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N @+ aam) = 2T Daeate(t)) (91)

and O(t) is the solution of the power flow equations

F(8(t)) = g+Ag(t) (92)

With these modifications, let us runvao the list of prgious results to check theiakdity. Under
the comexity assumption of the feasible set for nonlineawfipLemma 2 will be alid. Using the
modified definition of FD trades, Lemma 3 follows from the property of the geodesic curve. The proof
of Lemma 4 is based onukn-Tucler optimality conditions and isalid if ny is replaced byNy.
Lemma 5 uses only the property of the cost function ¢ and is thereftidefor nonlinear flas.
Lemmas 6 and 7 are the results ofvaty and are therefore true. Consequenilgeorem 1 is still
true for the nonlinear power flows.

Remark.The aboe definition of a FD trade is not practical from computational point @f. Wi¢e may
use linear approximation at the operating point to define a “practical” FD trade, as a trade along the
tangent plane a of the manifold (or sudte) defined by eq. (73). More preciselg say a (multilat-

eral) tradeAq = (Aqy,AQ) is a feasible-direction (FD) trade,at

<N(@).A0><0 fork = Kyky, ..., K (93)

m

where
9
N(@) = (e)D o %6) (94)

and® is the solution of the power flow equatidnéd) = q

Strictly speaking, as a result of the tralte the new operating point will move outside of the fea-
sible set. There are two practicalféxto this problem. The first one is to rely on curtailment to enforce
feasibility. First we ague that the result is still “feasible” from practical point ofwiéthe tradeAq is
small. As stated earliethe constraint equations are usually vitiwith ilt-in safety magins, they
are soft constraints. Therefore, a FD trade, if it is small, may result in an operating point that is practi-
cally acceptable. If a trade is too large, resulting in significant violation of the line flow limit, it will be
curtailed and a e loading sensitity vector Ny will be used. This is inaict a approach using piece-
wise linear approximation of the nonlinear equations. The second one is to modify the definition of a
FD trade to force it to move inward to the feasible set by requiring

<N, (0),Ag><¢ forsomee<0, Kk = kjkK,, ...,K, (95)

The amount is estimated from the errors of the linear approximation to the power flow equations.
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y| = | T(T(u,v),u)
z T(u, V)
If the functionW is a contraction mapping, then the Loss Adjustment Proceserges. Intu-
itively, if the losses are small and the quadratic approximation of therflow equations is reason-
ably good, the process should eeme. Both requirements depend on the R/X (resistance-reactance

ratio) of the transmission systemeWeliee that the follving conjecture is true, similar to the case in
the convergence of power flow solutidits.

Conjecture Under reasonable conditions on transmission system R/X ratio, the Loss Allocation Pro-
cess converges to a set of loss-included trades.

8.7 Nonlinear Flows

The assumption that the line s are linear functions of the nodalltage angles as actually
relaxed in the last section on transmission losses. There arether issues related to nonlinearity of
power flav equations where modifications are necesgang is purely technical, that is, the assump-
tion of corvexity of the constraint set and the second orelues the definition of the feasible direc-
tion. We will show in this section one theoretical and two practical solutions to the second issue.

In the nonlinear case, we need to assume that the feasible set S defined by eqs. (5)v.is con
The cowexity assumption is fundamental in all our detions. Examples of nonceex power flow
equations under certain operating conditions may be founde¥tg we shall mak the cowmexity
assumption nonetheless to make the analytic study tracfable.

With nonlinear pwrer flowv eq. (6), the definition of FD trades needs modification. A precise defini-
tion of a FD trade is possible, using the idea of geodesics on the constraint manifold.

Definition. Suppose thaff 1 dS , i.e., egs. (5)-(6) are satisfied and

g(8) =1, fork = Ky, ko, ..., K (88)
A (multilateral) tradeAq = (Adq,,Aq) is a feasible-direction (FD) trade,at there exists a curve
Ag(t), 0st<1, suchthatAg(0) = 0andAq(1l) = Aq and (89)

<N (G +AG(t)),A4(1)>< 0 fork = Ky Ky, ..., K (90)

m

where

29-similar techniques have been used for the convergence of power flow solutions, see: Wu, F. F., “Theoretical study of
the convergence of the fast decoupled load floBEE Power App and Systemwsl. 96, 1977, pp. 268-275.

30.see: A. Arapostathis and P. Varaiya, “Behaviour of three-node power netwildasfic Energy and Power
Systemsvol 5 (1), 1983, pp. 22-30.

31-The basic idea is from the “gradient projection method” in nonlinear programming, see: Luenbergerjri2at.,
and Nonlinear Programmin Second Edition, Addison-Wesley, 1984, pp. 330-359.
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(i) The broler can increase the generation of the generator or reduce the demand of the load

already in the group. Sda); is equal to zero ifg (k] is zero, and(ay); and q'Tk] have the
same sign ifqim[k] iS nonzero.

(ii) The total adjustment in generation is equal to 100%,4@:,], 1>=1

With this rule set by each broker, the new injections for each trade become,

AqMK] = oy Agy [K] (83)
ag™tt = ZAqm”[k] (84)

set m=m+1 and go to Step 2.
Step 4 (Termination)
Stop.

It is easy to see that if the Loss Allocation Processeamgas, the resulting set of trades will be a
set of loss-included trades. The corresponding set of injections will be consistent and eachetsade tak
care of its share of the losses. Thevempence of the Loss Allocation Process can be studied using the
standard technique of Fixed Point Theorem. Let us view the above procedure as a function or mapping
T defined on the 2x(n+1)xK Euclidean space, where K is the total number of trades. First we let:

x = [q[1] ..... q[K] (85)

and we define the mappifigas follows:
Xm+1 - T(Xm, Xm—l) (86)
q" K = oMK + agT[k] 87)

where

5 £ o(F~1(a™)-qp i
T[K] = FL(F-1(@™-1)), gm[k]-gm—1[K]> 2 0 0
0 <L(F-1(gm-1)), Z(qm[k]—qm—ltkl)> ]

Consider the mapping: (y, z2) =W (u, v), defined througf as follows:
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Let us first note that the loss allocation formula Eq. (789 derived from the quadratic expansion

of the paver flow equations. The total losses to be allocated 2&L(9), g[k]> , which is indeed

equal to the discrepancy in slack bus generaﬁ@(‘ﬂ)—zq [K] , if power flow equations were truly
0

guadratic. In other wrds, the loss allocation scheme can beveikas a ay to allocate the slackub
discrepancy. When there is no discrepancy (i.e., when the set of injections is consistent), the allocation
is complete. W are going to use the preciseveo flov equations for checking consistgnaf injec-

tions and use the quadratic approximations for loss allocatierwillbe allocating the discrepanm

slack hus generation pro-rata to indiual trades according to the formula Eq. (70),\watifrom the
guadratic approximation.

Loss Adjustment Process

Step 1 (Initialization)

Setq=[p..d, 6=[0..d, and Aq’K] = qU[K] from the lossless tradg[k] . Set
0
Aqo = Zq [K] and m =0.

Step2. (Consistency)

q" "t = "+ ag” (79)

Find a power flow solutions and calculate total system loss discrepancy.
F(em+ 1) - qm+1 (80)

A m+1 _ f(gMm+1)_ m+1
a. ol )—do (81)

If Aqf1+ 1< €, go to Step 4, otherwise go to Step 3.

Step 3 (Allocation)

Allocation system loss discrepancy to individual trades according to

m+1
Aq,

k] = <L(8™), gM[k]> 82
q [K] (8™, gMK] <L(6m),2qm[k]> (82)

The allocated losses for each trade is assigned or distilbto the generators and/or load partici-

pating in the trade by the broker using some rule. This may be described by w\(mector as follows:
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The closerl is to 1, the more accurate is the approximation. Thewoilp loss allocation formula
allocatesy, to individual tradeq[k] according to Eq. (73).

a Lkl = ( <R(0),a[k] > + (zq[m])TQ(O)q[k])L (76)

We summarize the foregoing discussion into a corollary.

Corollary 3. If the total system losses is kmo, then the allocation scheme of Eq. (76)xaat when
the loss approximatiora€torL = 1 otherwise it is an approximation. Lgfk] and q[m] be two
simultaneous trades in a set of trades on the system. Theqgfatgecauses a change in transmission

losses allocated to the tradg[k] by an amount which is approximately equal to

%(q[m])TQ(O)q[k]L and the losses caused bg[k] alone is approximately equal to

RO, 6K > + 5(@lk)TO)AIIT:

Similarly, if the loss allocation formula Eq. (70) is used and the total lagses knavn, we may
define a loss approximation factor

L= I 77)

Z<L(9), alk]>

and allocate the total lossgsaccording to
_ 1
q [kl = <L(6), g[k]>L (78)

Remark.The Hessian matrices are symmetrical, therefore fottadesq[k] andqg[m] , the efect

on losses are mutual and equal. Another interesting implication of this approximate formula is that the
order in which the trades are entered is immaterial. Corollary \Adg® a foundation for parties to
negotiate compensation for the losses that one trade inflicts on others.

3. Loss-included trades

From a practical point of we given a set of planned (lossless) trades, we can use the loss alloca-
tion formula in Theorem 2 (or Corollary 1) to determine the share of losses for each trade. €he brok
of each trade then arranges todnéis share of losses be ¢gkcare of by either increasing the genera-
tion or reducing the load. The result should be satisfy From a theoretical point of wig however,
once you adjust the generation and/or the load, the transmission losses in trk cleange and the
set of injections may be not be consistent arore. An interesting theoretical question arises: Is it
really possible to define a loss-included trade® aké going to answer this question of theoretical
interest in this section. We will suggest an iterative scheme to tackle this problem.
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-1
9. = <RO), YalK> +36THO)[ SO YalK (72)

Eqg. (70) follows immediately.
Remark 1). We shall refer to the vectdr(6) defined in Eqg. (71) as the Loss vector.

2). Since the loss allocation formula Eg. (70) depends onlg[&h , it can be applied directly to
lossless trades without the need for actually carrying out the modification of the sdokebtion as
described in the beginning of this subsection.

Instead of applying Eq. (58), we may use the alteraapproximation Eqg. (48) and obtain a
slightly different result, which we state as a corollary.

Corollary 2. The transmission losses caused by a trade can be further approximated by
a [kl = <R(0),qlk] > + (Zq[m])TQ(O)d[k] (73)

The significance of Corollary 2 is tafold. First, this approximation of losses caused by a patrtic-
ular trade in this formula does not depend on the operatingfaigtmore. It is calculated using only
data on netark configuration and line parameters. The approximation is a little less accurtate, b
much easier to implement. Second, itwbelearly the interactions of trades in terms of théacgion

losses. Eq. (73) has ewterms,  <R(0), g[k] > + (q[k])TQ(0)a[k] , which depend solely on

the trade itself and the other (K-1) termg,a[m])TQ(0)g[k] , which depend on the other (K-1)
trades. The latter terms represent addeddn or benefit, as the case may be, other trades place on the
losses allocated to the trade k.

We shall refer to the matrixQ(0) as the quadratic loss matrix. A further approximation of Eq.
(73) can be done by ignoring the first term, which is almost 0, and the estimation of lesh&s in
only the quadratic loss matrix.

Eq.(73) can be viewed as serving two functions. First, it estimates the total system losses
_ _ T _
q = ZqL[k] = ZE<R(O),Q[k] > + gy almlg Q(o)alklA (74)
m

Second, it diides this total loss among the imdiual trades. Using Eq. (74), which is independent of
the operating point, to estimate system losses is an approximation whoseyantayawt be good
enough in cases, foxample, where the operating pobhts significantly diferent from 0. When the
exact losses are kmm, we may utilize Eq. (73) purely for its allocation function. Let us define a loss
approximation factor

a.

L = — (75)
ZE<R(0),q[kl> + amq[m]g Q(0)a[klg
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F(B) = q (65)

The total system transmission losses are given by
a = > (66)
I
For loss-included trades, the losses caused by each trade is given by

aulkl = % olk] (67)

The transmission losses due to anvitial trade, g, [K] , is a function of both the tradg[k] and

the operating poirf, i.e.,
q.[k] = g, (a[k], 6) (68)

If we can find a functionq, (q[k], 8) satisfying Eq. (68) and such that it also results in the fol-

lowing relation

q = ZQL(OI[k], 0) (69)

then the functionq (q[k], 6) is aay to allocate transmission losses tovidiial trades and we say

Eq. (68) is a formula for transmission loss allocation. Using the quadratic approximation, we can
indeed derie a loss allocation scheme, as stated in thewaltptheorem. If the power flow equations
were &actly quadratic, the loss allocation scheme suggested loeild e the only one and there is

no other vay of allocating the losses. Since the quadratic approximation for loss@dyisccurate,

we beliee the proposed allocation scheme is practically the only reasonable grath&nreasonable
allocation scheme will not beexy much diferent from the proposed one. Thefaeliénce occurs only

in the amount one allocates for the losses attributed to approximation error.

Theorem 2 The transmission losses caused by a trade as part of the total injections under the oper-
ating point is approximately equal to

q [k] = <L(6), a[k]> (70)
where
_ 10OF T
L(B) = R(0)+2EBG(O)D H(0)6 (71)

Proof. Applying Eq.(58) in Lemma 8 with the operating pairD and6=0 and the “additional” trade
Zq[ K] , we obtain
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The incremental loss formula Eq. (48) that we\dstiprovides a superior approximation in most
cases. The quadratic term is particularly significant in situations where (i) the additionaAtfdde
is not very small, and (ii) the operating pddntised in the formula is itself an approximation.

Remark From the point of vie of practical implementation for ige systems, matrix sparsity is a cru-
cial consideration. Whout sparsity computation may become simply infeasible. Both the Jacobian

matrix g—'; and the Hessian matricdg0) are sparse for power systems. Inverting a large matrix such

as the one in Eqg. (49)-(50), wever may not be practical. But that is really not necessasythe

of
second term in Eq. (49) can be obtained by the solution of the eq%%tborr— 6_60(6) and the solu-

oF

tion of 36

y = AQ may be used in computing the quadratic term in Eq. (48).

Lemma 8 is wlid for ary set of additional pmer injections Aq = (Aqg, AQ) , as long the

resulting set of injectiongq, + Ag, g+ AQ) is consistent. Therefore it is also applicable to calcu-

lating incremental losses for a loss-included tradené¥er in such a case, the problem of deter-
mining incremental losses and the problem of defining loss-included trades are retasedgést an

iterative process to solve the two problems simultaneously. The proposed approach has two steps. The
first step is to start with a lossless trade and determine the losses it causes, which is then added to the
trade. The second step is to check discrgpanthe slack bs generation (consistgnof the paver

flow equations). The necessary adjustment as a result of additional losses is added to tharnrade ag
This iterative process continues until no more discrepancy is present. A more general scheme for loss-
included trade, using a similar approach, is proposed Mtae details are puided there. As in the

general case, we actually expect the result of the first step to give a fairly good approximation for most
practical cases and the iterative process included here is more for theoretical completeness.

2. Loss allocation

We will formulate the loss allocation problem more generally forset of loss-included trades.
To apply the result to lossless and other types of trades, we modify the tradestthemakoss-
included by (i) augmenting the slacksbgenerator as a participant wery trade, (ii) if the original
trade does not include the sladkshgeneratorthe slack bs injection is equal to the losses the trade
causes, and (iii) if the original trade includes the slagk lits injection is modified to include the
losses the trade causes.

Consider a set of loss-included tradiq[k] resulting in a set of consistent injections

q= Zq[k] . The power balance equations Eq.(43)-(44) are satisfied, i.e.,

fo(8) = dg (64)
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Substituting Egs. (52)-(55) into Eq. (47), one obtains
aq = <200y 00> + OF (0)a0 + L(a0) TH(8)A0 (56)
W= et e 2

Now using the linear approximation AB  from

oOF . _ .
5540 = Ag (57)

into the first term in Eq. (56), one has
1 T
Mg = <R(8),Aq> + 5(28) H(8)A8 (58)

Applying the linear approximation &6 again in the second term of Eq. (58), one obtains Eqg. (48).

Remark.The vectoRR defined in eq. (49) is the contuition to transmission losses from the trade using
only linear approximation. It is directly related to the penadistdrs in the classical economic dis-
patch. Wthout transmission losses the optimality condition requires that all generators operate at the
same maginal cost. The penaltyttorL; for generator i in a lossy system is defined with respect to the
reference bus 0 (the slack bus) as a weightintpf added to the generator giaal cost to “penalize”
generators for their effect on losses,

ac; _ aco

— = i=12 .. 39
139, 94 (59)
Comparing Eq. (59) and Eq. (16), it falle thatl; = py/ p;. Applying the optimality condition Eq.

(17) with allp equal to zero (no congestion), the penalty factors can be calculated by first solving

%%I = —%f—e(—) (60)
and then setting
L = Bl. i=1,2 .. 61)
The vectoR is therefore equal to
R=1-Bor (62)
R=1-%2 i=12.. (63)
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1. Incremental losses

Given a set of consistent injectiort,(q), consider an additional trad&q = (Aqg, Ag) such

that (g, + Agg, 0+ AQ) is consistent. Assume that the systeas wiitially operating at the operating

point @ and the total system transmission losses were
qL=zqi =g,*t <1,0> (46)
|
The additional trade results in incremental transmission losses
Aq_ = Aqp+ <1,AQ> (47)

The following lemma provides a formula to calculate the incremental losses.

Lemma 8. The incremental loss caused by a trade for a system oper&tedrabe approximated
by

Ag. = <R(8),Aq> + 2(Ad) Q(6)Ag (48)
where
R(e) = 1+ 2 (0) Eaae (0)- (49)
®) = 20 HEeZed (50)
H(B) = H0(9)+H1(9)+....+Hn(9) (51)

and H,(0) is the Hessian matrix of the i-th power flow equatibf{6) = q;
Proof. After Aq[k] is introduced, the operating point move®t6 A where
fo(6+A8) = gy +Aq, (52)
F(6+AB) = g+Aqg (53)

Taking the first three terms of the Taylor expansion of the above two equations, one has

af,
fo(8+A8) = fo(6) + <—

5" O AB> += (Ae) H ()20 (54)

of.
f.(0+00) = f,(0)+ <=

=5 L AD>+ (AG) H.(6)(28),i = 1,2, . (55)
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generator included, hence the optimality of the coordinated multilateral trading process can no longer
be guaranteed with this approach.wéwer the simplicity of this traditional approach still neeskit
worth including in the discussion.

A more sophisticated multilateral trading arrangement is to have each individual trade take care of
its own losses. This means that each trade is requiredviitsatotal generation minus total load be
equal to the transmission losses it causes. Mergthe resulting set of injections must be consistent.
This definition of a trade requires the kiedge of the transmission losses it causes. A mechanism to
do that needs to bedoped. The adntage of this approach is that once a trade is so defined, the rest
of the derivation in the previous sections will still be valid and the optimality of the coordinated multi-
lateral trading process is guaranteed.

It should be pointed out that this more general model includes tieys@ne with slackus han-
dling losses as a special case if we include slaskds a participant invery trade. © help distin-
guishing the two cases in future discussion, we propose the following definitions.

Definition. A trade q[k] is called dossless tdeif zqi[k] = 0. Atrade q[K] is called doss-
|

included traddf the total generation minus the total loaddived in the trade is equal to the transmis-

sion losses,q, [K] , it causes, i.e., Zqi[k] = &qi[k] - qui[k] = q_[k] . In other vords, a
I i i

lossless trade is one without the transmission losses accounted for and a loss-included one is one with
the transmission losses properly accounted for.

We shall first derive a formula for incremental losses caused by a trade and use the result to derive
a loss allocation formula. These formulas areatt fipplicable to gnset of injections that are consis-
tent. We then use them to propose an iterative process to account for losses in a loss-included trade.

Exact computation of transmission losses for a particular case is possible by solvingi¢he po
flow equations. But our goal is to dexian eplicit expression for the losses in order torelep a
mechanism to determine losses foy ambitrary trade. The complity of the nonlinear pwaer flow
eqguations precludes a closed foxpression. One has to resort to some form of approximations to the
power flav equations. Linear approximations/eayenerally been used in economic dispatch and other
applications inelving transmission losses. It is kmo that the transmission loss along a line is propor-
tional to the square of the current through the line and is therefore predominately a function of the
square of the angle éérence across the line. The transmission losses, as a function of theBdagles
thus at least second-ordé&inear approximation will induce unacceptable errors in some cages. W
shall use a quadratic approximation in our derivations.
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is small, howeverin terms of accumulatedfe€t on reenue, it is significant. Anproposal for restruc-
turing without a solution to the problems due to losses is incomplete and unacceptable.

The lossless assumptiorasyused in Lemma 1 as a foundation for the definition of multilateral
trades. From the wepoint of mathematical modeling, the lossless assumptientafthe rest of the
derivation in two ways. First, it makes the power balance equation of the reference bus Eq. (13) redun-
dant. One may then focus on themgo flov equations Eqg. (14) and the injectiogsandq[K] .

Second, in a lossless system, uidiial trades can easily be defined (the total generation must be equal
to the total load). In a lossy system, if these taterrelated problems can beeakcare of, the rest of

the derivation, dealing only with the injectiogsandg[ k] , will be valid. We will show in this section
how these two problems can be handled.

For a lossy system, first comes the problem efgrdlow balance or the consistency of the power

flow equations (5). Let’ separate the per flov equations for the referencesand the rest as fol-
lows:

fo(0) = qq (43)
F(®) =1 (44)
where
f1(0)
FO) = | .. (45)
f.(0)

Conwentional paver system analysis starts with the specification of injections in all nadeptehe
reference node 0 (or the sladksh, i.e. specifying the injectiong, and use Eq. (44) to s@vor the
operating poin®. The “slack” lus generation is then determined from Eq. (44). In otloedsy slack

bus generation is used to balancevpoto match injections, including the resulting losses, at other
buses. W& shall call a set of injections Q) satisfying Eq. (43)-(44) a consistent set. Thevean
tional approach is one way of ensuring consistency of injections.

A multilateral trading model may be implemented based on this conventional approach. We define
trades the same as in the lossless case and rely on the slack generatade¢dgrthe losses. In other
words, the slackus generator becomes part of the trade. In such a model,vilee fbmv balance or
the consistencproblem disappears. One still needs to determine the amount of lossesealtrib
individual trades, however. Because of interactions of power flows and nonlinear dependence of losses
on power flavs, the transmission losses due to arviddil trade cannot be specified in isolatioa. T
allocate the slackus generation of total losses to widual trades is therefore operating point depen-
dent and is nontrial. But a more serious problem is introduced by including slaskgenerator in
ewery trade, that is, thistence of a profitable FD trade in Lemma 4 may not be a trade with sisck b
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Theorem 1.Under the assumptions that all participants enedasonable decisions (assumptions (i)
and (ii) abee), the Coordinated Multilaterakdding Process cearges to the solution of the optimal
dispatchg*.

Proof: The feasibility of the initial poing is established by Lemma 2.dfis not the optimal poing*,

Lemmas 4 and 5 imply that there are opportunities for parties te praktable trades that are consis-

tent with feasibility i.e., if the parties foll the rules guaranteeing feasible directions. (Remember
that a curtailed FD trade is also a FD trade.) Suppose such a profitable trade is identified and is made.
The resulting flaes on the netark may cause further congestion on other lines. Theepgystem
operator will have to curtail such a profitable FD trade to make it feasible (Lemma 6). Lemma 7 estab-
lishes that the curtailed trade is still profitable. The total cost goes down as a result. On the other hand,
if a profitable trade does not causg amre congestion, the total cost will of course ganby defi-

nition of being profitable. In gncase, if the resulting operating point is not the optimal point, Lemmas

4 and 5 are applicable again and the process continues.

We will shaw that the abee process will corerge to the optimal solutiog*. We do this in tw
steps. First, we claim that, under assumption (i) and (ii), the process will terminate atcd pdiitth
is no more than¢ away” from the optimal, i.e., (c(gN) —c(q")) <& . Next, since assumption (i) is
valid for anys , we lee - 0 , thegN - "

To prove the claim, note that the fact that the process terminates implies that

c(gV) —c(gN +agN) <e (42)

for all AgN satisfying <n,, AgN><0

Since the seX:={q: q=gN+AqN, <n,, AqN>< 0} is convex, the convex cost function ¢ achieves
a minimum at, sayy™. Eq. (42) implies that

c(d™ =c(gN) ¢
The feasible set has more constraints {Kdwas and is therefore a subset ofSX] X . The optiahal
is in the feasible set, hence it must satisfgg*) = c(q™) . This implies thatc(q*) = c(gN) —¢ ,
i.e., c@\) is € -anay from the optimal. The claim is thus peal. Since assumption (i) isid for ary
e, we lete ~ 0, themgN ~ q" . The validity of the Theorem is thus established.
8.6 Transmission Losses
In this section, we relax the assumption that transmission lines are lossless. Small losses are

always present in transmission lines and transformers due to resistances. Total losses in a transmission
system typically only amounts to 2-4% of the total generation. Percentage-wise, the amount of losses
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e, [icy
nzﬂj (q1+Aq1)D nlgr(qzqu)ﬂ ngm (q1+Aq1)D nlgr(qgwqg)ﬂ

(41)
N, —Ny Ng—Ny

8.5 Coordinated Multilateral Trading Process
Now we are ready to state the proposed multilateral trading process.

Coordinated Multilateral Trading Process

Step 1(Initialization)

Brokers arrange tradeg k] .LqP = Zq[k]

Step 2(Curtailment)

If q0 is not feasible, the peer system operator (PSO) curtails the trades to a point where the
resulting injectiong) are feasible.
Step 3(Announcement)

If lines kq,...,k,, are congested &, the system operator announces the Load&govs,

N K = Ky, ook

m-
Step 4(Trading)

If a profitable trade in the feasible direction is found, a érakranges it. The brekuses,
to determine whether a trade is in the feasible direction. If no profitable trade is found, go to Step
6.
Step 5(Feasibility)

If the trade is infeasible, let the power system operator curtail the trade and go to Step 3. If the
trade is feasible, let PSO fulfill it and go to Step 4.

Step 6(Termination)
Stop.

We are going to shwthat the coordinated multilateral trading processvemes to the optimal
solution under the assumption that all participants make reasonable decisions. By that we mean when-
ewver there is a arthwhile profitable trade, the participants will carry it out. More precisatys call a
tradeAq with profit less thare, i.e., (c(q)—c(q+Ad)) <€ , ane-unworthy trade and one with
profit greater tharg, (c(q)—c(g+AQ))=¢ , ane -wortly trade. V¢ assume that (i)df anye >0

(sufiiciently small), ag €-unwortty trade in the feasible direction will not be arranged andean
worthy trade will ezentually be identified and arranged. (ii) Onceaatiy profitable trade is identified,

the parties involved are willing to carry it out. The following theorem asserts that the coordinated mul-
tilateral trading process converges to the solution of the optimal dispatch under such assumptions.



37 of 51 Appendix: Theory

arrangement of today’s irgeated utility arrangement, the problem formulatedvaltben becomes the
so-called transmission constrained economic dispatch in today’s advanced control centers.

For the case with only one transmission congestion, further guidelines for finding a feasible trilat-
eral trade can be derived. For a trilateral trade involving, say generator 1, generator 2, and consumer 3,

such thatAg, + Ag, = Ag, , we want to dee\guidelines for a brak to spot profitable trades that are

feasible. The transmission system security constraintetefrom the Loadingector (n, np, ns,...)

can be rewritten as:

Ag, _N2~Ng
Ag,  ng—ny

(38)

For a profitable trade toxist, the maginal benefit of additional MW for consumer 3 must be
higher than the mgmal cost of one of the generators, say generator 1IM€5>MC, ., where

C
MC, = d—q'i(qi). Suppose that generator 1 is also serving as theebrdk ng=n,,

(n; —n3)Aq, <0 for ary amount ofAg; MW. As the trade from node 1 to node 3 helps velihe

congestion, anprofitable trade can be carried out and there is no need to solicit the participation of
another generatoA more interesting situation is whemn <n, . Assertion 3 belw follows immedi-

ately upon examining the signs in Eqg. (38).
Assertion 3. SupposeMC,>MC,; and,<n,, hence profitable bilateral trade between generator 1
and consumer 3 is not feasible. The lerokhould look for a generaj@ay generator 2, that satisfies

either of the follaving conditions for possible trades that are profitablen{# n,, generator 2 to gen-

erate. (i)ng<n, , generator 2 to back down.

In the special case of a single transmission congestion, the amount of generation and consumption
in a trilateral trade can be determined if the cost and benefit functionspdioit.eAssertion 4 states
the result.
Assertion 4 For a trilateral trade with one transmission congestion, the optimal trade

(Ag,, Ag,, Ag,) , is the solution of the equations:
Aq, +Ag, = Adg (39)

Ag;  ny—ng

Ag, nz—-ng

(40)
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subject to

 4g; =0 (33)

i=1
Z (A <0, kOK = {ky, Ky K (34)

The optimization problem formulated aleo(32)-(34) is a ersion of the transmission constrained
economic dispatch (TCED). If the cost function is quadratic, the resulting TCED is a simple quadratic
programming problem for whichféefient solution algorithmsxst. The optimality conditions for the
optimization problem stated above are:

dc
—'(qi +AQ) = A+ K () igdl,i#0 (35)
dg kTTK !

dc, . .
— (g +Ady) = A idl,i =0 (36)
dg,

whereA andp are the Lagrange multipliers of Egs. (33)and (34), respectively. Several immediate con-
clusions follow from the above results, which are stated below as assertions.

Assertion 1.If (i) the optimal solution occurs at a poinvatving only those constraints K and (ii)

the additional trade wolves all participants, i.e.] = {0, 1, 2 ..... ,n} , then the solution to the
TCED is precisely the solution of the optimal dispatch and thginarcost at theuses correspond to

the optimal solution. The value of the optimal marginal cost at bus i relative to the marginal cost at the
slack bus 0 is equal to

5 _2% (my 37)
——— = M (ny).
dg dg kgK i
Proof. Combining Egs. (35) and (36) we obtain Eq. (37). Comparing Eq. (37) with the optimality con-
dition Egs. (17) and (18), ignoring losses, the assertion follows.
A very important conclusion that can bewnafrom the abwe formulation is on the number of
parties necessary to construct a profitable trade in the feasible direction. It is stated below.

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

Proof. At the optimal solution of the TCED, Egs. (33)-(36) must all be satisfied. If the trauleeis
only two parties, Egs (33)-(34) becomentequations with two unkmens. If there is a solution, it may
not satisfy Egs. (35)-(36). Therefore, a trilateral trade may be necessary.

Of course, if more parties arevolved, the better the chance a profitable solution can be found.
The treme case is thawery generator and load isvisived in the trading, which is precisely the
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We propose the following definition.

Definition We call Aq a profitable multilateral trade atq[J S if it reduces the total cost,
c(g+Ag)<c(q) (i.e., increase total welfare).

If we start from a set of multilateral trades that is feasible, the pantiglsen (generators and con-
sumers) then maka series of profitable trades that aveagk in the feasible direction, the total cost
would go devn at every step, until the optimal is reached. There isydw@r one potential problem:
the result of a profitable FD trade may not be feasible. This is because Lemma 3 only guarantees that

the original constraints are satisfiedt the new trade may cause powewfio other lines to bewer-
loaded. Therefore, further curtailment of profitable trade may be necessary to enforce feasibility.

Lemma 6 A profitable tradeAq at q in the feasible direction canvedys be made feasible by curtail-
ment.

Proof: Suppose that additional constraints
<g0><l, m=m,....m (31)

are violated atd + Ag). Using the same argument as in Lemma 2, we can show that there exists a cur-
tailment schedulg such thaty Aqg is on the boundary of the set defined by eq. (31).

Lemma 7 After curtailment, a profitable trade is still profitable.

Proof. Let the original profitable trade I and the curtailed one bg\g). The convexity ofC guar-
antees that

c(q+yAq) —c(q) <y[c(g+Ag)—c(g)] <0

Hence, YAq) is still profitable.

8.4 Trading Arrangement

We nav elaborate the trading arrangement process between the generators and the consumers,
with the help of a bral. The decision-making by a brekto find a profitable trad®q in the feasible
direction can be formulated analytically as an optimization problem. heethe inde set of the gen-

erators and loads engaged in the téaglarranged by the broker, i.d.,= {i;Aq; #0} . The objective

of the broler is to maximize the net profit of the trade, or to maximize the total cost reduction

; C;(g;)—¢;(q; + Aq;) , subject to the constraints that (i) the amount of generation and load bal-
|

ances out, and (ii) the loading constraints (feasible direction) set by the PSO isdbsEthemati-

cally, this can be written as

min g G(g; + Ag;)—c;(a;) (32)
il
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(i) B, = Z —[c;(q; + Ag;) —c;(q;)]
i0G
Again B, is positve andAg; must be ngative.B, is the cost sgd by this group of generators by
backing down generatiohg; MW each. It is the maximum amount this group of generators is willing
to contribute if they are allowed to back down their generation.

(i) Cg = Z [c,(q; + Ag;) —c;(q;)]
i0G"
C; is positive and\q; is positive. This is the cost to generate additional power by the generators in
G". C3is the minimum payment they would accept to generate additiopal
(iv) C, = Z [c,(q; + Ag;) —c;(q;)]
ioD*
C, is positve andAg; is positve or the demand aubi is decreased bbAqi| MW. C, represents

reduced benefit for the group of consumerBinand is the minimum payment thevould accept to
reduce their consumption.

We shall demonstrate byay of an &ample that there is a profit to be made by wioarranges
such a trade. Let us call the person who arranges tradesea. Bxddcoker could be a generator owner
or a consumer involved in the trade, or could be the representative of all parties involved. Suppose that

the consumers iD™ are willing to payBl—g, for the additional supplyrhe broler would tale this

amount and pay the generators it tGe amountC, + (B/6) to generate, and the consumer®inh
the amountC, + (B/6) to reduce their consumption. Furthermore, the @rolould also arrange

with the generators i6" to reduce their generation and contribi&ge— (B/ 6) from their cost saving
of B,. With this arrangement the broker would pr%it

Remarksl). The gample in the proof of Lemma 5 is used towttbat there is an opportunity for a
broker to mak a profit if a tradéq results in c(q+ Aqg) <c(g) . “Equitable” distriistion of the sur-
plus among the parties to the trade is a secondary issue and is beyond the scope of this paper.

2). It should be pointed out that there is no need for the generatorsamé&concerned that the
had been ivolved in preious trades to generate the current amount. Suppose that generator 1 had a
trade with consumer 2 to supply MW of power. Nowv comes this profitable trade. If consumer 2

is not part of this profitable trade, i.&q, = 0, it will still receiveq; MW. If consumer 2 is a party in

the trade and is asked to back down, the consumer will be adequately compensated.
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E6COE

vV = ———F Oﬁo[ (27)

To prove our claim, first of all, one notes that

ac ac ac ,_
<—— Ag>= — —AQg, + <——, AT> 28
5 2 30, do 5 A (28)

by definition. Since<f,A8> = Aq,, FAB = Ag , substituting<f, F_lAq> = Aqy into eq. (28)
and then applying eq. (25), we obtain eq. (26).

Applying Farkas’ lemma to (23) and (26), we obtain

Km

z Ny, 1 20. (29)
k= k

Substituting (27) into (29) and multiplying the resultfly we obtain

[0co0  _Toc
O+F ——+ .0, = 0. (30)
0% Goll E k9K

This implies thaty satisfies the optimality conditions (16-18), ig = g*, which is the contradiction
we seek.

Lemma 5For a FD tradéqg at q 0 S that reduces the total cost(q + Aq) <c(q) , there is profit to
be made in arranging such a trade.

Proof Suppose thaf\q involves a set of generatoudesG and a set of demandusesD, and

Ag; = O fori OG OD. Furthermore, leG = G'0G andD = D' 0D where fori 0G" or

ioD", ci(g;+Aqg)—ci(q)>0 and foriOG oriOD, c¢(qg +Ag)—ci(q)<0.We may
decompose B = —[c(q+Aq) —c(q)] >0  into four part8, = B; +B,-C5-C,
() By = Z —[c;(qg; + Ag;) —c;(q;)]
i0D
B, is positive. Sinceg; is strictly increasing/Ag; must be ngative. In our comention this means
that the demand aubi for this group of consumers is increased|mi| MW andB, represents the

additional benefit of the increased demand to this gBpis. the maximum amount this group of con-
sumers is willing to pay for the additional demand.
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power flow through line k when the operating point isBatthe solution of the peer flov equations
when the pwer injected to the netwk is g, i.e., one unit poer injected into node i. The inner

product<n,,Ag> is thus the net amount of wer flow on line k as a result of the trade. The

requirement for a trade to be in the feasible direction (Eqg.(20)) is that the trade should result in
reducing the net peer floving through the congested line.eVghall refer to theectorn, as the

Loading Sensitiity Vector corresponding to line k. Those who amifiar with optimization theory
will recognizeny as the normalector to the manifold (&he subspace, in the linear case) defined by

the constraintggk,6> = Ik.

Lemma 3 LetAq be a FD trade @ Then  + Aq) satisfies the poer balance equations (13)-(14) and
the line flow constraints (15) fde = kl, k2, km.

Proof Let the corresponding per flov solutions be § + A8), i.e., F(6+A8) = q+AqQ, or

A8 = F'AG. Then

<Oy.(6 +A8)> = <g,,86> + <g, ,A0> 22)

=l +<n,Ag>< |,
8.3 Profitable trades
We now present two key results.

Lemma 4.Let g0 S andq# qJ . There exists a FD trafie at q that reduces the total cost, i &g +
Aq) <c(q).

Proof: The proof is by contradiction. Suppose that the assertion is false, i.e..fqral{Aq,,Aq)

<n,Ag><0 fork = kl,kz, krn (23)
c(q+Aqg) 2 c(q) (24)
Since c(g+Aqg) = c(q) + <g—g, Ag> +0o(Aq) , this implies that
<9 Ag><0 (25)
aq’
We claim that Eq. (25) is equivalent to:
<v,AG><0 (26)

where
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n
Definition A multilateral trade is represented by an injectieatorg[k] such that Z g;[k] =0,
i=0
where Kk is used to indea set of multilateral trades. The set of all multilateral trades in the system

results in an injectionector q = Zq[k] . A multilateral tradeg[K] is said to be curtailed d[k] is

replaced byyg[k] O<y, <1

Lemma 2.Suppose a set of multilateral trade% = zqo[m] is not feasible (i.e., it violates eq. (11)
m

forsomek = 1, 2, ..., L; note by Corollary 1, eq. (10) is satisfied by a multilateral trade.) Thists e

a curtailment schedulg, such thatq = zquo[m] is on the boundary of the feasible set.
m

Proof: Note thatq = 0 is in the feasible set. Considef: for y = 0, yqo 0S and fory = 1, yq0 os.

Since S is convex, there is a (unig0edy < 1 such\'thgﬂ] 0S

Remark In the proof of Lemma 2, a specific curtailment schemevisked, in which all trades are
curtailed uniformly Other curtailment schemes that are easier to implement may actually be used in
practice.

Definition Suppose that [10S , i.e., egs. (10)-(11) are satisfied and

<gk,9> = Ik for k = kl, k2, km and (29)
<g,.0><I,  otherwise

A (multilateral) tradeAq = (Aq,,Aq) is &easible-directior(FD) trade at, if
<NAG><0 fork = ki Ky, ..., K, (20)
where
n, = F g, 1)

andF is defined in eq. (14).

RemarkThe physical meaning of the vectgrdefined in eq. (21) is the following: the i-th element of
Ny is equal to the amount of MW Wl on line k if 1 MW is injected into the i-th node of the natyv
(and talen out at the reference nodeg. See this, we firsixpress the i-th element af, (ny);, using a
vectore, whose elements are all zerosept the i-th element which is equal to 1e Wave (ny); =

<NL&> = <g, 8> whereF0 = €. The second inner product implies thgg)(is the amount of
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<g9,,0><l, k=12..1L (15)
1
where g = (g, ...,qn)T andF = . . Note thatF is invertible. Problem (12)-(15) is a
T
—f—

conve programming problem with linear constraints. Therefqtdas optimal if and only if it satisfies

(7)-(9):

dc
%q0 = pO
oqd) =P (16)
T L
T — T
PHfo + (P F+ 5 wg =C (17)
k=1

|

E M (<9,.0>—1,)= 0
0 W =0

|

(18)

Using the standard terminology of nonlinear programming gesatisfying (10)-(11), or (13)-(15)
is said to be feasible. The set of feastpldenoted by S, is a convex set in a (n+1)-dimensional space.

Assume that S has interior, the boundary of S is denoté&by

Lemma 1 For a lossless systelch,_Tf0 =1 , whéris the vector whose components are all 1’s.

Proof. From the definition of the terms in the vedigand the matriX, it can be verified that the sum
of all elements in a column & plus the corresponding elementfiis equal to zeré® Hence the
lemma follows.

Corollary 1. Any injection \ector q satisfies the poer flov balance equations (13) and (14) if and

only if the sum of nodal injections is equal to zeE,qi =0
|

Physically Corollary 1 states that in a lossless system, the total generation must be equal to the
total consumption.

8.2 Feasible Trades

We shall define multilateral trades. A bilateral trade between a generator atamoda consumer
at nodg for a MW to be generated at nodanda MW to be delered at nod¢is represented by an
injection vectorg whoseith component ist andjth component is ¢) In general, a trade maywiolve
multiple parties and will be called a multilateral trade.

28.These terms can be obtained from the partial derivatives of the power flow equations described in the footnote 27.
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n

min ¢(q) = Z c;(a;) (4)
i=0
subject to
f(8) = q ®)
9(6) < (6)

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

oc _
a—p (7)
Tof  Tdg _

0

E My (9 (0) =1, )= 0
0 W, >0

0 k

9

The optimal dispatch problem (4)-(6) stated here is the standarmreveibiximization problem in
economic theorylt is also a generalization of the standard optimalgraflov (OPF) problem in
power systems analysis, with consumer benefit included.

We nav make two simplifying assumptions. The first is to assume that the lines are lossless and
the second is to assume that the linear approximation of the me (&) and (3) is alid. We will
revisit and relax these twassumptions in Sec. 8.5 and Sec. 8.6, respéctit should be pointed out
that linear approximations are often used iwgoflov analysis. The approximations aeérfy good
for real power flows.

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

<f,0>=q, 1 =01..,n (10)
<g,,0><l, k=12..L (11)
where the inner product of two vect@andb, <a, b>, is defined As

In this case, the optimal dispatch problem becomes:

min ¢(q) (12)
subject to

<f0.0> = g (13)

FO =17 (24)
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VIII. Appendix: Theory

8.1 Optimal Dispatch
Consider a pwmer netvork consisting ofn + 1) nodes or bses operating in sinusoidal steady-
state. The voltage phasor at bis denoted

o
Bz 01..,n 1)

[
An arbitrary bus, sayus 0, is chosen as the referenae for the wvltage phasor angles, i.€, = 0.

Let us assume that theltagesV; are lept constant by adjusting reaetipovers at the tises and we

focus on real pwer flovs. The real paer flov balance at eachub is &pressed by the (real) wer
balance equatiéi

f(0)=q 1 =01..n (2
where 6 = (6, ..., Gn)T i is the net paver injection at bsi. We adopt the sign ceantion that; is

-
positive (negatig) if there is net generation (consumption) @ ib The \ectorq = [qo, dq, - qu ;

the array of all nodal injections, is called an injection vector.

The (real) pwer flow through ag transmission line (or transformer) can b@ressed as a func-
tion of 6. Indeed, the power flothrough a set of lines or betweerotvegions can always be expressed
as a function 06. Let the line flow limit on liné or the transfer limit between two regions be denoted
by l;; then the transmission loading constraints are

9.(0)<l, k=12..,L 3)

whereL is the total number of such constraints.

Let c;(qg;) be the cost function ifusi is a net generatiorus, g; > 0, and letc;(q;) be the ngative
of the consumer benefit function ifisi is a net consumption or load$) g, < 0. We assume that the
functionsc; are convex and strictly increasing.

The optimal dispatch problem is to maximize total consumer benefit and to minimize total genera-
tion cost such that the power flows are balanced and the line flow constraints are satisfied. If consumer
benefit is treated as negative cost, then the problem becomes

27- Let the reciprocal of the impedance between line kmphe= 1/7,., = Gy ibym . Then the k-th equation is
f.(8) = ngmvﬁ + Z—gkmvkvmcos(ek— 0, + Zbkmvkvmsin(ek—em) = q, . See textbooks such as Bergen,
m m m

A. R. Power Systems AnalysRrentice-Hall, 1986, and Wood, A. J., and B. F. WollenlRgier Generation, Control,
and OperationNew York: John Wiley and Sons, 1984.
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potential disturbances, with all the loading and meteorological dailalale, rather than working with
off-line postulated conditions. Significant research has been accomplished in recent years in furthering
the security assessment into system dynamic responses to disturbancesn®apdd on-line steady-

state and dynamic security assessments can greatly enhfsuotieestitilization of &isting transmis-

sion capacityCoordinated multilateral trading model is compatible with such technologiogloge

ment. We believe feasibility conditions under on-line security assessment scenarios can be developed.

For ease of presentation, the rigorous mathematicaladiems of the coordinated multilateral
model in the appendix include only the realveo flovs, assuming altages are held constants. The
extension to include reactive power flows and voltagetions is necessary and will be presented in a
future publication. The theory presented in this paper is a general methodology which is applicable to
ary nonlinear systems of this type. Therefore tkiemsion to include reagt power flows is concep-
tually straightforward.

In this paper we focus on Wwao operate the system to acl@eeconomically dicient generation
and consumption in a nebrk where the intgrity of the netwerk operation has to be maintained. The
network is treated as a shared resource used by the parties connected tovitn@hefdhe netark
and the operator of the neivk provide a service to the generators and consumers using therketw
and should be compensated. The question of transmissiogeshar compensation has not been
addressed. The merchandising surplus in the coordinated multilateral trading model, i.derdrecdif
between the total benefit for consumers and the total cost for generators in the whaotlk, nepre-
sent the profit made by the participants and should be used to compensate the transmigsion netw
owner and operator. This is a subject of further research.
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not. The proposed model can readily be implemented withiregy communications, computing and
control infrastructure.

Thus the proposed model ackde short term &€iency The separation within our model between
the technical security and loss allocation functions carried out by the PSO and the financial transac-
tions carried out in the free matk leads to great fléility. First, consumers and generators can
create arbitrarily dfeérentiated commodities of electricyer (based, for example, on reliability, inter-
ruptibility, temporal constraints, etc.) in order togadwantage of diersity in consumer choice and
generation technologywecond, wer time, @en the limited functions of the PSO, can bevjted by
alternatives. Thus, forxample, allocated losses can bevded by independent generators, as can
back-up generation. Thus the proposed modeliges incentres for long term inngation. The
poolco and bilateral models, by installing the centralized PSO at the core of their proposals, preclude
the possibility of such inn@tion. Morewer, the latter models require a permaneigutatory body
that is @en more sophisticated, resourceful, and vigilant than it is tddeeycoordinated multilateral
trading model, by contrast, envisions a steady reduction in the need for regulation.

At the equilibrium operating point under coordinated multilateral trading model, the marginal cost
(price) at each node of the nemk will be equal to what a central dispatch authoriguld deter-
mine?® if true cost/benefit functions can be, and areaitt,fprovided. The coordinated multilateral
trading model thus attains all the adtages of optimal nodal pricing. The optimal nodal prices send
correct economic signals to the generators and consumers in the system to endicieage@mpe-
tition in generation, as well asfiefent transmissionxansion. As a result of transmission congestion,
the maginal cost of generation at some locations will hedpthan the mainal price the consumers
are willing to pay at some other locations. Thaegiincenties for generators, consumers or lemsk
to en@ge in netwrk upgrading or>gansion to dcilitate more profitable trading. The incens are
shared by all the generators and consuméestatl by the congestion and the incantior netvork
enhancement is not limited to the congested line.

A vibrant financial mar&t facilitates competitioﬁ':3 It has been proposed to establish locational
(nodal) electricity forvard marlets throughout the netwk. Such maréts will facilitate the deelop-
ment of optimal nodal pricing. The coordinated multilateral trading model is compatible with such
nodal markts. One important consequence ofihg nodal forward mads is that thghelp hedging
the price difference between the supplier and the consumer due to transmission congestion.

Advances in 3C technologiesv@amored the security function in operation from using simple
guidelines on transfer limit set byfdine computer simulations to real-time assessr@@n-line
steady-state security assessment softwha&e been introduced and used in someaaded engy
management systems. It uses on-line loas 8o optimal paver flow to examine the consequence of

24-Optimal nodal pricing is discussed in: Schweppe, F. C., R. D. Tabors and R. EERagtricity Spot Pricing
Kluwer Academic Press, 1988.

25.5ee Outhred, H., and R. J. Kaye, “The nodal auction model for implementing competition in a bulk electricity
industry,” U of New South Wales Report DEPE 941012, Oct. 1994 and also Oren, S. S., P. T. Spiller, P. Varaiya, and F.
F. Wu, “Nodal prices and transmission rights: a critical appraiShk”’Electricity Journalvol. 8, April 1995, pp. 14-23.
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Within the boundary of a PS©bperation, generators and consumers can form coalitiony of an
size, from aw location in the system, and atyaime. A coalition becomes a group of generators and
consumers ergged in a joint dispatch. In otheowds, in the coordinated multilateral trading model,
economic dispatch (or more generatlhansmission constrained economic dispatch) can hedgid
as a service and generators and consumees da@&hoice whether to purchase the service and from
whom. There is also no limitation to the possibility of carrying out trades between generators and con-
sumers belonging to different coalitions. They should be encouraged to promote economic efficiency.

A coalition is basically a “pool” in the coordinated multilateral trading model with the pool oper-
ator serving as the brekfor the trades within the pool. The pool jointly dispatches its generation to
sene the aggmgate load in the pool. The pool operator may operate the system by accepting bids for
generation and consumption affeient locations as proposed in poolco modelveler, unlike in the
poolco model, participation in the pool is totally voluntary.

The function of the PSO is to coordinaeaivus parties to ensure the mi¢y of network opera-
tion and the operation is mechanical and transparent. Large coalitions with hundreds of generators and
loads will be treated no differently by the PSO than a coalition of one generator and one load. Compa-
rability of service is a non-issue. The PSO in the coordinated multilateral trading model, by definition,
provides non-discriminatory service to all. This is especially useful during the transitional period
moving from traditional electric utility structure to direct access structure, when both systediss, coe
both utility customers and the direct access customers are guaranteedvio cesgiarable service
from the PSO.

VIl. Conclusion

As the electric pwer industry maes into an era of supply competition and consumer choice, a
newn operating paradigm for the transmission rtwconnecting suppliers and consumers is needed.
The nev operating paradigm must be compatible with the economic principles ofheraeThe two
alternative transmission restructuring proposals, bilateral model and poolco model, adhering to the old
operating paradigm developed for regulated monopolies, are trying to sculpture the foot to fit the shoe.
They restructure the wrong end of the problem! The proposed changes are unneuassakable,
and undesirable. We hexdesigned a meoperating paradigm in which coordinated/pte multilateral
trades, each of which benefits all parties to the trade, leackttallowelfare maximization. The pro-
posed coordinated multilateral trading model agsebetter economicfefiency because there is no
need to preide the pawver system operator or @nody else the inglidual’s explicit cost and benefit
function. All cost/benefit information are paite and thg are used only for the purpose ofjpgating
contracts between willing parties. The sameelleof service reliability and system security as in
todays centralized operation can be agbi® in the proposed model through proper design of the
information structure. All generators and consumerg lmgen access to the transmission petvas
long as the parties obsertheir fir share of responsibility for the shared resource of the transmission
network. Non-discriminatory transmission service iecéd to eeryone, whether part of a coalition or
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nication requirement for PSO broadcast. A Loadiagter or a Lossector contains a e thousand

bytes of data. The communications in todagfnegy management systems typically uses a 9600 bits
per second (bps) line. In that case, the PSO can broadcasttoewithin a couple of seconds. If a 64
kbps digital channel is used, which is the smallest denomination in modern wide-area communication
networks, the broadcast will takesen less time. Another option is to use the FM or UHF broadcast
radio currently employed for direct load control in demand-side management.

The communication requirement can be drastically reduced usingdhindt the &ctors sent by
the PSO are as insensitito transmission loading conditions as the penattiofs. Just like in today’s
control centers where several sets of pre-calculated penalty factors related to seasonal or peak/off peak
patterns are used, the Loadirectors and the Losseetors can similarly be pre-calculated fovesal
classes of major loading patterns. ¥lsan be sent to the brets of-line and the broérs store the data
in their avn computers. In real-time operation, the PSO only need announce whiemtegetor is in
effect and should be used for calculating congestion management or loss allocation. @ribytede
of data now need to be broadcast on-line.

6.4 Data requirements

To carry out its responsibilitghe PSO needs to find out the loading on eactitl in the inter-
connected netark. The data required to perform this function is precisely the data required to run a
load flow. Two types of data are needed. One is thedfiset of data of the transmission natey such
as transmission line and transformer impedances onleteonfiguration, etc., and the second type of
data is the data pertaining to the current operating point, including generation anddbad é=ach
bus. The former can be stored and the latter must be sent on-line.

The process of calculating the Loadingctor and the Losseetor is straightforard and trans-
parent. Since load flois so standard and solive running on personal computers are widehila
able, the result can be checkby almosterybody and is impossible to manipulate. As a matter of
fact, the PS@ function in normal situations is so mechanical, it can be automated. ThrefEf&ion
is really in handling emergency situations.

The PSO in the coordinated multilateral trading model does not hgldaa pertaining to the
profitability of the trades, which are yaite. There is no danger of PSO manipulating the ehankd
there is no need for intensive scrutiny by the regulators.

6.5 Organizational requirements
The domain of the PS®0operation is the part of the interconnectedgganetwork for which the
PSO is responsible: network reliability, security and power balance. Because power flows interact in a
network, the domain of operation must be contiguous. Other than that, there arssivalptechnical
or organizational constraints on the size and boundary of #8@¥ration. Generators and consumers
in neighboring systems can exgg in profitable trades with parties within the domain of a ®8QEr-
ation through power transfers at the boundary buses.
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To ensure that additional trades will not result in transfer limit violation, the PSO calculates and
broadcasts the Loadingeetor The calculation of a Loadingeetor irvolves the solution of a set of
linear equations. The cdieients of these equations are elements of the Jacobian matrix ofatae po
flow equations. Theare &ailable as the result of a loadvilacalculation. The matrix and thestor
involved in the solution of the Loadingetor are all sparse (i.e., only ery small percentage of their
elements are nonzero); extremely efficient solution algorithms exist and for a network with one or two
thousand bses; and it tads a fev seconds Of computer time to find a solution. As a matteaatf f
existing softvare for computing penaltyaftors in economic dispatch can be easily modified to calcu-
late the Loading ector Penalty &ctors are routinely calculated in todagnegy management sys-
tems.

To allocate transmission losses to indiial trades, the PSO calculates and broadcasts the Loss
vector The Loss gctor has tw components, the first component is directly related to the peaeaity f
tors and the second component uses the secomvatiles of the load flo equations (elements of the
Hessian matrix). The required terms araiageadily aailable from the result of a load WoThe total
computational dbrt in calculating the Lossector is about twice that of solving a set of linear equa-
tions, which is well within the capability okisting enegy management systems. The calculation of
the quadratic loss matrix Q by straightfama methods requires the number of multiplications on the

order of 1}, where n is the number ofibes in the netork. Special sparse matrix techniques will be
needed and are available for handling this problem for large netforks.

The basic computational engine in the coordinated multilateral trading model is the @ad flo
whereas the poolco and the bilateral models both require an on-line optinel fiv. The on-line
load flov has been routinely performed in eyermanagement systems for almost twenty years,
whereas experience with successful on-line optimal power flows for large networks is still limited.

The data required to compute the Loadiegters and the Lossetor are basically the same as
that required for the penaltadtor calculation. Extense practical gperience has skm that penalty
factors need not be updateery hour; rather, it sfi€es to update penaltgdtors when major changes
in the generation and consumption pattern ocEhis is because the cfiefents in the equations are
not very sensitie to small changes in transmission loading. Therefore, the freqoécomputation
required for updating the Loading vectors and the Loss vector is similarly expected to be low.

6.3 Communications requirements.

The data exchange between the PSO and brokers runs in both directions. The brokers report to the
PSO information concerning MW input and output schedule of their trades. The PSO broadcasts the
Loading \ectors and the Los®eutor Let us assume all trades are arranged at the substation (generation
and load) leel and consider forxample a netark with a fev hundred substations with theigting
communication infrastructure of the eggrmanagement system. The communication requirement
from the brolers to the PSO is insignificant and can easily be accommodatedooétat the commu-

23-see the second remark after lemma 8 in appendix.
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ever this requirement of lead time is only limited by technological capabilities, i.e., the computation
turnaround time. \ith today's control center capabilities, this lead time can be less than half an hour
before real-time.

The real-time mart, operated by the PSO with the help of tli&CAfacility, ensures paer bal-
ance and frequegiand \ltage rgulation in order to maintain the igéty of transmission neterk
operation. Ay trade whose real-time supply and demandiade from the scheduled amount is
chaged, if the deiation is compensated by the PSO. The broif the trade canvaid the chage
either by enforcing pmer balance within the trade, or by contracting the service to a third phity
may stimulate technological innovation, a long-term benefit of competition.

6.2 Computation requirements
1. Broker

A broker arranges trades and bears responsibility for arranging generation to compensate for
losses and to insure that the trading is feasible. Theeboalculates the share of losses based on the
Loss \ector broadcast by the PSO. The calculativolires a fev multiplications and additions, and is
trivial. If it is desired to calculateavious components of the losses, i.e., the losses imposed by other
trades, the brak uses the Q loss matrix,ag broadcast by the PSO, and the computation is still
insignificant.

When there is congestion in the transmission agéwthe broker needs to determine the feasibility
of trades based on the Loading vector broadcasted by the PSO. For a trilateral trade, the conditions for
profitable trades that are feasible are spelled out in section 4.3 and section 8.4 in the appendix and the
computation imolves solving a set of three simple algebraic equations. When ther lwakts to
engage more parties in a complenultilateral trade, the amount of computation for checking feasi-
bility of a trade is still tirial. To find an optimal solution that is profitable and feasible in the general
case, hwever requires the solution of a transmission constrained economic dispatch (TCED)
problem. Eficient solution algorithms for TCEDxist and software is adable. A TCED softwre can
be efficiently executed in a PC for a group of several dozen generators and loads.

2. Power System Operator

The PSO functions in the coordinated multilateral trading model are primarily for the maintenance
of network reliability and security and real-timewer balance. It is the PS©job to ensure that the
power flavs in the netwrk are within their loading limits and that the colleetlosses areafrly allo-
cated.

The PSO checks feasibility of the proposed trades and curtails trades if necessdmyck if
trades are feasible, the PSO solves a load Baged on the generation and consumption data from the
proposed trades. Standard packages for loaddle aailable for computers ranging from personal
computers to laye mainframes. In today's eggrmanagement systems, on-line loadvlcare rou-
tinely performed and it tas less than a minute of computer time toes@wvoad flav for a netvark
having more than a thousand buses.
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Implementation Requirements

The accuracy of the estimate is equal to 98.05% (0.0198/0.0202) in this case. Eq. (72) can be used

to correct the error in the estimation, which results in:

Table 4: Components of Transmission Losses (MW)

TA TB TC Total
TA 0.62 0.094 0.32 1.03
TB 0.094 0.097 0.11 0.30
TC 0.32 0.11 0.21 0.65
Total 1.98

A power flav calculation will \erify that if one trade is present, its corresponding losses is indeed
equal to the diagonal elements in the above table. Moreover, if only two trades TA and TB are present,
the sum of all the components corresponding to theserades (the four blocks on the upper left
corner) is equal to 0.91 MWvhich is agin eactly the result obtained from a loadvil@alculation.

The incremental losses caused by TC can be calculated by using the formula Eg. (48) in appendix,
which gves 1.07 MW matching the load fl@ results and the results obtained froablE 4 (1.98-
0.91= 1.07MW).

VI. Implementation Requirements

In this section, we will discuss the implementation of the coordinated multilateral trading model.
We will demonstrate that the weoperating paradigm for the coordinated multilateral trading model
can readily be implemented using today's communication, computing and control infrastlithee.
organizational issues are also discussed and we will ¢hat the coordinated multilateral trading
model has fleible boundary and puides non-discriminatory services to parties connected to the net-
work, whether they are part of a coalition or not.

6.1 Scheduled vs. real-time markets

The coordinated multilateral trading model can be implemented in the schedwiedmarlet.
The diference between a scheduled and real-timgeponarlets is the lead time priwled in the
former. Lead time gi®s the PSO a chance to check security before the trade®eutee. If transmis-
sion security is not threatenedeeution proceeds. If security is threatened, the PSO curtails certain
trades. Some lead time is required to curtail certain trademit #reatening system securitiow-

2.0 good reference for the status of present computer and communication systems for real-time power system control
can be found in: Wu, F. F., and R. D. Masiello (edgmputers in Power System OperatioBpecial Issue of the
Proceedings of the IEERo0I. 75, Dec. 1987, a brief description of an integrated 3C infrastructure for both electric utility
business and engineering applications is in: Lun, S. M., F. F. Wu, N. Xiao, and P. Varaiya, “NetPlan: an integrated
network planning environmentPRroc. Int. Conf. on Modeling, Analysis, and Simulation of Computer and
Telecommunication Systen®an Diego, Jan 1993, and Wu, F. F., “The integrated information system-gains and
obstacles”, (Invited talkptockholm Power Tecune 1995.
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The accurag of the estimate for thisxample is 98.85% (0.0198/0.0200) @llocate the total
losses of 1.98 MWPSO wuld add a correctiora€tor and use Eq. (76), resulting in the fwoilog allo-
cation:

Table 2: Loss Allocation (MW)

Trading TA B TC Total

Loss Alloc 1.03 0.30 0.65 1.98

We have also derdd formulas to estimate (and calculate) the additional losses (may beepasiti
negative, in general) caused by other trades. For that purpose, the PSO calculates and broadcasts the Q
loss matrix (Q for quadratic). The calculationaives the Jacobian matrix and the Hessian matrix of
the power flow equations (see Eqg. (50)) and, in this case, it is equal to:

0.0589 0.0207
Q = (0.0207 0.0496
0 0

Based on the Q matrix, breis can estimate the losses of their trade and its components. The results
are tallated in the follving table. © illustrate hav the elements in the table is obtainedetédr
example, the one corresponds tavrdB and column A, it is the result of the product (TB)' QA)/2,

where (TB)' represents the transpose of thetor (TB). The product is simply equal to (0.2 x 0.0207 x
0.4626)/2 = 0.00096pu = 0.096MW.

Table 3: Estimated Loss Component (MW)

TA TB TC Total
TA 0.63 0.096 0.33 1.05
TB 0.096 0.099 0.11 0.31
TC 0.33 0.11 0.22 0.66
Total 2.02

Table 3 should be read thisaw The number corresponding té&/TA, 0.63 MW is the losses
caused by trade A alone, i.e., if there is no other trades going on in thekaellve number corre-
sponding to A/TB, 0.096 MW is the additional losses atiifed to trade A due to the presence of
trade B. Notice the additional losses atitéal to trade B due to the presence of trade A is also 0.096
MW.
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Fig. 4 Additional trade

Contract flows Power flows Trades
TA = 46.26MW
46.26MW //'18-74MW 65 MW from1to 3
TB = 20MW
from2to3

TC = 15MW from 2
18.74MW from 1
and a total of

33.74MW to 3
" Marginal costs
46.26 M 3 20 MW J
W > MC, = 6.6464
oon < \MC;=6.7328
20 NA— ) 40MW 35 MW MC5 = 6.6848
£.74MW .

2. Loss allocation

The three lossless trades in thisample are A=(0.4626, 0, -0.4626), TB=(0, 0.2, -0.2) and
TC=(0.1874, 0.15, -0.3374). The total losses caused by the these trades can be calculated by a load
flow solution and is equal to Tloss= 0.0198pu = 1.98 MW.

The PSO calculates the Losctor using the poer flov Jacobian matrix and broadcast the results
to all parties. The Losseetor is equal to L=(0.0226, 0.0153, 0). Based on the Led®ivthe parties
engaged in trades can estimate their share of the losses using Eq.of7@&arfple, an estimated
losses for trade A is equal to 0.0226 x 0.04626 + 0.0153 x 0 + 0 x (-0.04626) = 0.0104 pu (i.e.,
1.04MW). The results are shown in Table 1.

Table 1: Estimated Losses (MW)

Trading TA TB TC Total

Est Losses 1.04 0.31 0.65 2.00
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Fig. 3 Curtailed trades
Contract flows Power flows Trades

46.26 MW 46.26 MW TA=46.26 MW
from1to3
TB=20MW
from2to 3

20 MW Marginal costs
MC; = 6.5984

MC, = 6.6848
MCj = 6.6848

46.2 MW

-
25MW 20 MW
‘2/0 MW 66.26 MW

C. Additional trades

At this moment, the mgmal costs at the threeufes are: MG 6.5984, MG=6.6848 and
MC3=6.6848. Since ME&XMC,;, generator 1 notices that there may be an opportunity for additional
profitable trade. But the Loadingetor indicates that grbilateral trade between theadwwould fur-
ther aggraate the congestion on line 1-2, and thereforeulds be infeasible. A trilateral trade is
needed (assertion 2, appendix).

The next question is: laoto spot a profitable trilateral trade that is feasible. @nmening the sign
of the elements in the Loadingator, generator 1auld be able to generate more if generatoold/
increase its output. Since theeaage of the mginal costs of generators 1 and 2 izwéo than what
consumer 3 is willing to pay, a profitable trade is possible (see also assertion 3, appendix).

To determine how much peer generator 1 ants generator 2 to produce, the gi@al cost infor-
mation is used. In general this should left to the partiesdotiage. Havever in the case where the
cost and benefit functions argpéicit, assertion 4 in the appendix pides a solution. Solving Egs.
(39)-(41), one obtains:

Ag, = 0.1874

Ag, = 0.150C

Let us represent this additional trade as TC = (0.1874, 0.1500, -0.334)T@Vin place, the
power flow in line 1-2 still remains 0.05 and the migal costs at theuses are: Mg 6.6464,
MC,=6.7328 and MG=6.6848, which are exactly the optimal miaal costs, as can be chedkirom
the solution of the optimal dispatch problem.
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positions in the &ctor TA correspond to the threaukes (in order), a posié@ number represents the
amount of pwer injected into the netwk and a ngative number represents the amount ofvgo
taken from the network. Thus TB=(0, 0.2. -0.2).

The resulting power flo of these tw trades will @erload transmission line 1-2, as the result of a
power flow calculation shas that the peer flov on line 1-2 vould be 12.94 MW (0.1294 pu),
exceeding its limit of 5 MW or 0.05pu.

Fig. 2 Initial trades

Contract flows Power flows Trades
80 MW 80 MW TA = 80MW
from1lto3
TB=20MW
from2to 3

12.96 MW

20 MW Marginal costs
80 y MC, = 6.6848
® 2= NS=gesis
20 MW 3= 6.
‘2/0 MW 100 MW

B. Curtailment

The PSO must curtail the trades to the secure operatiel ile., to relige the congestion. First,
the PSO calculates the Loadingctor by solving a linear equation using thevpo flov Jacobian
matrix (Eq. (21) in appendix). The Loadingotor in this gample is:n = (0.2353, -0.2941, 0). The
Loading \ector indicates that curtailing trade Aowd reliesze congestion and the amount of curtail-

ment can be calculated using the sevigjtinformation provided by the Loadingeactor. LetAq, be

the amount of curtailment required, it can be obtained from the following equation:
0.2353x Aq; = 0.05- 0.129«

which gves Aq, = —0.3374. After this curtailment the trades are modified t6=T(0.4626, O, -

0.4626) (since 0.4626 = 0.8-0.3374), and TB= (0, 0.2, -0.2) the PSO then broadcasts the Loading
vector to all parties.
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V. lllustrative Example

The coordinated multilateral trading model has been tested on IEEE test systems. The results for
more realistic systems will be reported in the future. A simplas3ekample system is used here to
illustrate the concepts of the model. The data pertaining to the 3-bus system are showh below.

Fig. 1 Data for the 3-bus example

Per unit: 1 pu =100 MW
Transmission line data

r X

1-2 0.0600| 0.4000
2-3 0.0315| 0.250(¢
3-1 0.0400| 0.200d

Cost functions ($/hr)

c,(q,) = 6480y, + 12897
c,(a,) = 6620.8), + 16003

C5(05) = 6684.8)4

1. Congestion management
A. Initial trades

For simplicity, this part of thexample ignores losses. Suppose initially generator 1 and generator
2 arrange independent contracts with consumer 3, with no consideration for the transmissida netw
The amount of the contracted power for each trade is set at the point where the marginal cost of gener-
ation is equal to the mginal benefit of consumption. Therefore, trade A from generator 1 to consumer
3 will be TA= 0.8 pu (B0OMW), when the mginal cost of generator 1 and the giaal benefit of con-
sumption of consumer 3 are both equal to 6.6848 (c/kwh) and trade B from generator 2 to consumer 3
will be TB=0.2 pu (20MW), when the nginal cost of generator 2 is also at 6.6848 (c/kwh)indi-
cate where the trade is from and to whom it is sent, let us usedtwe motation A=(0.8, 0, -0.8). The

21.pata for this example are derived from an example in: Wood, A. J., and B. F. WollePdeey,Generation,
Control, and OperationNew York: John Wiley and Sons, 1984. For convenience, we shall use the standard per unit
calculation and translate the result in MW quantities at the end.
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A simple estimate of a profitable trade can be obtained by using thmatarost (benefit) of gen-
eration (consumption) MiC?O A profitable trade is one that reduces the total cost, using a linear

approximation, this means:
MC;q; + MC30;< MCgQs

By examining the general case as tavhio satisfy these equations forfdient combinations, we
obtain answers to the questions aowhich are stated as assertions in the appendix and repeated
here.

If there is only one transmission congestion, a trilateral trade may be necessary in order to con-
struct a profitable trade that is feasible (Assertion 1).dfth@nsmission limits are congested, a quad-
rilateral trade may be necessadf course, if more parties aresaived, the better the chance a more
profitable solution can be found.

Considey for simplicity, the case with only one transmission congestion and ignore transmission
losses. @ find a profitable trilateral tradeviolving, say generator 1, generator 3, and consumer 5, such
that q; + d3 = gz, the maginal benefit of additional MW for consumer 5 must be higher than the

maginal cost of one of the generators, say generator 1Mi@;,> MC, . Suppose that generator 1 is

also serving as the brek Ifn; =2 n,, (n; —ng)gq; <0 for ary amount ofg; MW from bus 1 to lis 5.

The trade from node 1 to node 5 helps velithe congestion, soaprofitable trade can be used and
there is no need to solicit the participation of another genefatmiore interesting situation is when

ng<n,, so that a profitable bilateral trade between generator 1 and consumer 5 is not feasible. A

simple rule (Assertion 3) obtains in this case to assist thebtolook for a generatosay generator
3, to ngotiate for a feasible trade that is profitable. The rule says tingt>ifn, the broler should

negotiate for generator 2 to generate, whereas # n,, the broker should getiate for generator 2 to
back down.

Finally, in the case of a single transmission congestion, the optimal amount of generation and con-
sumption in a trilateral trade can be determined if the cost benefit functioxplci. & he solution to
a set of three algebraic equations Eq. (39)-(419ggthe optimal amount of generation and consump-
tion in the trade.

In general, multiple parties may besatved in a trade. The trading arrangement problem can be
formulated analytically as a transmission constrained economic dispatch problem, for Vitieht ef
solution algorithms exist. In the extreme case every generator and load is involved in the trade. This is
also the case of the traditional igtated utility arrangement, and the transmission constrained eco-
nomic dispatch becomes identical to the one performed in ®ddyanced engy management sys-
tems.

20-The marginal cost at a node is the derivative of the cost functiopsdd@iq;.
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In fact, the coordinated multilateral trading model agtsebetter economicfafiengy if the cost
and benefit functions can not beplcitly written dovn as functions of generation or consumption as
required for ap centralized economic dispatch. In such a case, there is potentiatereds for the
centralized dispatch modelybnot in the coordinated multilateral model. Thus the coordinated multi-
lateral trading model is superior toyascheme that relies on centralized dispatch both on grounds of
incentive compatibility and information efficient¥.

4.3 Trading arrangements

We have progd in the appendix that if the current operating point is not optimal, participants can
always find a trade that is feasible and profitable (Lemma 4). We discuss in this subsection how to dis-
cover and arrange such trades. Specifically, the following questions are to be answered:

* How many parties need to be involved in the trade?
* Who should be contacted for negotiation?
* What is the optimal level of generation (or consumption) for each party in the trade?

Section 8.4 in the appendix pides detailed answers to these questions. Before getting to the spe-
cifics, let us demonstrate Wwahe information preided by the Loadingector can be utilized.df a
network, for ekample, with 8 nodes, the Loadingotor for a particular transmission congestion is an

8-dimensional vector(n,, n,, N3, N4, N5, N, N, Ng) . The numbgris the amount of additional MW

power flov on the congested line (or lines) if 1 MW ofwar is injected into bs i. For simplicity,
assume there is only one congestion. Consider a trade vs&ying generation at nodes 1 and 3, and

consumption at node 5. Let the amount of generation at node M)/, at node 3 bg; MW and the
amount of consumption at node 5dpe MR\Eirst of all, the total generation of the trade must equal
to the sum of the consumption and the losses, i.e.,

Ot A3~ 05 = Gjoss
The transmission system security constraint is expressed using the Loading vector as:

Nyd; + N303—N5q5<0
The two equations ab@ impose constraints a, , g;andgs. A broker must find a profitable trade

within these constraints.

18.The literature on the design of coordination mechanism is concerned with reducing the amount of information
transfer and ensuring the compatibility of the incentives of the individual participants and the goals of coordination. See:
Hurwicz, L. “On informational decentralization and efficiency in resource allocation mechanisms”, in S. Reiter (ed),
Studies in Mathematical Economidgathematics Association of America, 1986, and Reichelstein, S. “Incentive
compatibility and informational requirements”, Journal of Economic Theory, vol 32, pp. 384-390, 1984.

19-T0 avoid confusion with negative numbers we depart from the sign convention used in the appendix. In the same
spirit, here M represents marginal benefit.
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tional overload. The brodr can simply calculate the net increase in transmission loading [19.3 X n
10 x ng] and if this is less than zero, there is no probleensdmmarize, the coordinated multilateral

trading process goes ékthis: The PSO calculates the Loadimgter and broadcasts this set of num-
bers to geryone. (Data required for calculating the Loadiegter is basically what is required for a
load flowv study i.e., transmission netwk data and pmer generation and consumption data for the
trades.) Based on the Loadingctor, brolers can priately arrange profitable trades that are feasible,
i.e., trades that do not result imesload. A more detailedkplanation of hw to arrange trades is pro-
vided in the next subsection.

Since power flar relations are nonlineathe Loading gctor based on local linear approximation
of the nonlinear functions isalid if the magnitude of the trade is small. A nonlinearsion of con-
structing feasible trades byay of geodesic cues is dewed in the appendix. The required computa-
tions, havever may become intractable and the result may be only of academic interest. In practice,
however it is well-knavn that the diierence between the non-linear and linear approximation for real
power flovs (MW flows) is usually small. Furthermore, as discussediqusly, transmission limits
are soft and there is usually an inherent safety margin in it. Small technical breaches of the limits for a
short duration may not necessarily lead to actual security threat. If on the other hand, linear approxi-
mation is not acceptable, a practical alteksa&ists, where the PSO requires that a safetygmadre
added to the calculation to account for the error in linear approximation. Suppose that x is the esti-
mated percentage of error in linear approximation, say x is equal to 2%, the requirement fore¢he abo
example becomes [10.3 ¥ 110 x ] < - 0.2.

It is possible that a profitable trade between participants can resuéirloax of another transmis-
sion limit besides the original congestion. If the trade potentiglyleads 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 nagrtoaded. In other ards, the PSO must curtail the
trade to insure that this transfer limit is needoaded and then broadcast the Loadiegtar corre-
sponding to this constraint. The PSO thus sends to participamtgettors: a Loadingector for the
original transmission congestion and a Loadiegter for the additional congestion.itWthese tw
vectors, participants can grtiate trades that are profitable while not resultingvierload for either
the original congested transmission or the additional transfer limit. In the general casexaif sk
transmission transfers are congested, the PSO canl@ilooading vectors, one for each transfer limit
and participants can use these vectors to ensure that their trade does not overload any of them.

We have progd that, gen without a central authorjtparticipants in the coordinated multilateral
trading model reach an optimal operating point. Asashin the appendix, if the current operating
point is not optimal, participants camalys find a trade that is feasible and profitable, i.e., all parties
involved in the trade will profit. &ticipants have clear incengis to find such trades. The sequence of
coordinated multilateral trades continues until there is no more profit to be made and an optimal solu-
tion is reached. (See appendix, theorem 1).
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4.2 Feasible trades

A trade involes suppliers and consumers. Cost of generation is associated with supply and benefit
is associated with consumption. gkofitable trade is a trade in which the total benefit of all loads
involved in the trade is greater than the cost of all generators. In such a caseradmgsrofit by
arranging the trad®® We assume that a broker’s principal objective is to arrange profitable trades.

Suppose that the security of the transmission otws not a constraint to the supply/demand
market. Since transmission losses are allocated and included in the trades, the transmissi&n netw
may be ignored. The situation is simply a competisupply and demand matland the standard eco-
nomic theory applies. Assuming no participant has significantehpdwey an equilibrium or optimal
will be reached. At the optimal point, the miaal cost of all generators and the giaal benefit of all
consumers are equal, if losses are ignored, otherwigdlifiier by the “penaltydctors” for losses. In
other words, if brolers arrange profitable trades for the participants and if the trades do not result in
overloading the netark, an optimal solution willxentually be reached, without the intention of
the PSO.

If the trades result in transmission loadingeeding a transfer limit, in our coordinated multilat-
eral trading model, the PSO, whose primary responsibility is to maintain security, curtails the amounts
demanded in the trades to a point at whigtrimad is no longer possible. The curtailment scheme, i.e.,
whose generation is reduced and byhouch, does not rely on the cost-benefit information of the
participants since the PSO is only concerned with system seauritythe PSO's only function is to
relieve overload, not to satisfy economic concerns. The curtailment scheraglysafbitrary and a
reasonable one is perhaps to select the most effective way to reduce overload. Because economic deci-
sions are separate, the participants will enaklditional trades to impre the economic &€iengy of
the system after being curtailed by the PSO.

To insure that these additional trades do not result in overloading the transmission system requires
coordination by the PSO. The PSOvad®s guidance to all participants as to what trades angeallo
This is not done on a case by case basis; rattePSO gies out suffcient public information based
on which brokers can piely construct profitable trades that are compatible with secure operation of
the netvark. We claim that this can be accomplished by the ussepéitivities i.e., the increase in
transmission loading (on the congested transmission line or thegatgteansfer between ow
regions) if one mgawatt of paver is injected into the netwk at a node. The PSO has the responsi-
bility to obtain this data fonery bus of the network. &\all this set of numbers the Loadiregtor’
The kth component of the Loadingator, i, is the additional loading on the congestion if one MW of

power is injected into node k. With Loading vector publicly known, a broker can easily check whether
a planned trade, sa$0.3MW generated fromus 3 and 10MW delered to s 5, will cause addi-

16.The broker has to pay for the use of the transmission network, which is the subject of transmission pricing and will be
discussed in Sec VII.

17.Network reduction mentioned in footnote 14 to reduce the dimension of network calculation, hence the size of the
Loading vector, is more effective for security analysis, especially for real-power flows.
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order to reliee congestion or to ensure security of operation,@ssentiato have coordinated trades
involving three or more parties.

4.1 Loss-included trades
In general, each trade should include its share of transmission losses. Inatigithe net gener-
ation should equal to the sum of the demand and the transmission losses caused by the trade. The total
transmission losses caused by all the trades on thenmketan either be measured or calculated. But
the allocation of the total losses to widual trades is nontrial. It is agued that due to nonlinear
nature of the loss relationship, it is impossible to allocate losses wdinalitrades in a theoretically
correct way'® If the transmission loss were a linear function of the generation, the allocatitah ve
possible. Linear approximation of losses has been used, but it can be shown that linear approximations
always over-estimate, hence over-charge, the losses caused by the trades.

We shav in the appendix that, whereas unattainable for general nonlinear functiornacaal®-
cation method can be obtained if the loss relation is a special type of nonlinear function, agualy
dratic function. It is well-knan that the relation for transmission loss is almost quadratic. Indeed the
error in quadratic approximation is usually no more thamwepfercentage points. Using the quadratic
approximation, we he derived a formula enabling a brekto estimate the transmission losses fgr an
planned trade, and a formula to estimate tliecebf one trade on losses (increase or decrease) to
another trade. ¢t the &act allocation of transmission losses to wdlial trades we he derved an
allocation method based on the percentage allocation derived from quadratic relationship.

A broker estimates the transmission losses caused by a trade based on theetoossakculated
and broadcast by the PSQrfan n-node network, a Lossator is a set of n numbel&Suppose that
the planned trade, ignoring losses, is 10MW fram B to lns 5 and the 3rd and 5th positions of the
Loss \ector are 0.041 and 0.011, respmi;j.l5 The estimated allocated losses then are 10 x 0.041 - 10
x 0.011 = 0.3 MW. If it is desired for the brokers to estimate the effect of other trades on their share of
losses, the PSO calculates and broadcasts a quadratic loss matrix, based on which the brokers can esti-
mate these effects. An example is shown in Sec. V.

13-Moreover, even if that were possible, it is argued that it is still theoretically impossible to balance power generation to
exactly match the allocated losses in a power network, because if the broker of the trade adjusts the generation level to
account for the losses, this changes the generation level and affects the total losses. We show in the appendix that there
is a solution to this problem too. It is possible to derive a loss-included trade by an iterative process. The process goes as
follows: (1) participants plan a proposed multilateral trade and initially ignore losses; (2) participants use the loss
allocation scheme to calculate their share of losses for the proposed trade; (3) participants adjust generation levels to
account for the losses; and (4) if necessary, recalculate the loss adjustment and undergo an iterative process. We have
derived conditions under which the process converges. Our tests show that the iterative process is more of academic
interest. Usually after a single pass, the discrepancy is negligible.

14.several methods have been proposed for network reduction, see for example the survey paper: Wu, F. F., and A.
Monticelli, “A critical review of external network modeling for on-line security analy&#gttrical Power and Energy
Systemsvol. 5, 1984, pp. 623-636. If network reduction can effectively construct an equivalent lower order network
model the computational effort may be reduced. However, none of the existing equivalents gives a good approximation
of losses. Further research is needed.

15-We shall call a node in a power network a bus--a commonly used terminology in power system engineering.
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In a competitie marlet, if each trade can determineshmuch losses it causes, preferably at the
moment while economic decision is being made, the one who arranges the trade can then decide
whether to ceer these losses through itwro additional generation or throughkternal purchase. &/
stress the fact that it is important that the customer of any transmission service must have a choice in a
competitive environment.

Paver system operation also requires the maintenance of real-timer p@lance en if all
scheduled poers are balanced because of uncertagégeration and load fluctuations, small amounts
of loss adjustments and possible generation and transmissitity ffailure. Generation resexand
AGC (automatic generation control) are means to aehigal-time pwer balance in today’central-
ized paver system operationoTdistritute the decision-making responsibility of real-timevpobal-
ance to indiidual trade requires three conditions: (1) tkaat amount of losses caused by each trade
is known, (2) metering capability isvailable on all participants in a trade, and (3) real-time control
devices are wailable to match generation to the load and the losses. The first condition can be met by
theoretical analysis, and is the subject of discussion here, whereas the ottexjuine technological
solutions, that are functions of market incentives and technology innovations.

3.4 Requirement summary

We propose a me operating paradigm which alle suppliers and consumers primarily to seek
profit on their avn, while the PSO guarantees secufply when security is threatened, does the PSO
intervene to ma& a decision on curtailmentaRicipants collaborate in the responsibility for main-
taining security with the help of information prded by PSO. & the purpose of maintaining secu-
rity, the PSO passes on information to the generators and loads 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 themsslearry out the economic function, making the decisions con-
cerning the price and other terms and the amounts to buy and sell. The pricing information relied upon
by participants for their economic decisions is alNqie. Since all trades are independently arranged,
methods to calculate and allocate transmission losses are required.

Ultimately, the goal of this ne paradigm is to: (1) ganize arrangements so as to aehieco-
nomic eficiengy; and (2) encourage search for altenesti and inneations for ag function that
requires a centralized authorized.

IV. Coordinated Multilateral Trading Model

A multilateral trade is a tradevalving two or more parties in which the sum of generation minus
the sum of consumption loads is equal its share of losses. The party that arranges the trade is called a
broker. The brokr may be a generator or consumepived in the tradelt may also be an unrelated
third party A multilateral trade is a generalization of a bilateral trade. But, as will venslater in
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3.2 Separating security and economy

As competition is introduced in generation, thus breaking up the monaepmlgeliee that the
decision-making for efficierycand reliability can and should be decentralized and it can be done with
a proper information structure. First of all, it is helpful to analyze security and economic generation
separately by examining thefeifences in decision-making and information structure requirements for
the two functions.

In analyzing the task of economye must remember the goal of a nerkased economiyn a
free marlet, decision-making authority should be decentralized and decisions should be made by par-
ticipating suppliers and consumers. The information structure in a freethstutuld &cilitate eco-
nomic efficiency Furthermore, the information structure should not result in a situation in which there
is marlet dominance or anti-compet# gaming opportunityTo achiee that, it is necessary t@edép
the cost/benefit information completely private.

The security of the transmission system is a shared responsibility among all generators and con-
sumers. Wh today's technologythere is a delay in communication and control thatemakimpos-
sible or undesirable to mitige a security violation after it occurs. Therefore, in system operation, the
security concerns must be incorporated while economic decisions are being made. This is consistent
with the principle of current practice in which security is treated as an operating constraint in eco-
nomic decisions. The challenge wayer is to determine the deee of centralization and decentraliza-
tion in the decision-making process and to design an information structure such fica&nsuf
information can be madevailable to all potential trades to assess security feasibility and economic
viability. Moreover, for &ir competition, public information should be shared and transparent, i.e., the
method by which the data is obtained and security constraints are calculated mugbbgs aid
readily reproducible by anyone.

3.3 Separating scheduled and real-time power balance

As explained before, the task of maintainingw@w balance after resources are in place can be
divided into two stages: scheduled and real-time. Security/reliability consideration is treated as a con-
straint in the maintenance ofwer balance. In a lossless transmission system where balamee po
simply means supply equal to demand, the decision-making authority for scheduéedptance can
be totally decentralized, as long as each trade meets the condition that its supply equal to its demand. It
becomes a problem if the transmission losses in a sharedrketwst be considered because the
losses caused by a trade depend on other trades on tlekndpypically transmission losses are about
three or four percent of the total generation. This may not sound signifiaattielcumulatie effect
of losses on a year-long contract can mean millions of ddffars.

12.An EPRI study clearly indicates the importance of estimating transmission losses in traditional utility transmission
planning, see: Scientific Systems, Inc., “Bulk transmission system loss analysis: theory and peREt&eporEl-

6814, 1990 and also: Nadira, R., F. F. Wu, D. J. Maratukulam, E. P. Weber, and C. L. Thomas, “Bulk transmission
system loss analysislEEE Trans. Power Systeml. 8, 1993, pp. 405-413.
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implemented in some of today's atlced EMS. Instead of using a full-fledgedvpo flov model in

the formulation, transmission constrained economic dispatch useerketensitiities, which are
quantities relating the changes in generation to the loading in transmission. Therefoeeralimi&ry
economic dispatch, which adjusts generation level with an eye only for economic efficiency, transmis-
sion constrained economic dispatch adjusts generatiels levhile considering both economics and
transmission loading limits.

[ll. Requirements for a New Operating Paradigm

3.1 Coordination

For the transmission system to properly support “shared” services such as maintaining security
and praviding transmission losses, coordination among all parties is required. It is a gross simplifica-
tion to equate coordination with centralization. As a matteact, fan gamination of coordination
should focus on ays to distrilaite information (who knes what) and control (who does what) for all
parties: generators, consumers, system operatulatoy etc., to achiee the goals. In the traditional
paradigm, both information and decision-making authority are centralized twethéthree main
operating objecties: paver balance, security/reliabilitand economyAs we mae tavard increased
competition, the way in which the traditional paradigm relies on centralized authority may not be nec-
essary or desirable to attain coordination. It is possible to reach the same level of coordination through
different information and decision-making structuregh\his objectie in mind, we seek to (i) sepa-
rate each objeaté (pover balance, security/reliabilitand economy) and (ii) design information and
decision mechanisms for each objeetie can thenwaluate the alterna operating paradigm in
terms of economic &€iency reliability and implementability* The goal is to find a meoperating
paradigm that achves at least the same economificesngy and the same Vel of reliability as the
centralized paradigm does, and hopefully more, and which is reliable and implementable using
existing computer, communication and control (3C) infrastructure.

10-The optimal power flow (OPF) was formulated by Carpentier, J. W., “Contribution a I'etude du dispatching
economique”Bull. Soc. Fr. Eleg.vol. 3, 1962. Among the early implementations of OPF on large system off-line
studies are: Dommel, H. W., and W. F. Tinney, “Optimal power flow solutidBEE Trans Power App. Systol. 87,

1968, pp. 1866-1876. Wu, F. F., G. Gross, J. F. Luini, and P. M. Look, “A two-stage approach to solving large-scale
optimal power flows”Proc. of Power Industry Computer Applicatio@eveland, 1979, pp. 126-136. Practising
engineers are still trying to solve many detailed OPF implementation problems, see for example: Papalexopoulos, A. D.,
C. F. Imparato, and F. F. Wu, “Large-scale optimal power flow: effects of initialization, decoupling and discretization”,
IEEE Trans. Power Systemal. 4, 1989, pp. 748-759. A survey of developments in OPF and TCED can be found in:
Wu, F. F., “Real-time network security monitoring, assessment and optimizadtienttic Power and Energy Systems,

vol. 10, 1988, pp. 83-100, and also in: Stott, B., O. Alsac, and A. Monticelli, “Security analysis and optimization”, in
Wu, F. F., and R. D. Masiello (ed@pmputers in Power System OperatioBpecial Issue of tHeroceedings of the

IEEE, vol. 75, Dec. 1987.

11-several alternative information structures have been proposed: Kaye, R. J., F. F. Wu, P. Varaiya, “Pricing for system
security,” IEEE PES Winter Meeting, New York, Jan. 1992, Baldick, R., R. J. Kaye, and F. F. Wu, “Electricity tariffs
under imperfect knowledge of participant benefitEEE Tran. Power Systemsol. 7, 1992, pp. 1471-1480.
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system security In operation, when a transmission line or thevgotransfer between twregions

reaches its loading limit, the transmission ratnis said to beongestednd the congestion must be
relieved. Thedct that these limits must be established beforehand leads to sitljectetermining

those limits. The PSO must select which conditions to stuely the credible contingencies and
supply/demand levels, and translate the simulation results into transfer limits. Because the selection of
conditions and interpretation of results depend on the PSO's judgment, the transfer limits can be some-
what imprecise and subjective.

2.3 Economic generation

The PSO in the traditional paradigm also has the responsibility of insuring economic generation.
The PSO possesses the fuel-cost ewfreach generatoBased on these cuas, the PSO performs
economic dispatcho insure that theverall system production cost is minimized. Classical economic
dispatch does not consider transmission limitg,dmes consider transmission losses in the dispatch.
Transmission losses in the dispatch are incorporated by the pseadty factoragainst generators. In
the absence of losses, economic dispatch requires all generators to operate at theggaate€osar
With losses, each generator's giaal cost is multiplied by a penaltgdtor a number that reflects the
relative contribution of that generator to transmission losses.

The operation of economic dispatch arlfy standard in today's control center or EMS (gper
management system). The PSO runs economic dispagch fav minutes using real-time data on
generation and load demand. Penalistdrs aginst generators are calculated in one af ways: (1)
the factors are calculated in ahce using planning data and, typicaig\eral sets of penaltyattors
are stored in the EMS computer; or (2) thetbrs are calculated by using real-time data and on-line
load-flowv calculations. Real-time data on the generatigallef each generator in the system and the
aggre@te load demand at each substation are pooled throughout the syetemave to four seconds.
This data proceeds through a data collection system called SQ#&ipervisory control and data
acquisition system) to the control center. Real-time data are also used to maintain instantaneous power
balance through &C (automatic generation control), which calculates théatien of actual from
scheduled frequeggan indication of paer imbalance) and interchange schedule and then resets the
generation in the system according to a s@boficipation factorsderived from the result of economic
dispatch.

Traditionally security considerationsverride economic considerations. In practice, this means
that when werload occurs on a transmission line owpoflow between tw regions exceeds transfer
limit, generation is curtailed with little consideration to econoRgcently havever attempts hae
been made to combine security and economics by including transmission limits in a generalized eco-
nomic dispatch called thaptimal power flowComputation of such an optimal power flow is involved
and time-consuming and there are gpnaractical problems in real-time impIementati‘(S’rA simpli-
fied wersion of optimal pwer flow, calledtransmission consiined economic dispaic has been

9-The studies include transient stability, dynamic stability, load flow etc. NERC, established after the 1965 Northeast
blackout, and its member regional reliability councils set the guidelines for credible contingencies.
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2.2 Security and reliability

In powver system operation, in addition to the requirement thaeponust be balanced for the
present situation, peer balance must be maintained to guarantee continuity of suppiyadter a dis-
turbance in the system such as thitufe of a generator or the outage of a transmission line. The con-
tinuity of service to consumers is referred to asreéimbility of the system. @ insure reliability
prudent measures must beg¢akrom both the generation side and the transmission side. More genera-
tion capacity than necessary for the forecasted load is scheduled. In ottisy the traditional para-
digm requires reseed generation, unusedtbreadily aailable, for unforeseervents of generation
failure or sudden demand surge.

The transmission system adds another dimension for the maintenance of reliability of system oper-
ation. There are steady state operating limits, generally referred to as thermal limits, for all transmis-
sion facilities, i.e., transmission lines and transformers. Kirdhbafs dictate how power flows in the
network. The indvidual generator hasewy limited control wer paver flov through a particular line.

The whole network, together with all generation and load consumption connected to it, determines the
loading of a transmission line.

Any power system is subject to unpredictable disturbances, e.g., lightningssarikl disables a
transmission line or a generatail§. Such changes disturb thengs balance and, as a resultygo
must be redistributed. Such redistriiion sometimes results in suddengas of power on other trans-
mission lines. A proteate system is installed that guardsaimgt werloading awg facility in the
system by disconnecting thefeafted deice. Another possible result of thevper suge is that, upon
overloading one line, the redistributed power may overload another line and the protective system will
disable the second line. Such repeated overloading and disabling is called the cascading effect and can
eventually lead to total system black-&uErom the system operator's point ofwjehe ability to
awid these cascading outages as a result of disturbances imtiegystem is called systesacurity
As we hae mentioned prgously, from the consumer's point of wecontinued service is the main
concern and is calleliability. Therefore, security and reliability concerns of a transmission network
are identical, although the concerns are seen from different vantage points.

As explained abay, disturbances result in redistriton of paver. During this redistribtion tran-
sient, the system must be stable and it mushteially reach a mepower balance in which naéili-
ties exceed their thermal limits. The ability of awer system to achie that depends on the
distribution of supply and demand ofwyer in a netwrk, or the loading of the transmission system. T
maintain securitythe PSO must maksure that the loading on a specific transmission line or a set of
lines between tw rggions in the system is not too higheWghall call such limit aransmission
loading limitor transfer limit.In practice, the setting of the transmission loading or transfer limit, must
be performed in acdince. The PSO does a set of studies ahead of time by postulating a set of distur-
bances, called credible contingencies, establishing all loading levels and running simulations to ensure

8-Such cascading effects have been attributed to the two major blackout in recent history: 1965 Northeast blackout and
the 1977 New York city blackout. A clear exposition of the 1977 New York blackout is described in: Wilson, G. L., and
P. Zarakas, “Anatomy of a blackoutEEE Spectrumyol. 15, 1978.
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ll. Power System Operation

In this section, we will ndew the cowentional paradigm for peer system operation and the
methods by which it achies three main operating objeets: paver balance, security/reliabilitand
economy’

2.1 Power balance

In a power system, peer balance must be maintained, i.e., load demand must be balanced by gen-
eration supply at all times. In the traditional paradigm, the PS@snalseries of coordinated deci-
sions to insure peer balance, which breakswlo into three basic stages. First, the PSO performs
resource acquisition This stage involves choosing the types of supply-side or demand-side resources
to meet forecasted load demand, often years in advance. This load forecast is crude. The second stage,
taking place a dayweek, or year in a@wnce, is calledcheduling Scheduling imolves seeral func-
tions: (1) lydro scheduling: the PSO determines the schedule kbryear's or ne week’s reservoir
level, i.e., the amount of ater to run and the time at which to run it; (2) maintenance scheduling: the
PSO determines when to shutwaiothe thermal pwmer plants for maintenance; (3) schedule inter-
change between companies; (4) unit commitment: the scheduling decision concerning which generator
to fire up or shut dan for the n&t week. These tw stages wolve pre-planning well in aéwince of
real time; thus, although it is true that instantaneous demand fluctuateseithgeademand is not
entirely unpredictable and awer system can anticipate agarcomponent of the demand fluctuation
and schedule resources in advance to meet the demand.

The third paver balance stage @ispatch,which is done in real time. Dispatch includes the fol-
lowing PSO functions: (1) economic dispatch: the PSO raisesverd@eneration levels according to
fuel costs, typically performed in minute intals; and (2) automatic generation control: the PSO bal-
ances power instantaneously on a second-by-second basis.

To a lesserxent (in terms of the el of compleity and sophistication, certainly not in terms of
importance), similar scheduling and dispatch functionge Haeen deesloped for reacte paver to
maintain the voltage level throughout the network within an acceptable range.

It is important to note that taking care of transmission losses is included in the functiaveof po
balance. In traditional peer system operation, losses are considered a part of total generation neces-
sary to meet the aggrate customer demand, and are supplied from a pool of generators belonging to
the same compagnand therefore, do not imposeyaoroblem. The allocation of transmission losses
may impose a problem in a competitive generation market, as we shall see later.

’-Standard textbooks in power system analysis include: Bergen,avRr Systems AnalysRrentice-Hall, 1986.
Wood, A. J. and B. F. Wollenbergower Generation, Control, and Operatiddew York: John Wiley and Sons, 1984.
Anderson, P. M. and A. A. Foualpwer System Control and StabilitEE Press, 1994. Survey papers on recent
advances include: Wu, F. F., “Stability, security, and reliability of interconnected power sydtarge,Scale Systems
vol. 7, 1984, pp. 99-113. Wu, F. F., “Real-time network security monitoring, assessment and optimEksibnig”

Power and Energy Systems). 10, 1988, pp. 83-100. For computer-controlled power system operation in an energy
management environment, see Wu, F. F., and R. D. MasielloQem)puters in Power System OperatioBpecial

Issue of thd’roceedings of the IEERoI. 75, Dec. 1987.
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constraint and then attempt to construct a mtaakound it. The current operating paradignwéder,
developed in a different era for a different industry structure, namely, the regulated monopoly. There is
no inherent incent®& in the traditional operating paradigm to promote competitiorastwever design

to do so. Because both the bilateral model and the poolco model embrace the traditional paradigm,
both models require gailation in order to force the PSO to perform its duties. Therefore, it is not sur-
prising that both models result in significatirgin the requirement for gelation, contrary to the
original intent.

We take a completely different approach. We propose to develop a new operating paradigm that is
compatible with the competitt marlet structure. The cwning achigement of the traditional oper-
ating paradigm is its seamless coordination of transmission operation. Coordination does not require
centralization. Coordination amon@nous parties has twdimensions: information structure and
decision-making authoriﬁ/ln the traditional operating paradigm, both the information structure and
decision-making are centralized.eWhare examined alternate information and decision-making
structures for a e operating paradigm to achithe same el of coordination and wa developed
a model which we call the Coordinated Multilaterahding model. W hare sohed the two funda-
mental problems, namely ensuring system reliability/security and allocating losses, the weak
bilateral model. Moreger, our model will achiee the same economicfiefency as the poolco model
ideally achiees. But the PSO has no hand in the economic decisiditsedy is attained through the
invisible hand of the maek. The proposed model does not requidieit description of cost/benefit
functions as other models do- such requirement in an economic system can leaakré&lossf There-
fore the coordinated multilateral trading model will achieve higher economic efficiency.

Section Il of this paper véiews the conventional paradigm fovger system operation and Section
Il discusses the requirements for avneperating paradigm that is compatible with a competiti
market arrangement. In Section 1V we will describe the basic process of our proposed coordinated
multilateral trading model. The complete mathematical theory underlying the coordinated multilateral
trading process and a loss allocation scheme is presented in the appendix. In Sectioork/out &n
illustrative example of the multilateral process. The coordinated multilateral trading model can be
implemented with today's computers, communication and control infrastructure. These implementa-
tion issues are discussed in Section VI. It is also shown that the coordinated multilateral trading model
can coexist with today’s vertically irgeated utility model and pwides non-discriminatory services to
all. Furthermore, ®untary pools can be operated within the proposed model. A summary conclusion
is included in Section VIII.

6-These concepts are borrowed from the theory of coordination. Coordination theory studies the specification of the
“rules of the game” by which the decisions of various agents can be coordinated in order to achieve a common goal.
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gate trades, and therefore the trades are not really independemt lifaileeto account for theirven
losses. In the traditionakvtically integrated utilitycoordination is achied by the PSO who ensures
instantaneous peer balance withoutwerloading transmissiora€ilities and maintains the netvk's
ability to withstand disturbances.

Faced with the need for coordination of trades to ensure system safetyardptance, bilateral
model adwcates resort to the traditional model. ¥ipeopose to grant the PSO the authority to deter-
mine the safe iel of generation (if the agggete of indvidual trades is not safe) and to compensate
for losses. But with the introduction of this centralized authdtigy bilateral model is metamorphosed
into poolco---the model to which it was originally counterposed.

In the poolco model all utilities combine to form a “supélity” in the form of a poolco, and the
market structure is altered to suit this supélity. Suppliers and consumerdeafprice and quantity
bids to poolco for traditionalundled services and the Pool System Operator (P8€pskthe tradi-
tional responsibilities, such as ensuring instantaneowsmioalance, maintaining netvk reliability
and securityand coordinating transmission access and services. In place of the free bilateral trades
between generator and consupeery “trade” is nav essentially required to be with the poolco, or
rather with the centralized PSO. The PSO determines which trades to acceptcautd and which
trades to reject so that the system is safe, and sets the price at which trades are settled so as to promote
economic dfciency Thus to the PSO's traditional role in thertically integrated utilities, poolco
would add the pwerful role of marktmaker. Vith its dictatorial paver, the Pool System Operator can,
in principle, enforce anof a lage number of operating points. Ambates refer to this emus point
when thg assert that the poolco can operafeiehtly. Howeverthe PSO has no inceveito operate
efficiently. Because of its increased authqritye PSO must be galated---indeed galated more
closely than utilities are today.

Advocates of poolco also kk it to the Ne York Stock Exchange. This analogy could not be
more misleading. The reason that stock prices at the NYSE are corapgstliecause gone who
owns a share can sell it toyaome who vants to hy it, as in the bilateral model, and this guarantees
competition. By contrast, in the poolco modely@me who vants to by paver must oy it from
poolco, and ayone who vants to sell pa@er must sell it to poolco. Thus poolco is ag(rated)
monopolist that consumerade, and a (gulated) monopsonist that generatasef. In other wards,
poolco is a cartel. Because of thereme complexity of pser system operation, the ability of thg+e
ulators to rgulate efiectively todays utilities has been called to question, their ability gulate a
much more powerful utility cartel- poolco- is doubtful.

We believe that ag restructuring model, no mattervaaoble its goal, if its proper functioning
relies on external enforcement, rather than internal economic incentives, is in danger of being derailed
in practice. The te approaches that arose from the CPUC proposal -- the bilateral model and the
poolco model -- were fundamentally\lad in that thg assumed the operating paradigm asvaryi

SInits remarkably candid Yellow Book the CPUC recognizes its inability to regulate effectively today's utilities; yet, by
embracing the poolco model, the CPUC also proclaims its ability to regulate a much more powerful utility cartel.
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These recent mes to open up the electricwer 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 arrargesinecgssary to accom-
modate consumer choice and supply competition. Thesecoenpetitve pressures and engarg
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 restructured in order to meet
that goal. The opposing sides of this debate areanonmonly represented as thiéateral modeland
the poolco modef

The bilateral model is based on the principle that free etadmpetition is a route to economic
efficiency In this model suppliers and consumers independently arrange trades, setting by g#semselv
the amount of generation and consumption and the corresponding financial terms, witiveonent
or interference by the power system operator (F;’SEE)onomic 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 ki@ significant markt paver, these trades will lead to short term economiic ef
ciency. Perhaps em more important in the long run, generators and othermers will find it profit-
able to support inn@tions that consumersant. Howeverthe bilateral modekaices two fundamental
problems which detract considerably from its ability to promote free market competition.

First, the lack of coordination among the independent trades can lead to a violation of transmission
network constraints. The netwk constraints arise from loading limits on transmission equipment and
from the requirement that the nemk be operated in a secure stat€oordination is necessary
because physical laws dictate howveo goes from the generators to the consumers in a transmission
network. An indvidual generator hasevy limited control ger transmission loading on a particular
facility. Second, peer flovs must be balanced throughout the rmeknand transmission losses must
be included in pa@er balance. The ergr loss in the transmission nedxk is a function of the aggre-

2-Several articles in the Electricity Journal, September 1994, articulate both sides of the debate very well. Poolco model
is largely based on the system being implemented in England and Wales, a detailed description of the basic structure of
the system can be found in: White, A., “The electricity industry in England and Wales,” James Capel & Co., Feb. 1990.
For the conceptual foundation of poolco, see Hogan, W. W., “Contract networks for electric power transmission,”
Regulatory Economi¢sol. 4, 1992, pp. 211-242, and Ruff, L., “Stop wheeling and start dealing: resolving the
transmission dilemma;The Electricity JournalJune 1994, pp. 24-43. The bilateral model has been implemented in
Norway, see: Moen, J., “Electric utility regulation, structure and competition. Experiences from the Norwegian electric
supply industry,"Norwegian Water Resources and Energy Administrafig, 1994. A critical appraisal of both

models can be found in: Wu, F. F., P. Varaiya, P. Spiller, and S. Oren, “Folk theorems on transmission open access:
proofs and counterexample®OWER reporPWP-23, U of Calif Energy Inst., Oct 1994, and Oren, S. S., P. T. Spiller,

P. Varaiya, and F. F. Wu, “Nodal prices and transmission rights: a critical appraéisaElectricity Journalvol. 8,

April 1995, pp. 14-23. There are variations in different bilateral and poolco proposals; we consider the basic models
here. In the basic poolco model, nodal prices are combined with “transmission contracts” that give rights to transfer
power from one node to another. In a very interesting paper, Chao, H-P. and S. Peck, “Market mechanisms for electric
power transmission,” May 28, 1995, preprint, show that transmission contracts can be replaced by spot markets for
capacity on individual lines. To transfer power from node 1 to node 2, a generator must purchase sufficient capacity on
all links to accommodate all the “parallel” paths in the network along which the power will flow.

3:The term PSO used here is rather general, it represents the organization with facilities to carry out the necessary
functions.

4 There is also need to coordinate the use of other shared resources, e.g., back-up generators.
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[. Introduction

Recently regulated industries such as telecommunications, trucking, airlineaantag eperi-
enced major changes resulting from reducedlegion and increased competition. The electric utility
industry is the last major gelated monopoly to undgoe change. The traditionalgelated monopoly
is justified only in an enronment in which (1) economy of scalgigs in the industryand (2) the
pace and magnitude of technological @ttvement remains moderate and predictable. As social accep-
tance and financial viability of large generators have declined and possibilities for innovations in elec-
trical, as well as supporting information technologiesehsoared, the continued monopolization of
the electric utility industry becomes untenable.

The Public Utility Regulatory Poliy Act (PURR) of 1978 essentially ended the complete
monopoly of electric generation. PURPA introdugealifying facilities(QFs) which resulted in com-
petition in the generation sectdioday the non-utility enterprises constitute a multi-billion dollar
industry and are important players in the electric suppsiness. The Engy Policy Act (EFAct),
enacted in 1992, profoundly altered federal policies governing generation and sale of electric power in
the wholesale market. BBt embraced the pvailing ideas of increased competition and a greater reli-
ance on the maét mechanism as the preferred means weldp, deliver and markt energy services
in the United States. The California Public Utilities Commission (CPUC) in April 1994 issued a bold
proposal to restructure California's electrieveo industry Under the CPUC proposal, the electric util-
ities would be required to pvade retail wheeling (direct access) to all customers who choose to do so
by the year 2002.

The initial focus of competition in the electric egyelindustry vas generation. Heever it soon
became clear that a chief impediment to increasing competition in electric sysierasagss to the
transmission system. Electric utility companiesned the transmission system, and the non-utility
generators needed transmission access to be congpdiitientually, non-utility generators demanded
open transmission access. EPAct reformed federal transmission policy and broadened the power of the
Federal Energy Reilatory Commission (FERC) to mandate wheeling by transmisginmg utilities
(TOUSs). Under EPAct, theQUs were required to respond to requests for transmission services by an
electricity wholesaler, and FERC could issue transmission orders, provided that such orders served the
public interest and did not unnecessarily impair the continued reliability ofGtésTsystem. The
recent FERC MeggyNOPR asks utilities to primle comparable services to theiwrcustomers and to
wheeling customers and to propose tariffs for various transmission services.

L An excellent account of the changes in electric utility industry with a California focus can be found in: CPUC Division
of Strategic Planning, “California’s Electric Services Industry: Perspectives on the Past, Strategies for the Future,”
February 1993 (commonly called the Yellow Book). The CPUC proposal is in: Order Instituting Rulemaking and Order
Instituting Investigation on the Commissions Proposed Policies Governing Restructuring Californias Electric Services
Industry and Reforming Regulation, R.94-04-031 & 1.94-04-032. April, 1994 (commonly called the Blue Book). The
long-waited CPUC decision, announced in May 1995, however, was considered anticlimactic by some. The headline in
theSan Francisco Chroniclexpressed this sentiment: “PUC passes plan to pool power supply: interim proposal would
delay utility competition, critics say,” (May 25, 1995, front page).
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Abstract

Recent mwes to open up electric per transmission netwks to foster generation competition and customer choice
have touched 6fa debate wer hav the transmission system should be restructured in order to meet the goal. The opposing
sides of this debate are now commonly represented by the bilateral model and the poolco model. Both models resort to con-
ventional centralized operation in dealing with the shared resources ofgmatedetransmission network. The conventional
operating paradigm was developed in a different era for electric utilities operated as regulated monopolies. A new operating
paradigm is needed for a restructured industry that encourdgésneéfcompetition and at the same time maintains neces-
sary coordination to guarantee a high standard of reliabilieypropose a me operating paradigm in which the decision
mechanisms reggding economics and reliability (security) of system operation are separated. Economic decisions are car-
ried out by pwate multilateral trades among generators and consumers. The function of reliability is coordinated through
the paver system operator who pides publicly accessible data based upon which generators and consumers can deter-
mine profitable trades that meet the secure transmission loading limits. We prove that any sequence of such coordinated pri-
vate multilateral trades, each of which benefits all parties to the trade, leafisi¢ntedperations, i.e., maximizes social
welfare. The coordinated multilateral trading model achieves all the benefits of a centralized pool operation without the vis-
ible, heay hand of a pool operator in economic decisions. It isvaththat the gisting communications, computing and con-
trol infrastructure is adequate to support the proposed model. It is algo gtad the coordinated multilateral trading model
can cosist with the traditional model and prides non-discriminatory service to both utility customers and direct-access
customers.

L Research supported in part by National Science Foundation. The first draft of this work appears as Working Paper PWP-031,
University of California Energy Institute, June 1995. Some of the results were presented at the IBC Conference, December 1995; the
UCEI Conference on Electicity Industry Restructuring; LBNL Workshop on Informatics Requirements for a Restructured Electric
Power Industry, April, 1996; and the HICSS Conference, January 1997. Briefings have been presented at the CPUC.



