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~ Abstract— This paper deals with techniques to solve the correc-  Alternatively, since the seminal paper [2], (generalized)
tive security-constrained optimal power flow (CSCOPF) proltlem.  Benders decomposition (BD) [6], [7] has been widely used
To this end, we propose a new iterative approach that comprs 1 golye various CSCOPF problems, such as: optimization

four modules: a CSCOPF which considers only a subset of poten f fi t i | - tati f
tially binding contingencies among the postulated contingncies, Of operafion cOst, reactive power planning, computation o

a (steady-state) security analysis (SSSA), a contingencytdiing available transfer capability, etc. [2], [8]-[15]. The CSEF
(CF) technique, and an OPF variant to check post-contingenc problem is considered either as such [2], [8]-[12], or is em-
state feasibility when taking into account post-contingeny cor- pedded in a more general formulation such as generators unit
rective actions. We compare performances of our approach ah o mmitment [13]-[15]. In the context of the unit commitment
its possible variants with classical CSCOPF approaches shas . o .
the direct approach and Benders decomposition (BD), on thre problem.mos.t CSCOPF approaches use S|mpI|f|ed_I|near (DC)
systems of 60, 118, and 1203 buses. formulation, in order to reduce problem complexity, except
for [15]. An exhaustive list of generalized BD applicatidns
power systems is provided in [16].
BD approach consists of decomposing the original CSCOPF
problem into a master problem and several slave subproblems
|. INTRODUCTION which interact iteratively. It is very appealing due to the
possibility to keep the size of master and slave problemg ver
HE security-constrained optimal power flow (SCOPR}actable (almost the same as optimizing a system pre- @+ pos
problem is a nonlinear, non-convex, large-scale opigontingency state only) as well as to distribute computetio
mization problem [1], [2]. The SCOPF has been formulategmong several processors, which can considerably speed-up
under two modes: “preventive” [1] and “corrective” [2], d  computations [2]. On the other hand, BD requires (theoreti-
hereafter PSCOPF and CSCOPF, respectively. In this papally) the convexity of the feasible region which can not be
we focus on the CSCOPF which, unlike the PSCOPF, coginaranteed in the AC model CSCOPF, and consequently it is
siders the possibility of re-scheduling control means istpo recommended to be used with care [2], [9].
Contingency states, other than those with automatic resspon To mitigate the drawbacks of these two approaches we pro-
to contingencies (e.g., active power of generators ppettig pose instead a new lterative CSCOPF approach (ICSCOPF),
in frequency control, automatic tap-changers, capacéactor which comprises four modules: a standard CSCOPF module
bank switching, secondary voltage control, etc). The undefpplied to a small subset of potentially binding contingen-
lying assumption of CSCOPF approach is that operationgés, a (steady-state) security analysis (SSSA) module, a
limits violation (e.g., power flows, bus voltages, etc.) & contingency filtering (CF) module, and an OPF module to
generally endured up to (at least) several minutes withagiieck the “controllability” of post-contingency stateshid
damaging the corresponding equipment, which lets some tiggproach essentially aims to efficiently identify an as sl
for (automatic or human) corrective actions to be implereént possible superset of the binding contingencies at the CFCOP
The major difficulty of the SCOPF problem is its highoptimum. We calbindinga contingency which leads to active
dimensionality, especially for large systems and/or whamyn post-contingency constraints, different than in the bassec
contingencies are considered [3]-[5]. Trying to solve thiglated to branch currents and/or voltage magnitudes.mssu
problem directly for a large power system, by imposinghg that the CSCOPF problem is feasible, the set of binding
simultaneously all post-contingency constraints, woelitito contingencies is the smallest subset of the full postulated
prohibitive memory and CPU times requirements. Moreovejontingency set which provides the same optimal objective
because in real life applications most contingencies deowt value as the full set. We provide extensive simulationsltesu
strain the optimum, including them all into the SCOPF prolon 3 test systems of up to 1203 buses, with 2 different filgerin
lem increases the complexity of the computations by shmigki schemes, and comparisons with Benders decomposition.
the feasible region, and can lead to algorithmic/numericalThe rest of the paper is organized as follows. Section I
problems. This is especially true under stressed operatingroduces the CSCOPF problem. Section Il presents the
conditions, i.e., when the SCOPF solution is most useful. |CSCOPF approach and its variants. Section IV provides
numerical comparisons with competing approaches for the
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Il. CORRECTIVE SECURITY-CONSTRAINED OPTIMAL
POWER FLOW PROBLEM

The CSCOPF problem can be formulated as follows [2]:

XO’___7£ﬁ7...’ucf0(Xo7110) 1)
s.t. gr(Xk,ur) =0 k=0,....c (2

hy (xk,u;) <0 k=0,...,c 3)

lup — ug| < Auy k=1,...,c 4)

where f; is the objective function, and for the-th system

violations of the coupling constraints (8). The contingehds
calledcontrollable[14] if y; = 0 (or equivalently, ifz; = 0),
meaning that a feasible post-contingency state may be edach
thanks to available corrective actions. Conversely, wé aaill
the k-th contingencwncontrollableif y; > 0 (or equivalently,
if at least one component of; is strictly positive), which
implies that with the giveni} no feasible post-contingency
state may be reached with available corrective controls.

The conjecture behind the ICSCOPF approach is that in
order to identify the binding contingencies at the CSCOPF
optimum, it is sufficient to include only uncontrollable eon

configuration § = 0 corresponds to the pre-contingency,gencies in the CSCOPF problem. Furthermore, to speed-

configuration, whilek = 1,..., ¢ correspond to the post-

up computations, we propose to use a contingency filter

contingency configurationsy, is the vector of state variables, identify (ideally) all uncontrollable contingencies hile

(i.e., real and imaginary part of voltage at all buses),is the
vector of control variables (e.g., generators active pogen-
erators voltage, controllable transformer ratios, shigrment
reactances, phase shifters angle, et&y, = T} duy/dt is

introducing as few as possible controllable contingencies

B. Algorithm of the ICSCOPF approach

the vector of maximal allowed variation of control variable The basic algorithm of the ICSCOPF approach is as follows:

between the base case alvh post-contingency statd, is

the assumed time horizon allowed for corrective actions
ensure post-contingency state feasibility alug /dt is the rate
of change of control variables in response to contingency.

1) Let Py be the operating point to be optimized and
C ={1,...,c} the contingency set with respect to which
the system must be secure when post-contingency cor-
rective actions are taken into account. Setpghgentially

to

Constraints (2) and (3) impose the feasibility of the pre-
contingency and corrected post-contingency states. Egual 2)
constraints (2) are essentially the AC bus power balanca-equ

binding contingency subset, = 0.
Solve the CSCOPF by including, beside base case
constraints, only the post-contingency constraints fer th

tions, while the inequality constraints (3) include phgsian-

its of equipments (e.g., bounds on: generators activdiveac

powers, controllable transformers ratio, shunts reaetaetc.)

and operational limits (e.g., branch currents and voltagg-m

nitudes). Inequalities (4) are “coupling” constraints aihto
prevent unrealistic variations of control variables beswé¢he
base case and post-contingency states.

Ill. | TERATIVE APPROACH TO THECSCOPFSOLUTION
A. Rationale of the ICSCOPF approach

Let P} be an optimal operating point (computed by an OPF

or a CSCOPF considering only a subset of thpostulated

contingencies), andy be its corresponding vector of optimal
controls settings. Clearly} is also the optimal solution of the

CSCOPF problem (1-4) if for any contingengy=1,...,c

there exist corrective controls; satisfying (4) and ensuring

the feasibility of post-contingency state,. We may check
this by solving for every contingency the following Post-
Contingency Optimal Power Flow (PCOPF) problem:

min e’ z, =y} (5)
X, Uk, 2k

st gr(xk,ux) =0 (6)

hk(xk, uk) S 0 (7)

lu — uf| < Auy, + 2 (8)

zr > 0 9

wheree is a vector of ones of appropriate dimension and

subset’;,. Let Py, be the optimal operating point.
Simulate each contingencydh\C, atP¢, by a classical
load flow program. If none of them leads to constraint
violations, P¢, is the locally secure optimal solution
and the computation terminates. Otherwise, dgtbe
the subset otritical contingencies (i.e., those leading
to some constraint violations).

Filter the contingencies from th&. subset atPz, . Let

Cs C C. be the subset afelectedcontingencies.

Check the post-contingency state feasibility of contin-
gencies fromC; at Pg, by PCOPF, described in Sec-
tion llI-A. Let C, C C, be the subset afincontrollable
contingencies. I1C, # 0, setC, «+— C, UC, and go to
step 2.

Check the post-contingency feasibility of contingescie
from C.\C; at P¢, by PCOPF. If each PCOPF problem
is feasible,P¢, is the locally secure optimal solution
and the computation terminates. Otherwise(Clebe the
subset of uncontrollable contingencies. &gt C, UC,
and go to step 2.

Observe that, since initially the current subset of potdiyti
binding contingencies is emptyy = 0), the first CSCOPF
call is in fact an OPF computation, which contains only
base case constraints. The main advantage of using the first
OPF computation is that, if the resulting operating point
turns out to be secure with respect to the contingency set
C, there is no need to iterate on CSCOPF computations.
Additionally, binding contingencies can be sooner reveale

3)

4)

5)

6)

is a vector of (positive) slack variables aimed to relax they the subsequent filtering techniques, especially if thé- OP

coupling constraints.

outcome is close to the sought security-constrained optimu

The objective of this PCOPF problem is to minimize the We solve the CSCOPF and PCOPF problems intervening at
degree of post-contingency infeasibility, measured by thsteps 2, 5 and 6 by the interior-point method [17].



Step 3 of the algorithm is a (reduced) SSSA. The simy-is the size of any vectdi, in (3). This quantity is computed
lation of the system response to contingencies at this stpstep 3 of the ICSCOPF procedure after simulating, by a
is performed by a classical full AC load flow computatiortlassical power flow program, contingengyat the current
software. For an optimal base ca#¥, , at some stage, aoperating poin®Pz, . Let us further define by
contingency is calledritical (it belongs to subsét, ) if it leads N N
to post-contingency constraint violations or post-cogeincy hzT(PCb) = max(0, ey (P, ))
load flow divergence. Otherwise, it is calladn-critical. Note the constraint violation (by extension, we set this qugrttt
that, since classical load flow software does not take inteco, Vr € {1,...,q}, for contingencies leading to load flow
account some time-varying control actions (e.g., genamatidivergence).
rescheduling, shunt reactance change, etc.), the SSSA alorThe classical severity index used in the context of SCOPF
can not decide whether the current optimal base &seis contingency selection is defined for contingercgs [1], [3]:
the optimum of the CSCOPF if some contingencies from the q
subse(C \ C,, violate constraints. Indeed, if a such contingency SI(k) = Zw’“ ha(Péb)HQ, (10)
leads to constraint violation it may be possible that thet-pos r—1

contingency feasibility is ensured without altering theim@al  \yherew, denotes the weight associated to constrajnthich

base case, thanks to the computation of post-contingengyess explicitly specified will be taken equal to 1, dhd|»

corrective actions by the CSCOPF. The aim of using the SS@@notes the euclidean norm. The value of this SI is refreshed

is thus two-fold: to filter out non-critical contingenciesipset gt every iteration the ICSCOPF procedure.

C\ Gy \Cc) as well as to serve as a basis for the contingency2) Non-dominated contingency (NDC) approadthe NDC

filtering performed at step 4. technique [18] relies on the comparison (at every iteratibn
Step 4 performs a contingency filtering with the aim tehe |CSCOPF procedure) of the constraints violations among

further reduce the number of contingencies that are treatgglical contingencies (the subsét).

at the subsequent steps. Any efficient contingency filtering|ntuitively, a critical contingency islominatedat a given

technique can be used to this purpose. In this work, unleggp of the ICSCOPF procedure, if there exists another con-

otherwise specified, we use the non-dominated contingenfgency which leads to larger violation for every consttai

(NDC) approach motivated by the gOOd results obtained WlthWe say that Contingenoy dominateg:ontingencyj if:

it in the context of PSCOPF [18]. Additional filtering result . 4o

will also be provided by means of the classical severity- hier (PE,) 2 hi(Pe,), Vre {1,....q},

index based contingency ranking technique [1], [3]. Thesgg the inequality istrict for at least one € {1,...,q}, hit

two techniques are described in Section IlI-C. T¥eected 5ng h? referring to the same type of constraint. We say that

(respectivelydiscarded contingencies by the CF technique agontingencyk is dominatedin C. if there is a contingency

the current iteration form the subs@f (respectivel\Ce \ Cs). s ¢ ¢, \ {k} that dominates it. The set of these contingencies
Steps 5 and 6 check, by means of PCOPF problems, Whetﬁﬁﬂ its complement are respectively denotedChyand C,

the contingencies from the subsétsor C. \ C, lead to con- (Cs = C.\ Cq). We say that contingency is non-dominated

straints violation that can not be removed by post-contiege i, ¢_ if no contingencyj € C. \ {k} dominates it. Thus, for

controls only, and filter out controllable contingencies.  contingencyk to be non-dominated it is not mandatory that it
In the context of this iterative algorithm, we can guarantggminates at least one contingency frém

that the full CSCOPF optimal solution has been reached, whenyhen filtering contingencies according to this technique,

all con_tl_ngenmes that are not yet included in the CSCOPF gyg identify at step 4 of the ICSCOPF the member€ofin

non-critical (see step 3), or when the PCOPF check shows that following way:

all critical contingencies turn out to be also controllable
Observe that, in our approach, the set of contingengjes

treated at step 2 can only grow from one iteration to the next.

Steps 3, 4, 5 and 6 are designed so as to control the growth of

Cy, by efficiently identifying the uncontrollable contingees

at every iteration. Obviously, a contingency labeled as-non 3) LetC, =C.\ Ca.

critical, discarded or controllable at an iteration maydrae ~ When using this CF technique we call alternatively a se-

critical, selected, uncontrollable at subsequent itenatj and lected (respectively discarded) contingencynas-dominated

possibly binding at the final optimal solution. (respectivelydominated.

1) Initialization: letCy = 0.

2) For each contingency € C.. do:

a) For each contingendy e C. \ ({j} UCq) do:
If & dominatesj let Cy «+ Cq U {j}.

C. Contingency filtering techniques D. ICSCOPF algorithm variants

1) Severity-index based contingency ranking approach: Note that several shortcuts of the basic ICSCOPF algorithm
The classical severity-index (Sl) based contingency ramkiare possible by disabling one or more steps or using aligenat
technigue, most often used in the context of any iteratitechniques at some steps, as described below.

SCOPF solution, is based on post-contingency violations,1) Without filtering (WF): is obtained by disabling the
derived from SSSA applied to the SCOPF solution [1], [3]. steps 4, 5 and 6 of the ICSCOPF algorithm, and includes au-

Let us denote by (P¢,) the left-hand value of constrainttomatically in the CSCOPF all critical contingencies idied
r,Vr € {1,...,q}, relative to any contingency € C., where by SSSA at each iteration (the SSSA acts as the sole filter).



TABLE | TABLE Il
RECAPITULATION OF THE TERMINOLOGY USED FOR CONTINGENCIES BINDING CONSTRAINTS AT SUCCESSIVECSCOPFSOLUTIONS
Type | Explanation iter [ P [ Qg [ I | cpl | total
uncontrollable [ it does not lead to feasible post-contingency state 1 3 0 3 - 6
when taking into account only corrective actions 2 11 0 24 | 70 | 105
controllable it leads to feasible post-contingency state thanks to 3 19 0 32 | 88 | 139
corrective actions only
critical it leads to post-contingency constraints violations at TABLE IV
the power flow solution or to power flow divergence SSSAAND CFREPORT AT SUCCESSIVIESCOPFSOLUTIONS
non-critical it does not lead to post-contingency constraints violation
at the power flow solution or to power flow divergence SSSA CE
selected it is selected by a certain filter iter | ncc | ncv | Alm(%) | Ala(%) || nsc | nde
discarded it is discarded by a certain filter
non-dominated there is no contingency that leads to larger violations of % gg E ;812 gg ig gg
every constraint 3132 43 | 290 9.0 1 | 21
dominated there is a contingency that leads to larger violations of : :
every constraint TABLE V
TABLE II UNCONTROLLABLE AND BINDING CONTINGENCIES
TEST SYSTEMS SUMMARY iter | uncontrollable contingencie __ binding contingencies
1 31, 40, 53, 84, 96, 175 -
system | n [ g [ d ] b | L [t ]o]s]c 2 32, 122 31, 40, 84, 96, 175
Nordic32 60 23 22 81 57 31 4 12 53 3 _ 31, 40, 84, 96, 175, 32, 122

IEEE118| 118 | 54 | 91 | 186 | 175 | 11 9 | 14| 184
RTE 1203 | 177 | 767 | 1797 | 1394 | 403 | 203 | 11 | 1210

powers, limits on branch currents and coupling constraints

2) Infeasible post-contingency optimal power flow (IPThese constraints apply both in pre- and in post-contingenc
COPF): is obtained by disabling the contingency filtering steptates. As regards the coupling constraints we assume that,
of the ICSCOPF algorithm. Thus one adds to the CSCOPFfaliowing the loss of a transmission (respectively geriergt
every iteration uncontrollable contingencies only. equipment, every generator is able to reschedule up % 8

3) Severity index-based (Sl¥onsists in using at step 4 of(respectively 10%) of its active power physical range.
the ICSCOPF algorithm the classical S| of Section 1I-C.1 to 2) Application of the ICSCOPF approachiVe solve the
filter contingencies, instead of the NDC scheme. CSCOPF problem following by the ICSCOPF algorithm of

A comparison of performances of the basic ICSCOP®ection IlI-B, while filtering contingencies with the NDC
approach and its variants will be provided in Section IVapproach of Section IlI-C.2. We first run the base case OPF
Besides, the direct approach (DA) and Benders decompuositimo contingency constraints) and observe that 3 branclesurr
(see Appendix A) are provided as baseline for comparisonconstraints are binding at the optimal solution. The SSSA at

For convenience, we recapitulate in Table | our terminologhis point yields 49 critical contingencies (out of 184)dewy

concerning the various types of contingencies. to branch current violations. The CF reveals among them 19
non-dominated contingencies which are further checketd wit
IV. NUMERICAL RESULTS the PCOPF. Only 6 of these contingencies are deemed uncon-

A. Description of the test systems used troIIabIe_ and he_znce are incl_uded in the CSCOPF. The latter is
: ) ) , un again, leading to 24 active branch current constrairttsea
In this Section we present detailed numerical results ob— timum, corresponding to 5 different post-contingeneyest
tained W_'th the presented CSC.:OP.F approg(_:hes on three SSSA at this point yields 35 critical contingencies (out
syste_ms. a 60-bus system, which is a modified variant of tla? 178), 12 being considered as non-dominated and among
Nordic32 system [19], the IEEEll_S system [20], and a mOdﬁlese 2 are found uncontrollable by PCOPF. These are added
of the RTE (the Fr_ench transm_ssm_n SYStef_“ operator) SYSIGH those already selected and CSCOPF is run again with the
A summary of their characteristics is given in Table II, wdter resulting set of 8 contingencies, providing 32 active branc
n, g, d, b, li t,dO’ g a“?]C d‘T_”Ote the r;umber of: bufsescurrent constraints in 7 post-contingency states. The SSSA
ggnerators, oads, branches, lines, transformers, “?‘"9 S performed at this point indicates 32 critical contingesdi@ut
with controllable ratio, shunt elements, and contingesci f 176). Since, after checking them with PCOPF, all turn out
conf5|deredd in CSCOPF, respec'qvely. A”_ r:ests hatl)ve beﬁ?be controllable the sought optimum is reached. As a matter
performed on a PC 1.7-GHz Pentium IV with 512-Mb RAM ¢ ¢4 7 contingencies (out of 184) are actually bindinghat t
_ final optimum.
B. Results with the IEEE118 test system The main results of the computational process are summa-
1) Problem statementWe focus on the problem of min-rized in Tables IIl, IV, and V.
imizing the overall generation cost by means of a “decou- Table Ill provides the number and type of binding con-
pled” CSCOPF. Control variables are the generators actisgaints at the optimum of the CSCOPF. The columns labeled
power. Equality constraints are the AC bus active/reactivath P,, @), I, andcpl refer to constraints relative to generator
power balance equations and imposed voltages of generatacdive power, generator reactive power, branch currerd, an
Inequality constraints are bounds on generator activelivea generator active power coupling constraints, respegtivel



TABLE VI

Table IV displays the SSSA and CF report at the optimal COMPARISON OF VARIOUS APPROACHES TO THESCOPFsOLUTION

solution provided by the CSCOPF, wherec, ncv, Al,
(respectivelyAl,), nsc, andndc represent the number of crit- ~approach[ iter | CSCOPF £pbc) | SSSA] CF| PCOPF fr) | time

ical contingencies, the total number constraints violated 1 0.5 (0) 2.7 [0.0] 9.2 (19)
maximum (respectively the average) branch overload amondSCOPF g 173-92(8) %Z; 8-8 15585((13?2)) 60.1
all critical contingencies, the number of selected coréimges OA T 2iasd - |- = 535 T
and the number of discarded contingencies, respectively. 1 0.5 (0) 27 | -

Table V lists the uncontrollable and binding contingeneies WF 2 68.7 (49) 19 | - 152.1
successive CSCOPF solutions. Observe that, in this example f 78:? ég;‘) ;:? . 24‘1'(49)
almost all uncontrollable contingencies at various iierst IPCOPF | 2 7.9 (6) 27 | - | 16.6(35) | 858
are binding at the final optimum. 3 13.2 (8) 26 | - | 1565(32)

By comparing Tables IV and V one can conclude that the % gi Egg g; 8'8 gg 83 92.2
efficiency of the NDC filtering technique is quite satisfagto si 3 6.4 (5) 27 00| 155 (32) |..124.7
Thus, the CF is very efficient at the first iteration, allowing 4 9.8 (7) 2.7 100 5.4 (11)
the identification of all 6 uncontrollable contingenciesdb f 103;52(85;) gs 8'8 195'25((1392))
them being binding at the next iteration) by keeping 19 non- gp > 0.6 (0% 27 |oo| 7.7(15) | 481
dominated (out of 49 critical) contingencies, thereby sg\80 3 0.7 (0%) 2.7 |0.0| 21.4(42)

runs of the PCOPF module. The CF is slightly less efficient

at the second iteration, where it identifies the 2 uncoratbdd | this example BD approach outperforms all other CSCOPF
contingencies (both being binding at the final optimum) bypproaches in terms of overall CPU time, being followed by
keeping 12 non-dominated (out of 35 critical) contingesci@CSCOPF. Observe also that even for the best paranidter
and saving however 23 runs of the PCOPF. setting, the Sl technique leads to a much slower executios ti
Clearly, additional uncontrollable contingencies maye®p than with the (NDC-based) ICSCOPF. More details about the
during iterations of the sequential procedure, due toislift comparison between ICSCOPF and Sl approaches are reported
the optimal base case to accommodate the uncontrollap{e)o\ppendix C.
contingencies identified in previous iterations. This isea-r  pespite of the significant number of contingencies binding
sonable risk taken by the iterative approach with respect 4 the optimum, in this example the BD performs very well
the direct approach, since in practice only a small numbgyie to: (i) the infeasibility degree of slave subproblems is
of contingencies from the whole set are binding at the fingdther small during iterations (see Table XIV), indicatthgt
optimum. As is shown in Table XVI of Appendix D, this effectthe hase case OPF solution is quite close to that of CSCOPF,
is even worse if one uses the Benders decomposition, siryce gAd (i) the post-contingency voltage magnitudes are fardl
uncontrollable contingency at an iteration is taken intcoamt  sensitive to generators active power rescheduling.
just by a linearized constraint, added to the base case OPF. | gt ys stress the importance of CF within all CSCOPF
3) Comparison of various CSCOPF approach&e now techniques. For instance by disabling the CF step in the BD
compare the efficiency in terms of overall CPU time of Vario%proach the execution time increases from 48.1 s to 75.8 s,
CSCOPF approaches described in Section Ill, namely: thg  more than the ICSCOPF technique. Also, both ICSCOPF
proposed ICSCOPF approach, its variants WF, IPCOPF andaply |PCOPF techniques are faster than WF scheme. Last but
(see Section I1I-D), the direct approach (DA), and the BDx. Fo\ot least, the computing time of the CF task is negligibleléor
completeness, details about the BD algorithm and its resug milliseconds) when using the NDC or Sl techniques.
are given in Appendices A and B. Note that there are two factors which influence the time
Table VI reports, for these CSCOPF approaches, the oveigiled by contingency filtering. The first one is the number of
CPU time (in seconds) of all tasks during the CSCOPEy|is to PCOPF variant and depends on the filter quality. The
solution. In this Tablenpbc = cardC,) denotes the number smajler the number of calls to PCOPF variant, the higher the
of potentially binding contingencies handled in the CSCOP§erall time saving. For instance, although the contingenc
iterative approach at every iteration, while is the number of jcluded in CSCOPF are the same in both ICSCOPF and IP-
contingencies for which the PCOPF variant is run. AccordingopF approaches, ICSCOPF approach calls 54 times less the
to the sequential CSCOPF algorithm is equal to eithensc  pCcOPF variant than IPCOPF technique. The second factor is
or nee = nsc +ndc. As regards BD, the superscript * whichthe number of selected but uncontrollable contingencibigiw
appears in the columnpbc indicates that Benders cuts args ynpredictable beforehand and varies from one problem to
accumulated during iterations to OPF base case constraigigther. Clearly, the lower the number of such contingencie

(see Appendix B). Finally, for the SI approach we providghe higher the time saved by ICSCOPF approach.
the range of overall CPU time of CSCOPF solution, when the

number of top ranked contingencies selected at everyierat ) )

which we denote by, is allowed to vary between 1 and 20C- Results with the Nordic32 test system

The CPU times of other tasks during S| approach correspondl) Problem statementWe concentrate on the generation

to its best performances, obtained faf = 11. cost minimization by means of a “full” CSCOPF. For this
Note first that any iterative CSCOPF approach, with or wittproblem we consider the following control variables: gener

out filtering, is (significantly) faster than the direct apach. tors active power, generators voltage, controllable fanser



TABLE VIl TABLE X

BINDING CONSTRAINTS AT SUCCESSIVECSCOPFSOLUTIONS COMPARISON OF VARIOUS APPROACHES TO THESCOPFSOLUTION
iter | P [ Qg [IJ V [r ] x| cpl] total approach] iter | CSCOPF 4pbc) | SSSA[ CF [ PCOPF fr) | time
T 18] 0 1] 22 0] 3] - a4 1 0.5 (0) 05 [00] 7.1(13)
> 46 [ 3 [ 4108|410 85 | 269 ICSCOPF 5 9.2 (8) 04 |00| 20 |7
DA - 72.9 (53) - - - 72.9
TABLE VIII WE 1 0.5 (0) 05 8.1
SSSAAND CF REPORT AT SUCCESSIVIESCOPFSOLUTIONS 2 27.6 g2)3) 03 | - - =3 '
1 0.5 (0 0.5 - 12.3 (23
SSSA =F IPCOPF | 5 10.8 (9) 04 | - | 20 |28
iter | ncc [ nevl | nevV | ALy, | Ala | AV | AV, [ nsc | nde S| 1 05(0) 05 0.0 3.2 (6) 15.2...
(%) | (%) | (%) | (%) 2 7.9 (6) 0.5 | 0.0 2.6 (5) ...25.0
T 23] 40 | O | 773|204] 50 | 26 13] 10 1 05 (0) 051001 7.1(13)
>3 5 - . - 151410 2 0.5 (0%) 0.5 |0.0| 6.8(12)
: : 3 0.5 (0%) 0.5 | 0.0| 6.8(12)
4 0.5 (0%) 0.5 | 0.0| 5.4(10)
TABLE IX BD | 5 0.6 (0% 05 |oo| o1 | 280
UNCONTROLLABLE AND BINDING CONTINGENCIES 6 0.6 (0%) 05 | 00| 6.1(11)
7 0.6 (0%) 0.5 |0.0| 6.1(11)
iter uncontrollable contingencies | binding contingencies 8 0.6 (0%) 0.5 | 0.0 5.3(10)
1 5, 12, 13, 15, 18, 19, 22, 23, 11 -
2 - 5, 12, 13, 18

By comparing Tables VIII and IX, one observes again that
NDC technique performs well. Indeed, it classifies as non-
. : . S dominated 13 (out of 23 critical) contingencies and idesifi
bus active/reactive power balance equations, while indgua . .

correctly 8 out of 9 uncontrollable contingencies, except o

constraints include bounds on all control variables as agll ontingency 11 which anyway is not binding at the optimum,

limits on generators reactive power, bus voltage magniiud% . .
. rglke the previous example, a less extent of uncontradiabl
and branch currents. The bus voltage magnitudes are allowe

. contingencies are binding at the optimum (4 out of 9).
to vary between 0.95 pu (respectively 0.92 pu) and 1.05 pu3) C?omparison of varigus CSCCF))PF appfroaché’sabl)e X

(respectively 1.08 pu) in pre-contingency (respectivedgtp reports the CPU times of all tasks during the CSCOPF

contingency) state. In the coupling constraints we assume . . . :
: o - " solution of considered approaches. Detailed numericalltses
that, following the outage of a transmission (respective . : ) .
. ) : f CSCOPF solution by BD are provided in Appendix D.
generation) equipment, every generator is able to resédedu .
up to 10% (respectively 20%) of its active power physical As regards the Sl approach we provide the range of overall
P ¢ P y et e p phy CPU time of CSCOPF solution, when parametéiis allowed
range. The transformers ratio (respectively shunts reae)a . . )
to vary between 1 and 20, while using the same weight,

are allowed to vary, following a contingency, up to 50 .
(respectively 20%) of their physical range. Generatortermina?”lnd equal to 1 in (10), for both branch current and voltage

agnitude post-contingency violations with respect toirthe
voltages_ are allowed to vary free_ly between 0.95 pu arIrl:la”nits. The CPU times of other tasks during S| approach
1.05 pu in both pre- and post-contingency states.

2) Application of the ICSCOPF approacithe main results correspond o its best performances, obtained Nor= 6.

of the ICSCOPF approach are provided in Tables VI, V”rAppendlx E p_row_des add|t_|onal results about comparison of
and 1X NDC and Sl filtering techniques.

Table VIl yields the number and type of binding con- Since in S| approach the parameter is set beforehand,

; ) o . e can conclude that in this case ICSCOPF and S| approaches
straints at the CSC.OPF optimum for succe53|ve_|terat|oh|e_3. -I—Y\éad to comparable performances, being faster than other
columns labeled with/, r, andx refer to constraints relative

) . competing techniques.
to bus voltage magnltudes., controllable transformer satimd In contrast with the previous example BD approach con-
shunt reactances, respectively.

verges very slowly, being faster only than the DA (see the
Tabl_e V”_l reports results of SSS_A and NDC-based CF %ppendix D). We also notice that in this case the CF improves
each iteration, wherewcvl (respectivelyncoV) and AV,

(respectivelyAV,,) represent the number of branch curre very little (7.2 s) the overall execution time of BD approach

. . o ee Appendix E for an explanation).
(respectively voltage magnitude) violations and the ma:(l;% ppendix P lon)

mum (respectively average) voltage magnitude limit violat _
among all critical contingencies. D. Results with the RTE system

Table IX provides the uncontrollable and binding contin- We solve the same type of CSCOPF problem as in Section
gencies at successive CSCOPF solutions. Note that, 2 amdwids.1 for a 1203-bus model of the RTE system (see Table II).
the 4 binding contingencies (5 and 12) are both thermal andThe main results obtained with the ICSCOPF approach and
voltage limited, while the others only thermal constraineavith BD are reported in Tables XI, XII, and XIII, using the
Unlike the previous example, the binding contingencies asame format as in Section IV-B.
identified at iteration 2 since all of them are non-dominated We notice that in this large scale example only one con-
and uncontrollable at iteration 1; the other 4 critical antingency (405) is binding at the optimum. On the other
non-dominated contingencies at iteration 2 turn out to Wend, when applying the ICSCOPF technique we find that
controllable by means of PCOPF variant (see Table VIII). 13 contingencies are critical at the first iteration and 6 agno

ratios and shunt reactances. Equality constraints are digeai



TABLE XI

SSSAAND CF REPORT AT SUCCESSIVIESCOPFSOLUTIONS We have proposed a new iterative approach to the solution

of CSCOPF problem which proves being overall faster than

SSSA CF other competing techniques. The ICSCOPF approach exhibits
iter | ncc [ ncv | Alm(%) | Alu(%) [[ nsc [ ndc additional advantages over the popular BD technique ingerm
% 163 163 ig; Z-g g Z of convergence robustness and theoretical soundness in the
: . context of non-convex non-linear CSCOPF problems. The
TABLE XII numerical results obtained with the ICSCOPF approach show

INFEASIBILITY DEGREE (MW) OF UNCONTROLLABLE CONTINGENCIES  that for solving the full problem, it is more effective to
include progressively some potentially binding contingjes

iter Uggg”t|r°”ab'e Coningencies in the CSCOPF formulation, than to optimize the base case

T T 1903 200 1 while keeping on shrinking its feasible region by accunintat

> 0.0 7.0 Benders cuts. In conclusion the ICSCOPF approach appears

3 0.0 0.3 to outperform the BD approach for CSCOPF computations.
TABLE Xl This paper also emphasizes the importance of contingency

filtering within sequential CSCOPF algorithms. Althougle th

COMPARISON OF VARIOUS APPROACHES TO THESCOPFSOLUTION . . . ..
NDC technique, which was adapted here from its original

approach] iter | CSCOPF fpbc) | SSSA] CF| PCOPF ¢r) | time context of PSCOPF, appears to perform slightly less well in
P 6.2 (0) I8L5[0.0] 564 (6) | 4,4 the context of CSCOPF, it compares quite favorably to the
2 84.3(2) |181.2)0.0] 55.1 (6) ' classical severity index-based contingency ranking tieghen
DA . -6(:;2(%(;) 815 . . Moreover, it is worth to stress that the NDC technique is a pa-
WE 1 5| 622313 |1794| - - 989.4 rameter free technique as opposed to Sl-based schemes, wher
pcopk | L 6.2 (0) 18151 - | 1222 (13) | £oq g parameters such as the number of top ranked contingencies
2 84.3 (2) 181.2| - | 55.1(6) ' : ; : .
I 620) 815100] 295 (3) 15378 selected and weights relative to different types of coirgtra
S \ >lo. ' 9.4 violations must be chosen in an ad hoc way.
2 84.3 (2) 181.2|0.0| 55.1(6) |..989.4 y
1 6.2 (Q? 181.5[0.0| 56.4 (6) Finally, let us note that all these variants of the iterative
BD g ;'g Eg*; igig 8'8 ‘7‘;'2 Egg 7450 CSCOPF approach as well as BD can benefit of a parallel

computation framework to further speed-up computations.

them are selected by the NDC filter. The latter performs quite
well since the 6 selected contingencies indeed include the 2
uncontrollable contingencies (see Table XIl) and the singl

on_le_z tgllat;”bir;ding ?]t thﬁ Olrgiggcr)nl_;,lz hi inf We thank RTE (the French transmission system operator)
anle shows that the approach is again fastgy, allowing us to use and publish results with their data.

than the other techniques (computer memory reqwremegﬁs paper presents research results of the Belgian Network

prev_ented us from performipg DA due_to th_e large number YSCO, funded by the Interuniversity Attraction Poles Pro-
contingencies (1210) to be included with this method in® tr:%:

ACKNOWLEDGMENTS

: : amme, initiated by the Belgian State, Science Policy ©ffic
CSC.OPF)' The overall CPU time reported in the last colu e scientific responsibility rests with its authors.
of this Table shows that the ICSCOPF approach also scales
well to large systems and large contingency lists.

The conclusions drawn in Appendices C and E concerning
the comparison of NDC and Sl filtering techniques still hold
in the case of the RTE system. _ A. Solving the CSCOPF by Benders decomposition

Looking more closely at the CPU times of the CSCOPF
itself (third column) of Tables XIll, VI and X we observe The (generalized) BD for CSCOPF solution consists of
that it grows faster than linearly with the number of contindecomposing the original problem (1-4) into a master proble
gencies included in these computations. Thus, we expett thad several slave subproblems which interact iterative]y [
the ICSCOPF method could significantly outperform the BD The slave subproblem corresponding to contingelh@an
approach when the number of uncontrollable contingencigs formulated as the PCOPF (5-9).
at every iteration remains reasonably small and/or when thein the BD approach for each uncontrollable contingehey

accuracy of the linear Benders cuts is questionable, such&sders cut (11) is generated and added to the master problem
in very stressed operating conditions, or when the CSCOPF

optimum is far enough from the base case OPF solution. be(ug) = yi + w57 (ug — u) <0 (11)

APPENDIX

V. CONCLUSIONS where 7} is the vector of dual variables corresponding to

This paper has presented and compared performanceshm constraint (8) at the optimum of the slave subproblem.

terms of CPU time of several approaches aiming to solve tiis constraint conveys information about how the current

CSCOPF problem. They have been tested on three systemsmifmumuf should be modified in order to reduce the problem
60, 118 and 1203 buses. infeasibility. Observe that the sole unknown in (11)uig



TABLE XIV TABLE XVI

INFEASIBILITY DEGREE (MW) OF UNCONTROLLABLE CONTINGENCIES INFEASIBILITY DEGREE (MW) OF UNCONTROLLABLE CONTINGENCIES
iter uncontrollable contingencies iter uncontrollable contingencies
31 ] 32 ] 40 [ 53 ] 84 ] 9 [1227] 175 5 11 1271315 18 [ 19 ] 22 ] 23
1 279 | 0.0 111.3| 11.0| 418 | 458 | 0.0 | 12.7 1 [154.9]335.2| 927.2| 654.5| 656.3| 1040.2| 323.5] 418.6| 411.0
2 0.9 16.1 0.0 0.0 0.5 4.2 5.6 2.5 2 [138.1] 00 | 76.3| 00 | 0.0 | 190.4| 00 | 0.0 | 195
3 0.0 0.1 0.0 0.0 0.1 0.2 0.0 1.0 3 ]12.1| 0.0 {193.6] 0.0 | 0.0 | 251.2| 0.0 | 63.7| 94.1
4 | 10.6 | 16.7 | 561.1] 662.2| 622.3] 39.4 | 0.0 | 149 | 3.8
TABLE XV 5] 38| 00 (318|119 0.0 229 | 00| 00| 39
SSSAAND CFREPORT AT SUCCESSIVE MASTER PROBLEM SOLUTIONS 6|12 00]107] 12] 00| 100 00| 00| 0.0
SSSA CFE 7 0.5 0.0 6.6 1.7 0.0 4.7 0.0 0.0 0.0
fter T nee | pogeen | N ) | AT (%) pogis | e 8 0.6 0.0 2.3 1.2 0.0 2.6 0.0 0.0 0.0
1 49 71 78.9 9.5 19 30 TABLE XVII
2 43 58 64.8 10.7 15 28
3 o Tt 648 107 16 6 SSSAAND CFREPORT AT SUCCESSIVE MASTER PROBLEM SOLUTIONS
SSSA CF
iter | ncc | nevl | nevV | ALy, | Aly | AV, | AV, || nse | nde
The master problem is formulated as: ) | (B) | (B) | (B)
. 1 23 40 9 773|204 5.0 2.6 13 | 10
min fo(Xo, o) (12) 2 (12| 11 | 7 | 306|122| 36 | 20| 12| O
o.1o 3 12| 12 7 369 |157| 37 | 19 |[ 12| ©
s.t. go(xo,u0) =0 (13) 4 13| 18 5 541 | 182 40 | 23 || 10 | 3
5 11 11 7 27.0 | 11.2| 4.0 2.0 11 0
ho(x0,10) <0 (14) T 0 7 281156 39 [ 22|11 0
b(ug) < 0 (15) 7 | 11| 11 7 | 242 |11.7| 33 | 20 ([ 11| ©
- 8 10 10 5 239|115 33 2.1 10 0

and contains base case constraints (13, 14) as well as all

Benders cuts of type (11) provided by slave subproblems gfferent from the CSCOPF solutions of Table IV. We never-
every iteration, which we write compactly as (15). theless observe that the NDC approach provides also heye ver
The standard algorithm of CSCOPF solution by BD contairgtisfactory results, since the 6 uncontrollable contiioigs at
the following steps [2]: iterations 1 and 2 are identified by selecting 19 (out of 4@) an
1) Solve a relaxation (12-14) of the master problem. Laf5 (out of 43) contingencies, respectively.
uj be the optimal solution.
2) For each contingency = 1,...,c solve the slave C. Comparison of contingency filtering techniques on the
subproblem (5-9). Ify; > 0, build the corresponding IEEE118 test system

Benders cut (11). _ We assess the NDC and Sl filtering schemes based on
3) If the infeasibility of each slave subproblem is below e apility to identify all uncontrollable contingensiat an
predefined tolerance, i.e,, y; < ¢, Vk =1,....c the jeration and thereby to accelerate the CSCOPF solution.
convergence is achieved ang is the optimal solution.  The fastest Si-based CSCOPF solution (see Table VI)
Solve the full master problem (12-15) by adding allorresponds ta\/ = 11, where M has been varied between
Benders cuts generated at step 2. uptbe the optimal 1 574 20. Therefore, even for the best paramétesetting,
solution. Go to step 2. the Sl-based filtering scheme leads to a much slower CSCOPF

To further speed-up computations the BD standard algéxecution time than the NDC-based technique.
rithm is enhanced by using a SSSA and then the NDC filter The NDC technique provides better results than Sl scheme
at step 2, before solving the slave subproblems. due to higher filtering accuracy. Thus, according to Sl tech-

nigue, the 6 uncontrollable contingencies at iteration de(s
B. Application of Benders decomposition approach on theable V) are ranked on positions: 1, 6, 9, 11, 14 and 37,
IEEE118 test system respectively. Likewise, the 2 uncontrollable contingescat
The main results of CSCOPF solution by BD using theration 2 are ranked on positions: 5 and 15, respectively.
a|gorithm of Appendix A, while f||ter|ng Contingencies WithThUS, with S| scheme one needs to select at least the first
the NDC technique, are provided in Tables XV and XIv. 37 contingencies (out of 49) at iteration 1 and the first 15
Table XIV displays the infeasibility degree (in Mw) ofcontingencies (out of 35) at iteration 2. Since by using NDC
uncontrollable contingencies at successive solutionshef tt€chnique one selects 19 contingencies at iteration 1, and 1
master problem. We declare the convergence of BD as soorhieration 2, respectively (see Table V), it results tivathis
the infeasibility of all slave subproblems become smatiant case, NDC technique clearly outperforms the SI scheme.
e =5 MW (see the algorithm of Appendix A), value kept for o N
all subsequent examples of the paper. This Table shows 2haf: Application of Benders decomposition approach on the
Benders cuts have been finally added to the master probld#Qrdic32 test system
Note that, likewise in the ICSCOPF approach, contingenciesThe main results of BD approach, using the NDC technique
32 and 122 become uncontrollable at the second iteration.to filter contingencies, are gathered in Tables XVI and XVII.
Table XV shows SSSA and CF results at successive masteffable XVI yields the infeasibility degree of uncontrollabl
problem solutions. Except for the first iteration, thesteladre contingencies at successive solutions of the master prahle

4)



a total number of 38 Benders cuts being accumulated into time the context of iterative PSCOPF solution [18], where

master problem until convergence. post-contingency violations corresponding to differestivork
Note that, despite the very high initial infeasibility degrof elements often require different preventive actions.

most uncontrollable contingencies, its decrease is aatisfy

at iteration 2. In contrast, the infeasibility degree of mos REFERENCES
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