For a trilateral trade involving, say gener-
ator 1. generator 2, uand consumer 3. such that
Ag, +Ag, = Ag,. We want to derive guidelines for a
broker to spot profitable trades that are feasible. The trans-
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MISSION - system  security constraint derived from the
Loading vector (nl1, n2, n3....) can be rewritten as:

Ag, n,-n
L M2y
AQQ Ry —n,

(28)

For a profitable trade to exist, the marginal benefit of
additional MW for consumer 3 must be higher than the
marginal cost of one of the genergiors, say generator 1,
e, MCy>MC, ., where MC, = —i(ql.) . Suppose that
generator 1 s also serving as lﬁicquroker. If ny2a,
{n, *f”'R) Ag, 20 for any amount of AgMW. As the
trade from node 1 to node 3 helps relieve the congestion,
any profitable trade can be carried out and there is no need
.to solic.it the participation of another generator. A more
1-ntcrest|pg situation is when ny<#y . Assertion 3 below
tollows immediately upon examining the signs in Eq. (28).

Assertion 3. Suppose MCy>MC, and ny<n,, hence

profitable bilateral trade between generator | and con-
sumer 3 is not feasible. The broker should look for a gen-
erator, say generator 2, that satisfies either of the following
conditions for possible trades that are profitable. (1)
13> 1y ), generator 2 to generate. (ii) ity < n,, generator 2
to back down. L

‘ In the special case of a single transmission conges-
tion, the amount of generation and consumption in a trilat-
eral trade can be determined if the cost benefit functions
are explicit. Assertion 4 states the result,

Assertion 4. For a trilateral trade with one transmission
congestion, the optimal trade (Agq), Agy, Ag,) , is the
solution of the equations:

AQ] +ACI2 = Aq;, (29)
Ag, M=y
Ag, - Ry =1, (30)
(a’c] 3 “dc,
Hz\dq] (g, + Aq])J _”ILdTg? (g, +Aq,) )
-
ny-n
(d’cl de, 3D
) iy @‘] (g, +Aq,) ]"ﬁ[a(% +ACI3)J
Hy—n,

4 Conclusion

As the electric power industry moves into an era of
supply competition and consumer choice, a new operating
paradigm for the transmission network connecting sup-
pliers and consumers is needed. The new operating para-
digm must be compatible with the economic principles of
the new era. The two alternative transmission restructuring
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functions can be, and are in fact, provided. The coordi-
nated multilateral trading model thus attains all the advan-
tages of optimal nodal pricing. The optimal nodal prices
send correct economic signals to the generators and con-
sumers in the system to encourage efficient competition in
generation, as well as efficient transmission expansion. As
a result of transmission congestion, the marginal cost of
eeneration at some locations will be lower than the mar-
ginal price the consumers are willing to pay at some other
locations. That gives incentives for generators, cOnsumers
or brokers to engage in network upgrading or expansion to
facilitate more profitable trading. The 1ncentives are
shared by all the generators and consumers affected by the
cangestion and the incentive for network enhancement is
not limited te the congested line.

A vibrant financial market facilitates competition.9 It
has been proposed to establish locational (nodal) elec-
tricity forward markets throughout the network. Such mar-
kets will facilitate the development of optimal nedal
pricing. The coordinated multilateral trading model is
compatible with such nodal markets. One important con-
sequence of having nodal forward markets is that they
help hedging the price difference between the supplier and
the consumer due to transmission congestion.

Advances in 3C technologies have moved the security
function in operation from using simple guidelines on
transfer limit set by off-line computer simulations to real-
time assessment.'Y On-line steady-state security assess-
ment software have been introduced and used in some
advanced energy management systems. It uses on-line
load flow or optimal power flow to examine the conse-
quence of potential disturbances, with all the loading and
meteorological data available, rather than working with
off-line postuiated conditions. Significant research has
been accomplished in recent years in furthering the secu-
rity assessment into system dynamic responses to distur-
bances. Deployment of on-line steady-state and dynamic
security assessments can greatly enhance effective utiliza-

§. See Quthred, H., and R. J. Kaye, “The nodal auction model
for implementing competition in a bulk electricity industry,” U
of New South Wales Repert DEPE 941012, Oct. 1994 and aiso
Oren, S. 8., P. T. Spiller, P. Varaiya, and F. F. Wu, “Nodal prices
and transmission rights: a critical appraisal,” The Electricity
Journal, vol. 8, April 1995, pp. 14-23.

10, See for example Wu. F. F.. “Analysis techniques for power
system security assessment and optimization: research needs and
emerging tools.” Proc. Wksp on Pawer System Security Assess-
meni, lowa State University, April 1988. Direct methods for tran-
sient stability have been proposed as a tool for on-line dynamic
security assessment, see: Fouad. A, A, and V., Vittal, Power Sys-
tem Transient Stability Analysis Using the Transient Energy
Funcrion Method, Prentice-Hall. 1992, and also: Varaiya, P.. R.
L. Chen, and F. F. Wu. “Direct methods for transient stability
analysis of power systems: recent results,” Proc. of the [EEE,
vol, 73, 1985, pp. 1703-1713.




tion of existing transmission capacity. Coordinated multi-
lateral trading model is  compatible with  such
technological development. We believe feasibility condi-
tions under on-line security assessment scenarios can be
developed.

In this paper, we focus on how to operate the system
to achieve economically efficient gencration and con-
sumption in a network where the integrity of the network
operation has to be maintained. The network is treated as a
chared resource used by the parties connected to it. The
owner of the network and the operator of the network pro-
vide a service to the generators and consumers using the
network and should be compensated. The compensation
jssue, or the transmission pricing issue, has not been
addressed. The merchandising surplus in the coordinated
multilateral trading model. i.e.. the difference between the
total benefit for consumers and the total cost for generators
in the whole network. represent the profit made by the par-
ticipants and should be used to compensate the transmis-
sion network owner and operator. This is a subject of
further research.
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