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This paper presents a new formulation for the security cofnethod

strained optimal active power flow problem which enables

the representation of three basic constraints: branchgeuta
. . , ﬁESUMO

generator outage and multiple equipment congestion. K co

sists of a network model with additional linear equality an

inequality constraints and quadratic separable objeftiive-

tion, which is efficiently solved by a predictor-correctota-

%ste trabalho apresenta uma nova formulacdo do problema
de fluxo de poténcia 6timo corrente continua com restricbes

; . : . .. de seguranca de trés tipos: perda de ramo, perda de gera-
rior point method. Sparsity techniques are used to exgieit t dor e maltiplas perdas. A formulacio emprega um modelo

matricial structure of the problem.Case studies with a!B»,53OIe fluxo em redes com restricdes adicionais de igualdade e

bus and a 4,238-branch Brazilian power system are presen{?éjsigualdade e funcéo objetivo quadratica separavel que é

and discussed, to demonsrate that the proposed mo_d_el “iientemente resolvido por um método de pontos interiores

security constrained solutions in a reasonable t'r'ne gpreditor—corretor. Técnicas de esparsidade sao utilzpdaa
urity ! utl : ime. explorar a estrutura matricial do problema. Estudos de caso
para o Sistema Interligado Nacional com 3535 barras e 4238
: : ramos sdo apresentados e discutidos, a fim de demonstrar que
Artigo submetido em 04/06/2008 (Id.: 00877) . , ,
Revisado em 10/10/2008, 28/01/2009 0 modelo p.ropolsto pode ser rgsolwplg através de um método
Aceito sob recomendacao do Editor Associado Prof. Eduardo N. Asada de pontos Interiores de maneira eficiente, fornecendo solu-
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¢Oes que respeitam as restricdes de seguranca em um terapalysis implies a specific constraint for each branch aitd un
computacional razoavel. outage for each monitored branch. The number of security

_ .. constraints would thus be: x (m — 1) for branches and
PALAVRAS-CHAVE : Seguranca, despacho de poténcia ativa, » (,, — 1) for generators (see Sec. 2 for notation). In order

fluxo de poténcia 6timo, fluxo em redes, controle de fluxo dg constitute each constraint the computation of at least on

poténcia, método de pontos interiores load flow is necessary. Two mains approaches to contingency
selection (Stott et al., 1987) are available: direct orriack
1 INTRODUCTION methods.

The optimal power flow (OPF) problem consists of obtaining-xamples of direct methods are those that use contingency
the optimal settings for control variables in a power systefiltérs (Harsan et al., 1997) and distribution factors (Wai,
so that certain operational goals can be achieved; these &%81). The Inverse Matrix Modification Lemma (IMML) is
represented by a predefined objective functfgrwhich is used either explicitly or implicitly for most contingencyal-
subject to a set of constraints. The operating state of apov@@is studies. Specific versions of these approaches hawe bee
system provided by an OPF is one that guarantees affordagienominated compensation methods (Alsac et al., 1983).
ity, reliability, security, and dependability (Momoh, 200 Indirect methods involve the consideration of contingency

Various optimization methods have been used to solve

Min  f (z,u) the OPF problem, including linear programming, nonlin-
st g(z,u)=0 (1) ear programming and integer programming (Dommel e Tin-
h(z,u) <0, ney, 1968; Happ, 1977; Huneault e Galiana, 1991; Mo-

moh, 2001). Nonlinear programing, such as that used in this

wherez is the vector of dependent variables (bus voltagB@Per, can exploita number of techniques, such as sequentia
magnitudes and phase angles)s a vector of control vari- duadratic programming, augmented Lagrangian methods,
ables (as active power generation and active power flowgeneralized reduced gradient methods, projected augthente
g (z,u) is the set of nonlinear equality constraints (powekagrangian functions, successive linear programming, and

flow equations), and: (z,u) is the set of inequality con- interior point methods. The choice of interior point meth-
straints of the vector argumentsaandu. ods (IPMs) was based on the robustness and efficiency re-

ported for their use in OPF problems (Granville, 1994; Wu
Minimization of active power losses, generation cost and reet al., 1994; Wei, 1996; Torres e Quintana, 1998; Quin-
active power generation of the system are possible obgctitana et al., 2000; Yan et al., 2006), specially those invgvi
functions. They may be achieved by setting control vargbleSCOPF problems (Lu e Unum, 1993; Vargas et al., 1993; Yan
u, such as dispatching generating units, adjusting bus vol-Quintana, 1997; Jabr, 2002).
ages and setting transformer taps. This set of constraints i ) o )
volves those conditions necessary to guarantee Kirchhofflhe main contribution of the present study is to develop
laws, bus voltage ranges, and the rated limits of equipmer? efficient model for a security constrained optimal active

The problem is usually solved for a normal operating condRower flow (SCOAPF) that considers three types of contin-
tion of a power systemi(— 0 case). gency situations: branch outage, generator outage andé mult

ple equipment congestion. The solution is obtained by using
A security constrained optimal power flow (SCOPF) is a spean IPM formulated as a network model with additional linear
cial type of OPF where the optimum value of the objectiveonstraints and also considers a general quadratic séparab
function is computed while respecting the constraintshbotbjective function that may:
under normal operating conditions and for specified distur-
bances, such as outages or equipment failures. These secu- = = | . . )
rity constraints allow the OPF to determine the operation of ® M!nlmlze the deviation from a specmed generation ob-
the power system in a defensive manner (Wood e Wollen-  t@inéd from a market pool or a dispatch model that does
berg, 1996); i.e., the OPF will force the system to be operate Ot consider transmission network constraints.
in such a way that if a contingency is encountered, the result
ing voltages and power flows will still be within the limits
established. As for outages, SCOPF usually considers onlye Realize both.
single outagesr{ — 1 case), although in some cases certain
critical double outagesy(— 2 case) could be evolved.

e Minimize the transmission losses.

The outline of the paper is as follows. Nomenclature is pre-
As stated in (Biskas e Bakirtzis, 2004), a complete securitsented in Sec. 2. The SCOAPF model is presented in detalil
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in Sec. 3. An efficient interior point method for its soluton3 PROBLEM FORMULATION
is described in Sec. 4. In Sec. 5 some numerical results for . _
the Brazilian power system are reported and commented oH)e SCOAPF model is formulated as the following network

and in Sec. 6 the conclusions are stated.

2 NOTATION

m number of branches.

n number of buses.

[ number of independent circuit loops.

g number of generators.

¢ number of contingencies.

A network incidence matrixy x m).

L network loop matrix{ x m).

X reactance diagonal matrixai(x m).

R resistance diagonal matrixa(x m).

E matrix (n x g) formed by elementg’;; that are equal to
one if generatoy is connected to bug otherwise it is
zero.

N active power flow contingency matrix ¢ m).

M active power generation contingency matkixq g).

p active power generation vectay k 1).

d active power load vecton(x 1).

f active power flow vector x 1).

0 bus phase angle vector  1).

fmin lower bound for active power floy.

fmaz upper bound for active power floy.

Pmin lOwer bound for active power generatipn

Pmaz UPPEr bound for active power generatjon

a, weights.

¢1 function associated with power flow vector.

¢o function associated with power generation vector.

x symbol for fixed or target value.

model with additional linear equality and inequality con-
straints and quadratic separable objective function.

mina ¢y (f) + B¢2 (p) 2
subject to
Af=Ep—d )
LXf=0 4)
Smin < N f+Mp < Smas (5)
fmm S .f S fmaz (6)
Pmin <P < Pmaz - )

The objective function (2) corresponds to the association
of two different criteria, the first depending on power flow,
¢1(f), and the second on power generatios(p). Both cri-

teria are represented by quadratic and separable fungctions
and can be combined using scalar weightsnd 3 within a
simple bi-objective optimization framework.

¢1(f) is a quadratic separable function expressed by

G1() = 7 My f+mi [ +ms, ®)

where M7, ms, ms are a diagonal matrix, a vector and a
scalar, respectively. By settingf/y = R, ma = 0 and
ms = 0, functiong; (f) represents an approximation of the
transmission power losses.

¢2(p) is a quadratic separable function expressed by

1
¢2(P)=§ptN1P+n§P+n3, 9)

where N1, ny andns are a diagonal matrix, a vector and a
scalar, respectively. By setting adequate values\oy ns
andng, function ¢, (p) will represent quadratic generation
costs.

A quite useful objective functiom:(p) is the quadratic de-
viation from a desirable generation dispatch. Such a dis-
patch can arise from a pool auction in an electricity market
or from a dispatch model which does not take into consider-
ation transmission network constraints. In such a ¢asg)

can be represented by
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is the use of LODFS and GGDFS to form a set that considers
important contingency constraints and then efficientlysol
the resulting problem. Then, the focus is how to efficiently
find an OPF solution for which the three situations mentioned
above can be handled by the inclusion of Eq. (5).

62(0) = 50— 1) W (0~ ), (10

wherelV is a diagonal matrix with the component as the

penalty term associated with deviation from the desired gefgs. (6) and (7) represent the bounds for active power flow

erationp;. The equivalence between Egs. (9) and (10) shovand generation, respectively. Note that transmissiontgimi

thatN; = W, no = —p* W andns = %p*t W p*. are imposed directly on the power flow variables, which con-
stitutes one of the main advantages of approaches based on a

Eq. (3) corresponds to the nodal balance according to thgtwork model.

Kirchhoff’s Current Law (KCL), while Eq. (4) represents

the independent circuit loop equations, in accordance witthe SCOAPF model (2)-(7) corresponds to a DC model
Kirchhoff’s Voltage Law (KVL). Efficient procedures for where transmission losses are not considered in the active
finding the loop matrixZ. from the incidence matrixd are power balance equations. In order to compute more realistic

discussed in (Oliveira et al., 2003; Expésito et al., 2006). solutions, the following procedurl can be adopted for the
computation of transmission loss:
Eq. (5) represents a set of generic relationships between

pieces of equipment in the power grid. This equation cor- , goyye the SCOAPF model for the original load vector
responds to the constraints applied to three basic sitgtio Let (p°, £°) be the optimal solution.

For the solution(p°, f°) calculate the power loss
for each branch using the equatiofilos

km
rhm )(mkmfkm)Q

T%W‘L-ﬁ_miﬂl
Compute a new load vectar by including the branch
power loss as an incremental load equally distributed
between the terminal busésandm.

[ ]

e Branch outage: the most important branch outages have
been selected, and for these, the line outage distribu-
tion factors (LODFs) are computed to formulate post-
contingency constraints in the form @f,;, < N f < °
fmaz- FOr instance, for the outage of branthn, an
overload on brancl+j is avoided by including a con-
straint of the typdS; < Py, + a P < S2).

[ ]

e Generator outage: for certain selected generator out-
ages, the generalized generation distribution factors
(GGDFs) are computed, leading to post-contingency

Solve the SCOAPF model for the new load vectot et
(p', f1) be the optimal solution.

o Verify if the relative difference betweefy ~and f.

is less then a specified tolerance. If so, the procedure
is finished. Otherwise recalculate the branch power loss
for the new solutior(p*, f1), and repeat the procedure.

constraints having the form of,,;,, < Nf+ Mp <
fmaz. FOr instance, for the outage of generatpran
overload on brancl+j is avoided by including a con-

straint of the typd.Ss < P, + 8 P;; < S4). ) ) ) _
' In general, this procedure requires only two iterations of

e Multiple equipment congestion: this involves limits OAPF or SCOAPF to achieve convergence within a tolerance
on the interchange between areas and bottlenecks af-10~2.
ready identified by experience of the grid operator.

These constraints have the form @f,;, < N f +
Mp < fnae. For instance, the power flow be—4 SOLUTION TECHNIQUE

tween two areas can be limited by adding the constraiftyy the sake of simplicity, assume that the lower bounds in
(S5 < P+ Pij + 1 Pim < Se)- Egs. (6) and (7) are all zero and that= 5 = 1 in Eq. (2).
The dual problem for the security constrained optimal activ

The first two sets of constraints can be seen as to repreeWer flow model (2)-(7) is given by

sent security constraints generated after the analysisrof ¢
tingency cases, as discussed in (Stott, 1974; Stott e Hob-
son, 1978; Stott e Marinho, 1979). The automatic gener¥/ min
ation of sets of security constraints is not the main focus
of this paper and the theme will not be discussed further.
Although the definition and how to calculate LODFS and
GGDFS using contingency cases can be seen in (Sauer, 1981)
and (Ng, 1981), respectively. The contribution of this work

d'y = flrauwy — $1(f) = (Phuastwp) — d2(p)
Bly 4 zp —ws — My f + N'ys = my
—E'y + 2, — wp — Nip + Mlys = n»

—Y2—ws+2z,=0
(vawp) >0, (vawf) >0, (Zsaws) >0,

s.t.
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wherezy, z,, andz, are slack variablesi3 = ( Lf;( :
d= ( _Od ) andE = ( g ),withobeing a(l x g) zero ;AAff—:b:%?f: —d—Af +p i:zv
matrix. Af+Ast = fomax — f — 55 =ry
. . L. . Ap+ A = Pmaxz — P — =
The optimality conditions for the primal and dual problems AI;JF Ajp _ f _ f_ ;p — :p (11)
are given by primal and dual feasibility and complemenarit B'Ay + SAzf f“zwf B MfAf + N'Ay, - Ts
.. - -y
conditions —E'Ay + Az, — Aw, — NiAp+ M'Ays =1,
—Ayy — Awg + Az =Ty2
Fzp=0, Wysp=0, NAJ+MAp—As — e
Pz,=0, W,s,=0, and
Szs =0, Wsss=0,
) ZiAf+ FA =pe—FZje=r,
wheres,, s¢, ands; are slack variables for the bound con- ZfA]{JF PAjf _ ZZ _ PZfee — : !
p P - b= — " zp

straints on active power generation, active power flow and Z.As 4 SAz

. . . . S S
security constraints, respectively. Moreover, the notati
F = diag f) for diagonal matrices formed by vectors is in-
troduced.

=pe—SZse =71,

WilAsy + SpAwy = pe — SgWre = ryy
WplAs, + SpAw, = pe — SpWhe = ryyp
WAss + SsAws = pe — SsWse = rys

(12)

4.1 Primal-Dual Interior Point Methods
wheree is the column vector consisting exclusively of ones,

Most primal-dual interior point methods can be seen as vati;, = my — B'y — zy + wy + My f — N'ys, 1y = no +

ants of the application of Newton's method to the first ory(p) — z, + w, + N1p — M'ys, ry2 = y2 + ws — 2z, and

der optimality conditions. The following outlines a frame-r,, = —Nf — Mp + s + s.

work for such methods, where = (f,p, sy, s,) andt =

(21, 2p, wy, wp) are used. 4.2 The Predictor-Corrector Method

A Yand(z°,t° .Fork=0,1,2,--- ,d .
ssumey? and(2?, %) > 0. For 0.1,2,---,do For the predictor-corrector (PC) approach (Mehrotra, 21992
two linear systems must be solved. Firaffine directions

(A%, Ajj, At) are computed by solving Egs.(11) and (12) for

k k _ ok (~k
1. Choose" € [0,1) and sefu* = o” (*/n), wheren 1 = 0. The search directions are then given by solving Eq.

is the dimension of and~* = (z*)'t*.

(11) and
2. Compute Newton search directiopsz*, Ay*, At%).
] ) ) ZeAf + FAzyp =pe—FZie=r5
3. Choose an appropriate step size so that the point re- ' e P7 =
ins interior: o - k ok ok ok ZpAp + PAz, = pe — PZye =17z
n’:gams |nter|ork. o = m.ln(l,Tkpp,kT P Wl?ere Z.As + SAz, — pe — SZe = Fy
™ € (0,1), pp = (=1/min;(Az7/z7)), andpg = WilAsy + SpAwy = pe — SyWyie = oy
(—1/min; (At} /tF)). WpAsy, + SpAw, = pe — S,Whe = Fyyp

WsAss + SsAws = pe — SsWee = Tops.
4. Compute (zh+1 yk+l 1) = (gh yk tF) +
ak (Axk, Ayk,Atk). .
4.3 Implementation Issues

The step size for both primal and dual variables is the sam@arameters: = 0.9995 ando = n~z are fixed. For the
since for quadratic problems, primal variables appearén trPredictor-corrector approach, the barrier parametenieryi
dual problem constraint set. Parametesnidr and the start- by 12 = (7/7)?(7/n?), wherey = (z+AZ)’(t+At). Inboth
ing point will be discussed later. Newton search direction¥ersions, however, if < 1 thenu = (v/n)?. The following
are defined by the following linear systém starting point is suggested’ = 0, f = s} = fia/2,
P’ = 8D = Prmaz/2, z? = w?» = (R+1)e, z) = w) = e,

LFrom this point on, superscriptwill be omitted for a cleaner notation. wg = 22 = Ie, SU = Smax — Smin, S° = 2su/3, 82 = su/3.
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5 LINEAR SYSTEM SOLUTION curity constraints, which in practice is much smaller thaat t

of branches or even buses. The most intensive computational
Since the two linear systems introduced in Sec. 4.2 shaggrk is involved in solving Eq. (15).

the same matrix, the following discussion will considenyonl
the system involving Egs. (11) and (12). The dimension g

this linear system can be reduced by substitutions invglviné NUMERICAL RESULTS
various sets of variables without changing the sparsepatt

of the matrix. First, slack variables are eliminated: “The proposed SCOAPF model was implemented in Matlab

7.0, running on an Intel Pentiuth0 GHz personal computer
with 2 GB of RAM in a Windows XP Professional environ-

. ment. The predictor-corrector IPM approach was tested for
Azp=F 1(7”2.7‘ — ZiAf) the Brazilian Power System (BPS), a predominantly hydro
Az = P_l (rap — ZpAp) system (90%) with 3,535 buses, 4,238 branches, 300 gener-
Azs = 57 (rzs — ZsAs) ators and 157 security constraints involving all three &f th

Awy = Sj_'l rwf — WilAsy) types described in Sec. 3. Three load levels (light, medium,
Awy, = Sp_l(?"wp — WpAsp) and heavy) involving slightly different configurations veer
Aws = S (rws — WiAsy) considered, as shown in Table 1. Table 2 describe the num-
Asp=rp—Af;Asy =1y — Ap; Ass =15 — As, ber of contingencies of each type (Branch, Generator or Mul-
tiple). All data were provided by the Brazilian Independent
reducing Eg. (11) to System Operator (ISO).

Table 1: BPS configuration for each load level
AAf —EAp=—-d—Af+p

f T Load Level | Branches| Buses| Load [MW]
ﬁﬁ'@ - feNAn o Lght | 4238 | 3535 | 36,249
BiAy 2‘) Ap+ MEA _ “ (13) Medium 4228 3531 40,239
y—Dpap+ Y2 " Heavy 4237 | 3533 | 53,467
—DsAs — Ays = Tey2
NAf+ MAp — As = T
Table 2: Number of BPS security constraints by type
whereD; = F~'Z; + S;'Wy + My, D, = P7'Z, + Type Number
Sy W, + N1, Dy = S Z+ ST Wy, rg =1y — Flrp+ Branch(B) 122
S;l(,rwf —Wirp)ary =19 — P L1, + 517—1(%1) —W,rp), Gen_eratlon(G) 5
andrgye = ryo+S; (rys—Wsrs) — S~ !r.s. Note that only Multiple(M) 30
the inverse of diagonal matrices are involved. Now the activ Total 157

power generation and transmission variables in (13) can be . o . .
eliminated withA f — _Dfl(ra ~ B'Ay— N'Ays), Ap = Two case studies with different objective functions were-co

. sidered:
—D;l(rb + E'Ay — M'Ays), andAs = —D; (rg0 +

Ays), resulting in L o
e (C'Si: Minimization of transmission power losses, ef-

fected by settingr = 1, 3 = 0 and¢: (f) = 3 /' R f.

DyoAys = (rys — Ds_lrsy2 + B! Ay) (14) e ('S Minimization of quadratic deviation from a pre-
‘ ‘ ‘ _ defined generation dispatgif. This involves setting
DyAy =T, (15) o o _ 1 *\t *
a=0,0=1andg(p) = 5(p —p")" I(p—p°),
wherel is the identity matrix. Generation dispatgh

whereD, = BDlet + ED;'E' — B,D) BL, Dy = corresponds, in this case, to the economic dispatch that

ND;th + MD;lMt + DY, By = —BDf_th + minimizes thermal fuel cost in the BPS and is calculated

ED-1Mt Tys = Tss + NDf_lr + MD;'r, — D7lryys by the ISO without considering transmission network
D ’ S Ss a D s SY2,

. A constraints.
andr = [ ' } + BD;'ry — ED;'ry + BoDyy (rys —

D lrgys). 6.1 OAPF model

In order to solve Eq. (14), it is necessary to solve a systeAn initial set of results is presented in which the proposed
with dimension constituted exclusively by the number of semodel is evaluated without consideration of security con-
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straints, but considering transmission losses by the pioee  (which maximizes hydro generation and minimizes thermal
P1 described in Section 4 which demands the use of only twioiel costs) and optimal dispatch from an “electric” point of
successive OAPFs. Table 3 summarizes the performancevidw (which minimizes transmission loss).

the OAPF model in three load scenarios by exposing the total

time spent and the number of iterations for each OAPF. Table 5: Number of constraints violated by type on the OAPF

solution
Table 3: Performance of the OAPF model Number of violations
Total Time[s](Iter. OPF 1/lter. OPF2) Load Level S, C'Sy
Load Level CS, C'Sy B|G|M|Total| B |G| M| Total
Light | 14.53 (7/7) 12.54 (10/6) Light |0]0jO] O |2]0)1] 3
Medium | 16.23 (8/8) 14.76 (14/6) Medium [0[O0| 0| O [5]0[1] 6
Heavy | 16.79 (8/8) 23.31(21/8) Heawy |00 |5 5 |16]2]| 4] 22

The proposed predictor-corrector IPM approach presemted ‘?

effective performance in terms of number of iterations andable 6: Generation of most important plants for 'S, and C'S;

CPU time, that decreases slightly with the increase in load. Capacity [MW] | Generation [MW]
Table 4 shows the power generation for each case study and Plgnt C51 €Sy
load level. Itaipu 12600 3522 | 12412
Tucurui 5625 1859 5510
) ) Angra 2229 2229 1243
Table 4: Power generation on the OAPF solution Fluminense 1011 1011 104
Generation [MW] Fortaleza 391 391 0
Load Level| CS; CSy
nght 36,613] 37,633 Table 7 shows the values for the seven largest of the 22 secu-
Medium | 40,883| 42,171 rity constraints violated in case studiS, (heavy load).
Heavy 53,995| 56,602

. . . Table 7: Most important violations for C'S2 (heavy load)
As expected, the solution f@r'S; provides lower transmis-

sion losses. The transmission power losses for light, nmediu i i \ﬁolano.n[MW]
and heavy loads were reduced frémi%, 4.6% and5.5% Constraint| Type | Light | Medium | Heavy
for C'S5 10 1.0%, 1.6% and0.98% for C'S1, respectively. 79 B 0 0 241
84 M 0 0 760
Table 5 shows the number of security constraints violated by 86 G 0 0 714
the optimal solutions of both case studies. It is intergstin 111 M 0 0 408
observe that a smaller number of violations occurred for all 135 B 149 534 640
load levels inC'S;. This can be explained by the network 155 B 46 179 274
topology of the BPS, as shown in Figure 1. Most of the load 157 M 0 0 910

is located along the east coast (Atlantic ocean), and thé mos
important hydro plants are located in rural areas, suches tfonstraint79 (Region 5 in Figure 1) is violated in Heavy
Itaipu and Tucurui hydro plants. When economic dispatcfgyel; it consists of maintaining the transformer shownim F
assigns more generation to these distant hydro pladif) 2 in secure operation. This constraint is responsible fer pr
the long transmission lines that bring this generation ® thyenting the contingency that one of the three lines will eaus
load centers operate closer to their capacities and more $efauit in the transformer that connects & kV area and
curity constraints become active. When dispaich is designes( kv area. This situation corresponds to the branch out-
to minimize transmission 10S/51), more generation is as- age case mentioned in Section 3; it can be stated mathemati-
signed to conventional and nuclear thermal plants which aggyly py the following expressior3100 < 1.00( fa35_g2 +
closer to the load centers, such as the Angra, Fluminense and. .. + f,.c o4) 4+ 1.00f3065_230 + 1.00f235-230 <
Fortaleza thermal plants, thus reducing the power flow along o, (matricial forms,mi, < Nf < Smas). CoONstraints

the long transmission lines, resulting in less active Scur 135 and155 represent similar situations.

constraints. These shifts in generation are presented-in Ta

ble 6 related to the generating units presented in Figure Constraint34 (Region 3 in Figure 1) is necessary to prevent
These two case studies illustrate the trade-off in the BRS ba power flow inversion from th800 kV area to thet40 kV
tween optimal dispatch from an “economic” point of viewarea, as illustrated in Fig. 3. This situation correspoadise
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tj\“"/:} ,JL"')LII
s, \ - \ Atlantic Ocean

i Region 5

Region 3

Figure 1: Overview of the BPS grid.

multiple equipment congestion case mentioned in Section ;2 SCOAPF model

it can be stated mathematically a8050 < f535_536 +

P500 4+ Pso1 + Psoz + Psos + Psor + Psio+ psiz+ pseo < A second set of numerical results is now presented to evalu-
8050. (matricial forms,;, < Nf + Mp < Smaz). Similar ~ ate the proposed model when security constraints are consid

situations are represented by constrairitsand157. ered. Table 8 summarizes the performance of the proposed
approach, which corresponds in this case to the SCOAPF

Constraint86 (Region 3 in Figure 1) consists of the pre-model, for a heavy load. The inclusion of security constsain
vention of congestion by limiting the maximum power outinfluenced the performance of the model in relation to the sit
put of the group of generators shown in Fig. 3. This conuation in which these constraints were not considered €Tabl
straint can be treated as a special case of multiple equipme).

congestion; it can be stated mathematically-a50 < _ _
D501+ Psoz+ Psos+ Psio+ Psis+ psao < 5550. (matricial  The difference in performance between the OAPF and

fOrm spin < Mp < Smaz). SCOAPF models can be explained as follows: when no
security constraints are considered, Eq. (14) is no longer
necessary, and an IPM is produced in which each itera-
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Figure 2: lllustration of Constraint 79 of Region 5.
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Figure 3: lllustration of constraints 84 and 86 from Region 3.

cation of this procedure far'S; and heavy load, where only

Table 8: Performance of the SCOAPF model 22 of the 157 security constraints are violated, reduced the
Time[s](Iter. OPF1/ Iter. OPF2) CPU time of about 30%.

Load Level S, CSy
Heavy 280(9/9) 998(41/24)

7 CONCLUSION

This paper has presented a new security constrained optimal
tion is computationally less costly. Moreover, Mat active power flow formulation which enables the representa-

present$.2320% of non-zero elements without security con-tion of three basic constraints: branch outage, generater o
straints, whereas the same matrix with security conssain®ge and multiple equipment congestion. Quadratic separa-
has0.3122% of non-zero elements (an increase3df57%  ble objective functions of active power generation and flows
in the number of non-zero elements). Furthermore, the i§an be considered, thus allowing the minimization of trans-

clusion of constraints results in an increase in the number B1ission losses, generation cost or quadratic deviatian &0
iterations. desired dispatch, or a combination of both. The model was

formulated as a network flow problem with additional linear
Since only a few of the security constraints are active in theonstraints and enables the efficient solution using an inte
optimal solution, one alternative to reduce CPU time wouldior point method exploiting the specific matricial struetu
be to adopt a scheme similar to that found in (Stott e Holby sparsity techniques. The model was tested on the Brazil-
son, 1978), in which only the security constraints actualljan power system with 3,535 buses, 4,238 branches, and 157
violated, identified after running the OAPF, are included irsecurity constraints. The results showed that the teclerigju
the SCOAPF model. Note that these constraints are here iéxible, robust and efficient.
multaneously included in the SCOAPF, although in (Stott e
Hobson, 1978) they were included one at a time. The appli-
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