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Abstract

In this paper, the optimal active power dispatch is formulated as a network flow optimization model
and solved by interior point methods. The primal-dual and predictor-corrector versions of such interior
point methods are developed and the resulting matrix structure is explored. This structure leads to very
fast iterations since it is possible to reduce the linear system either to the number of buses or to the
number of independent loops. Either matrix is invariant and can be factored off-line. As a consequence
of such matrix manipulations, a linear system which changes at each iteration has to be solved; its size,
however, reduces to the number of generating units. These methods were applied to IEEE and Brazilian
power systems and the numerical results were obtained using a C implementation. Both interior point

methods proved to be robust and achieved fast convergence in all instances tested.
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I. INTRODUCTION

Active power dispatch in electric energy systems has traditionally been formulated by
optimal power flow (OPF) problems. These problems have been widely used in the solution
of various applications involving the analysis and operation of power systems, such as
economic dispatch [1], generation and transmission reliability analysis [2], [3], security
analysis [4], generation and transmission expansion planning [5], unit commitment [6], and
short term generation scheduling [7], [8]. Depending on the specific application involved,
different degrees of detail for generation and transmission systems are represented, with
the DC power flow formulation being the most common representation for the transmission
system.

Some of these optimal active power dispatch problems have been formulated using net-
work flow models [1], [5], [7], [8], [9], [10], [11], [12] as an alternative to classical optimal
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active power dispatch based on nodal formulation. One advantage of this approach is that
power flows are explicitly represented in the model, which allows the handling of capac-
ities directly imposed on the transmission variables. This feature also enhances speed of
contingency studies [11] and is suitable for the representation of transmission line control
devices, such as FACTS [9].

The solution of these network flow models did not use interior point methods, although
such methods have been successfully used to solve various power system applications [13],
such as OPF problems [14], unit commitment [6], reactive power dispatch [15], loss mini-
mization [16], security analysis [17], optimal spot pricing [18], dynamic economic dispatch
with ramping constraints [19] and have proved to be quite efficient and robust, especially
for solutions involving large-scale applications [13].

The main specific contribution of this paper is the combination of the network flow
approach with interior point methods through an efficient computational implementation
to solve the optimal active power dispatch problem. The approach aggregates the model-
ing abilities of network flow with the efficiency and robustness of interior point methods
providing new insight into their integration. It takes advantage of the special structure of
the network flow model by reducing the linear system matrix to a single dimension, either
of the number of buses, or of the number of independent loops. This reduction, after
the application of the interior point method to the network flow formulation, seems to be
more efficient than the classical approach based on nodal formulation, since no additional
functional constraints are needed to cope with transmission limits [19]. Furthermore, both
matrices are invariant during all interior point iterations and can be factored off-line. An

efficient heuristic is implemented to obtain a sparse matrix for the Kirchhoff loop law, and
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it is also computed off-line.

Numerical results involving IEEE test systems and the Brazilian power system are
reported. A sensitivity study was performed using the IEEE 30-bus test system to highlight
the nature of the solution and the influence of the various parameters. The primal-dual
and predictor-corrector versions of interior point methods were both tested and the results
compared. The results showed that both proposed methods for all tests converge after
very few iterations, indicating a robust and efficient tool for optimal active power dispatch,
suitable for applications where optimal dispatch is largely used, such as security dispatch
[20] and short term generation scheduling [8].

The paper is organized as follows: Section II describes the network flow approach to
the optimal active power dispatch problem. Section III presents interior point methods
developed to solve the problem in primal-dual and predictor-corrector versions. Imple-
mentation details and matrix structure manipulations are highlighted in Section IV, as
well as, the heuristic used to obtain the reactance matrix. Finally, Section V presents the

numerical results and Section VI states the conclusions.

II. OpTiMAL AcCTIVE POWER DISPATCH MODEL

A series of papers has been published using network flow model approaches for solv-
ing active power dispatch problems. Such models differ mainly in terms of the degree
of accuracy used in the representation of the transmission system. The simplest model
considers only the first Kirchhoff law (node law), ignoring the second Kirchhoff law (loop
law) [1], [9]. The solution of such a model can yield quite different results from the DC

load flow solution. Other network flow models based on the least effort criterion enforce
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the second Kirchhoff law by using a quadratic function of the power flows weighted ac-
cording to branch reactances [12]. It can, however, be shown that the solution of such
models are DC load flow solutions only when transmission constraints are not active [11].
The most accurate models [7], [8], [11] represent the second Kirchhoff law by additional
linear constraints and assure total equivalence with the DC load flow solution. This paper
adopts such an accurate network flow model to represent the transmission system; it is

stated as follows:

min o(f,p) (1)
s. t Af =p—1, Xf=0 (2)
fmz'n < f < fmaa:’ pmin < P < pmazc (3)

where: ¢(f,p) is the objective function to be minimized; A represents the network in-
cidence matrix; X represents the network loop reactance matrix; [ represents the active
load vector; and fme®,  fmin pmaz and p™" are bounds for the active power flow, f, and
generation, p, variables.

This set of constraints is linear, where (2) represents DC load flow equations and (3)
represents the bounds for active power flow and generation.

The objective function used in the model is a weighted combination of two separable

quadratic functions

o(f,p) = adi(f) + Bog(p) (4)

where o and [ are weight constants. This is a general function in the sense that it
can represent most of the objectives traditionally used in literature to dispatch active

power. The quadratic function ¢;(f) can be associated with active power losses in the
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transmission system, whereas the function ¢4(p) can represent both generation costs in
thermal generating units and hydro generation loss [8]. These functions are generally

written as follows:
- 1 'R - 1 / '
oi(f) = o[BS, bg(p) = SPEp+ep

where, R is the diagonal resistance matrix, and () and ¢, are the diagonal matrix of

quadratic coefficients and the coefficient of the linear term for generation cost, respectively.

III. SOLUTION TECHNIQUE

In order to simplify the notation, let us assume that the lower bounds in (3) are all zero
and that « = 8 =11in (4).

The dual problem for the optimal active power dispatch formulation (1)—(3) is given by

[21]:
max  d'y — (f™)wy — 3f'Rf — (p™**)'w, — 59'Qp
s.t B'y+zy—wr—Rf =cy,
—y(p)+ 2 —wp — QP =0
(2p, wp) > 0, (2, wy) > 0
A —l
where B = ;od= ; zr and z, are slack variables; and y(p) are the entries
X 0

on the dual vector y associated with generation buses.
The optimality conditions for primal and dual problems are given by primal and dual

feasibility and the complementarity conditions:

FZfZO, WfoZO

Pz, =0, Wpsp =0
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where, s, and s are slack variables for the bound constraints on active power generation
and transmission, respectively. Moreover, the notation F' = diag(f) for diagonal matrices

formed by vectors is introduced.

A. Primal-Dual Interior Point Methods

The majority of primal-dual interior point methods can be seen to be variants of the
application of the Newton method to optimality conditions. The following outlines a
framework for such methods, with the notations = = (f,p, sy, s,) and t = (zy, 2p, W, wp)
being used:

Given y° and (29,¢%) > 0.

For £ =0,1,2,..., do

(1) Choose o* € [0,1) and set u* = ak(%) where, n is the dimension of z and v* = (z*)"t*.
(2) Compute the Newton search directions (Az* Ay*At*).

(8) Choose an appropriate step length to remain interior

of = min(1, 7%pk, 7% pk) where 7 € (0, 1),
k __ -1 k __ =1
Pp = T [k and  pg =  [ak\ "
min; TkL min; i_fL

(4) Form thie new iterate
(ahHL, gkt R L) = (2k yF t5) + oF (Azk, Ayk, Ath).

The step length for both primal and dual variables is the same, because for quadratic
problems primal variables appear in the dual problem constraint set. The parameters o

and 7 and the starting point are discussed later. Newton search directions are defined by
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the following linear system':

(

AAf—Ap=—l—Af+p=r

XAf=-Xf=r,

Af+Asp=fm—f—sp=ry

{ Ap+ As, =p™ —p—35,=71, (5)
B'Ay+ Azp — Awy — RAf =1,

—Ay(p) + Azp — Aw, — QAp =1

ZiAf + FAzy = pe— FZje =,
ZyAp+ PAz, = pe — PZye=r,,

WfASf + SfA’U)f = ue — Sfoe = Twy

| WhAspy + SpAwy, = pe — SyWhe = 1y,

where e is the column vector composed exclusively of ones, r, = ¢y — B'y — zp + wy + Rf

and 7y = ¢, + y(p) — 2, + wp, + Q.

B. The Predictor-Corrector Method

For the predictor-corrector approach [22], two linear systems have to be solved. First

the affine directions (A%, A, At) are computed by solving (5) and (6) for u = 0. The

!From now on, the superscript k£ will be omitted to provide a cleaner notation.
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search directions are then given by solving (5) and the following:

4

ZiAf+ FAzp = e — FZje — AFAZje = 7,
ZpAp + PAzy, = pie — PZye — APAZpe =7,

WfASf + Swaf = ue — Sfo@ — ASfAer = fwf

W,As, + PrAw, = pe — S,Wphe — AgpAWpe = T,

C. Implementation Issues

1

The parameters 7 and ¢ have fixed values: 7 = 0.99995 and ¢ = n~2. For the predictor-
corrector approach, the perturbation is given by the equation: y = (%)2(%), where 7 =

(z + AZ)'(t + Af). In both versions, however, if v < 1 then p = (2)2. The following

starting point is suggested:

let 4 = 0; fO=s% = 22 p0=sf =222,

=w}=(R+1)e; z)=w

IV. LINEAR SYSTEM SOLUTION

Since both linear systems share the same matrix, the following discussion will consider
only the system involving (5) and (6). The dimension of this linear system can be reduced
by substitutions involving various sets of variables without changing the sparse pattern of

the matrix. First, slack variables are eliminated:

Azy = F~ (T'z, ZiAf);
Az = P r, — Z,Ap)
Awy = Sf_l(rwf — WiAsy);
Aw, = 8, (ry, — WpAsy);
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Asy = 15, —Af; Asy =715, — Ap

reducing (5) to

AAf —Ap=r;
XAf=mr,

B'Ay— D;Af =7,

—Ay(p) — D,Ap =y

where,

Dy =F 'Z;+5;'Wi+R, Dy = P Z,+ S5, 'Wp+Q, 1o = ry—F 11, + 57 10y, = S7 ' Wyr;
and

Ty = rg—P_lrzp—i—Sp_ 1rwp—Sp_ 1Wprp. Note that only inverse diagonal matrices are involved.
Now the active power generation and transmission variables in (7) can be eliminated:

Af = —D;l(ra — B'Ay) and Ap = —D, ' (r, + Ay(p)), giving rise to

(BD;'B'+D)Ay=r (8)

where r = + BD;lra — Dry, and D is a diagonal matrix with nonzero entries
Ty

corresponding to the generation buses given by D, . Again, only inverse diagonal matrices

are involved.

A. Ezxploiting the Sparse Pattern of the Matrix

The fact that adding any canonical column e; to B gives a square nonsingular matrix
is crucial. This feature can be used to reduce the computational work per iteration of the

interior point methods. Let us consider the matrix B = [B ¢;]. The linear system in (8)
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can be rewritten as follows:

(BD;'B'+ D)Ay =r 9)

where D;l contains an extra diagonal entry (j;) taken from D in order to form D. The
solution of (9) is then obtained in two steps. First a linear system with matrix BD;lé’ is
solved very efficiently since only the diagonal matrix D 7 changes from one iteration to the
next, and B is square. Thus, only a single factorization of B is necessary, and this can be
computed off-line. Actually, this factorization is even less demanding to compute as will
be shown later.

The second step uses the Sherman-Morrison-Woodbury formula [23] to obtain Ay:

Z = (B7'E)Dy(B7'E)

Ay = v— (B[)JTIB')*IE(D*1 +Z) 'E'v

where the matrix E is given by the canonical vectors corresponding to the nonzero entries
of the diagonal matrix D. Therefore, the matrix (B~'E) is determined by the network
and can be computed off-line as well.

Given Z, (D' + Z) can be computed without much computational effort. Moreover,
the Cholesky method can be used to factor it. The size of this matrix corresponds to the
number of generating units minus one. Furthermore, no matrix-vector multiplication with

either F or E’ involves floating point operations.
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B. Use of Spanning Trees

Tt is possible to permute the columns of B, obtaining the following:

T € N
BC = (10)

Xr 0 Xy
where T is a spanning tree for the network and N contains its remaining branches.
Moreover, the rows of [T e;] can be reordered to obtain a triangular matrix. Elimi-
nating the variables corresponding to this matrix yields a linear system with the matrix

Xy — Xr[T €] 'N. The size of this matrix corresponds to the number of independent

loops, and it can also be factored off-line.

C. Computing a Loop Reactance Matriz

The sparsest reactance matrix results from the use of the smallest independent loops.
This is called the canonic loop set. Building the matrix in this way provides the additional
advantage of the presence of a maximum of two nonzero entries for each branch in the
reactance matrix for planar networks. Moreover, always choosing the same orientation
results in a network incidence matrix.

Since no efficient algorithm for determining the canonic loop set is known, an heuristic
has been developed which considers the network to be a spanning tree joined by additional
branches. Such a structure yields a reactance matrix with a pattern that can be efficiently
exploited. When the network incidence matrix is split in this way, the reactance matrix
block corresponding to the additional branches (X ) is diagonal since each branch belongs
to a unique loop. Therefore, eliminating Xy in (10) yields the reduced matrix ([T e;] —

NXy'Xr), with a size corresponding to the number of buses. Yet another advantage of
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this choice is revealed when the reduced matrix is multiplied by [T e;]™!, yielding the
matrix I + sign(Xr)' X7, which is positive definite and symmetric in structure. A similar
structure exists for Xy — Xr[T e;]7' N, which becomes Xy + Xysign(Xr)'. Observe that
numerical stability is not an issue for pivot selection and that there are efficient methods
for the factorization of such matrices [23].

This heuristic works for any spanning tree. However, the sparse pattern of the reactance
matrix depends on the tree. In this paper, the spanning tree is built starting from the
bus with largest degree as root and all the adjacent buses as its children. The bus with
the next largest degree connected to the tree is then chosen from the remaining ones. The
procedure is repeated until there are no remaining buses. In this way, the distance from
the root to the leaves tends to be small as are the loops given by the branches out of the

tree.

V. NUMERICAL RESULTS

All the experiments were carried out on a Sun Ultra-1 station using the IEEE standard
for floating point arithmetic double precision and tolerance was set to the square root
of machine epsilon. The method described here was implemented in the C programming
language.

The main goal of the experiments was to show the advantages of the method in relation
to both speed and robustness. In all experiments f™" = — f™% was used for active power
flow and p™" = 0 for active power generation. In order to simplify the interpretation of

the results, only pure quadratic cost functions for generation were used, i. e., ¢, = 0, and

the quadratic coefficients were the same for all units, with the exception of Unit 3, which
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costs double the others, and Unit 1 with generation costs only half as large.

Figures 1 and 2 show the results for the IEEE30 test system using the predictor-corrector
method. Limits on power generation and flow were settled large enough to lead to optimal
solutions with no active bounds. In all cases, the running time was about 0.01 seconds,
and the method took 7 iterations for the first experiment and 6 iterations for all others.
Fig. 1 shows the output for three different situations in terms of weight coefficients:

1. The consideration of only transmission power loss (o« = 1 and g = 0) (T);
2. The consideration of only generation costs (¢ =0 and 8 = 1) (G);
3. Consideration of transmission and generation costs (T&G).

The consideration of a single aspect led to a drastically different solution, since the
cheapest generating Unit (1) is located at some distance from the loads, whereas the
expensive one (3) is located close by.

The T&G situation adopts the weights &« = mc and 8 = 1, where mc is the marginal

cost of the generating units in situation G. Since none of the units reaches its bound and

120

100¢

80}

60|

Output [MW]

40}

207

Fig. 1. Active Power Dispatch for different weights — no binding constraints

October 27, 2004 DRAFT



IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. XX, NO. Y, MONTH 2000 114

100

80}

[e2]
o

Output [MW]
N
o

N
o

Fig. 2. Active Power Dispatch — binding constraints

losses are not considered in the power balance equation, all units have the same marginal
cost. The choice of the weights aims to transform transmission loss (MW) into monetary
units ($) so that the first term in the objective function represents the cost of generating
the loss. This solution is similar to that considering only generation costs, which suggests
that transmission costs are dominated by generation costs. This is due to the fact that
transmission loss constitutes only a small fraction of the total generation, usually around
5%. The compound solution is used as a yardstick in Fig. 2.

In order to verify the performance of the method under more strict conditions, a series
of experiments was conducted in which more tightly bound constraints were added to the
system. Thus, in Fig. 2 the maximum output of Unit 1 was lowered to 60MW (P1). All
other units increased their output according to their cost function. In the same figure, the
upper bound of Unit 4 was set to 40MW (P4) and with the remaining units again having
to compensate for this load in respect to cost. Thus Unit 3, which involved greater cost,

made only a minor contribution. Fig. 2 also shows the output in the situation in which
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TABLE 1

EFFECT OF BINDING CONSTRAINTS — IEEE30

Binding | Iterations | Time (sec.)
0 3 0.01
1 3 0.01
2 d 0.01
3 3 0.01
4 7 0.02
) 8 0.02
TABLE II

PRIMAL-DUAL VERSUS PREDICTOR-CORRECTOR — IEEE118

Binding PD | PC | PD | PC

Generation 100% 110%

Constraints 25 28

Iterations 10 7 11 7

Time (sec.) | 0.12 | 0.09 | 0.13 | 0.09

branch 2-5 has an upper bound of 40MW (F2-5). In this situation, the optimization
method alleviates the overloaded transmission line by increasing the output of Unit 3
while decreasing the output of Unit 2. Table I exhibits the performance of the method
for different stress levels. In all situations, there were 2 binding unit power constraints,
and the number of transmission lines at maximum loading (under Binding) ranged from

zero to five. No difficulty in achieving convergence was found in the experiments. The
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number of iterations increased from 5 for the less stressed systems to 8 for the one with

more binding constraints.

TABLE IIT

ITERATION COUNT AND CPU TIME (SECONDS)

Problem | Bus | Load (MW) | Iterations | Time
IEEE 30 283 5 0.01
IEEE 118 4242 7 0.09
SSE 1654 32326 6 2.29
SSE 1732 35658 6 2.45
Brazil 1993 40155 6 2.36

Finally, in order to simulate the situation of a heavily loaded system, all units were given
a bound of 50MW, resulting in a capacity slightly above the basic load of 283.4MW. In
this solution, all units achieved this bound, with the exception of Unit 3, with an output
of 33.4MW.

Table II provides a comparison between the primal-dual (PD) and predictor-corrector
(PC) methods for the IEEE 118-bus test system under two different load scenarios, where
the total load was 100% and 110% of the IEEE 118-bus basic load, respectively. These
loads represent 80% and 88% of the employed system capacity, respectively, thus allowing
the study of the interior point methods on problems involving larger loads. There are
a large number of binding unit power output constraints in this two scenarios, 25 and
28, respectively, for system with 53 generating units. In both situations, the predictor-

corrector method resulted in a better performance than did the primal-dual approach;
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moreover, it required less computational time, even considering the extra computational
effort necessary for each iteration.

Table IIT shows the number of iterations and the running time for several systems.
Systems SSE 1654 and SSE 1732 are two representations of the South — Southeast Brazilian
power system, and Brazil 1993 is a representation of the Brazilian interconnected power
system. The number of iterations remained small and the processing time increased slowly
with the number of buses. It must be pointed out that these results were similar to those
presented in Table I for IEEE 30-bus test system and Table II for IEEE 118-bus test

system in relation to number of binding constraints.

VI. CONCLUSIONS

In this paper optimal active power dispatch was formulated as a network flow opti-
mization model and solved by interior point methods. One advantage of the network flow
modeling approach is that transmission capacities and loss are neatly handled since power
flows are explicitly represented. Moreover, the specific structure of the model is suitable
for applying interior point methods, which leads to very fast iterations since most of the
computational work can be performed off-line.

The first of the advantages of these methods is that they tend to be rapid, due to a lim-
ited number of iterations necessary, which in no case exceeded 8 for the predictor-corrector
variant, even for loaded systems, and very fast iterations. Thus, Brazilian power systems
can be determined in less then 2.5 seconds. The second advantage involves robustness,
since this method obtains convergence in very few iterations without presenting numerical

instability, even for a tolerance tighter than that expected in practice with loaded systems.
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The predictor-corrector variant was also shown to provide a performance superior to that
of the standard primal-dual method. Given the superior performance of the approach
proposed here, its implementation is being adapted for application to the predispatch

problem.

ACKNOWLEDGMENTS

This research was partially sponsored by the Foundation for the Support of Research
of the State of Sao Paulo, (FAPESP) and the Brazilian Council for the Development of

Science and Technology (CNPq).

REFERENCES

[1] T. H. Lee, D. H. Thorne, and E. F. Hill, “A transportation method for economic dispatching - application
and comparison,” IEEFE Transactions on Power App. and Systems, vol. PAS-99, pp. 2373-2385, 1980.

[2] G.L. Anders and E. A. Gunn, “A dual interval programming approach to power system reliability evaluation,”
IEEE Transactions on Power App. and Systems, vol. PAS-100, pp. 1665-1673, 1981.

[3] A. G. Bruce, “Reliability analysis of electric utility scada systems,” IEEE Transactions on Power Systems,
vol. 13, pp. 844-849, 1998.

[4] O. Alsag, J. Bright, M. Prais, and B. Stott, “Further developments in lp-based optimal power flow,” IEEE
Transactions on Power Systems, vol. 5, pp. 697-710, 1990.

[6] R. Villasana, L. L. Garver, and S. J. Salon, “Transmission network planning using linear programming,”
IEEFE Transactions on Power App. and Systems, vol. PAS-104, pp. 349-356, 1985.

[6] M. Madrigal and V. H. Quintana, “An interior-point/cutting plane method to solve unit commitment prob-
lems,” Proc. of PICA 99, pp. 203-209, 1999.

[7] P. Franco, M. F. Carvalho, and S. Soares, “A network flow model for short-term hydro-dominated hydrother-
mal scheduling problem,” IEEE Transactions on Power Systems, vol. 9, no. 2, pp. 1016-1021, 1994.

[8] S.Soares and C. T. Salmazo, “Minimum loss predispatch model for hydroelectric systems,” IEEE Transactions
on Power Systems, vol. 12, no. 3, pp. 1220-1228, 1997.

[9] S.Y.Geand T.S. Chung, “Optimal active power flow incorporating power flow control needs in flexible AC

transmission systems,” IEEE Transactions on Power Systems, vol. 14, pp. 738-744, 1999.

October 27, 2004 DRAFT



IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. XX, NO. Y, MONTH 2000 119

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

21]

(22]

23]

E. Hobson, D. L. Fletcher, and W. O. Stadlin, “Network flow linear programming and their application to
fuel scheduling and contingency analysis,” IEEE Transactions on Power App. and Systems, vol. PAS-103,
pp. 1684-1691, 1984.

M. F. Carvalho, S. Soares, and T. Ohishi, “Optimal active power dispatch by network flow approach,” IEEE
Transactions on Power Systems, vol. 3, pp. 1640-1647, 1988.

A. J. Monticelli, A. Santos Jr., M. V. Pereira, S. H. Cunha, B. J. Parker, and J. C. Praga, “Interactive
transmission network planning using a lest-effort criterion,” IEEE Transactions on Power Systems, vol. PAS
101, pp. 3919-3925, 1982.

V. H. Quintana, G. L. Torres, and J. Medina-Palomo, “Interior point methods and their applications to power

systems: a classification of publications and software,”

IEEE Transactions on Power Systems, vol. 15, no. 1,
pp. 170-176, 2000.
H. Wei, H. Sasaki, J. Kubokawa, and Yokoyama R., “An interior point nonlinear programming for optimal

power flow problems with a novel data structure,”

IEEE Transactions on Power Systems, vol. 13, no. 3, pp.
870-877, 1998.

S. Granville, “Optimal reactive power dispatch through interior point methods,” IEEE Transactions on
Power Systems, vol. 9, no. 1, pp. 136-146, 1994.

J. A Momoh and J. Z. Zhu, “Improved interior point method for OPF problems,” IEEE Transactions on
Power Systems, vol. 14, pp. 1114-1120, 1999.

J. Momoh, S. Guo, E. Ogbuobiri, and R. Adapa, “The quadratic interior point method for solving power
systems optimization problems,” IEEE Transactions on Power Systems, vol. 9, pp. 1327-1336, 1994.

K. Xie, Y. H. Song, J. Stonham, E. Yu, and G. Liu, “Decomposition model and interior point methods for
optimal spot pricing of electricity in deregulation environments,” IEEE Transactions on Power Systems, vol.
15, no. 1, pp. 39-50, 2000.

G. Irissari, L. M. Kimball, K. A. Clements, A. Bagchi, and P. W. Davis, “Economic dispatch with network
and ramping constraints via interior point methods,” IEEE Transactions on Power Systems, vol. 13, no. 1,
pp- 236-242, 1998.

A. Monticelli, M. V. F. Pereira, and S. Granville, “Security constrained dispatch,” IEEE Transactions on
Power Systems, vol. PWRS-2, no. 4, pp. 175-182, 1987.

David G. Luenberger, Linear and Nonlinear Programming, Addison-Wesley, Reading, 1984.

S. Mehrotra, “On the implementation of a primal-dual interior point method,” SIAM Journal on Optimization,
vol. 2, no. 4, pp. 575601, 1992.

I. S. Duff, A. M. Erisman, and J. K. Reid, Direct methods for sparse matrices, Clarendon Press, Oxford,

October 27, 2004 DRAFT



IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. XX, NO. Y, MONTH 2000 120

1986.

Aurelio Oliveira was born in Ituiutaba, Brazil, in 1962. He received BSc. degrees in Physics
(1985) and Computer Sciences (1986) as well as an MSc. degree in Electrical Engineering
(1989) from the State University of Campinas (UNICAMP), in Campinas, Brazil; he received

a PhD. in Computational and Applied Mathematics (1997) from Rice University, in Houston,

Texas. From 1997 to 2000 he was a post-doctoral researcher at the Electrical and Computer

Engineering School at UNICAMP. Since 2001, he has been a professor at the State University of Campinas. From
1987 to 1990, he worked with the Electrical Power Distribution Company of the state of Sdo Paulo (CPFL). His

research interests concern optimization and electrical energy system planning,.

Secundino Soares (M’89, SM’92) was born in Santos, Brazil, in 1949. He received his BSc.
degree in Mechanical Engineering from the Aeronautical Institute of Technology (ITA), Brazil,
in 1972 and MSc. and PhD. degrees in Electrical Engineering from the State University of
Campinas (UNICAMP), Brazil, in 1974 and 1978, respectively. He joined the staff of UNI-

CAMP in 1976. From 1989 to 1990, he was a visiting associate professor with the Department

of Electrical Engineering at McGill University in Canada and is currently a professor in the Electrical and Com-
puter Engineering School at UNICAMP. His research interests concern planning and operation of electrical energy

systems.

Leonardo Nepomuceno was born in Patos de Minas, Brazil, in 1966. He received a BSc.
in Electrical Engineering from Uberldndia Federal University, in Uberldndia, Brazil, in 1990,
and MSc. and PhD. degrees in Electrical Engineering from the State University of Campinas
(UNICAMP), Brazil, in 1993 and 1997, respectively. At present, he is a professor at the

Paulista State University (UNESP) in Bauru, Brazil. His areas of research interest are power

systems control and optimization.

October 27, 2004 DRAFT



