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Abstract

In this paper we investigate the inclusion of price-
dependent loads into the traditional Optimal Power Flow
algorithm. The development of the model will be based on
the solution of the OPF using an objective function for
maximization of social welfare. The paper will show that a
traditional OPF algorithm that minimizes supplier costs
can be modified to solve the social welfare maximization
problem by including price-dependent load models. This
modification to the standard OPF is intuitive and very
simple.  We will show this modified OPF formulation
facilitates simulation of a spot market for electricity.
While the development in this paper will account for both
real and reactive power supply and consumption, the
examples in the paper will concentrate on real power
markets. The algorithm will be demonstrated on a range of
practical examples, including several small systems, and
on a system with over a hundred buses. The impact of
such price dependent loads on congestion and bus
marginal costsis highlighted.
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1. Introduction

Over the last thirty years or so the optimal power flow
(OPF) agorithm has been an active area of research. The
OPF is defined as a static, nonlinear optimization problem
in which certain control variables are adjusted to minimize
an objective function, while satisfying physical and
operational constraints. Typically the objective function
has been to either minimize the cost of generation, or to
minimize system losses. Available controls have usually
been power system devices, such as generator real and
reactive power outputs, real power transactions between
operating areas, transformer tap or phase positions, and
switched shunt devices. Customer load has usualy not
been an explicit control device, except in the extreme case
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of "load shedding" in which the load is involuntarily
disconnected.

The absence of load as a control in the OPF has been
due, for the most part, to the inability of the operating
utility to directly control or indirectly control the load.
The present-day flat and time-of-use rate structures have
provided no opportunity for price based control of most
loads, with interruptible contracts and direct load
management two possible exceptions.

However over the last ten to fifteen years there has
been a growing movement towards providing customers
with more price feedback through an electric spot market.
Much of the theory for such a market is described in [1],
with the definition of a spot price given as one in which
customers are charged the marginal cost of providing
electricity to their point of service (that is, their node or
bus). Other papers have addressed the issues of power
system spot markets as well [2],[3]. A key advantage of
nodal spot prices is they provide a more economic
approach to pricing with a result of improved transmission
efficiency. In such a market, customer load is assumed to
vary in response to changing prices according to its
demand curve. That is, load becomes price dependent and
hence a potential OPF control.

In this paper we investigate the inclusion of such price
dependent loads in the OPF. While the inclusion of such
price dependent loads has been done [4], here we provide a
more formal argument for their inclusion and show how
they can easily be added to a standard OPF. The OPF
problem has been solved using a variety of different
techniques. Here we employ the Newton method approach
[5].

Section 2 provides an overview of the notation used
throughout the paper. Section 3 provides background on
the standard OPF that minimizes supplier costs. Section 4
introduces the objective function of maximizing social
welfare. Section 5 proves and explains the validity of an
alternate approach to maximizing social welfare. Section 6
further explains the significance of the consumer demand
function. Section 7 shows the ease in which the price
dependent loads may be added to an existing OPF
algorithm. Section 8 shows several simulations using the
new OPF algorithm that maximizes socia welfare.
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Section 9 introduces the possbility of a further
simplification to the technique aiding in the simulation of a
two-sided demand and supply market. Finally, Section 10
provides the conclusion.

2. Notation

General conventions on notation for this paper
e All vector and matrix variables are in bold.
e All vectors are column vectors.
e Subscript p and subscript g signify arelation to real
and reactive power respectively.
Variable Definitions
X = state variables and other controls (e.g. tap ratios)

s= [SL S ]T = the supply vector
d=[d7 d7]"= thedemand vector

a—latr ar|T =
_[Sp Sq] -

a=f -

augmented supply vector including
zeros where no suppliers exists

augmented demand vector including
zeros where no loads exist
C.(s,,s,) = Suppliers’ Cost

all suppliers

B(d)= B(d,, dg) = ZBk(dp,d) Consumers’ Benefit

all constimers
s d) = 1008+ e euality
E h(X) E B h(X) H constraints
h,(x,s,,d,)=h ()-8, +d, = rea power flow
equations. See Appendix for more detail.
hq(x,sq,dq):ﬁq(x)—éq +aq:reactivepowerflow
equations. See Appendix for more detail.

IZBmln - S D
s-s,. O

g(x,sd)=10d - AT inequality constraints
d-d_ 0

Hax) B

f(d,p,) = additional equation for consumer demand.

C(9=Clsp s =

L, L, L = Lagrange functions
= [k; Al M]T = Lagrange multiplier vector

M=hl ] =R Al 7] =Lagrange
multiplier vector for power flow equations and
other equality constraints.

:

;\‘ = [;\‘;smm ;\‘;smax ;\‘;d min ;\‘;d max ;\‘g] = Lagrange
multiplier vector for inequality constraints

A= [;\'gsp
vector including only entries for power flow

igsq]T = reduced L agrange multiplier

equations which include a supply of real or
reactive power.

ngq]T = reduced Lagrange multiplier
vector including only entries for power flow
equations which include a demand of real or
reactive power

A = [ﬂp kaq]T = Lagrange multiplier vector for
additional constraints

p= [ID Py ] —[psp pg, Pdp pdq] = price vector
for variable suppliers and variable consumers.
(includes real and reactive prices)

0B(*)
od

D(e) = isthe functional inverse of ——=. At optimal

solution thisis the consumer demand function.

S(¢) = isthe functional inverse of % At optimal
S

solution thisisthe supplier supply function.

3. Sandard OPF Formulation

For background, the standard OPF with the objective of
minimizing generation costs is described in this section of
the paper. As mentioned in the introduction, the consumer
demand is not typically a variable in this problem. In
order for this development to match later equations, we
will maximize the negative of the costs instead of
minimizing the costs.

max -C(9)
%(x) s+dD
E h(x) E

E]Bmin -Ss E 3.1
s.t. s

gx,s,d)=L0d;, -dU<0

Hax H

To solve this nonlinear program, form the Lagrange
function for it.

h(x,s,d) =

O
Ood

L =-C(9) + Aph(x,s,d) +Agg(x,s,d)

HC(9) + 21 [h() = §+d] + AL [A()] 5(3_2)
%" )"Tsmm[smin -8+ )"-gl;smax [S~ Smax] S

E"' )"gd min[Amin —d] + )";d max[d = dma] + ng@(X)E

The problem can then be determined by solving for the
Kuhn-Tucker conditions [6].
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Stationarity Conditions
a_L:k + oh(x,s,d) +kgT ag(x,s,d) -0

ox ox ox
a_L:_aC(S) _;\“ _;\‘gsmin +;\‘ IS Max :O
ds s he ¢ (3.3)
oL
=h(x,5,d)=0
" (x,s,d)

h
Complementary Slackness Conditions

A,0(x,5d)=0 ; &, 20

4. Maximizing Social Welfare

In order to maximize socia welfare within a power
system, the objective function for the OPF described in
Section 3 need only be modified to include the consumer
benefit function B(d).

max B(d)-C(s)

he) -5+ a0

hocsd) = 0 78+dE g

B hx) g

|:Bmin -sQ X
0 (@)

0
S.t. EF_SmaX D
Ld

Again, to solve this, form a Lagrange function as follows

L = B(d) - C(9) + A h(x,5,d) + Al g(x,s,d)
FB(d) ~C(9) + 2] [() ~3+d] + A [h(x)]
= B Ml S =S+ b [58,0] %4'2)
B" ;\‘;dmin[dmin - d] + ;\‘;d max [d - dmax] + k;@(x) H

min

The maximization problem can then be determined by
solving for the Kuhn-Tucker conditions.

Stationarity Conditions
oL _, toh(xsd) . r0g(xsd)_,

ox N ox g ox

oL d0C(s) =~

gz_%_ ﬁs_;‘gsmin"';‘gsmaxzo

oL _oB(d) =

EZ%'F;VM _;ngmin +;ngmax =0 4.3
oL

—=h(x,5,d)=0

o (x,s,d)

Complementary SlacknessConditions

Ago(x,sd)=0 ; Ay=0

The solution to equations (4.3) would then constitute a
maximization of the social welfare for a power market.

5. Alternative Approach

While the approach for determining the maximization
of sociad welfare shown in Section 4 could be
implemented, it would require the addition of variables and
augmentation of the control variables. It would be
preferable if only minor changes need be made to the
standard OPF formulations. In order to achieve this,
consider solving the family of nonlinear programs
parameterized by pg.

max -C(s)
x,s,d
hixsd) = XS+
B h() 0§

N (5.1)
0 0 .
g

s.t. g(x,s,d) = %}Imm -dU<o0

f(d,pg) =d-D(pq) =0

where the function D(¢) is the functional inverse of
0B(:) 9B800s))_ p, .

. In other words, py — 3

Again, to solve this, form a Lagrange function as
follows
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L=-C(s)+ A h(x,s,d) +A;g(x,s,d) +Af(d,p,)

B C(9)+ 27110 =8+ d] + 23 [RG)1 + 24,5, -5 9)
= D M5S0+ A [ =]+, [d =d, ] B

D gd min gd max

F+ 21900 + ] [d - D(p, )] H

min

This maximization problem can then be determined by
solving for the Kuhn-Tucker conditions.

Stationarity Conditions
oL _, voh(xsd) . 7ogxsd) _

ox " ax g ox

oL __aC(9 =

E:_ ai) ~hjs “hgemin F hgsmax =0

oL _ =~

a_CL:-'-kﬁd _;‘gdmin +;‘gdmax +he =0 (53)
a_L:h(Xﬁ,d):o

Ok,

oL

—=f(d, =d-D =0

o, (d,pg) (Pg)

Complementary Slackness Conditions

Ago(x,sd)=0 ; Ay20

Now impose an “after the fact” equation af = py and
the necessary conditions become

AT oh(x,sd) . 709(xsd)_,

ox ’ ox
oC(s) =
- ai) —;\‘FIS _;‘gsmin +;\‘gsmax =0
+;\‘Hd _;“gdmin +;\‘gdmax +;\4f :0 (54)
h(x,s,d)=0
d- D()\,f ) =0

Ago(x,sd)=0 ; Ay 20

Then using the definition D(*) as the functional inverse of

BC)  4-pp)=0 implies 3 -2B@) -,
od od
Therefore the necessary conditions may be written as

T 0g(x,s,d) -0

RULCEL I

ax g ox
oC(s) =~
_?_;‘ﬁs _;‘gsmin +;‘gsmax =0
oB(d) -~
%"’kﬁd _;‘gdmin +;‘gdmax =0 (5.5

h(x,s,d) =0
Agox,sd)=0 ; Agy20

These are the same necessary conditions as equations (4.3)
which result in maximization of social welfare. Therefore,
this nonlinear program of eguations (5.1) yields the same
solution as maximization of social welfare.

Consider combining the third and fifth of equations
(5.4) toform

d=D(~h, + gy = hggma) =0 (5.6)
Now substitute equation (5.6) back into equations (5.4).
This resultsin the following necessary conditions.

Q\ T oh(x,s, D(_kﬁd +;‘gd min _;‘gdmax)) H
h ax 0

~ 0
0 N T ag(X!SID(_;“ﬁd +)‘gdmin _;‘gdmax)) 0
B+ ¢ ox
0C(s) =
_? - ;‘ﬁs - ;‘gsmin + ;‘gsmax =0

h(x;s, D(_Zﬁd + ;‘gd min "~ ;‘gd max)) =0 (5.7)

k;g(X,S, D(_kﬁd + ;‘gd min ~ ;‘gd max)) =0

1y 20
Now compare equations (5.7) to equations (3.3) which
are the necessary conditions for optimality for the

traditional OPF which minimizes the generation costs.
They are the same equations with the additional equation

d= D(—XHd +hgmn ~hgme) €Nforced “after the fact”.

Therefore, in order to implement the maximization of
social welfare into an existing OPF that minimizes
generation costs, one need only add the equation

d= D(—Kﬁd + M gamn ~hgma) 10 the necessary conditions
along with allowing the consumer demand to vary. Thisis

exactly what was done in [4] in order to provide demand
control.

6. Consumer Demand Function

The consumer demand in our development is a function
of the price paid at the node: d, =D (p,) . This demand
0B(*)

od

P

function is the inverse of . For amore intuitive fed
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of what this means consider the sample plots of consumer
benefit shown Figure 1 and Figure 2.

Consumer aB(d,)
Benefit =B
ad
[$/hr] ’
[$/MWhr]

Must be
concave and
increasing

Consumer Demand :Hp
MWI

Consumer Demand = d,
IMWI]

Figure 1 Consumer Benefit Figure 2 Derivative of B

It is important to assume that the consumer benefit
function, B, be concave and increasing in order to help
insure only one social welfare maximum exists (ignoring
the constraints). These are good assumptions however.
Presumably, the consumer always gains some benefit from
more consumption therefore the benefit increases. Even if
the consumer does not gain more benefit, he will be able to
resell the power on the market. The concavity assumption
is valid because an intelligent consumer will always give
energy to her most beneficial processes first thereby
making the marginal benefit for lower consumption larger.

At the optima solution from the social welfare
0B(*)
od

P
Thus by taking the inverse of the function (i.e. “flipping”

perspective,

will be the price for each consumer.

Figure 2 around the dotted line), the consumer demand

function will be as shown in Figure 3.
0B(d,)
ad,

Dp(pp) = inverse of
A

dpbase

oy

Consumer Price = p,

[$]
Figure 3 Consumer Demand

ppbase

This consumer demand function is what must be
substituted as the additional “after the fact” equation in the
traditional OPF in order to produce the social welfare
maximum.

For the examples shown in the remainder of the paper,

the consumer demand function for each load will be

assumed to be a straight line as shown in Figure 3. The

poiNnt (Rase hase) @and the slope e will specify the line.
Therefore the consumer demand function will be

Dp(pp):(d pbase +M prioeppham)_M pricepp (61)
whereM yic is a diagonal matrix with entriesyfig.. This
demand function corresponds to a quadratic consumer
benefit function as shown in equation (6.2).

; 1 _
B(d p) = dTp(M p:rLlced pbase + ppbase)_EdI)M ; d

price P

(6.2)

7. Implementation into the OPF

This section will only study how the consumer demand
function of equation (6.1) effects the calculations of the
Newton’'s method algorithm. Equation (5.7) will be
repeated here to further study how the choice of linear
consumer demand functions will effect the solution of
these equations.

Q\ T oh(x,s, D(_kﬁd +;‘gd min _;‘gdmax)) H
h

ox 0
~ 0
0 N T ag(X!SID(_;“ﬁd +)‘gdmin _;‘gdmax)) 0
B+ ¢ ox
0C(s) =
_?_kﬁs _;‘gsmin +;‘gsmax =0

h(X,S, D(_Zﬁd + ;‘gd min ~ ;‘gd max)) =0 (7-1)

K;Q(X,Sa D(_kﬁd +;‘gd min _;‘gdmax)) =0
hy20

It is first noted that after taking derivatives of h and g
with respect to x, no dependence on s or d is found (as
long as s and d are not functions of x, which is normaly
assumed). Therefore, the choice of the consumer demand
function has no effect on the first equation. The only
influence comes in the third and fourth equations. The
consumer demand function has only changed the demand
function from a constant to one dependent on the Lagrange

multipliers Xﬁd, A and A This will not impede

the OPF agorithm as it will only require a simple function
evaluation.

In using Newton's method to solve these nonlinear
equations, derivatives of the equations must be determined
in order to calculate a Hessian matrix [5]. In order to
evaluate how the consumer demand function will effect
these equations take the derivatives of the third and fourth

gd min gd max *

equations with respect tﬁﬁd v Mgy @A A
Ch(x) -3+d)U
o S+ d)g
oh(x,ssD) B hx) HoD _ ~ -~
~ - ~ - _[I][_M price]
o, od o,
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ﬁh(x) s+d)D
%(x) §+d)0
Mx.5D) i n9 B0 - fiy,
Dsmm—sD
29(x,s,D) a% dBaD
i i =L () C
hd max =0, .
H () E fd
oD
09(x,s, D)
a)\‘gT_ [I][M pnce]
0g(x,s,D)
T_ [I][_ pnce]

gd max
where the variables are defined as
[ = matrix with diagonakntriesof 1corresponihg
to consumedemandvariablesl |
T= matrix with diagonakntriesof 1corresponihg
to consumedemandsl, whichareatalimit
_ matrix with diagonal entriesof m
rie " corresponding to variablesd |
_ matrix with diagonal entriesof m .
picee = corresponding to variablesk , . relatedtod |
o _ matrix with diagonal entriesof m .
ricee = corresponding to variablesk , . relatedtod

The key point to recognize is that the effect of the
additional price-dependent equations on the Hessian
matrix is limited to diagonal entries. From equation (7) of
reference [3], the Hessian matrix for the coupled OPF
formulation is shown to have the structure in equation
(7.2).

price

)

21

DH i JTD

ETJ 0 E

The diagonal entries which are added to the Hessian by
the price dependent loads will be in the zero matrix in the
lower right partition (see Figure 9). Since these diagonals
are filled in during the matrix factorization routine, no loss
of sparsity occurs from the modification to the OPF
algorithm. There also may be possible advantages in
ordering the bottom rows as thay are less dense than the
top. Furthermore, it is expected that the price dependent
load will help with convergence of the OPF. This is
because the loads in the system will tend to decrease if the
system moves close to alimit due to the price increasing.

It should be recognized however, that if the real power
loads are allowed to be functions of both real and reactive

(7.2)

power spot prices, then entries will also result on some off-
diagonal entries in the lower right zero matrix of equation
(7.2). Thiswill be limited to one extra entry per row.

8. Application to a Real Power Spot
Mar ket

Showing general ideas

The OPF modifications as discussed in the previous
section were implemented into the PowerWorldd OPF
that minimizes fuel costs [7]. As a case for comparison
purposes, Figure 4 shows a small six-bus system that has

been optimized to minimize fuel costs.

196 MV
100 MV -27 MR

13.37 $/MMH 100 MW
0.00 $/ WRH 20 W/R

13.85 $/ MMH
0.00 $/ WRH

L1008 14.19 $/ MM
Y 0.00 $/ WRH J
237 MV
91 MW 23 MR
60 WR
15.18 $/ MMH
y ) s 5 0.11 $/ MWRH
0.97 Py %, (W y, 100 Mw
= ” 10 MR
15. 25 $/ MMH
0.00 $/ WRH
Al transnission lines have
100 MY C TEE MY (meme o o
20 MR 92 MR and Iglm't of 100 WA

Figure 4 Six-bus system with fuel costs minimized

The costs curves for the generators shown in Figure 4 are
C(P,,) = (105+12P,, +0.012P;)* FuelCostl
C(P,,) =(96+9.6P,, + 0.0096PZ,)* FuelCost2
C(P,,) = (105+13P,, + 0.013P2)* FuelCost3
C(P,,) =(94+9.4P_, +0.0094P;,)* FuelCost4
with FuelCostX = 1.00 $/BTU for all generators.

The system was then optimized to maximize social
welfare by implementing a price dependent demand curve
at each bus of

d,(p,) = dpm% proe(ppbase_,[)p)%:dpbase(1+1o(2o-pp)

With dyese €qual to the base demand for the bus. In this
example dypase = 100 MW for each load as shown in Figure
4. This price model means the loads will consume their
Oppase if the spot price is pp, = 20 $¥MWH. I the spot price
falls below 20 $/MWH the loads will begin to consume
more power, while if the spot price increases the loads will
respond by consuming less. This sensitivity to price is
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price

m
encapsulated in the term ——= that determines the slope
pbase
of the demand function given in Figure 3. This

optimization yields the results shown in Figure 5.

250 MV
148 MV -20 MR

15.19 $/ MH 140 MV
0.00 $/ WRH “28 WR

16. 02 $/ MMH
1.00 PUA 0.00 $/ MVRH
y 250 MV
164 v @ G2
63 MR
17.50 $/ MAH
0.14 $/ WRH
0.96 PU 125 MV
12 MR

& 17.15 $/ MMH
0.00 $/ WRH
Al transnission |ines have

|
128 MW 160 MW i npedance 0.04 + j0.08 and total
chargi ng susceptance 0. 02

26 MR 94 MR and iinit of 100 WA

Figure5 Six-bus system maximizing social welfare

It should be noticed that in Figure 5, the spot prices are
all below 20 $/MWH causing the loads to converge more
than their dgpase 0f 100 MW. It should also be noticed that
while in Figure 4 the load at every bus was 100 MW, the
loads are varied in Figure 5 with the smaller |oads at buses
with larger margina costs. These differences are relatively
small for this case, but now consider what happens as the
system moves toward a transmission line limit. Presently
66 MVA isflowing on the line from bus 4 to bus 5. If this
limit were decreased to 40 MVA, then it would be
expected that the marginal cost at bus 5 would tend to
increase. The consumer would then decrease the demand.

Thisis exactly what happens asis shown in Figure 6.

247 MV
157 MV -13 MR

14.34 $/ MMH 163 MV
0.00 $/ WRH "33 WR

137 MW
13.69 $/ M
1.00 puhl 0.00 $/ MRH
228 MV
178 v @ SORME
42 WR §
16.55 $/ MAH
0.17 $ MRH
0.97 PU¥ 134 MW
13 MR

17.55 $/ M\H
0.00 $/ WRH

Al transnission lines have
inpedance 0.04 + j0.08 and total

125 ’WV 175 MA/ Chargl ng susceptance 0.02
25 MR 76 MR andiinit of 100 WA

Figure 6 Line Limit has been decreased to 40 MVA

The price increases at bus 5 causing the demand at bus
5 to decrease from 130 MW to 102 MW. It should also be
noted that the price decreases at bus 4 causing the demand
at bus 4 to increase from 140 MW to 163 MW. The price
decreases at bus 4 because the line reaching a limit causes
there to be a surplus of cheap power at bus 4.

Now consider another scenario where the cost of fuel
increases throughout the entire power system. The line
limit is increased back to 100 MVA, but the fuel costs
throughout the system are increase by 50%. This should
drive the marginal costs of the generators up thus
increasing marginal costs throughout the system. Results
of this simulation are shown in Figure 7.

185 MV
103 MV -20 MR

0.00 $/ WRH

= 20.80 $/ MMH
0.00 $/ WRH

21.88 $/ MH
0.12 $/ WRH
81 MV

8 MR

Y5y 21.54 $/ MM
Y 0.27 $/ Mh

22.03 $/ MMH
0.00 $/ WRH

ALl transnission lines have
80 MWV 65 MV

i npedance 0.04 + j0.08 and total
chargi ng susceptance 0. 02
16 MR 76 MR and linit of 100 WA

Figure 7 Fuel costsincreased by 50%

A larger system — viewing the Hessian

The IEEE 118-bus system was also used to test the
algorithms. Cost data was created for this system
following the premise that larger units are general cheaper
units. The Hessian matrix for the objective of minimizing
total generation costsis shown in Figure 8.

Hmasan Malbric for Minimiping Generaior Cosisn the IEEE 718 Bus Cae

&)
A5 t

500

6 50 100 850 200 253 0 50 400 450 500
ne = 5459

Figure 8 Hessian for minimizing costs

Copyright 1998 |EEE. Published in the Proceedings of the Hawai'i International Conference On System Sciences, January 6-

9, 1998, Kona, Hawaii.



As expected, there is alarge zero matrix in the lower
right partition. The only differences which will be seen
when the price dependent loads are added for determining
the social welfare maximization will be on the diagonals of
this zero matrix. Figure 9 shows this fact.

Hesamn Malm for Maomiang Socal Wetsrs n the iEEE 118 Bus Cass

i %

300}
350}
L]

4500 ¢

500
o 20 ] 1550 200 253 200 a5 400 45 SO0
= 5408

Figure 9 Hessian matrix with price dependent loads

The solution times for solving the OPF for the 118-bus
system were very similar for both objective functions.
Starting from a flat start for voltages and angles, both
systems converged in between 1.3 - 1.5 seconds on severa
successive runs.

9. A Possible Further Restatement of
the Sandard OPF

Consider the necessary equations for our alternate
approach shown in Equation (5.7). Consider the function

S(¢) which is the functional inverse of %Z’ (). In other
words p, —%—(S:(S(ps))zo Op,. Then given the equation

0C(s) = T
—%—kﬁs ~Agemin T Ao =0 implies that
S_S(Zﬁs +;\‘gsmin _;\‘gsmax) :0 .

Therefore, we may rewrite the necessary conditions as

T ah(x’s’ D(;\‘ﬁd +;\‘gdmin _;\‘gdmax))
" ox

o o

3
i)

~ =0
;\‘ T 6g(X,S, D()\‘ﬁd +;\‘gd min _;\‘gd max))
’ 0x (9.1)
S_S(;\‘ﬁs + ;\‘gsmin _;\‘gsmax) = 0
h(x! S! D(_;\‘ﬁd + ;\‘gd min ;\‘gd max)) = 0
;\‘;g(x’ S’ D(_;\‘ﬁd + ;\‘gdmin - ;\‘gd max )) = 0
which can be simplified to
]+ 9SO, + b, =00 DO+ ) ]
g ox 0,
g 7 00RO * by ) DO + g )]
ﬁ ¢ ox ﬁ

. = 9.2
hé(’s(}"ﬁs +}"gsmm _}"gsmax)7D(_}"f,d +}"gdmin _)"gdmax)):o ( )
}";ge(’s()"ﬁs + )"gsmm - A’gsmax)* D(_}"f,d + }"gdmin _}"gdmax ))

In this formulation, consumer demand functions and
supplier supply functions can be submitted and the
optimum determined.

10.Conclusion

This paper shows that one can make simple
modifications to an existing OPF algorithm that minimizes
generation costs in order to solve the maximization of
social welfare objective of the OPF. This modification is
both simple and intuitive and leads to the possibility of
simulating a real and reactive power market by asking
participants to submit price dependent demand curves.
This idea further leads to the possible reformulation of the
generation costs into price dependent supply curves.
Given a set of price dependent supply curves along with a
set of price dependent demand curves, a two sided power
market could be simulated.

Appendix

The Power Flow Equations

Thefirst equation is the real power flow equation at bus
k, while the second equation is the reactive power flow
equation at busk.

Copyright 1998 |EEE. Published in the Proceedings of the Hawai'i International Conference On System Sciences, January 6-

9, 1998, Kona, Hawaii.



N
Vi zzlh/m[gkm COS(Hk _Hm)+ B sin(Hk —Gm)]]— Spy + Dp =0

\ ilb/m[gkm Sin(gk _em)_bnm Cos(ek _em)]]_ Sok + Do =0

where gy, b, = Y -Bus(Admittance Matrix) terms
Ses S = Real and reactivesupply at busk
Dpy, Do = Real and reactivedemand at busk
V.6, = Voltage magnitude and angleat busk
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