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Abstract

This paper proposes two novel techniques for including contingencies in OPF-based electricity market computations and for the estimation
of a “system-wide” available transfer capability (SATC). The OPF problem formulation includes voltage stability constraints and a loading
parameter in order to ensure a proper stability margin for the market solution. Two methods are proposed. The first technique is an iterative
approach and computes an SATC value based a¥ anl contingency criterion for an initial optimal operating condition, to then solve an
OPF problem for the worst contingency case; this process is repeated until the changes in the SATC values are below a minimum threshold.
The second approach solves a reduced number of OPF problems associated with contingency cases according to a ranking based on a powe
transfer sensitivity analysis of the transmission lines. Both methods are tested on a 6-bus system and on a realistic 129-bus Italian network
model considering supply and demand side bidding. Local marginal prices and nodal congestion prices resulting from the proposed solutions
as well as comparisons with results obtained by means of a standard OPF technique are also presented and discussed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction bility constraints through the use of a voltage stability con-
strained optimal power flow (VSC-OPH]),2]. The OPF
The worldwide deregulation and/or privatization of elec- problem is solved using an interior point method (IPM) that
tricity markets has led in recent years to different competi- has proven to be robust and reliable for realistic size net-
tive market structures, which can be grouped in three main works[3]. A proper representation of voltage stability con-
categories. These are centralized markets, standard auctioBtraints and maximum loading conditions, which may be as-
markets, and spot-pricing or hybrid markets. Although sev- sociated with limit-induced bifurcations or saddle-node bi-
eral studies have been published regarding the definition offyrcations, is used to represent the stability constraints in
a complete market model able to account for both economic the OPF problenfil,2,4—6] This technique has been applied
and security aspects, the inclusion of the “correct” stability to solve diverse OPF market problems as demonstrated in
constraints and the determination of fair security prices has|7 g].
not been properly addressed. Contingency constrained OPFs have been previously pro-
This paper focuses on hybrid markets and proposes twoposed based on linear programming technig@es1] Some
methods for the proper inclusion of contingencies and sta- studies for Contingency p|anning and Vo|tage Security pre-
ventive control have also been presentefli+-14] and the
fax: +1 519 746 3077 issue of.OPF comput_auons ywth mc_lusmn of voltage stability
E-mail addressfmilano@ind-cr.ucim.es (F. Milano), constr{;ur?ts and contingencies is discusseld 1), based on
c.canizares@ece.uwaterloo.ca (C.Afares), a heuristic methodology. However, the proper accounting of
minverni@epsl.die.unige.it (M. Invernizzi). system contingencies in the VSC-OPF market problem is yet
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to be addressed in the technical literature, and is the maintransmission line power flows, together with line currént
thrust of this paper. and/; thermal limits and bus voltage limits, a4 and Pp

This paper uses an approach similaf16], where the represent bounded supply and demand power bids in MW. In
authors proposed a technique to account for system securitythis model, which is typically referred to as a security con-
through the use of voltage-stability-based constraints, andstrained OPF market mode®;; and P;; limits are obtained
to provide an estimation of the system congestion, through by means of off-line stability studies, based on &n- 1
the value of a “system-wide” available transfer capability contingency criterion. Thus, taking out one line that real-
(SATC) as proposed i 7]. With this aim, voltage and power istically creates stability problems at a time, the maximum
transfer limits are not computed off-line, which is the current power transfer limits on the remaining lines are determined
common strategy, but are properly represented in on-line mar-through angle and/or voltage stability analyses; the minimum
ket computations by means of the inclusion of a loading pa- of these various maximum limits for each line is then used as
rameter in the system stability constraints. In this paper, the the limit for the corresponding OPF constraint. In practice,
basic technique initially proposed [6] and expanded in  however, these limits are typically determined based mostly
[2] is further developed to include contingencies, such that on power-flow-based voltage stability studj@8].
an accurate evaluation of the SATC can be obtained.

The paper is organized as followBection 2presents the ~ 2.1. Voltage stability constrained OPF (VSC-OPF)
basic concepts on which the proposed methodologies aremarket model
based; the definitions of SATC and of local marginal prices
and nodal congestion prices are also discussed in this sec- In this paper, the security constrained OPF is modified
tion. Section Aiscusses two novel techniques to account for @s proposed iif1,2,6,16] so that system security is better
contingencies in the OPF problem, with particular emphasis Mmodeled through the use of voltage stability conditions. Thus,
on their application to OPF-based electricity market models. the VSC-OPF market problem can be stated as follows:
The applications of the proposed techniques are illustrated iy ¢ = —(cTp, - CLPS) — ke _, Social benefit
in Section 4for a 6-bus test system and a realistic 129-bus

. °° st f(@,V,Qg, Ps, Pp) =0 — PF equations
test system based on a model of the Italian HV transmis-

. . . Sy S, Ve, she, Ps, Pp) =0 — “Critical” PF egs.
sion network assuming elastic demand bidding; for both test Jelde: Ve, €6, her s, Fo) , a
; : Acmin < *e < Aemax — Loading margin
systems, results are compared with respect to solutions ob- 0 Sub. bid block
. . . . <
tained with a standard OPF-based market technique. Finally, = Ps = Pona = 2P DA DIocks
Section 5discusses the main contributions of this paper as 0= P = Popa — Dem. bid blocks
well as possible future research directions. 158, V) = Lijmax: 15i(8, V) (2
< Ljimaxs 1ij(8c. Vo)
< Lijmaso Li(cs Ve) < Tjimay — Thermal limits
2. Voltage stability constrained OPF O6min < 06 = QGmax
OGmin < 06 < QGmax — Gen.Q limits
The OPF-basgd apprqagh i; typically formulgtgd as a Vinin < V < Vinax
nonlinear constrained optimization problem, consisting of a Vinin < Ve < Vinax — Vsecurity” lim.

scalar objective function and a set of equality and inequal-

ity constraints. A “standard” OPF-based market model can In this case, along with the current system equatifrikat

be represented using the following security constrained opti- provide the operating point, a second set of power flow equa-
mization problem (e.d18]): tions f; and constraints with a subscript ¢ are introduced to
represent the system at a maximum loading condition, which

Min. —(CHPp — CLPs) — Social benefit . . . o
st fG.V. 0. Pa Po) =0 » PF equations can pe assog:lgted with any given systgm |Im|lt ora vqltage
_ stability condition. Equationg; are associated with aloading
0= Ps = Psnax — Sup. bid blocks parametef.. (expressed in p.u.), which ensures that the sys-
0= Pb =< Pbpa — Dem. bid blocks tem has the required margin of security. The loading margin
1Pij(8, VI < Pijas |Pji(8, V)| < Pjinx ~ — Power transferlim. ) s also included in the objective function through a prop-
18, V) = Lijmar Lii (8, V) = L jimmax — Thermal limits erly scaled weighting factdto guarantee the required maxi-
06 < 26 < QGmax — Gen.g lim. mum loading conditionsk(> 0 andk « 1 to avoid affecting
Vmin < V < Vimax — V “security” lim. market solutionf?]). This parameter is bounded within mini-
) mum and maximum limits, respectively, to ensure a minimum

security margin in all operating conditions and to avoid “ex-
whereCs andCp are vectors of supply and demand bids in cessive”levels of security. Observe that the higher the value of
$/MW h, respectivelyQg stands for the generator reactive ic,,,, the more “congested” the solution for the system would
powers,V ands represent the bus phasor voltageésandP;; be. An improper choice ofc,, may result in an unfeasible
represent the power flowing through the lines in both direc- OPF problem if a voltage stability limit (collapse point) corre-
tions, and are used to model system security by limiting the sponding to a system singularity (saddle-node bifurcation) or
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a given system controller limit like generator reactive power composition formula for LMPs proposed [t8], one has

limits (limit-induced bifurcation) is encounter¢20,21] that:

For the_current system equatiofi@nd the “critical” sys- of T 1T
tem equationgf, the generator and load powers are defined NCP = <_> — (ttmax — Hmin) (5)
as follows: dy ay
Pg = Pg, + Ps wherey are the voltage phases) (@nd magnitudesW), &

° represents the inequality constraint functions (e.g. transmis-
Po=P,+ Pp o _ .
©) sion line currents), andmax andumin are the shadow prices

Pg, = (1+ Ac + k) Pe associated with the inequality constraints.

PL.=(1+x)PL

) 2.3. System available transfer capability
wherePg, andP,, stand for generator and load powers which

are not. part of the market bidding (e.g. must-rqn generators,  The available transfer capability (ATC), as defined by
melgstlc loads), andlg, represents a scala_r variable u;ed to NERC, is a “measure of the transfer capability remaining
distribute the system losses associately with the solution  j, the physical transmission network for further commercial
of the power flow equationge proportional to the power ity over and above already committed usg22]. This

injegtions obtained in the so_Iution process, i.e. a standardb%iC concept s typically associated with “area” interchange
distributed slack bus model is used. It is assumed that theIimits used, for example, in markets for transmission rights.

losses associated with the loading level defineti iy (2) are In [17], a “system-wide” ATC (SATC) is proposed to extend
distributed among all generators; other possible mechanismse aATC concept to a system domain, as follows:

to handle these particular losses could be implemented, but

they are beyond the main interest of the present paper. SATC= STTC— SETC— STRM (6)

. . , ) where
2.2. Local marginal prices and nodal congestion prices

STTC = min(Pmax, » Pmaxy, » Pmax.
The solution of the OPF probleif2) provides the opti- (Pmay, - ey, + Py, )

mal operating point condition along with a set of Lagrangian o nresents the “system-wide” total transfer capability, i.e. the
multipliers and dual variables, which have been previously ayimum power that the system can deliver given the secu-
proposed as price |nQ|cator§ for OPF-based electricity mar- rity constraints defined by thermal limitg, ), voltage limits
kets [18]. Local margma_l prices (LMPs_) at eac_h _node are (Viim) and stability limits 6;;,,) based on amv — 1 contin-
commonly assomfited with the Lagrangian multipliers of the gency criterion. SETC stands for the “system-wide” existing
power flow equations’. These LMPs can be decomposed {5nsmission commitments, and STRM is the “system-wide”
in several terms, typically associated with bidding costs and y,ngmjssjon reliability margin, which is meant to account for
dual variables (shadow prlces)' of system constraints. F_romuncertainties in system operations.

(2) a_nd (3)the following expressions for LMPs can be readily In this paper, the STTC is estimated based on the load-
obtained: ing paramete. included in the VSC-OPF proble(®), as
LMPs; = pps, = Cs; + 14Pg o follows:

— Pgy, — Peps (1+Ac + ko) STTC= (14 Ag)T @

LMPp; = ppy,, = Cp; + PO~ HPomay, — PCPy, (1+2xc) whereT (T = )", P,) represents the total transaction level

_ _ of the system. The SETC is defined as the actual power con-

pegp, (1 + Ac)tano,) = oy, tano)) sumed by loads, i.e. SETE T, and the STRM is assumed
(4) to be a fixed quantity, i.e. STRM K, whereK is a given
o : . MW value used to represent contingencies that are not being
whergp indicates Lagrangian multlpl!ers of the power flow considered during the STTC computations (&/g- 2 con-
equationsf, 1 stand; for.the dual-variables (shadow prices) tingency criteria). Thus the SATC for the VSC-OPF problem
for the corresponding bid blocks, amrgh are the demand .
X (2) can be defined as
power factors, which are assumed to be constant values. In
(4), terms that depend on the loading paraméteare not SATC= AT - K (8)
“standard”, and can be viewed as costs due to voltage stability
constraints included in the power flow equatiggg2].
Equationg4) can also be decomposed in order to deter- 3. Including contingencies in VSC-OPF market

mine nodal congestion prices (NCRPJ], and are correlated  model
to transmission line limits and hence define prices associated
with the maximum loading condition or “system” available The solution of the VSC-OPF proble(g) is used as the
transfer capability, as discusseddaction 2.3Using the de- initial condition for the two techniques proposed here to ac-
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count for anN — 1 contingency criterion in electricity mar-
kets based on this type of OPF approach. Contingencies are
included in(2) by taking out the selected lines when formu-
lating the “critical” power flow equationg;, thus ensuring k=0, SATC= A,
that the current solution of the VSC-OPF problem is feasible
also for the given contingency. Although one could solve Y

Initial VSC-OPF solution

without contingencies

one VSC-OPF for the outage of each line of the system, K=k+1
this would result in a lengthy process for realistic size net-
works. The techniques proposed in this paper address the #
problem of efficiently determining the contingencies which SetPg and P, as
cause the worst effects on the system, i.e. the lowest SATC generator and load
values. dlrecrons
3.1. Iterative method wittv — 1 contingency criterion Continuation power flow
considering
Fig. 1 depicts the flow chart of the proposed method for N-1 contingency criteria

including theN — 1 contingency criterion, based on the con-
tinuation power flow analysis, in the VSC-OPF-based market
solutions. This method is basically composed of two basic
steps.

Critical Outage) Yes

(1) An N — 1 contingency criterion is performed for deter- Critical Outage,

mining the most critical line outage based on a continua-

tion power flow analysis, using as generator and loading

directions the supply and demand bi#ls and Pp de- L SATC =
termined from thgpl)a)gt VSC-OPF solution. For the con- OP,F solution Wmf the min{SATC, , SATC, , }
. . E contingency that creates
tinuation power flow computatioj20], system controls
and limits are all considered to properly determine limit
conditions due to voltage stability, thermal and/or bus
voltage limits.

(2) The line outage that causes the minimum SATC is se-
lected and the power flow equationfs are modified
by taking out this critical line for the solution of the
next VSC-OPF probleni2). The procedure stops when
no “better” solution can be found, i.e. the SATC of
the last two iterations is below certain tolerance, or
when the continuation power flow yields the same line
outage as the most severe one in the last two itera-
tions. The latter criterion is used to avoid “cycling” 3.2. Multiple VSC-OPF with contingency ranking
problems.

the lowest SATC

Fig. 1. Flow chart of the iterative method with — 1 contingency criterion.

This technique starts with a basic VSC-OPF solution that
Observe that the OPF-based solution of the power flow does not consider contingencies so that sensitivities of power
equationsfc and its associated SATC generally differ from  flows with respect to the loading parametgrcan be com-
the corresponding values obtained with the continuation puted. Then, based on this solution and assuming a small
power flow, since in the VSC-OPF problem control variables, variatione of the loading parameter, normalized sensitivity
such as generator voltages and reactive powers are modifiedactors can be approximately computed as follows:
in order to minimize costs and maximize the loading margin
Ac for the given contingency, hence the need for an iterative aP;;
process. pij = Fij
When removing a line in equation®, it is necessary to
consider the “system” effects of a line outage in order to where p;; and P;; are the sensitivity factor and the power
avoid unfeasible conditions. For example, a line outage may flows of linei—j, respectively; this requires an additional so-
cause the original grid to separate into two subsystems, i.e.lution of f. for Ac — €. The scaling is introduced for properly
islanding; in this case, the smallest island may be discarded,evaluating the “weight” of each line in the system, and thus
or just consider the associated contingency as “unfeasible”consider only those lines characterized by both “significant”
for the given operating conditions. power transfers and high sensitivitigs,24]

P;i(Ac) — Pii(Ac —
~ Pij()\c) z./( c) l]( c—€)

i e . 9)
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The first “few” lines with the biggest sensitivity factors Bus 3
pij are selected (from multiple tests, five lines appear to be ~ Bus2 (GENCO 3)
a sufficient number), and a VSC-OPF for each one of these (REpEELS)
contingencies is solved (may be done in parallel). The VSC- @7 @
OPF solution that presents the lowest SATC is chosen as the
final solution. Observe that not necessarily the outage of the '
line with the highest sensitivity factor will always produce the (]‘;}g{; A
lowest SATC, because of the nonlinear nature of the voltage Bus |
stability constraints ir{2), hence the need for solving more (GENCO 1)
than one VSC-OPF problem. Ranking the sensitivity factors @
leads generally to determine a reduced number of critical !
areas (SATCs associated with outages of high sensitivity lines Bus 5
within a certain area generally show only small differences); E3C0.2
thus, in practice, one needs to evaluate only one contingency -
constrained VSC-OPF for each critical area identified by the E&scon | ¥
sensitivity analysis.

Observe that line outages that cause a separation in is- Fig. 2. 6-Bus test system.
lands of the original grid have to be treated in a special
way, since the VSC-OPR2) may not converge. In or-  since all computed values of SATC would be reduced by the
der to solve this problem, the market participants of the same amount.

“smaller” islands are decommitted and the fixed power pro-
ductions and/or absorptions eliminated. This solution ap-
. - . . 4.1, 6-Bustestcase
pears to be reasonable, especially for realistic transmission
grids, that are typically well interconnected, as generally only
very few buses result islanded as a consequence of a lin

Fig. 2depicts the 6-bus test case, which is extracted from
e[26], representing three generation companies (GENCOS)

outage. and three energy supply companies (ESCOs) that provide
supply and demand bids, respectively. (The complete data
4. Examples set for this system is provided iippendix A so that the

results discussed here may be readily reproduced.)

Inthis section, the VSC-OPF probld®) and the proposed Table_ Ldepicts the solution of1) shovymg a low tot_al
transaction leveT” with respect to the maximum power lim-

technigues to account for contingencies are applied to a 6-bus . C
test system and to a 129-bus model of the Italian HV trans- its of all bids, and heterogeneous LMPs and NCPs, indicating

mission system. The results of the optimization technique that system constraints, and in particular active power flow

(1) are also discussed to observe the effect of the proposedimits’ negatively affect the market solution. The SATC value,

method on LMPs, NCPs and system security, which is repre_Whlch was computed off-line with the continuation power

sented here through the SATC. The power flow limits needed TIOW’ seems to be consistent with the chosen power flow I_|m-
. . e T - . . its. Table 1shows also the total losses and the payment given
in (1) were obtained “off-line”, as explained iBection 2

by means of a continuation power flow technid@8]. For to the independent market operator (referred to ag,f3y

both test systems, bid load and generator powers were u:segvhICh is computed as the difference between demand and

as the direction needed to obtain a maximum loading point Supply payments as follows:

and the associated power flows in the lines, so that proper .

comparisons with the proposed techniques can be made. Al Divo = Z Cs Po, — Z o, 1L, (10)

the results discussed here were obtaineMiwrLAB using ' '

a primal-dual IP method based on a Mehrotra’s predictor-  Table 2illustrates the initial solution of the VSC-OPF

corrector techniqui25]. problem(2). Observe that, as expected, the absence of active
For both test cases, the limits of the loading parameter werepower flow limits and contingencies makes possible a higher

assumed to be,, = 0.1 andx,,, = 0.8, i.e.itisassumed total transaction level’ and more homogeneous LMPs and

that the system can be securely loaded to an SATC betweerlower NCPs. For the sake of comparison, this table also de-

10 and 80% of the total transaction level of the given solution. picts the value of the SATC obtained off-line for this par-

The weighting factokin the objective functioi® of (2), used ticular operating conditions. Notice that this value is higher

for maximizing the loading parameter, was set te 104, than the corresponding total transaction leVeas well as

as this was determined to be a value that does not significantlythe corresponding value ifable 1, which is to be expected,

affect the market solution. Finally, the fixed valaused to as “off-line” power flow limits on lines are not a very good

represents the STRM is neglectdd £ 0), as this does not  representation of stability. This solution is used as the initial

really affect results obtained with the proposed techniques, condition for the contingency analysis.
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Table 1
6-Bus test system: OPF with off-line power flow limits
Participant V (p.u.) LMP ($/MW h) NCP ($/MW h) Paip (MW) Py (MW) Pay ($/h)
GENCO 1 1.1000 g0 126 13.99 67.5 —790
GENCO 2 1.1000 25 000 0.00 103 —867
GENCO 3 1.1000 00 —1.50 20.55 45.0 —459
ESCO1 1.0415 171 296 24.56 67.5 1078
ESCO 2 1.0431 186 160 231 75.0 799
ESCO 3 1.0575 81 088 6.60 67.5 704
Total T = 2435MW Payyo = 464 $/h

Losses = 6.2 MW SATC = 0.3 MW
Table 2
6-Bus test system: VSC-OPF without contingencigg,( = 0.1)
Participant V (p.u.) LMP ($/MW h) NCP ($/MW h) Pgip (MW) Po (MW) Pay ($/h)
GENCO 1 1.1000 9.16 —0.012 0.0 67.5 —618
GENCO 2 1.1000 9.06 0.00 375 103 —1270
GENCO 3 1.1000 9.15 0.029 30.0 45.0 —686
ESCO 1 1.0302 9.60 0.143 375 67.5 1008
ESCO 2 1.0313 9.60 0.172 15.0 75.0 864
ESCO 3 1.0526 9.39 0.131 11.9 67.5 745
Total T = 2744MW Payyo = 43.9%/h

Losses = 8.25 MW

SATC =19.1 MW

Table 3shows the coefficients;; used for the sensitivity
analysis as well as the SATCs computed by means of the con-Payj,o value with respect to the one obtained with the stan-
tinuation power flows technique for the two steps required by dard OPF problenil) in Table 1(the higher losses are due
the iterative method described $ection 3..when applying
an N — 1 contingency criterion. Observe that both methods
lead to similar conclusions, i.e. the sensitivity analysis indi- 10% of the total transaction levdl, indicating that the
cates that the line 2—4 has the highest impact in the systemcurrent solution has the minimum required security level
power flows, while theV — 1 contingency criteria show that
the outage of line 2—4 leads to the lowest SATC values.

Table 4depicts the final VSC-OPF results for the critical
line 2—4 outage. This solution presents practically the sameline outage that creates the worst congestion problem is de-
total transaction level as provided by the solution without termined to be line 1-4. As expected, the higher minimum
contingencies iTable 3 but with different demand side bid-
ding, and a higher SATC, as expected, since the system issults reported iTable 4 also LMPs and NCPs are generally
now optimized for the given critical contingency. Observe lower, which is due to the lower level of congestion of the
that the rescheduling of demand bids results also in slightly current solution. Observe that a more secure solution leads
lower LMPs and NCPs, as a consequence of including moreto lower costs, because the demand model is assumed to be

Table 3

6-Bus test system: sensitivity coefficiepfgand SATC determined applying
anN — 1 contingency criterion for two iterationad,, = 0.1)

Linei—j [Pyl (p-u)  pj SATC! (MW)  SATC? (MW)
1-2 0.0463 —0.0219  194.9 200.4
1-4 0.6768 0.3957 110.8 116.2
1-5 0.5263 0.3023 202.9 210.9
2-3 0.1208 0.1114 205.5 210.6
2-4 1.3872 0.8649 83.5 86.4
2-5 0.5100 0.3226 184.4 189.8
2-6 0.6211 0.4014 194.4 202.6
3-5 0.5487 0.3258 185.0 190.5
3-6 0.9591 0.5331 165.6 160.4
4-5 0.0351 0.0357 192.4 200.6
5-6 0.1031 0.0656 197.9 206.2

precise security constraints, which in turn results in a lower

the transaction level being higher).
The SATC inTable 4corresponds to ac,,, = 0.1, i.e.

(Ac = gy, = 0.1). For the sake of comparisonable 5de-
picts the final solution obtained with a different inferior limit
for the loading parameter, i.&¢,,, = 0.125. In this case, the

security margin leads to a lowét and, with respect to re-

elastic; hence, higher stability margins lead to less congested,
i.e. lowerT, and “cheaper” optimal solutions.

In this example, the OPF technique does not reach a so-
lution for A¢,,;,, > 0.15, which means that a solution with at
least 15% of security margin is not feasible when taking in
account anV — 1 contingency criterion. Notice that it is not
reasonable to set high values fog,,,, since the resulting
security margin already takes into account the most severe
contingency, and is thus a conservative estimation of the sys-
tem stability level.

4.2. 129-Bus ltalian HV transmission system

Fig. 3depicts the complete 129-bus 400 kV ltalian trans-
mission grid which is used here in order to discuss a more
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Table 4
6-Bus test system: VSC-OPF with contingency on line 2<4,( = 0.1)
Participant V (p.u.) LMP ($/MW h) NCP ($/MW h) Peip (MW) Po (MW) Pay ($/h)
GENCO 1 1.1000 9.11 —0.013 0.0 67.5 —615
GENCO 2 1.1000 9.02 0.00 37.5 103 —1263
GENCO 3 1.1000 9.12 0.030 30.0 45.0 —684
ESCO1 1.0312 9.55 0.139 36.0 67.5 989
ESCO 2 1.0313 9.56 0.170 15.0 75.0 860
ESCO 3 1.0518 9.35 0.133 13.3 67.5 756
Total T = 2743 MW Payyo = 43.4 $/h
Losses = 8.31 MW SATC =27.4 MW
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Fig. 3. 129-Bus lItalian 400 kV transmission system (most of this information is publicly available at the GRTN whltpsiteww.grtn.i).
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Table 5
6-Bus test system: VSC-OPF with contingency on line 1x4,( = 0.125)
Participant V (p.u.) LMP ($/MW h) NCP ($/MW h) Paip (MW) Py (MW) Pay ($/h)
GENCO 1 1.1000 8.78 —0.046 0.0 67.5 —671
GENCO 2 1.1000 8.81 0.00 0.0 103 —1045
GENCO 3 1.1000 8.91 0.029 30.0 45.0 —722
ESCO 1 1.0490 9.15 0.082 0.0 67.5 670
ESCO 2 1.0276 9.33 0.152 11.3 75.0 898
ESCO 3 1.0431 9.18 0.137 19.3 67.5 880
Total T = 2686 MW Payvo = 389 $/h

Losses = 4.52 MW SATC = 33.6 MW
Table 6
Comparison of different OPF-based methods for the Italian system example
OPF method Critical contingency T (GW) SATC (GW) Losses (MW) Paskrn (/MW h)
OPF(1) “Off-line” power flows 19.8 0.04 85.6 21900
VSC-OPF(2) None 20.8 1.6 96.2 3210
Iterative VSC-OPF Turbigo-Bovisio 20.6 2.1 95.2 3180
VVSC-OPF with sensitivity analysis Turbigo-Baggio 20.6 2.4 95.2 3180

realistic test case and to better test the proposed techniques.

ithermal limits, were provided by CESI, the Italian electrical

has been assumed that 32 generators and 82 consumers paiesearch center.

ticipate in the market auction. Usually, Italy imports about
the 10% of its power demand from France and Switzerland,
hence power supply bids were assumed at the interties.

All bids were based on prices around 30—40 US$/MW h,

Table 6depicts the total results for different OPF problem
solutions, i.e. the standard OPF with “off-line” power transfer
limits, the VSC-OPF without contingencies and the final re-
sults obtained with the proposed techniques for including the

which are the average prices over the last few years in otherworst contingency, which was determined to be the outage of

European countries where electricity markets are currently

lines in the Milano area (buses Turbigo, Bovisio and Baggio)

in operation, and it also considers actual operating costs ofby both theN — 1 contingency criterion and the sensitivity

thermal plants (55% of the electrical energy produced in Italy
is thermal). Power bid levels were chosen to be about 30%
of the average consumption in order to force system con-
gestion. All system data and security constraints, i.e. voltage
limits, generation reactive power limits and transmission line

40
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Fig. 4. Comparison between LMPs and NCPs obtained with the standard and
the VSC-OPF with contingency on the Turbigo-Baggio line for the Italian
system example.

analysis. Conclusions similar to what is observed for the 6-
bus example can be drawn, i.e. the proposed techniques yield
a higher total transmission lev&land a better SATC value,
while reducing the payment to the Italian independent mar-
ket operator GRTN (Gestore Rete Trasmissione Nazionale).
Observe that the iterative method and the sensitivity-based
technique yield two different critical lines, but provide prac-
tically identical results, as the two lines are in the same critical
area, i.e. Milano. (The security constrained OPF solutions of
(2) show a total loss increase, since the transaction level also
increases.)

Fig. 4depicts the comparison of LMPs and NCPs obtained
with the standard and the VSC-OPF for an outage of the
Turbigo-Baggio line, confirming that a proper representation
of voltage stability constraints and worst-case contingency
resultin a better distribution of costs (LMPs) and in areduced
impact of system congestion on electricity prices (NCPs).

5. Conclusions

In this paper, two methods for including contingencies in a
VSC-OPF-based market are proposed and tested on a simple
test system as well as on a realistic network. Comparisons be-
tween the results obtained with the proposed techniques and
those obtained by means of a “standard” OPF-based market



F. Milano et al. / Electric Power Systems Research 74 (2005) 27-36 35

Table A.1

GENCO and ESCO bids and bus data for the 6-bus test system

Participant C ($/MW h) Pmax (MW) P, (MW) 0L, (MVar) Pg, (MW) OGm (MVar)
GENCO 1 9.7 30 0 0 67.5 +150
GENCO 2 8.8 375 0 0 103 +150
GENCO 3 7.0 30 0 0 45 +150
ESCO1 12.0 375 67.5 45 0 0

ESCO 2 10.5 15 75 52.5 0 0

ESCO 3 9.5 30 67.5 45 0 0

model indicate that a proper representation of system secu-tions for a 400 kV voltage rating. [fable A.2 it is assumed
rity and a properinclusion of contingencies resultinimproved that/;;, ... = Ijin. = Imax@Nd P . = Pjimax = Pmax. Max-
transactions, higher security margins and lower prices. imum and minimum voltage limits are considered to be 1.1
The two proposed techniques lead to similar solutions and 0.9 p.u.
using different strategies. The first method tries to de-
fine the worst-case contingency by determining the lowest
SATC, while the second approach computes sensitivity fac-
tors whose magnitude indicate which line outages maximally
affect the total transaction "?Ve' and system secur!ty: [1] W. Rosehart, C.A. Claizares, V. Quintana, Costs of voltage security
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