Computation of worst operation scenarios under
uncertainty for static security management
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Abstract—This paper deals with day-ahead static security
assessment with respect to a postulated set of contingersighile
taking into account uncertainties about the next day system
conditions. We propose a heuristic approach to compute the
worst-case under operation uncertainty for a contingency \ith
respect to overloads. We formulate this problem as a non-cwex
nonlinear bilevel program that we solve approximately by a
heuristic approach which relies on the solution of success op-
timal power flow (OPF) and security-constrained optimal pover
flow (SCOPF) problems of a special type. The method aims at
revealing those combinations of uncertainties and contingncies
for which the best combination of preventive and corrective
actions would not suffice to ensure security. Extensive numieal

and Louis Wehenkel

C. Constants

s™n  lower bound on uncertain injectioss

s™ax ypper bound on uncertain injections

iy  planned optimal settings of preventive controls.

Augy bound on preventive control changes.

Au,. bound on corrective control changes after contin-
gencyc.

I. INTRODUCTION
Day-ahead operational planning as well as intraday oper-

results on a small, a medium, and a very large system prove the ation of power systems is nowadays affected by increasing

interest of the approach.

Index Terms—bilevel programming, worst-case analysis, opti-
mal power flow, security-constrained optimal power flow, opea-
tion under uncertainty

NOMENCLATURE
In the paper vectors are written using bold characters.

A. Sets

levels of uncertainties due to: renewable generation rimter
tency (mainly wind power and photovoltaics), cross-border
interchanges, intraday market coupling, load evolutidic, e
[1]. In this context, the traditional deterministic dayesmul
operational planning approach (that targets system dgdari
a single forecasted system state in a given period of time of
the next day) becomes insufficient.

As renewable generation (e.g. wind power) cannot be pre-
dicted with acceptable accuracy 24 to few hours ahead of
operation [1], operators have to cope with these unceigaint

g, set of power flow equations in pre-contingency statén one way or another. In this context, a possible approach

g set of power flow equations after contingency
hy  set of operating limits in pre-contingency state.
h.  set of operating limits after contingeney

K set of postulated contingencies.

VC  set of violated constraints.

PC  set of problematic constraints.

APC union of all sets of problematic constraints.
PP set of problematic patterns.

B. Optimization variables
S uncertain bus active/reactive power injections.

(not relying on probabilistic models) consists in checking
whether, given some range of uncertainties (e.g. defined as
intervals on bus active/reactive power injections), thesivo
case with respect to each contingency is still controllddyle
appropriate combinations of preventive and correctiveoast

To tackle this problem Ref. [2] sets-up a broader framework
in the form of a three-stage decision making process under
uncertainty includingslow strategiccontrols that need to be
committed several hours ahead in time (e.g. starting up &pow
plant, postponing maintenance workigst preventiveontrols

that may be launched in real-time operation (e.g. generatio
rescheduling) andcorrective (or emergency) controls can

Xo  State variables (i.e. magnitude and angle of voltageéan be taken in the post-contingency state (e.g. germmati

in pre-contingency state.
Xe state variables after contingency
u, strategic decisions in pre-contingency state.
uy  preventive controls in pre-contingency state.
u.  corrective controls after contingeney
1
ity constraints.
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rescheduling, network switching, phase shifter actions.).e
The computation of worst-case scenarios is an essentlal tas
of this approach. The worst-cases that cannot be covered by
preventive/corrective controls require strategic acitihvat can

be computed using the approach presented in [3].

positive relaxations of the post-contingency inequal- 1o \yorst-case operating conditions of a power system

under operational uncertainty have been tackled in the lit-
erature mostly in the framework of security margins [4]-
[7]. These approaches look for computing minimum security
margins under operational uncertainty with respect toeeith
thermal overloads [5], [7] or voltage instability [4], [6]7].
These approaches yield min-max optimization problemsesinc



a security margin is by definition the maximum value obretically and practically sound algorithm able to solveain
the loading parameter for a given path of system evolutiogeneric way and reasonably fast our non-convex, non-linear
However these works do not consider the help of preventiaed large scale BP problem either by BP methods [9] or by
or corrective actions to manage the worst operating states.robust optimization methods [20].

In Ref. [2] the worst-case with respect to a contingency In this paper we propose a practical heuristic approach
is formulated as a bilevel (min-max) optimization problemaiming to provide an approximate solution of the original
which focuses on thermal overload only and uses a DC log®¥ problem (which is equivalent to a nonlinear and generally
flow approximation, and can thus be transformed into a MILRon-convex optimization problem with an infinite number of
problem for which suitable solvers are available. constraints) by replacing it by a finite number of tractable

Ref. [8] tackles a slightly different bilevel worst-casepr OPF- or SCOPF-like nonlinear programming problems. Our
lem that relies on the nonlinear AC network model. It propos@lgorithm is essentially an instantiation of the generaihoe
an algorithm to provide an approximate solution of this\®le presented in [23]; we refer the interested reader to thigpap
problem that relies on the identification of the constrathts for a theoretical discussion of the fundamental propenies
are violated by worst uncertainty patterns. the approach.

In the present paper we revisit the AC approach of [8] and The rest of the paper is organized as follows. Section Il
assess it in the context of benchmark systems of small to vgjihvides the general formulation of the robust optimizatio
large size, while focusing on thermal overload problems. proplem that we want to tackle. Section Ill presents the

Bilevel programming (BP) is a class of NP-hard optiproposed algorithms based on ad hoc constraint relaxation
mization problems which has received significant attentiqBchniques. Extensive numerical results with these ahyos
especially in the context of linear problems, due to both thgq several test systems are provided in Section IV. Sebtion

appealing mathematical properties of the latter and thé chgoncludes and discusses directions of further research.
lenges to devise powerful generic algorithms for combinato

nonlinear problems [9]. Consequently, in the power systems
area, except of few very recent works [10]-[12] mostly lin- Il. FORMULATION OF THE PROBLEM
ear approximations of nonlinear BP optimization problems
have been reported [2], [5], [13]-[17]. The survey paper [9] In the framework of [2], upon which our approach rests, one
mentions several generic approaches for BP such as: implaims to determine strategic day-ahead decisiognsuch that
enumeration (e.g. branch-and-bound), complementaryt-pivéor each scenaris that may show up the next day there exists
ing algorithms, penalty function methods, steepest déscencombination of preventive controlg(s) and of corrective
methods, and mathematical programming with equilibriugpost-contingency) controla.(s, c) leading to an acceptable
constraints (MPEC), among others. performance for any contingeneye< . This problem may
The linear BP has been applied to a large variety @i solved by (an iteration over) the following two steps:
problems e.g. worst overloads [2], [5], terrorist threat8][
[14], worst-case interdictions [15], vulnerability ansiy un-
der multiple contingencies [16], contingency-constrdinait
commitment [17], etc. Most of these approaches reformulate
the lower-level problem by means of Karush-Kuhn-Tucker )
optimality conditions, leading to a MPEC single level op-
timization, and further transform the problem into a more
tractable MILP, except for [16] which uses results from dwyal
theory and [17] which uses robust optimization techniques.
The nonlinear BP approaches generally attempt to exploitAn approach to deal with step 2 was already presented in
the particular structure of a problem [9], [10]. Ref. [10ppr [3]. In this work we focus on step 1.
poses an approximation of BP that avoids nonlinear coms¢grai  The determination of the worst-case operating scenario
and reduces the problem to a combinatorial search. Refk. [1for a contingency requires defining a “severity” measure to
[12] use an appealing approach that, following the reagpain quantify operating conditions. A natural choice is to exsre
the linear case, transforms the BP into a single level nealin this severity in terms of the maximum total amount of post-
MPEC optimization problem. However, this approach is riskgontingency constraints violation. We use @i norm of
as nonlinear MPEC problems can present several difficultidganch overloads although the formulation can be adapted to
multiple solutions obtained from different initial poinks1], other norms, e.gls or L., if this is deemed more appropriate
[18] and reliability issues [18]. in a particular context (e.g. using B, norm would focus
Our computation of worst-case scenarios under uncertaity system weak points, i.e. on the most strongly violated
also belongs to the class of robust optimization method} [190nstraint).
[20]. The one-shot robust optimization problems have kexki  We define the worst-case scenario for a given contingency
little attention so far in power systems, the few existing as the operating scenario within a postulated uncertaimty i
applications focusing on: network expansion [21], eledyi terval leading to the largest total overload of post-caygimcy
markets [22], and unit commitment [17]. constraints in the presence of the best possible combimatio
To the authors’ knowledge, nowadays there exists no thaf preventive and corrective actions. Its computation can b

1) In day-ahead operation planning, determine for each
contingencyc € K the worst-case operating scenario,
considering optimal use of preventive/corrective actions
in the next day.

Determine a strategic decisiom, to relieve all the
constraints violated for all the worst-case scenarios for
which no effective combination of next-day preventive
and corrective actions was found.



done by solving the following BP: the general BP (1)-(8) reduces to:

o T, T 10 @ s win 17 ©
subject to:go(xo, o, s) = 0 2) subject to:gy(xo,s) = 0 (10)
hy(xp,up,s) <0 () hy(x0,s) < 0 (11)
gc(Xe,up,ue,8) =0 (4) g(x.,8) =0 (12)
h.(xc,up, uc,8) <6 (5) h.(x.,s) <& (13)
lup — o| < Aug (6) 5> 0, (14)
lu. — ug| < Au, (7 )
5>0, ) where the dependencies on the frozen valuas,cdindu, are

hidden.
where subscrip (resp.c) refers to the base case or pre- Observe that, as preventive/corrective actions are frozen
contingency (resp. post-contingency) statg,is the vector of the role of the relaxation variabl®@ becomes passive i.e. it
preventive actions (e.g. generators active power, phaftersh only measures the amount of violations of (13) at the safutio
angle, shunt reactive power injection, transformer ratto,), of the post-contingency load flow equations (12) for a given
iy is the vector of planned optimal of base case contralgcertaintys. Thus the upper level variable becomes the
(e.g. obtained previously by a SCOPF which satisfies alingle control variable of the bilevel problem. Hence this
contingency constraints relative to the most likely opegat bilevel problem looks for the value of € [s™in;s™ma]
scenario forecasted for the considered period of time of thHgat maximizes the overall violation of post-contingenoyn<
next day),u.. is the vector of corrective actions (e.g. generatostraints (13). Furthermore, if we assume that the frozenesl
active power, phase shifter angle, network switching)eand of uy andu. correspond to the optimal solution of the original
constraints (6)-(7) aim at avoiding unrealistic prevemtand BP (1)-(8), and if we suppose that we kndveforehand
corrective actions. Strategic control actioms have not been the subset’C of constraints among.(x.,s) < 0 that are
made explicit, since they are frozen in our context. violated at this solution, then the bilevel problem can be
The solution of this BP can be interpreted as follows. Faxpressed as an equivalent single level optimization prabl
each possible value of the operating uncertainty vectging Consequently, one can compute the worst uncertainty patter
in its domain[s™i®; s™2%], the slave SCOPF problem (1)-(8)and its corresponding maximum degree of constraints vislat
which includes only one contingency, called hereafter SEOPby solving the following SCOPF-1C problem (see Appendix
1C, is solved. If its optimal solution, i.e. the minimum oakr for a detailed formulation of this problem):
violation of constraints (5), is equal to zero, it means that

uncertainty pattern does not lead to any constraint viahati sp = arg nax Z hej(Xe,8) (15)
provided that adequate preventive and/or corrective rstioe ' jeve
available. After considering all the values ©f [s™i?; smax], s.t. s < g < g (16)

the worst-case scenarif is the one leading to the largest

go(x0,s) =0 a7

overall violation of post-contingency constraints. ho(x0,8) < 0 (18)

If the optimal value of this BP problem is strictly positive
it means that strategic actions, would be required so as 8c(xc,s) = 0. (19)

to enhance the system controllability during the next ddy [3 here the inequality constraints which do not belong to the

OtherW|se,_ th? considered gontlngency |s.manageablle by }s?/?e V¢ have been removed beforehand from the SCOPF-1C
sole combination of preventive and corrective controldiagp

) . . roblem because they are supposed to be known a priori
during the next day. In this case the formulation looks on& y PP P

for the existence of a feasible set of preventive and CorrectnﬁS lz(elng) ingv;ay ¢s{';12)sf|ed (by definition of the 3a, i.e.
actions for each scenario and contingemegher than for their ej(Xe,8) < 0,7 '

The proposed approach therefore computes the worst un-
optimal values. We note also that the worst-case scenarjo ma certainty pattern by identifying in eombinatorial fashiorthe
change according to the considered contingeneyd with the

range of preventive/corrective control actions that al@add, sgisvgf. -I;zt;[g ri\gpgcvc\)/ﬁslt(: Z'mtlghgz ;zlg;cc g‘; a::)EI% S;;btli
which in turn will depend on the choice af,. P ' " P '

constraintscomprises post-contingency constraints for which
there exists an uncertainty pattern leading to thiultaneous
violation in the absenceof any preventive/corrective action.
Each setPC has associated a worst uncertainty pattern, i.e.
A. Principle and assumptions a pattern that leads to the largest total violation of all the
We propose a practical heuristic approach aiming to providenstraints of this set, which we caltoblematic pattern\We
an acceptable solution of the original BP by decomposingdenote withPP the set of problematic patterns corresponding
into a number of OPF- or SCOPF-like problems. to all possible sets of problematic constraift®C.
To explain the approach, let us first assume that the prevenThe complete algorithm comprises three main steps that are
tive and corrective actions are frozen. In this particulasec described hereafter in sections IlI-B, IlI-C, and IlI-D.

II. COMPUTATION OF THE WORST UNCERTAINTY
PATTERN FOR A SINGLE CONTINGENCY



B. Determination of the set of problematic patterns withouhe following OPF problem:

any preventive/corrective action min 176 (25)
The proposed algorithm is as follows: St go(Xe, 10, 8) = O (26)
0) Initialization: APC = 0, andPP = (. ho(Xe, U, 8) < & 27)
1) For each inequality constrainit= 1, ...,n,, wheren,, cme et =

is the size of vectoh,., compute its corresponding worst [uc — 8o < Auc (28)
uncertainty pattern (i.e. that maximizes the violation of 4>0. (29)

post-contingency constrain) by solving the following

Observe that this problem does not include base case
SCOPF-1C problem:

constraints (22)-(23) since any stress pattecomputed from
the SCOPF-1C (20)-(24) must indeed satisfy these contgrain

sy; = arg max hej(%c,s) (20)
Hoes min max D. Checking whether both preventive/corrective actionfs su
St s ss<s (21) " fice to face the identified problematic patterns
go(xo,8) = 0 (22) For each problematic scenagce PP for which corrective
ho(x0,s) <0 (23) actions alone do not suffice to solve the problem, we check
g.(x¢,8) = 0. (24) whether a suitable combination of preventive and correctiv

actions would be able to meet post-contingency constraints
If the objective of this optimization problem is less oY solving the following SCOPF-1C problem:

equal to zero, it means that, whatever the uncertainty min 17§ (30)
pattern, the constraintis always satisfied. Consequently X0,Xc,Up,uc,0
this constraint may bemittedin the subsequent steps s.t. go(x0,u9,8) =0 (31)
of the algorithm. ho (X0, U, s) < 0 (32)
Because for the computation of the maximum violation -
of constraintj the other post-contingency inequality 8e(Xe, Uo, Ue, ) = 0 (33)
constraintsh.;(x.,s) < 0,i # j have been removed h.(x¢,up,uc,8) <6 (34)
from the optimization problem some of them may be [up — Gp| < Aug (35)
violated at the optimum. lu. — uo| < Au, (36)
If only constraint j is violated at this SCOPF-1C -

d>0. (37)

solution, we augment the set of problematic patterns
PP « PPU{sg;}. Otherwise, augment the sdfPC «— If for at least one uncertainty pattern P the objective (30)
APC U PC;, where the set of problematic constraintss strictly positive then the best combination of preveativ
PC; is composed by all violated constraints at thand corrective actions is not able to meet post-contingency
SCOPF-1C (20)-(24) solution. constraints and hence strategic preventive actions will be

2) Compute the worst uncertainty pattern of each set mdquired.
problematic constraintC; € APC by solving the
SCOPF-1C (15)-(19), with sePC; replacing setVC. E. Remarks
Let s7pc, denote the worst uncertainty pattern derived The problematic pattern leading to the largest value of the
from this problem (note that this step is skipped fopbjective (30) approximates the worst uncertainty pattfrn
sets PC; that contain a single constraint, since thishe original BP (1)-(8). The degree of approximation of our
computation has been already performed in the preyolution depends on the distance between the worst uneertai
ous step). Augment the set of problematic uncertainpatterns computed with and without preventive/corrective
patternsPP < PP U {sgpcj}. tions.

3) Notice that if, for each and every constraint = Note that the worst uncertainty pattern of the original
1,...,np, the objective of the SCOPF-1C (20)-(24BP attempts at maximizing the overall violation of a set of
is less or equal to zero, then the worst uncertaingonstraints while exploiting weaknesses in available gmev
pattern for the contingency does not lead to any tive/corrective actions. Fortunately, since all sets aflated
post-contingency constraint violation and the overaflonstraints are enumerated in step 1, the algorithm cartifigen
computation terminates. tricky situations where patterns leading to smaller caistr

violations than the worst pattern in the absence of control

actions may turn out to be more dangerous in the presence
C. Checking whether corrective actions alone suffice to fa@f control actions due to the lack of efficient control acgon
the identified problematic patterns As_thls enumeration redu_ce_s the effect of _m_efﬂment cdntro

actions then, as both optimizations, the original BP and our

For each problematic scenarsoc PP indentified in the heuristic, tend to maximize violated constraints, we ekt

previous step, we check whether corrective actions alotie approximate solution computed in this way is reasonably
would suffice to remove the violated constraints, by solvingjose to the real one.



592@ %W Pez B. Simulation assumptions
4071 401 1011 1013 ) . ) ) ) )
‘ l l W I8 ] 1 | i Uncertainty consists in variable active and reactive power
L injections at relevant buses (e.g. large loads, border s)ode
4 P modeled by constraints (39)-(40). Furthermore, the toaai-v
4072 10 ol © o ation of uncertain active (resp. reactive) power injecion
P %,5 %gﬂ modeled by constraints (41)-(42), is trimmed to the range +/
""" ioa iz § a1 — a0k 100 MW (resp. MVar).
L — 220kV . . . .
% i o] — 10k The following simulation cases are considered:
g synchronous . . . H
2082 208 S SLat o case 0 the contingency is simulated at the classical
j? ﬂé* SCOPF solution by a power flow program (hence without

considering any corrective action);
« case WP the worst uncertainty pattern (WP) correspond-
‘ gl ing to the contingency, computed by solving the SCOPF-
©o 4044 + 4046 1C (15)-(19);
a061]. é’, o é’f | LJ«?» o M«? « case WP+CA the worst uncertainty pattern correspond-
L] \ foas ing to the contingency considering corrective actions

1042 (CA), computed by solving the OPF (25)-(29);
918 [oar0ag]_| gl5 g6 o case WP+PA+CA the worst uncertainty pattern corre-
T + 917 gib sponding to the contingency considering both preventive
062 4045 Jé’ 0 actions (PA) and corrective actions, computed by solving
4068 L the SCOPF-1C (30)-(37).
a1o® ® 20 As preventive and corrective control actions we only con-
sider active generation power rescheduling, the contrajea
Fig. 1. The modified Nordic32 test system. and the numbers of generators participating in this readhed
ing being properly chosen for each case.
All NLP OPFs and SCOPFs problems are solved using our
IV. NUMERICAL RESULTS interior-point based NLP solver described in [24].

A. Description of the test systems

) C. Results using system A
We consider three test systems denoted by A, B, and C ' .
: . ) . N We first compute a reference schedule for the nominal
System A is a variant of the "Nordic 327 system [26] (Seecenario by minimizing generation cost with a SCOPF formu-
Fig. 1). System B is a modified planning model of the FQTEIS y 99

. - ation [25] including 33 relevant N-1 contingencies. Atghi
(the Frgnch TSO) system. System C ismedified model .ShCOPF optimum we compute the worst uncertainty pattern
of the interconnected EHV European power system Whl(%or each contingency

spans from .Port.ugal and Spain to Ukraine, Russia a_nd .GreecgNe illustrate the search procedure of the worst uncertainty
Notice that in this model the real parameters of the indialdu . . .
ttern, described in sections I1I-B, IlI-C, and III-D, ftine

power systems components (e.g. lines, transformers,, et(j s of line 4011-4021.

the network topology, as well as the limits on: generatorsAt step 1 of the algorithm we notice that, only for 3

active/reactive powers, transformers ratio and angleéageb, . i - i .
and branch currents have been biased. Nevertheless, this mgnes (4031-4032, 4012-4022, and 4022-4031) considengd se

. . : C arately, there exists uncertain patterns leading to omdrltn
is representative for the European interconnection in sesfm . )

) . particular the worst pattern with respect to any of these 3
system size and complexity.

- .. lines also overloads the two other lines (see Table II). Then
A summary of the characteristics of our test systems is IVER puild up all sets of problematic constraints as all pdssib
in Table | wheren, g, ¢, I, t, o, a, s, u, the number of: buses, combinations among these 3 lines
generators, loads, lines, all transformers, transfornvéts :

trollable ratio. oh hift hunt el " At At step 2 we compute the worst pattern for each set of
controfiable ratlo, phase shilters, shunt elements, ag n problematic constraints. Table Il provides the lines avaded
active/reactive injections, respectively.

for the 6 sets of problematic constrainf. Due to the

TABLE | simplicity of the test network and the small number of lines

TEST SYSTEMS CHARACTERISTICS overloaded, only two problematic patterns (86%) have been
found. For instance the worst pattern for the overload & lin
system)l n g c ! t | ojal s | u 4031-4032 coincides with the worst pattern for any set of
A 60 | 23 | 22 | 57 | 27 | 4 | 0 | 14 | 44 . . Co .
B 5031 177 T 767 T 1304 T 203 0 10 1 11 490 | Problematic constraint$C which includes line 4031-4032.
C 8387 | 1865 | 4669 | 12474 2087 | 580 | 84 | 178 | 1595| Also, the worst patterns for the overload of lines 4012-4022

and 4022-4031 coincide, as expected, given the location of
these lines (see Fig. 1).
INote that our computations do not necessarily represerdutient or past Next we _ChECk for_the tV\_’O prObI?mat'C patterns vyhether
operational practice in RTE. the preventive/corrective actions suffice. We provide, ablé



TABLE Il TABLE IV
LINES OVERLOADED(%) AND OVERALL OVERLOAD (%) FOR ALL SETS OF OVERALL LINE OVERLOAD (MVA) FOR CRITICAL CONTINGENCIES
PROBLEMATIC CONSTRAINTSPC

i critical case
all sets lines overloaded overall contingency] 0 | WP | WP+CA+PA
PC 4031-4032] 4012-4022[ 4022-4031| overload C1 451466 149
4031-4032 19.7 7.0 25 29.2 C2 241658 139
4012-4022 133 7.2 2.7 232 3 1533 13
4022-4031 133 7.2 2.7 232
4031-4032
' TABLE V
28312'28522 19.7 7.0 2.5 29.2 LINES OVERLOADED(MVA) AND OVERALL OVERLOAD (MVA) FOR ALL
- ! SETS OF PROBLEMATIC CONSTRAINTSC
4022-4031 19.7 7.0 25 29.2 »
4012-4022, :
4022-4031| 133 7.2 27 23.2 a';)scas l'_”l‘es ?_"Zerloaf;d O%?Irggd
jgi%'jggg’ L1 [725| 4151045 2185
sozoa0st| 107 | 70 | 25 | 200 2 Ta7 11802 9511 3254
L1, L2 |52.4]178.9]106.1 337.4
TABLE lll [1, L3 |70.6| 93.8|121.6] 286.0
LOADING (%) OF CRITICAL LINES IN VARIOUS CASES FOR THE TWO L2, L3 523(177.3[112.5] 342.1
PROBLEMATIC PATTERNS L1, L2, L3|54.8/173.7]114.9] 343.3
line [ 0 [ WP [ WP+CA [ WP+CA+PA
first problematic pattern
4031-4032] 102.4| 119.7] 116.3 109.3 the absence of precise information we consider uncertain
4012-4022| 953 | 107.0] 1037 99.9 injections at 1595 loads (the largest ones out of the total of
4022-4031| 90.1 | 1025| 99.4 o1.1 ; .
second problematic pattern 4669 loads) in the range of -1% to +10 % of the nominal
4031-4032[ 102.4 | 113.3] 107.2 100.5 active/reactive load.
jg%g-jgéi gg-i ig;; 19093-89 1902060 Several features of the worst-case problem (e.g. almost all
. : : : : uncertain injections bound constraints (39)-(40) are ipigct

the optimum, the bounds of many injections are very narrow,
nd the reactive power limits of a significant number of gen-

lll, the loading of critical lines in various cases (columrj rators are very tight among others) lead to very challengin
corresponds to the base case, WP to the worst pattern W|th\(%

. : ! tst-case computations. In these conditions we encoaohter
control, WP+CA to possible corrective control actions onlyéo

L me convergence problems when computing worst patterns.
and WI.D+CA+PA corre_sponds to the _best combination of bolg]vergence of IPM manifests as the iterations becomes sttick
corrective and preventive control actions).

Wi lude that the first bl " ttern is th a nonoptimal point as one approaches too early the feagibili
€ conclude that the hrst problematic pattem IS the Worﬁbundary. In particular the presence of many narrow bounds

overload in the case WP+CA+PA. violate positivity constraints of slacks and their corm@sging
dual variables) and therefore to slow convergence. Thesess
D. Results using system B call for the use of very robust NLP solvers as well as to a

During the application of our procedure only three corf€alistic d_efinition of b_oun_ds of uncertain injections.
tingencies among the total 1029 postulated ones, denoted© avoid these reliability problems we relaxed our as-
hereafter C1, C2, and C3, lead to overloads on their wors-caSUMPptions in two ways: we consider as uncertain only active
Furthermore, there is a single problematic pattern assatiaPOWer |nject|ons_ and we relaxed to some extent the too _t|ght
to each contingency since only one line can be overloadifictive power limits of generators (they can be alteregtiv
given the range of uncertainty. handled as generators w!th constant reactive power output)

Table IV provides the overall line overload for these cdtic 1"e former assumption is reasonable as the main source
contingencies in various cases. Comparing the resultsmatata of uncertainty ster_ns from the active power of intermittent
for contingencies C1 and C2 one can observe that the Knewable generation.
gorithm is able to identify tricky situations where patern 1able V provides the lines overloaded for the 6 sets of
leading to smaller constraint violations in the absence Bfoblematic constraint®C. One can notice that in this very
control actions are more dangerous in the presence of ¢onfReShed system and with a large number of degrees of freedom
actions due to the lack of efficient control actions, as C1 f@r uncertain injections the worst pattern changes withstie

worse than C2 in case WP but C2 is worse than C1 in cadgProblematic constraints,
WP+CA+PA. Compared to the previous two systems the case WP+CA

which consists in solving the OPF (25)-(29) in order to
_ alleviate overloads in the worst-cases takes further gdgan
E. Results using system C of the presence of phase shifters as corrective actions. The
Because the base case is already quite constrained (Rter suffice in most cases to remove the overloads. Where
few lines are loaded at more than 96) we limit ourselves this is not the case the joint optimization of phase shiféerd
the worst-case analysis to the pre-contingency state émly.generators active power remove all overloads.
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Fig. 2. Active power flow export (MW) for a sub-system in botask case Fig. 3. Active power flow export (MW) for a sub-system in bothsk case
and worst-case of line L1. and worst-case of lines L1, L2, and L3.

TABLE VI
RANGE OF CPUTIMES FOR THE WORSTCASE COMPUTATION . . .
size of the sePP, and the number of postulated contingencies

system| time (s) (the size of setk). To reduce its computational time three
g gg gi solutions can be envisaged:
C 1265 971 . use parallel computations for the various SCOPF-1C

problems;
« the solution of OPF (25)-(29) can be skipped, since it is
performed for the sake of distinguishing between cases
where corrective actions alone suffice or not to satisfy
worst-case constraints, and replaced with the solution of
SCOPF (30)-(37);
not all inequalitiesh.(x.,s) < 0 should be treated but
only those that are closer to their limits and hence prone
to be violated (i.e. theveak-points TSO expertise can be
very useful to filter-out harmless constraints and reduce
the set of postulated contingenci€s

The visualization of worst uncertain flows patterns con-
stitutes a very important piece of information for a TSO.
Figures 2 and 3 propose a simple top layer situation awasenes
visualizatiort of the active power flow export (MW) for a sub-
system by a region in both base case and the worst-cases with
respect to line L1, and lines L1, L2, and L3, respectivelye(se
Table V). The arrows in the figures indicate the main shift in
power flow exchanges with the neighbouring TSOs, the width
of the arrow being proportional to the flow shift. As expected
depending on the set of problematic constraints considéesd
flow patterns may be very different. Observe that significant
changes in the export/import occur in the worst-case coetpar

V. CONCLUSION AND FUTURE WORKS

This paper has proposed a heuristic approach to compute the
fst-case under operation uncertainty for a contingeritty w

considered. actions to face this worst-case.

_ _ The method is intended as a subroutine that may be used
F. Computational issues in order to reveal the dangerous combinations of uncergaint
We provide in Table VI the computing times (on a computeand contingencies for which the best combination of preven-
with 1.9-GHz, 2-GB RAM) needed to determine the worstive and corrective actions do not suffice to remove post-
case with respect to a contingency for a given set of violaté@ntingency overloads. This is a precious information fa t
constraints. system operator, who could wish to take in some optimal man-
The proposed algorithm is computationally intensive arger (taking into account that the worst-case scenarioserela
depends on the total number of inequality constraintsthe to intrinsecally conservative operating conditions) appiate
actions to enhance system security against these worst-cas
°More detai'led !ayers of visualization are possible for sasfeinte_rest. For scenarios.
the sake of simplicity we show only one sub-system but théuggccan be This approach provides as a by-product a very useful in-

extended to neighbours sub-systems in order to ascertathetthere exists ] A -
a certain trend in the power flows stemming from more far Ungsies. formation for the static security assessment and contrdéun



uncertainty as postulated contingencies can be classified iand efficient distributed electricity generation in smaitlg’,
four clusters according to the type of actions needed torcov@11/SR/1278568.
the worst-case: (i) contingencies which do not require@nev  Louis Wehenkel acknowledges the support of the Belgian
tive or corrective actions, (ii) contingencies which reguwnly Network DYSCO (Dynamical Systems, Control, and Op-
corrective actions, (i) contingencies which requirerestive timization), funded by the Interuniversity Attraction Bsel
and preventive actions, and (iv) contingencies for whioh thProgramme, initiated by the Belgian State, Science Policy
security of the system cannot be ensured even by the b@sfice. The scientific responsibility rests with the authors
combination of available preventive and corrective action

The approach computes in a tractable way an approximate
solution of the intractable benchmark non-convex nonlinea
bilevel worst-case optimization problem, by decomposing i The compact SCOPF-1C formulation (15)-(19) can be de-
into a finite number of tractable OPF-like and SCOPF-likgiiled as follows:
optimization problems which are solved sequentially.

APPENDIX

Although the approach is computationally intensive, the max Z (VS VE, 057, 05) (38)
computing times obtained in our simulations suggest ajread ijEVC
that the approach is practically usable, by resorting to ap- s.t. P" < P, < Pmax, Vie N (39)
propriate massively parallel _computat_ion architecture_ﬂ;hie _ QMIn < Qui < QU Vie N (40)
context of day-ahead operation planning and for medium size
systems. On the other hand the approach might not meet more P < Z cpiPui < P (41)
stringent computational requirements in the context ofyver ieN
large-scale systems. In this case, simplified linear amres QM < Z cQiQui < Q™ (42)
as the one proposed in [2] could be used instead, at the price ieN
of further approximations. PO. — P + cpiPy;

Future work will be devoted to develop more sophisticated 01,0 170 20 20 .
uncertainty models addressing in particular the corrfeti Z Py Vi, Vi, 05,05) =0, VieN (43)
between exogenous uncertainties as well as to extend the jeBy
approach to integrate challenging discrete correctiveoast 0- = Qui +cQiQui
(e.g. network switching). _ Z Qo VO VO,G?,GO) 0, VieN (44)

The extension of this approach to under- and over-voltage jeB? !
problems requires further thought. Firstly, large amouits min max_ .
uncertain intermittent generation have generally a wider i Qui" < Q < Qg vieg (45)
pact for thermal overloads than for voltage problems, which V2, vP,670,609) < Imaxo Vi,j e N (46)
are much more local. Secondly, the problem of worst-case Vimmo <V < x/;"axo, Vie N\G (47)
with respect to under-voltages may be not well posed. Indeed PS = Py + cpiPui

P . . li Pit i

as the optimization process would attempt to find the lowest
voltage at a bus (or at a pair of buses) under uncertainty, the ~ — »_ P5(Vi%, Vi, 65,65) =0, Vie N (48)
degree of freedom in uncertain injections may lead to smiuti JEBS
degeneracy (ti).e. caseshwhere there ar(ta1 an.infilnittij anpb?.r of o — Qui + cQiQui
worst-cases because the system reaches its loadability lim ¢ 1re pe pe ;
only due to few efficient injections, whereas other injeasio B Z @y (V5 V)L 00,05) =0, Vi€ N (49)
are free to vary but without being able to worsen this limit as JeB;
the load flow equations will have no solution). On the other Qi < Q5 < Q™ Vieg (50)
hand, reaching the loadability limit could prevent effidien ymine < yre < pmaxe, Vie N\G (51)

uncertain injections to further degradate the state ofybtem.
In addition, the proper computation of worst-cases witipees Where, superscript 0 (resp) refers to the base case (resp.
to voltage instability essentially precludes the use ofistacontingencyc state), objective (38) refers to overloads,;
tools, and should instead rely on dynamic models [7]. (resp. Qu;) denotes uncertain active (resp. reactive) power
injection at busi, cp;, cq; € {0, 1} are coefficients indicating
buses where power injections are uncertain @;e. = 1 or
cgi = 1), N is the set of busegj is the set of generator8;
The authors would like to thank RTE France (The Frendb the set of branches connected to buthe other notations
TSO), and in particular Stéphane Fliscounakis and Patribking self-explanatory. A slack generator, not shown eitpfi
Panciatici, for their support and valuable comments on the this formulation, is chosen to clear the mismatch due to
paper. They also acknowledge the support of the Europaamcertain injections. Uncertain injections are limitedeach
FP7 project PEGASE for their earlier research on the topigslividual bus by constraints (39) and (40) as well as overal
developed in this paper. by constraints (41) and (42). The optimization variables of
Florin Capitanescu is supported by the National Researttis problem are(P,;, Q.i,0?,05), Vi € N, and (V°, V),
Fund Luxembourg in the frame of the CORE project “Reliable; € A\ G.
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Note that since the base case constraints (43)-(47) @& A. Mutapcic and S. Boyd, “Cutting-Set methods for robusnvex
generally less restrictive than contingency constrathtsy are

also satisfied for the worst contingency pattern, whichvedlo [24]

further simplification of this formulation.
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