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A Mixed Integer Disjunctive Model for Transmission
Network Expansion
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Abstract—The classical nonlinear mixed integer formulation of
the transmission network expansion problem cannot guarantee
finding the optimal solution due to its nonconvex nature. We
propose an alternative mixed integer linear disjunctive formula-
tion, which has better conditioning properties than the standard
disjunctive model. The mixed integer program is solved by a
commercial Branch and Bound code, where an upper bound

provided by a heuristic solution is used to reduce the tree search.

The heuristic solution is obtained using a GRASP metaheuristic,
capable of finding sub-optimal solutions with an affordable com-
puting effort. Combining the upper bound given by the heuristic

and the mixed integer disjunctive model, optimality can be proven
for several hard problem instances.

Index Terms—Combinatorial, heuristics, optimization, trans-
mission planning.

. INTRODUCTION

of solving medium sized problem instances, cannot prove opti-
mality of solution since the nonlinear model is nonconvex.

In this work a mixed integer disjunctive formulation will be
analyzed, where the nonlinear constraints are avoided by using
a disjunctive form to which they are equivalent. This standard
disjunctive formulation is solved using the B&B code of the
XPRESS [13] solver (release 11). A GRASP [11] based meta-
heuristic method [9], [10], capable of solving large problem in-
stances (but not proving optimality), is used in this work to pro-
vide an upper bound to the B&B solver, being described in the
Appendix.

The standard disjunctive formulation suffers from bad condi-
tioning due to the use of large penalties in the disjunctive con-
straints. An alternative disjunctive formulation using “optimal”
penalty factors and a tighter representation of power flows on
candidate circuits will also be presented, providing improved

HE PROBLEM of determining the optimal set of candiperformance.
date circuit additions for a power transmission network so The following notation will be used throughout this work:

as to supply the forecasted loads with minimum cost is usuatty
formulated as a mixed nonlinear program. The nonlinearity i8
due to constraints related to the linearized power flow equg?
tions, where bus voltage angle variables are multiplied by circ§¥
investment binary decision variables. The system generatiorfis
supposed capable of supplying the forecasted load, and cén-
didate circuits are informed for all possible network brancheg;"**
called rights-of-way. The linearized power flow model is com¢
posed of Kirchoff’s first and second laws, which are linear equa™**
tions relating node (bus) angles, generations and loads to circlit
flows. The linearized power flow equations are usually used ¢h
planning studies of high voltage meshed networks, providing
good approximations for the circuit flows, and avoids the needto
iteratively solve the nonlinear power flow equations. Inequality
constraints are simple upper bounds on generations and cireuit
flows.

In many real world large-scale applications, the mathemat-
ical model is a large-scale mixed integer problem. Successful
solution approaches include decomposition techniques [1], [2]

number of nodes (busses);

number of candidate circuits (branches);

set of existing circuits connected to biyg = 1, n;

set of candidate circuits connected to bus= 1, n;
=Q0uQf;

vector of circuit flows (existing and candidates);
vector of circuit capacities (existing and candidates);
vector of bus generations;

vector of bus generation capacities;

vector of bus active loads;

vector of bus voltage angles (in radians);

vector of bus load curtailment;

binary vector of decision investment on candidate
circuits;

vector of candidate circuit unit cost (in million
dollars);

vector of circuit susceptances (the inverse of the
reactance);

penalty vector of candidate circuits.

and heuristics [7], [8], although neither can guarantee optimality The work is organized as follows. In Section Il the classical

of the solution. The decomposition approach, even if capatsienlinear formulation is presented, as well as the Benders de-
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Il. THE CLASSICAL NON-LINEAR FORMULATION OF THE
TRANSMISSION EXPANSION PROBLEM

The classical formulation represents the linearized po
flow equations, bounds on generations and circuit flows, a
integrality constraints for investment variables, being shom?r‘?

below.

Minge, s, g,6y c2

s.t.

(power node balance equation—first Kirchoff's law)

Z fu+ g =d;,

k=(i,j)ie

t=1,n

(2nd Kirchoff's law for existing circuits)

load shedding cost which is a large penalty (the optimal solution
must respect all network constraints). The master sub-problem

\A}é?s an additional nonnegative continuous variable (the opera-
fign cost, expressed as the total load shedding), which is repre-

nted by means of Benders cuts which are expressed as linear
unctions of the investment variables. After each iteration, the
Benders cut generated by the slave is included in the master
sub-problem. Only integrality constraints for investment vari-
ables and Benders cuts are part of the master subproblem.

The master’'s solution value provides a lower bound (the
master is a relaxation of the model), while the master’s solu-
tion investment cost plus the slave’s solution operation cost
provides an upper bound (the solution is feasible, but may not
be optimal). Convergence is assured when these bounds meet,

and if not, a new iteration is performed. Although the Benders
decomposition has finite convergence, this linearization scheme
may result in discarding feasible solutions, since the nonconvex
nature of the model does not guarantee that the Benders cuts do
not cut off part of the feasible set.

This undesirable behavior was mitigated by means of a hierar-
chical Benders decomposition method [1], [2]. In this approach,
initially the 2nd Kirchoff’s law are relaxed and Benders decom-
position is applied to the resulting mixed integer linear program.
The Benders cuts thus obtained are valid cutting planes for the
original formulation. Next, the original formulation is solved by
the same method, but now the previous cuts guide the solution
through a smooth path, as experimental results have shown.

The computational effort of this decomposition scheme is
high due to the need to solve a mixed integer linear program (the
master) for each iteration. In general, many Benders iterations
are required until convergence. During the Benders iterations,
. the incorporation of cuts result in increasing ill conditioning of
bus angles are iree variables) the master problem, and therefore slows down the solution time
Oret = 0. of the master subproblems. Although no proof can be given with

Note that a nonlinearity appears due to the product of vafespect to optimality of the resulting solution, this approach was
ables# andz in the 2nd Kirchoff’s law for candidate circuits. successfully applied to medium scale problem instances.
Consider the 2nd Kirchoff’s law for a candidate circiit if
x1, = 0, the corresponding flow must be null, whilezf, = 1, 1ll. THE DISJUNCTIVE MIXED INTEGER FORMULATION OF THE
equality is enforced, as required. This is a mixed integer non- TRANSMISSION EXPANSION PROBLEM

linear program, so it cannot be solved by classical optimization|, this formulation, the nonlinear constraints of the nonlinear

techniques. formulation are avoided by using a disjunctive form to which

The nonconvex nature of the continuous relaxation @fey are equivalent. The standard disjunctive mixed integer
this formulation can be avoided in two ways: relaxing 2ng,,4el is formulated as follows:

Kirchoff's law for candidate circuits or by linearizing this

equation. Since the resulting model is mixed linear, the lattdHn ., ¢, 4, 63 €&

allows using standard combinatorial optimization methodsy,

but, in general, solutions are infeasible. The latter allows ) ) )

an implicit linearization scheme that arises when applyif§©wer node balance equation—first Kirchoff's law)
Benders decomposition, where once a trial investment proposal Z fu+9i=di,
is made, an LP in variableg ¢ and f results. k=(i, j)j€Q;

F(_)r each _itera’_cion, a trial expansion propasé#d obtained by _and Kirchoff's law for existing circuits)
solving a mixed integer program (the master), and the resulting o 0 .
network configuration is then analyzed by solving a linear pr(flv — (6 — 0;) =0, k=7, €%, i=1n
gram (the slave), which returns to the master a Benders gbiq Kirchoff's law for candidate circuits,
expressing the operation cost (the minimum load shedding re- o .
quired to respect network operating constraints) in terms of tﬁ)épressed in disjunctive form)
decision variables. The slave sub-problem LP formulation is theMk(1 — 2x) < fu — (6 — 0;) < Mi(1 — n),
same as the one shown in the Appendix, except for the unit k=(i,j),i€Qf, i=1n

T )

o — (6 —6;) =0, k=(i,5), i€, i=1,n
(2nd Kirchoff's law for candidate circuits)
fo—win(0: —0) =0, k=(i,j),j€Qf i=1n
(existing circuit flow upper and lower bounds)

S S k=(g), j€Q) i=1n
(candidate circuit flow upper and lower bounds)

=[xy, < fr < %oy, k=(i,7),jeQf,i=1n

(bus generation upper bounds)

0<g; < g™, t=1,n

(integrality constraints of investment variables)
x € {0, 1}™

(reference bus angle is fixed, other

t=1,n
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(existing circuit flow upper and lower bounds) The flow in each candidate circuitis now expressed as the
—fmax < fy < fmax k=(i.j),je i=1n difference of two nonnegative flow variableg! and f; :

(candidate circuit flow upper and lower bounds) [flow in each candidate circult = (i, j)]

ot i A g +
S S S e, k=(0) jeQt izt K=l B2 ) gedd a2
. Each branch angle difference is now expressed as the differ-
(bus generation upper bounds) ence of two nonnegative angle differenca®; andAg; :
< g < gfex § = ) . . .
0=9i =97, i=Ln (new constraints relating angle differendd;, with
(integrality constraints of investment variables) its corresponding nonnegative angle difference variables):
z e {0, 1}™ Afy, = AGF — A6y, k=(@,j4), jeQf, i=1n.
(reference bus angle is fixed, other With the new candidate circuit flow variables, the flow
bus angles are free variables) bounds are now expressed by:
Bper = 0. (candidate circuit flow upper and lower bounds)
fif = e <0, k=(i,4), jeQf, i=1n
— _ rmax A + ;=
Note that the 2nd Kirchoff's law for each candidate circuit /& — Jx @ <0, k=), €, i=1n

is now expressed as two linear inequalities. When a candidaté he objective function and other unmentioned constraints re-
circuit binary variable is set to zero, the corresponding disjung¥ain unaltered, as well as variablgs, f~, g, z and6.

tive constraints enforce that no flow will go through the circuit, Comparing this formulation with the previous, it can be seen
while if it is set one the flow will obey the second Kirchoff'sthat:

law equation, as required. « the upper bound is tighter since is does not include in the

This standard disjunctive formulation was independently pro- ~ RHS the positive term with the penalty;
posed by [3] [4]. Benders decomposition was also applied to * the lower bound is exact wher, = 1, and the RHS
this approach [6], using a very large penalty factor. It has been is better than the one in the previous formulation when
proven [5] that if a candidate circult is such that there is xp = 0.
an existing circuit on the same branch, the minimum value of The resulting formulation has more continuous variables, but
the penalty paramete¥;, is given by fi"* times the ratio of being tighter should be better than the previous standard dis-
the candidate susceptance and the existing circuit susceptajtgective formulation. Note that, contrarily to the Benders de-
Also, if the candidate circuit is in a new right-of-way, its penaltgomposition approach, which is an iterative scheme, the mixed
parameter is the product of its susceptance times the solutiBteger disjunctive model is solved only once. Since it has the
value of a shortest path problem on the network between t@mne number of binary variables as the nonlinear formulation,
branch’s terminal nodes, where the “distance” between eadhd also the due to the tighter formulation, the B&B solution
pair of nodes is measured by the ratio of the branch’s flow carocessing effort should be much lower.
pacity and its reactance. By using these optimal penalties, illAnother ingredient is necessary to accelerate the B&B tree

conditioning can be alleviated during the solution of the lineg€arch, being commonly used in combinatorial optimization
relaxation along the B&B tree. methods. It is an upper bound (UB) to the solution value, and

We now discuss an alternative disjunctive formulation WitH1e 'l()j.etter 'tl'sj more effective IIS the effegt qf pru:mg the ;ree,
better conditioning properties. In this formulation, Kirchoff'@v0iding solving many LP relaxations during the search. A
2nd law for each candidate circdit= (i, 5) is represented by natural UB is the solution value of a heuristic solution. The

two inequalities, each one related to the possible flow directiGfMPutational effort of the heuristic must be much lower than
the one required by the B&B solver, but also its solution quality

]Egrofrl]:)x?hj :ggrfrgigctt?(;r){: resulting in lower and upperboundsmust be such that the optimality gap (the difference between
the heuristic solution value and the optimal one) is low. These
requirements are satisfied by the solutions obtained using the

(2nd Kirchoff's law for candidate circult = (4, j), GRASP metaheuristic (see the Appendix), as results have

upper bound) shown for several transmission planning problem instances

FF — A6 <0 k=(i,§), j€Q, i=1n [}0]. Very smgll gaps are obtallned.after a few GRASP itera-
ko k=" A tions, consuming small computing time.
Ji —wAf), <0, k=), 7€, 1=1n In the next section, the standard and alternative disjunctive

(2nd Kirchoff's law for candidate circuit = (i, j), formulations will be compared using a medium scale transmis-

sion network problem instance.
lower bound) P

+ + T

i =D 2 —Mp(1— ), k= (3, 4), IV. THE STANDARD AND ALTERNATIVE DISJUNCTIVE MODELS:
JEQ i=1n A 46 Bus CASE STUDY

Je — Al > M (1 — 1), k=t J) This network is used as a benchmark for transmission expan-

JeQf i=1n. sion solution methods (see [1], [2], [4], [5], [8], [10]). It has
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TABLE | instance, using the default seed, the gap dropped from 14% at
CPU MiNUTES OFB&B SOLVER USING UB iteration 1 to 5% at iteration 38, the latter being a reasonable UB
to use.

UB% | .5 |1 |2 [s J1o]15[20][25 [30 . . . '
Time 150 157 162 181 191 195 |96 | 103 | 105 For the standard disjunctive formulation, we used a fixed

penalty factor for all candidate circuits. It took 4 hours to
prove optimality of this solution on a Pentium 111-450 MHz
PC with 128 Mb of memory, using the solver's default pa-
rameters, without an UB. Using the alternative formulation
with “optimal” penalty factors, the CPU time required to prove
optimality dropped to 2 hours and 10 minutes, indicating the
superiority of the alternative formulation with respect to the
standard one.

The UB information was very effective: if we use the 105%
UB obtained after 38 GRASP iterations, the solution time re-
quired to prove optimality would be 81 minutes. It should be
noted that this solution was rapidly found in the B&B tree,
taking only 5 minutes. Note that he solution time increases in
a linear fashion as the UB increases. These results show that it
is worthwhile to have any UB, if it can be obtained in a small
fraction of the time required by the B&B search. This was the
case for GRASP, since several sub-optimal solutions are found
among the initial iterations.

For the redispatch case (original generator limits), the best so-
lution obtained both by decomposition and GRASP techniques
has a cost of $70.21 millions, and 8 circuits are built: 13/20,
20/23, 46/6, 2x 20/21, 42/43 and X 5/6. Using the stan-
dard formulation with the same “optimal” penalty factor, it took
33 seconds to prove optimality of the solution. The CPU time
using the alternative formulation was 57 seconds. The greater
flexibility gained with generator redispatching allows a great
deal of savings, and eases considerably the solution process, so
for this case both disjunctive formulations perform well.

Fig. 1. 46 bus network and solution (without redispatch).

THE ALTERNATIVE DISJUNCTIVE MODEL: A 79 Bus CASE

46 nodes (12 with generation) and 62 existing circuits, with STUDY

79 candidate rights-of-way and 3 possible duplications in each
one, resulting in a total of 237 binary variables. The network The Southeastern Brazilian network has 79 nodes and
represents the 230 KV and 500 KV high voltage nodes of the rE56 circuits. The peak load is 38 000 MW, and 268 candidates
duced South Brazilian system. There are 11 disconnected no@es,provided for voltage levels from 230 KV to 750 KV. There
where 2 of these have new generators, and therefore have tat®7 disconnected nodes, two of which have new generators.
connected. The total load is 6800 MW and the total generatidhe best solution was obtained using GRASP, being found
capacity is 10545 MW. Now suppose we use the same altat- iteration number 280. This solution has a cost of $422
native formulation, and have an UB for the solution value. Imillions, where 24 circuits are built: 2 224/227, 2x 210/41,
order to verify the impact of providing an UB to the B&B solver2 x 255/259, 2x 220/242, 2x 226/242, 220/250, 234/237,
9 runs were made, varying the UB from 1.05 to 1.3 times the 0p21/224, 245/253, 245/239, 244/245, 226/259, 211/246,
timal solution value. Computing time results for the alternative26/227, 250/251, 207/206, 207/209, 249/250 and 216/215.
formulation are shown in Table I. The B&B solver was applied to the alternative formulation
For the fixed dispatch case (the generation capacity of all gemithout an upper bound. The optimal penalty factor was calcu-
erators is reduced so that total capacity equals total load), thged for each candidate right-of-way. This problem instance is
best solution obtained both by hierarchical Benders decompdsadly conditioned due to the very large penalties associated to
tion and GRASP has a cost of $154.26 millions, and 16 circuitsindidate rights-of-way connecting the two isolated generation
are built: 2x 26/29, 2x 42/43, 2x 24/25, 2x 29/30, 2x 5/6, nodes. The optimal solution could not be found by the B&B
19/25, 46/6, 31/32, 28/30 and 20/21 (see Fig. 1). Recently, tisisde due to the size of the search tree that exhausted the avail-
solution was proved optimal by a Benders decomposition agble memory, but several sub-optimal solutions were found. As
proach applied to the standard disjunctive formulation [5]. an example, a feasible solution with 8% of optimality gap was
The optimality gap reduction along the GRASP iterationsbtained within 33 CPU minutes on the same PC.
depends on the random generator seed. Although one canndith an upper bound of $423, and using high branching pri-
draw conclusive figures about the reduction, for this problenrities for all candidate circuits connecting isolated generation
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busses 244 and 245, the B&B solver was able to find the sanaiables, resulting in consistently better performance for

solution after 50 minutes, and prove the optimality, after 90 miseveral problem instances, while avoiding the need to calibrate
utes, on a Pentium 111 800 MHz with 128 MB of memory. Spethe RCL size parameter.

cialized inequalities for this problem are being tested, and weThe greedy function adopted for the transmission expansion

expect to report results soon. problem is derived from the dual variables of the network
performance problem which measures the total load shedding
V1. CONCLUSION required for each network configuration in order to respect

the linearized power flow equations, the bounds on circuit

. The d|31uqct|ve mk;>|<ed |n|t|eger formulaltlon-oflthe trgnsrtnwﬂ ws and bus generation limits. Given a network configuration
sion expansion problem aflows using classical combina or\ngulting from a trial solution, a linear program is formulated as

opt?mization Fechniques .and thereforg guarantees thaining fows. For each power balance node equation, a slack variable
optimal solution, contrarily to the nonlinear formulation. An al+ he load shedding) is introduced with unit cost in the objective
ternative disjunctive formulation was presented which is tighter nction, limited by the node’s load. The objective function

than the standard one, resulting in significant reduction of COM-the sum of load shedding costs. The network performance
putational effort as shown in a benchmark case study. For ar, :

. . . E blem formulation is presented below.
world problem instance, the alternative formulation proved o
timality of the solution found by the GRASP metaheuristic. The Miny,. ¢ 4 g} Z i
use of an upper bound easily found by GRASP, that is input to
the B&B solver applied to the alternative disjunctive mixed in- s.t.
teger formulation is a promising strategy to solve large sc

) L aﬂﬁower nodel balance equation—first Kirchoff's law)
problem instances, and even to prove optimality.

The disjunctive formulation is being studied in order to incor- Z fotgitri=di,i=1n
porate valid inequalities that can be efficiently dealt with using *=( 57
branch-and-cut schemes within the B&B code. (2nd Kirchoff's law for existing circuits)
S — (0 —6;) =0, k=(i,35), i€, i=1,n
APPENDIX
THE GRASP METAHEURISTIC FOR THETRANSMISSION (existing circuit flow upper and lower bounds)
EXPANSION PROBLEM —fihax £ fy < fmax k=(ij), e i=1n

The greedy randomized adaptive search procedure [11]j%s generation upper bounds)
a metaheuristic method that has been successfully applied tcb <g
many hard combinatorial problems [12]. It is composed of two
different phases: construction and local search. In the constrgead shedding bounds)
tion phase, a feasible solution is produced in a greedy manner, <0,
by repeatedly randomly drawing promising candidates from a '
restricted candidate list (RCL) until feasibility is attained. Th&eference bus angle is fixed, other bus angles are
local search phase explores the construction phase’s solufigs variables)
neighborhood in order to reach a local minimum. The random foor = 0
nature of the construction phase gives GRASP a multistart na- '
ture, therefore allows searching all the solution space, avoidingThe objective function measures the total amount of unfeasi-
getting trapped in local minima. The RCL is built according tdility in load supply, and is null if the trial investment proposal
a greedy function, tailored for the problem at hand. The locisl feasible. This problem is also the slave problem of the Ben-
search also depends on the problem nature, due to the needets decomposition applied to the nonlinear formulation. It has
characterize the neighborhood of a solution and define vali¢en shown [1] that the multiplier with respect to a candidate
moves to neighboring solutions. Since the local search is tygiFcuit's susceptancey is given by
ically an exponential process in terms of the neighborhood size, — (6, — 6,)(mi — ;)
one must balance the effort of the search and the benefit obtained Tk 3T VI T
in attaining a local minimum. The procedure is repeated forveherek = (i, j) andx; is the Lagrange multiplier associated
pre-specified number of iterations, and returns the best solutitmnthe balance equation for nodéand likewise for nodg.)
found. Being a heuristic method, optimality cannot be proven, The greedy function for any candidate circkiis defined as
therefore the procedure is stopped when the number of iteratidhs ratior.,. /cx, and takes into account the cost of the circuit in
reaches a specified number. For many problem instances, ¢inger to penalize high voltage circuits (which are most expen-
best solution of the transmission expansion problem was fousigie) with a low greedy value. The RCL is composed of the best
by GRASP very early along the iterations. candidates ranked by their greedy function values, and the RCL

In this GRASP implementation for the transmission expasize is controlled by the parameteywhere0 < « < 1. When
sion problem, some enhancements have been used: am@mglomly sampling elements from RCL, the biggetjsmore
others, the size of the RCL list is dynamically self-adjusted (tlrandom is the construction, and the smalletrjghe greedier
so called reactive GRASP approach), and a linear distributianthe construction. In the basic GRASP|s usually set to a
function is used to bias the selection of the RCL candidal@w value around 10% of the number of candidates. In reactive

max 5 —
P < g, i1=1,n

t=1,n
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GRASP, this RCL size parameter is self adjusted along the iteraf6] P. Tsamasphysrou, A. Renaud, and P. Carpentier, “Transmission network

tions, according to a probability distribution of possiblealues planning: An efficient Benders decomposition schemePiaceedings
L L S R . of the 13th PSC(1999, pp. 487-494.
within the unit interval. The distribution is estimated according (7] r. Romero, R. Gallego, and A. Monticelli, “Transmission system ex-

to the relative frequency of the ratio of the best solution to the  pansion planning by simulated annealing, Firoceedings of the PIGA
average solution value observed along evA&ryterations, for 1995.

eacha value. Another enhancement is, instead of sampling ran-&) X; Gallego. A Monticelli, and R. Romero, "Tabu search algorithm ap-
. ) pling plied to transmission network expansion planning,”, to be published.

domly from the RCL, to use a linear bias distribution to induce [9] S. Binato, G. Oliveira, and J. Araujo, “A GRASP for transmission ex-
the selection of circuits with higher greedy function values. pansion planning,” IEEE Trans. Power Systems, to be published.

. . . [10] S. Binato and G. Oliveira, “A reactive GRASP for transmission expan-
Each time a candidate is selected and added to the network, a sion planning,” inProceedings of the Ill Metaheuristics Conference

network performance problem must be solved, and a new RCL  Angra dos Reis, 1999.

is obtained. When a feasible solution is completed, a check coftl] T. Feo and M. Resende, “Greedy randomized adaptive search proce-
.. . . . . . dures,”Journal of Global Optimizatiorvol. 6, pp. 108-133, 1995.

sisting in removing each added candidate in decreasing COfb) . Resende, “A bibliography of GRASP,” iRroceedings of the Il

order is performed so as to eliminate eventually redundant ad-  Metaheuristics Conferencéngra dos Reis, 1999.

ditions made a|ong the construction phase. [13] DASH Associates, “XPRESS-MP user guide and reference manual,”,

The local search strategy for the transmission expansion htp:/hwww.dashoptimization.com.
problem is based on 2-exchange movements, meaning that
for each built candidate in the current solution, a possible

neighbor consists in flipping off this candidate and flipping on
another candidate not in the solution. Each such neighbor mbRta Bahiensereceived the B.Sc. degree in computer science, and the M.Sc.
) D.Sc. degrees in systems engineering (optimization). She joined PSRI

. 1
have smaller cost than the current solution and be checked 391999. Previously, she worked at the Laboratory of Formal Methods at the
feasibility by solving a network performance problem. Onc@atholic University of Rio de Janeiro. She is member of the Mathematical
a feasible movement if made, the same one-at-a-time circBfip9ramming Society.
removal check is also performed. The local search stops when a
local minimum is found, or a maximum number of movements
is made.

Every new solution found is checked against the incumbefsgerson C. Oliveirareceived the B.Sc. degree in EE (power systems, optimiza-

. . . . . ion and computer science), and the M.Sc. and D.Sc. degrees in systems en-
and the incumbent is Updated ifthe costis lower. The Incumbéjﬁreering (optimization). From 1974 to 1977, he was a project manager and

is returned at the end. Note that one can keep other near-optimagdarcher at the telephone utility of Rio. From 1977 to 1998, he was a project

solutions in a pool so as to compare them using detailed netwdrkhager and senior researcher in power system planning and operation at Cepel.
Since 1999, he is a professor of PUC/RIo, and is also a consultant of PSRI.
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