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Abstract—Power systems worldwide are increasingly experi-
encing the simultaneous failure of multiple components due to
severe weather conditions, which are becoming more frequent
and intense. This consequently triggers growing interest in more
stringent security standards. Indeed, electricity markets are mov-
ing toward explicitly including generator outages within auction
models seeking the most economical and reliable generation
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A. Constants

NOMENCLATURE

scheduling and dispatch. Within this context, a corrective N—k ¢ Parameter of linearized line loss function
security-constrained unit commitment model is proposed to ad- 3B » G, Line susceptance and conductance
dress the need for tighter security standards. As a major distinc- Dn o Up
tive feature, the progposed modetly jointly considers mi'lltiple out- Cits Cid ijfer. cost rates for .dovs./nward and upward
of-service generators and lines, corrective actions, and transmis- spinning reserve contributions
sion line losses. Moreover, unlike previous studies, lossy shift CﬁNS Nodal load shedding cost coefficient
factors are used to represent the effect of the lossy transmission Cl_StD’ CszU Cost coefficients for shutdowns and start-ups
network while accurately characterizing transmission line losses ; ; - .
b binary-variable-based piecewise linear approximation. Ad- DT, UT, Minimum down and up time
y a Y P pp . . .
ditionally, line outages are incorporated by modeling fictitious F,™" Line active power flow capacity
injections of active power. The proposed model using lossy shift fir(1),to(1) Sending and receiving buses
factors and fictitious injections is cast as an instance of mixed- d
integer linear programming. The solution of the resulting mathe- P.l'-f i Nodal load demand
matical problem allows co-optimizing energy and reserves to ac- P&, Pf™  Maximum and minimum power generation
commodate the power fluctuations due to the component outages limits
under consideration. Numerical experience is reported using p D, RU, Downward and upward ramping limitations

three standard benchmarks comprising 14, 118, and 500 buses.
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losses

f,’ » f,j Auxiliary variables of pre- and post-contingen-
cy power flow models

f,.’;, f,f, Auxiliary variables used to model the absolute
value of f“

A,*, 5 f,,’,"' Auxiliary variables used to model the absolute
value of f}f,

Dispif Pre- and post-contingency active power out-
puts

ror? Downward and upward spinning reserve con-
tributions

u,, Binary variable for generation scheduling (1
for online, and 0 otherwise)

Vi Vi Binary variables used to impose the comple-
mentarity condition in the linearized functions
for pre- and post-contingency line losses

Zgm 2o Binary variables used to impose the adjacency
condition in the linearized functions for pre-
and post-contingency line losses

D. Sets

1 Set of indices i for generators

I Set of indices i for generators at bus j

I Set of indices i for operational generators un-
der contingency

I7 Set of indices i for generators at bus ; that are
operational under contingency

1" Set of indices i for generators in islanded area
n that are operational under contingency

J Set of indices j for buses

Jer Set of indices j for buses in islanded area n un-
der contingency

L Set of indices / and /' for operational transmis-
sion lines in the pre-contingency state

L Set of indices / and /' for operational transmis-
sion lines under contingency

Le" Set of indices / for lines in islanded area » that
are operational under contingency

N¢ Set of indices n for islanded areas under con-
tingency

S Set of indices s for blocks of linearized line
loss functions

T Set of indices  and ¢’ for time periods

E. Matrices and Vectors

(0] Vector of nodal voltage phase angles

0o, Reduced vector of @

A, A Oriented and unoriented bus-branch incidence
matrices

A, Reduced matrix of A

B Susceptance matrix

B, G, Diagonal matrices of branch series susceptanc-
es and conductances

B Reduced matrix of B
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f" Vector of terms relating line power flows to
nodal voltage phase angles
floss Vector of line losses
Fm Vector of line capacities
M Expanded matrix of B;'
P’ Vector of nodal demands
pr! Reduced vector of P?
P Vector of nodal generations
) Reduced vector of p®
SF"s Matrix of lossy shift factors
I. INTRODUCTION
OWADAYS, security-constrained unit commitment

(SCUC) and security-constrained economic dispatch
models in day-ahead electricity markets have incorporated
N—1 transmission line outage constraints in their contingen-
cy modeling [1]. However, multiple line contingencies are
becoming more frequent and severe with the growing pene-
tration of renewable energy generation and increasingly ex-
treme weather conditions [2]-[5]. A relevant example is the
largest blackout ever in Turkey in March 2015, affecting
about 75 million people due to the outages of multiple trans-
mission lines [6]. Another example occurred in Continental
Europe, whose synchronous area was recently separated into
two parts due to several out-of-service transmission network
elements [7].

Moreover, blackouts may be triggered by not only trans-
mission line outages but also generator contingencies. An ex-
ample is the blackout in Mumbai, India, in 2020, wherein
multiple outages of generators and lines were involved [8].
Consequently, electricity markets are moving toward explicit-
ly including generator outages within auction models, seek-
ing the most economical and reliable generation scheduling
and dispatch. For instance, a recent design change in the Cal-
ifornia Independent System Operator (CAISO) market in the
has USA incorporated both generation outages and remedial
action schemes [1]. Similarly, the deployment of reserves is
specifically characterized in the SCUC formulation run by
the Midcontinent Independent System Operator (MISO) in
the USA to enhance the co-optimization of energy and ancil-
lary services [9].

The consideration of contingencies accounts for three prac-
tical factors in actual power system operation: (D not all
transmission line outages result in a contingency alert condi-
tion; @ not all generator contingencies affect the system
with the same severity; and (3) market-clearing time require-
ments and current computing capabilities prevent from con-
sidering a large number of contingency scenarios, let alone
all outages associated with the prescribed security criterion
[10]. Thus, a set of pre-defined credible contingencies is typ-
ically considered to yield a computationally tractable optimi-
zation problem [11]. For instance, based on engineering anal-
ysis and outage studies, MISO has developed a procedure to
identify over 500 relevant transmission line constraints [10].
Likewise, the market model of MISO accounts for the out-
age of the largest generator in each zone and the associated
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post-contingency system reaction [9].

Such industry practice reveals that increasing attention is
being paid to more complex generation scheduling instances,
particularly models considering multiple simultaneous outag-
es wherein preventive and corrective security actions ensure
the feasibility of power system operation. Preventive models
enforce the security constraints corresponding to transmis-
sion outages so that a common schedule and dispatch for all
system states yields no violations under any credible contin-
gency [12]. By contrast, corrective actions under contingen-
cy include redispatching generators and curtailing selected
loads, which adds flexibility to the power system operation
[13], [14]. Therefore, corrective SCUC (CSCUC), albeit be-
ing more complex than preventive SCUC, ensures a better
balance between cost and security.

From an academic perspective, various relevant approach-
es are available in the literature on CSCUC. In [15] and
[16], a stochastic SCUC model addresses market clearing by
considering a pre-specified set of credible contingencies and
their probability of occurrence. In [17], the formulation de-
scribed in [15] is adapted for the day-ahead scheduling of
generation, consumption, and spinning reserves. Generation
scheduling under a deterministic N—k security criterion is
modeled in [14] and [18] using robust optimization, which
allows for representing all possible component outages in an
implicit fashion.

A modified version of the N—k security standard, referred
to as the N—k—e¢ criterion, is addressed in [19]. The result-
ing CSCUC instance is solved by a particularly tailored cut-
ting plane algorithm that prevents from explicitly modeling
the power system operation under an exponential number of
contingencies. A CSCUC model with a deterministic
N—1-1 security criterion is presented in [20]. This variant
involves the sequential outage of two components, namely
generators and/or transmission lines, while considering some
time for the reaction against the first outage and pre-position-
ing against the second outage.

With the increasing penetration of renewable energy gener-
ation, alternative approaches jointly accounting for compo-
nent outages and uncertainty have been reported. In [21], ro-
bust optimization is proposed for scheduling quick-start gen-
erators while considering an N—k security criterion and vari-
ous types of uncertainty. An adjustable robust model is pre-
sented in [22] to ensure the deliverability of reserves under
wind uncertainty and system component outages. Interesting-
ly, the CSCUC model reported in [23] jointly considers gen-
erator and transmission line outages under a deterministic N—
1 security criterion, chance-constrained stochastic program-
ming to model the impact of wind on security, and the co-
optimization of generation reserves to handle both wind pow-
er fluctuations and out-of-service components. In the robust
model proposed in [24], the outage probabilities of genera-
tors and transmission lines are incorporated into the uncer-
tainty set modeling. In [25], a robust formulation is present-
ed considering the same security criterion adopted in [20]
and renewables-based generation. To address the complexity
caused by the penetration of renewable energy generation,
the formulation results in an extremely large adaptive robust
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mixed-integer linear programming (MILP) model.

Unfortunately, relevant studies in [13]-[25] feature impor-
tant modeling and methodological issues. It is worth high-
lighting that all existing studies adopt a direct current (DC)
power flow [26]. However, rather than considering the more
efficient angle-free industry standard [27], [28], existing stud-
ies are based on the classic Bf formulation, which may be
computationally more expensive due to its reliance on bus
voltage phase angles. This drawback becomes relevant when
power system operation under contingency is explicitly char-
acterized [13], [15]-[17], [19], [20], [23], [25], as the ex-
tremely large number of constraints and variables would
give rise to intractability even for moderately sized systems.
As for those approaches implicitly modeling post-contingen-
cy operation [14], [18], [21], [22], [24], the resulting robust
models involve three challenging hierarchically nested opti-
mization levels, which are typically addressed by either inex-
act or computationally inefficient approaches. Note also that
all such relevant studies [13]-[25] neglect an important prac-
tical aspect, namely transmission losses, thus being potential-
ly prone to suboptimality or even infeasibility.

Motivated by such limitations and the needs of the power
industry, this paper proposes a corrective N—k SCUC mod-
el, where multiple generator and line outages are considered
along with corrective actions and transmission losses. In or-
der to incorporate the N—k security criterion, critical compo-
nents are identified by extending the outage selection proce-
dure described in [12], which solely focuses on out-of-ser-
vice transmission assets.

The proposed model features several novel aspects com-
pared with [13]-[25]. The main novelty lies in the increased
accuracy of transmission network operation through the con-
sideration of both pre- and post-contingency line losses. It is
worth mentioning that, within the context of state-of-the-art
approaches, including those based on robust optimization
and chance-constrained programming, the nonconvexity of
transmission losses would drastically increase the mathemati-
cal complexity of the resulting optimization problems, there-
by disabling the straightforward application of the solution
techniques successfully applied to the previously reported
lossless counterparts.

To incorporate losses into CSCUC, the proposed model re-
lies on the lossy DC power flow models presented in [29]
and [30], which are enhanced by including binary variables
in the piecewise linear approximation of losses. Unlike alter-
native models for transmission losses customarily used with-
in the DC power flow [31]-[33], three main advantages are
featured. Firstly, the effect of losses on the power flows at
the sending and receiving ends of each line is explicitly mod-
eled, which is relevant to properly characterize line capaci-
ties and nodal power balances. Secondly, no nodal loss allo-
cation factors are required, which is important for practical
implementation within a market setting, bearing in mind that
the nonlinear nature of line losses precludes the existence of
a unique loss allocation scheme. Thirdly, the linearization of
line losses does not rely on a base solution. This advantage
is especially significant in unit-commitment-based models,
wherein generation scheduling decisions may substantially
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vary across time.

Moreover, different from [29] and [30], the proposed
mixed-integer linear formulation of lossy power flow is
based on a novel set of shift factors (SFs), which are analo-
gous to the DC SFs commonly used in the power industry
[34]. Consequently, unlike the lossy power flow models de-
scribed in [29] and [30] and the classic Bf lossless formula-
tion adopted in [13]-[25], transmission losses are explicitly
accounted for without involving bus voltage phase angles.
Compared with the angle-based counterpart, the proposed
model is equivalent in terms of solution quality while requir-
ing fewer variables and equations as voltage phase angles
are dropped. The latter aspect may be particularly beneficial
from a computational perspective when discrete decisions
such as unit commitment variables come into play and the
power system operation under multiple contingencies is mod-
eled [27], [28]. Note that, within such a context, the chal-
lenges posed by the use of the exact full alternating current
(AC) power flow model are yet unresolved. Therefore, the
proposed model represents a relevant trade-off between accu-
racy and computational performance.

Admittedly, the straightforward application of the pro-
posed model to represent contingency power flows and N—k
security constraints would still be computationally demand-
ing, as each contingency state is associated with the corre-
sponding SF matrix. Note also that, for contingency states
leading to network islanding, SF matrices as many as island-
ed areas should be computed [35]. Alternatively, as an addi-
tional distinctive aspect over [13]-[25], this paper effectively
and equivalently incorporates transmission contingency con-
straints into the CSCUC problem by modeling fictitious in-
jections of active power [26]. To that end, we extend the
scope of [36] and [37] to a loss-concerned framework. The
inclusion of fictitious injections is computationally attractive
as the characterization of power flows under contingency
solely requires the computation of the pre-contingency SFs
irrespective of the system components that are out of service
[36], [37] or whether outages give rise to network islanding.
Thus, a single SF matrix is involved so that the proposed
model efficiently includes corrective actions under contingen-
cy, 1.e., generation redispatch.

The proposed model using lossy SFs and fictitious injec-
tions is a mixed-integer linear program that is solved by the
state-of-the-art branch-and-cut algorithm. From a method-
ological standpoint, two main advantages are featured: (1 the
well-known properties related to convergence and solution
quality, namely guaranteed finite convergence to the opti-
mum while providing a measure of the distance to optimali-
ty along the solution process; (2) the availability of efficient
off-the-shelf software, which is relevant for practical imple-
mentation. Moreover, on the modeling side, this paper signif-
icantly departs from the closely related studies on corrective
N—k SCUC models, as summarized in Supplementary Mate-
rial A Table SAI Thus, the findings described hereinafter
contribute to knowledge in three main respects:

1) A corrective N—k SCUC model is provided, where N—
k generator and transmission outages are considered. Ficti-
tious injections of active power are used to model transmis-
sion contingencies, thereby solely requiring the computation
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of the pre-contingency SF matrix even for contingency states
leading to network islanding.

2) A new computationally efficient SF-based power flow
is used to include pre- and post-contingency transmission
losses. Thus, the resistive effect of transmission lines is ade-
quately characterized.

3) The proposed model guarantees the deployment and de-
livery of reserves under contingency while accounting for
loss-aware power system operation.

The remainder of this paper is organized as follows. Sec-
tion II describes the computation of lossy SFs. Section III
presents the formulation of the proposed model. Section IV
reports case studies. Finally, this paper is concluded in Sec-
tion V, where relevant features are highlighted and future av-
enues of research are suggested.

II. COMPUTATION OF LOSSY SFs

According to industry practice [34] and relevant studies
on CSCUC [13]-[25], power system operation is solely con-
sidered at the high-voltage transmission level, and the char-
acterization of the transmission network relies on the widely
used DC power flow. Note that the conditions required by
the DC power flow [26], [38] hold at the transmission level,
i.e., the series resistance of each branch is small compared
with its series reactance, the nodal voltage phase angle differ-
ences are small, and nodal voltage magnitudes are close to 1
p.u..

Based on [29] and [30], the DC power flow considering
losses is formulated using a matrix notation as:

pE—P!=Af+0.54f" (1)
f=-B,A"0 )
=68} f? 3)
fHO5fm < Fm )
—f+0.5f" < F™ (5)

where B, =diag(B,.B,.... 8, ) and G,=diag(G,.G:....G , )

Nodal power balance equations are modeled in (1), where
the right-hand side accounts for the outgoing line power
flows at every bus. The dependence of the power flow mod-
el on nodal voltage phase angles is characterized in (2). Line
losses are expressed in (3), where f ? denotes the entry-wise
square of vector f Finally, line power flow limits are im-
posed in (4) and (5), which are associated with the outgoing
line power flows at the corresponding sending and receiving
buses, respectively.

As described next, the above formulation for the loss-con-
cerned DC power flow can be equivalently recast so that
voltage phase angles are dropped and a new set of sensitivi-
ty factors, namely lossy SFs, are defined. Using (2) in (1)
and rearranging the terms yields:

pi—P'—054f""=-AB,A"0=BO ©6)
Note that matrix B is singular and 1"B=0", where 1 is

the all-ones vector and 0 is the all-zeros vector. Hence, we
have:
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1"( p*= P/~ 0.54f"") =0 (7)

By arbitrarily choosing a reference bus for voltage phase

angles and arbitrarily selecting a slack bus to ensure power
balance, (6) becomes:
pi—-P'—054,f"=B,0, ®)
where p¢, P¢, and A, result from removing the row corre-
sponding to the slack bus from p?, P, and A, respectively;
0, results from dropping the row corresponding to the refer-
ence bus in @; and B, results from B without the row corre-
sponding to the slack bus and the column associated with
the reference bus.
From (8), we have:

0,=B,'(pi-P/-0.54, 1) ©)

Moreover, the vector of nodal voltage phase angles @ can
be expressed as:

O=M (p*-P'-0.54f"") (10)

where M results from expanding B,' with a row of zeros for
the reference bus and a column of zeros for the slack bus.
Finally, using (10) in (2) gives rise to:
f:—BdATM(pg_Pd_O.S/i loss) :SF/uss . (pg_Pd_OS/I loss)
(11)
where SF"™* =-B,A" M.
Thus, the SF-based equivalent to the original loss-con-

cerned DC power flow model (1)-(5) comprises (3)-(5), (7),
and (11).

III. PROPOSED MODEL

This section formulates the proposed model considering
an N—k security criterion, transmission losses, and fictitious
injections of active power.

A. Selection of Component Outages

The proposed model relies on the ex-ante selection of criti-
cal component outages, which are thus input data for the op-
timization process. The rationale of this procedure lies in as-
signing criticality based on the severity of component outag-
es with respect to normal operation under peak load, so that
component outages are ranked in descending order of severi-
ty. Regarding transmission line outages, their potential im-
pact on security is computed using the approach reported in
[12], which has been extended to consider radial lines. As
for generators, their criticality is determined according to the
base-case dispatch. Those contingency states that are structur-
ally critical due to resource inadequacy, i.e., inability to
meet power balance due to insufficient generation or trans-
mission capacity, are discarded since they cannot be handled
by appropriately operating the system. As a result, a proxy
for quickly identifying potential umbrella contingency states
[39] is devised, which is suitable for practical implementa-
tion.

Alternative outage selection algorithms may be used, le-
veraging experience, engineering judgment, and even recent
artificial intelligence developments. However, the analysis of
the impact of those choices is beyond the scope of this paper.
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B. Objective Function and Cost-related Terms

The optimization goal formulated in (12) is the minimiza-
tion of the total cost, which includes terms related to pre-
contingency power generation, start-ups, shutdowns, up-spin-
ning reserves, down-spinning reserves, as well as pre- and
post-contingency load shedding:

: P g Up..Up Dn_,Dn
min zz[ci,t(pi,t’ ”i,t) +eu, +ed +Clrit+Cr ] +

teTiel

ENS ENS c
EZ(CH wens; +Cj; 'e”S;:t)

teTjel

(12)

The start-up costs are modeled in (13) and (14), whereas
(15) and (16) are related to shutdown costs:

cui’tZCff’(ui’t—u,;H) ViellVteT (13)
cu, 20 VielVteT (14)
ed, >CP(u,,_\~u,) VielVteT (15)
cd; .20 VielVteT (16)

C. Power Balance

Constraints (17) and (18) represent the pre- and post-con-
tingency system power balance equations, respectively. Fol-
lowing a contingency event, the deployment of spinning re-
serves modeled by p%° provides the power required to com-
pensate for generator and/or line outages. To flag the ab-
sence of a feasible solution under some operating conditions,
power balance equations (17) and (18) include load shedding
variables ens;, and ens;, which are bounded in (19) and
(20), respectively, and conveniently penalized in the objec-
tive function (12). Moreover, network islanding under contin-
gency is accounted for in (18).

JE je =

iel

(17)
DpE+ D enst,= > Pl+ D fl™c Vie,VneN*

iel®" jeJ" jeJ" le L™
(18)
O<ens, <P{, VjeJVteT (19)
0<ens; <P{, VjeJVteT (20)

D. Operation of Generators

The model for the operation of generators is based on the
MILP formulations presented in [13] and [40], which have
been widely used in the technical literature and industry
practice. Further details on the computational performance of
MILP unit-commitment-based models can be found in [41]
and references therein.

As per (21)-(23), pre-contingency generation and reserve
contributions are bounded by the corresponding production
limits for generators scheduled to be on, being equal to 0 for
generators scheduled to be off. Constraints (24) and (25)
bound the reserve contributions from individual generators.
Accordingly, the energy and reserve schedule features the flex-
ibility required to accommodate the power fluctuations under
contingency. Post-contingency production is bounded in (26).



RAMIREZ-LOPEZ et al.: CORRECTIVE N-K SECURITY-CONSTRAINED UNIT COMMITMENT USING LOSSY SHIFT FACTORS AND...

Constraint (27) models the relationship among the pre-contin-
gency dispatch, post-contingency dispatch, and up- and down-
spinning reserves. In (28), the production of the out-of-service
generators in the contingency state is set to be 0. Finally, (29)
models the binary generation scheduling variable u, .

PEMNy, <pf <SPSy, NielVieT Q1)
piArP<Ps™u,, VielVieT (22)
pi—rbr>pemy, YielVieT (23)

0<r?<R™% VielVteT (24)
0<r<RM™P™ VielVteT (25)
PE™My, SpE<PE™ Ny, Viel,VteT (26)
p”—rlDt"Sp”<p +r Yiel¢\,VteT 27
pif=0 Vigl',VteT (28)

e {0,1} VielLVteT (29)

Note that u,, is used for both the pre-contingency and con-
tingency states, indicating that post-contingency corrective
actions can only be provided by generators that are sched-
uled in the pre-contingency state [13].

Constraints (30) and (31) represent the ramping limits for
the pre-contingency state.

p§t+rif/tp_ (pft—l_rif)tn—l) SRU;-u;, +S8U;- (ui,t_ui,t—l) +
Pem(1-u,) VielVteT (30)

D ]+r1t 1~ (p‘gt_ri,Dtn) <RD; u;,+8D;- (ui,t—l_ui,t) +
P (1-u,, ) VielVteT (31)

Additionally, (32)-(34) model the minimum up time,
whereas (35)-(37) correspond to the minimum down time:
T’LL;T

1=

t=1

u,)=0 Vie I|TY>0 (32)
t+UT,—1

z w,,> UT u,,~u,, )

Vielte (TS +1.T5 +2,..|T|-UT,+1{ (33)

7|

2[%'— (“,;,—um,l )] >0

t'=t

Vielte {|T|-UT+2|T|-UT+3,...|T[} (34)
Th'
Su,=0 Vie I|TH>0 (35)
t=1

(+DT,~ 1

> (1-u,

t'=t

)207fu,

”i,z)

Vielte (T +1LTH +2. ...,

7]
Z[l _u,‘,z'_ (ul'tfl_ui”)] =0
t'=t

Vielte {|T|-DT,+2|T|-DT+3,...,

IT|-DT,+1} (36)

b (37)
where T4'=min{|T|.(UT,~T5)U,,} and TS =minf|T|.
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(p1-1)(1-U,, )}, Viel

E. Transmission Network Operation

The characterization of transmission network operation in
the pre-contingency and contingency states relies on the SF-
based power flow model described in Section II.

For the pre-contingency state, line power losses are cast in
(38) in terms of auxiliary variables f, ,» Which are modeled in
(39). Moreover, line capacity limits are imposed in (40)
and (41).

ll;ns 21 ﬁ,zt ‘v’l S L’ v[ (S T (38)
l

= D SFE | S pE, vens;, —Pf, 05 > fi 4
jeJ iel l'e LIfr(I") =)

> fe J VieLVteT (39)
I'e Llto(I') =)
405 <FM™ Yie L VieT (40)
~f, F0.5f < FM e LVieT (41)

The need for computing and storing the SF matrix for ev-
ery contingency state and islanded area is prevented by us-
ing fictitious nodal injections to represent out-of-service
lines [26], [36], [37]. Bearing in mind that computing the SF
matrix involves a matrix inversion (11), the use of fictitious
nodal injections is computationally appealing as a single SF
matrix is required, namely that associated with the pre-con-
tingency state.

As depicted in Supplementary Material A Fig. SA1, the
outage of line / during period ¢ is equivalently modeled by:
(D considering the fictitious operation of the line, which is
represented by variables f“ and £,**%; (2) adding at the send-
ing bus a fictitious generation equal to fl’,+0.5f,,’j’“ ¢ and @
adding at the receiving bus a fictitious demand equal to f,j—
0.5/, Additionally, /% for the out-of-service line is not
limited by its line capacity.

Compared with the original model wherein the line outage
is characterized by explicitly removing the out-of-service
line, the proposed model requires: (D the consideration of
Kirchhoff’s voltage law for the out-of-service line; and 2
the incorporation of the fictitious injections in the expres-
sions associated with Kirchhoff’s current law at both ends
of the out-of-service line. It should be emphasized that the
latter modification gives rise to power balance equations
wherein the newly added terms cancel out, thereby being
identical to those in the original model without the out-of-
service line. More specifically, at the sending bus, the ficti-
tious generation f,,+0 5f,%%¢ is equal to the outgoing ficti-
tious power flow. Analogously, at the receiving bus, the ficti-
tious demand f,f;—O.Sf,_l,””"' is equal to the incoming fictitious
power flow. As a result, fl“; and £, for the out-of-service
line are solely used in the corresponding Kirchhoff’s voltage
law equations, where each variable is expressed in terms of
other optimization variables. Hence, such equalities have no
impact on the optimization process and can thus be dropped
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along with the newly added variables f,, and £, which
yields exactly the same optimization problem as the original
model.

Accordingly, (42)-(45) correspond to (38)-(41) for the con-
tingency state, respectively'

lovv c_

(f,t) Viel'VieT 42)
J}I,C}: ESFZ?‘“' ngc +ens;, Pd

jeJ ielf

0.5 z f}{{;‘“"‘ + 2 f}’lf;mc

I'e L[ fr(1) =) I'e I0(1) =j

> (SEf fi - SFl, f) VIeLYieT (43)
l'g L°

Flr05flos < yle [, YteT (44)
o+ 0.5f e <™ Wl L, VieT (45)

The losses for operational lines are modeled in (42). Ex-
pression (43) characterizes auxiliary variables f,‘, for all lines
in terms of pre-contingency lossy SFs and nodal injections
under contingency. Note that, compared with their pre-contin-
gency counterparts (39), an extra last term is included in
(43). Such a term models the effect of the newly added ficti-
tious injections [26]. Moreover, in contrast to the lossless in-
stances in [26], [36], and [37], (43) features two distinctive
aspects: (1) lossy SFs are used; and (2) the power injection at
each bus incorporates the loss contributions of the lines con-
necting that bus, which are modeled by the last two summa-
tions within the square brackets. Moreover, as per (44) and
(45), line capacities are solely imposed for lines in service.

It should be emphasized that (42)-(45) constitute an origi-
nal extension of the fictitious-injection-based model present-
ed in [36] and [37], where transmission losses are neglected.

Due to the presence of quadratic expressions (38) and
(42) for transmission losses, problem (12)-(45) is a computa-
tionally expensive instance of mixed-integer quadratically-
constrained programming (MIQCP). In order to leverage the
methodological and computational benefits featured by an
MILP framework, the quadratic expressions for transmission
losses in (38) and (42) are linearized using an effective bina-
ry-variable-based piecewise linear approximation. This ap-
proximation is based on standard findings of operation re-
search [42], [43] and relevant works in the power system lit-
erature [29], [30], where a less accurate piecewise lineariza-
tion is reported for quadratic line losses. For practical pur-
poses, the piecewise linear approximation is indistinguish-
able from the quadratic function if enough blocks are used
[42]. By a tedious but straightforward calculation, the maxi-
mum error of the approximation for a given line / amounts

2
G Fmax
4B2 NER
As per (38), pre-contingency transmission losses are cast

as f]loss

21)},2,, where f,_, can take both positive and nega-
!
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tive values. Similar to the piecewise linear approximation de-
scribed in [29] and [30], the linearization in this paper is

G|~
E‘flt

equivalently reduced to the positive orthant, i.e.,

L .. G, -

linearized rather than the original B—ZI /3 To that end, each
1

term ‘ f,’, is discretized into a set of blocks [42], whereas the

absolute value function is represented by the sum of two

auxiliary non-negative variables fﬁt and f,‘, [43]:

oss = —L o 2{ A, YleLYteT (46)
| seS
max Fmax
Z”'|S| _Afl/t_ S| VieLVteT 47)
slt |S| —Afrlt— s—LLt | o] |S|
se{2,3,...|S|-1},VieLVteT (48)
~ F[max
OSAf\S\.LtSZ\S\*IJJW VIEL,VfET (49)
z,,€ {01} se {1,2,...]S|-1},VIeLVteT (50)
ZAﬁﬁfﬁyﬁ; VieLVteT (51
fo=fi~f, VieLVteT (52)
0<f<y, F™ VlelLNteT (53)
0<f,< 1=y, )F/™ VieLVteT (54)
y”e{O 1} VielLVteT (55)
where ¢ = (2s 1) ,VseS§,Viel.

N
The linearized version of (38) is formulated in (46). Ex-
pressions (47)-(50) model the block discretization, whereas
(51)-(55) correspond to the linearization of the absolute val-
ue function. It is worth highlighting that, unlike the linear
schemes presented in [29] and [30], two sets of extra binary
variables, denoted by z,,, and y,,, are used to guarantee com-
pliance with two critical requirements: (D the adjacency con-
dition, whereby the blocks used in the discretization should
be filled sequentially, which is modeled in (47)-(49) by bina-
ry variables z,, based on [42]; and (2 the complementarity
condition, whereby both auxiliary variables fﬁ, and f[, cannot
be different from 0 simultaneously. According to [42], this is
modeled in (53) and (54) through binary variables y,,.

As a consequence, (46)-(55) overcome the issues of the
simpler albeit potentially inconsistent linear formulations of
[29] and [30], which may lead to impractical solutions fea-
turing the so-called fictitious losses [44].

Analogously, quadratic transmission losses in the contin-
gency state (42) are replaced with mixed-integer linear ex-
pressions (56)-(65):

loss, c_
Lt

22§1Afc1, VielL',VteT

56
B] ses ( )



RAMIREZ-LOPEZ et al.: CORRECTIVE N-K SECURITY-CONSTRAINED UNIT COMMITMENT USING LOSSY SHIFT FACTORS AND...

Fmax Y Fmax i
Z?[,ﬁ SAflf“_ﬁ VZEL(,VIET (57)
. Fmax "C . max
Zs.l,t|lT SAJ‘;-,I,tSZs—l.I,tW
se {2,3,...]S|-1},Viel, VteT (58)
7 c Flmax c
OSAfls\,LtSZ\S\—I.LtW VlEL,ViET (59)
z6,e {01} se {1,2,...]S|-1},VieL.VteT (60)
DA =h S Vel VieT (61)
ses
fe=fre—fie YlelVteT (62)
0<fire<ys F™ Vlel,YteT (63)
0<f< (1-y5, ) F™ Vel VteT (64)
ye,e{0,1} VielL' VteT (65)

Similar to the mixed-integer linearization of the pre-contin-
gency transmission losses, binary variables z{,, and yj, are
used to meet the adjacency and complementarity conditions
under contingency, respectively.

F. Practical Implementation

The ultimate goal of the proposed model is to allow pow-
er system operators to ex-ante schedule energy and reserves
over a multiperiod time horizon while accounting for securi-
ty. Thus, the tool presented in this paper is suitable for day-
ahead market clearing in current co-optimized electricity
markets adopting a two-settlement procedure such as those
currently implemented across the USA [45]. As a relevant
feature, the physical deliverability of spinning reserves is en-
sured by explicitly modeling the post-contingency operation
of power system via (18), (20), (26)-(28), (43)-(45), and (56)-
(65). Moreover, it is worth emphasizing that the reliance of
the proposed model on MILP is relevant for practical imple-
mentation as the state-of-the-art branch-and-cut algorithm is
readily available in the form of both commercial and open-
source off-the-shelf software. Thus, the proposed model can
be incorporated as a routine procedure within the suite of de-
cision-making tools of power system operators.

For large systems, the number of binary variables may be
prohibitive. In such cases, an iterative process can be imple-
mented to regain tractability. The process begins with the so-
lution of a relaxed version of the proposed model where bi-
nary variables z,,, y,,, z;,, and y;, are dropped. In case the
adjacency or the complementarity conditions are violated,
the corresponding binary variables are incorporated into the
formulation, and the resulting model is solved. This process
continues until the adjacency and the complementarity condi-
tions are all met.

IV. CASE STUDIES

This section examines three case studies based on stan-
dard test systems. The first case study analyzes the IEEE 14-
bus system, which allows comprehensively illustrating the
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modeling contributions highlighted in Section I. The second
case study, based on the IEEE 118-bus system, is useful to
corroborate the effectiveness of the proposed model in terms
of solution quality and computational performance. In the
third case study, a realistic industry-scale 500-bus system is
used to demonstrate the practical applicability of the pro-
posed model. In all cases, a 24-hour time span is examined,
the hourly load percentage levels from [46] are considered,
and 6-block linearized loss functions are used.

In order to empirically back the main contributions of this
paper, the proposed model has been assessed with alternative
formulations based on MILP and MIQCP. The MIQCP mod-
el (12)-(45) is particularly useful to illustrate the appealing
trade-off between solution quality and computational effort
struck by the proposed instance of MILP, which comprises
(12)-(37), (39)-(41), and (43)-(65).

Simulations have been conducted on a desktop computer
equipped with an Intel Core i7 processor clocking at 2.6
GHz with 16 GB of RAM. MATLAB is used for data manip-
ulation and computation of the SF matrix. The MILP and
MIQCP instances are respectively solved using OSIXpress
8.14 [47] and Gurobi 11.0.3 [48] both under GAMS. Both
solvers are stopped when either a 0.1% optimality tolerance
is met or a practical four-hour time limit is reached [10].
Moreover, the running time reported for each instance is the
average time over 10 executions.

A. IEEE 14-bus System

This test system consists of 5 generators, 20 transmission
lines, and 11 loads. Transmission line capacity limits are set
according to [49]. The nodal peak load profiles and genera-
tion cost coefficients can be found in the MATPOWER data-
base [50]. All other system parameters can be found in [51].
Supplementary Material A Fig. SA2 depicts the one-line dia-
gram for this system.

1) Benefits of Corrective Actions

The corrective model is firstly assessed with an extended
version of the state-of-the-art preventive model [12]. As cor-
rective actions are neglected by the MILP formulation used
for assessment, such a model cannot handle generator outag-
es. Thus, for the sake of a fair comparison, three contingen-
cy states are considered for both the corrective and the pre-
ventive models. Such contingency states are provided in Sup-
plementary Material A Table SAIIL. Note that, for each value
of k, line unavailability spans the whole scheduling horizon.

The total costs for both models are depicted in Fig. 1 for
the three contingency states under consideration. As expect-
ed, the corrective model leads to substantial cost savings
ranging between 5.5% and 18.4%. These results are consis-
tent with the preventive model ensuring the feasibility of
post-contingency operation without allowing pre-contingency
scheduling and dispatch decisions to differ from those under
contingency. In other words, the preventive model is equiva-
lent to a more constrained instance of the corrective model,
wherein reserves are all set to be 0. On the other hand, the
corrective model jointly identifies the optimal pre-contingen-
cy generation schedule and post-contingency generation re-
dispatch through the allocation and deployment of reserves.
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Fig. 1.
system.

Total costs for corrective and preventive models for IEEE 14-bus

Interestingly, in the corrective model, the total cost for k=
2 with lines L4 and L6 out of service is higher than that for
k=3 with L2 also unavailable, as shown in Supplementary
Material A Table SAII. Such a cost increase is due to the
larger number of transitions between the on and off states,
as well as the greater participation of the most expensive
generator, namely GS5. This result is aligned with the find-
ings of [52], where line switching is suggested as a useful
corrective action.
2) Impact of Accuracy of Loss Modeling

This case study is useful for examining the economic and
computational impact of the accuracy of loss modeling. To
this end, we have also implemented three alternative models
with different representations for transmission losses, namely
(D lossless model; 2 model with linear programming (LP)
losses presented in [30]; and 3 model with quadratic losses
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based on (38) and (42), which gives rise to an MIQCP
scheduling problem.

All models have been run for values of k ranging from 0
to 5. Supplementary Material A Table SAIII presents the con-
tingency states resulting from the above-described outage se-
lection procedure. In order to validate the robustness of this
procedure, we have solved the proposed model for all possi-
ble contingency states for k=1 and k=2. Remarkably, for
such values of £, the solutions corresponding to the contin-
gency states identified by the proposed selection procedure
outperform 95.7% and 99.6% of the solutions associated
with other possible contingency states, respectively. In other
words, the reserves scheduled under the contingency state se-
lected by the procedure allow guarding against the occur-
rence of almost all other possible contingency states. These
results corroborate the ability of the outage selection proce-
dure to identify critical contingency states.

Table I reports the total costs and computational time for
the four models under assessment. For a fair comparison
with the solutions attained by the model with quadratic loss-
es, the costs reported in Table I for the three other models
are not those provided by the corresponding optimization
processes, which feature simpler loss characterizations. Rath-
er, as done in [40] and [53], the actual total costs for the so-
lutions to those approximate models are provided. Such actu-
al costs result from solving the MIQCP version with the unit
commitment decisions and reserve schedule fixed to the val-
ues of the corresponding solution. Note, however, that the
computational effort incurred by the calculation of the actual
total cost is not accounted for in Table I.

TABLE I
TOTAL COSTS AND COMPUTATIONAL TIME FOR THE IEEE 14-BUS SYSTEM

Lossless model Model with LP losses

Proposed model with MILP losses Model with quadratic losses

Total cost (k$) Time (s) Total cost (k$) Time (s) Total cost (k$) Time (s) Total cost (k$) Time (s)
0 307.39 0.82 51.53 4.01 51.53 16.24 51.53 47.10
1 67.15 0.12 67.14 1.86 67.14 26.93 67.14 56.16
2 87.18 0.10 87.22 4.09 87.18 72.38 87.18 179.73
3 87.19 0.10 87.22 2.81 87.19 125.03 87.19 137.65
4 87.81 1.10 87.54 9.12 87.54 115.81 87.54 271.94
5 299.43 0.91 88.26 12.17 88.26 119.27 88.26 586.93

In general, as k grows, so does the total cost, whereas the
MIQCP model, i.e., the model with quadratic losses, requires
the longest computational time. Table I also shows that, com-
pared with the model with quadratic losses, the binary-vari-
able-based approximation strikes a suitable trade-off between
computational effectiveness and accuracy, as substantial time
savings between 9.17% and 79.68% are achieved at the ex-
pense of negligible increases in the total cost below 0.001%.

From Table I, the model with LP losses seems to be a
competitive alternative to the proposed model, bearing in
mind that the computational time required to achieve solu-
tions with almost identical total costs is between one and
two orders of magnitude shorter. However, this appealing
performance involves impractical solutions violating the adja-

cency and/or complementarity conditions described in Sec-
tion III-E. Thus, unlike the solutions provided by the pro-
posed model, fictitious losses are featured, as illustrated in
Supplementary Material A Tables SAIV and SAV.

Supplementary Material A Table SAIV exemplifies the
lack of adjacency experienced by the solution provided by
the model with LP losses. The results reported in this table
correspond to the discretization of the pre-contingency trans-
mission line power loss for line L15 at hour 6 for k=2.
Note that the use of non-consecutive blocks in the piecewise
linearization of the LP model yields fictitious losses exceed-
ing by 25.4% the value identified by the proposed formula-
tion.

Supplementary Material A Table SAV illustrates the com-
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plementarity issue featured by the model with LP losses for
k=1 in the post-contingency state at hour 5. As can be seen,
the complementarity condition is violated for lines L2 and
L14 when the model with LP loss is used. In spite of their
difference being close or even identical to that resulting
from the proposed model, the non-zero values of }?,*5‘ and
f,fs"‘ attained by the model with LP losses give rise to ficti-
tious losses. It is important to highlight that line L14 fea-
tures this issue throughout the entire scheduling horizon.

This case study is also useful to reveal the drawback of
neglecting losses, which is significantly faster albeit poten-
tially leading to load shedding. As shown in Table I, this is-
sue is experienced for k=0 and k=5, for which the unit
commitment and reserve schedule identified by the lossless
model cannot meet the demand. This result motivates the
practical need for loss-concerned generation scheduling tools
such as the proposed model.

The impact of the number of blocks | S| used in the piece-
wise linearization on solution quality and computational per-
formance has been examined through a sensitivity analysis.
Supplementary Material A Table SAVI summarizes the main
results for the values of k considered in Table I. Compared
with the more accurate and hence computationally costlier in-
stances with 8 and 10 blocks, the instances with 2 and 4
blocks are solved faster, but the solution quality is unaccept-
able especially in terms of system losses. By contrast, when
6 blocks are used, the total costs and losses are similar to
the best possible values, whereas a significantly shorter com-
putational time is required. These results back 6 blocks as
the trade-off choice, which is consistent with the findings
in [30].

Finally, in order to shed light on the computational chal-
lenges associated with the incorporation of losses into CS-
CUC, this illustrative example has been used to test an ex-
tended loss-concerned and multiperiod version of the contin-
gency-constrained approach described in [13], where trans-
mission losses are neglected and a single-period setting is ad-
opted. Unfortunately, even for the less stringent N—1 criteri-
on, the branch-and-cut algorithm of OSIXpress fails to iden-
tify a single feasible solution for the resulting instance of
MILP after 14 hours.

B. IEEE 118-bus System

This case study approximates an electric power system in
the Midwest of the USA. This system comprises 54 genera-
tors, 186 transmission lines, and 91 loads [50]. The peak
load is 4242 MW, while the total generation capacity is
9966.20 MW. Critical components in descending order of se-
verity are generators G40, G29, and G28, located at buses
89, 66, and 65, respectively, and lines L9, L178, and L110.

For this case study, Gurobi fails to find a solution for the
MIQCP counterpart within the practical four-hour time limit
[10]. Therefore, the performance of the proposed model has
been assessed with the two other formulations used in Sec-
tion IV-A, namely the lossless model and the model with LP
losses. Following a procedure similar to that described in
Section IV-A, Table II reports the actual total costs and com-
putational time for the lossless model, the model with LP
losses, and the proposed model with MILP losses. Moreover,
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similar to Table I, the computational time presented in Table
IT does not consider the process of calculating the actual to-
tal cost.

TABLE II
TOTAL COSTS AND COMPUTATIONAL TIME FOR IEEE 118-BUS SYSTEM

Proposed model with

Model with LP losses MILP losses

Lossless model

Total cost Total cost Total cost

(k$) Time (s) (kS) Time (s) (kS) Time (s)
0 4272.08 11.13 4271.57  2369.76  4271.57 1355.16
1 4293.30 21.62 4283.83 2121.19 427344  2691.52
2 4277.00 18.14 4280.97 216475 427529  3180.87
3 4289.69 24.11 4289.78 1983.37  4286.24  2527.09
4 4311.01 23.64 4310.89  2148.71 4289.98 3943.38
5 4314.45 24.09 4309.42 216728  4290.30  3273.47
6 4324.46 24.85 4317.41 213936  4296.08  3276.43

Table II shows that the lossless model exhibits the poorest
performance in terms of solution quality. Compared with the
proposed model, an increase in the total cost of up to 0.66%
is featured. Table II also reveals the superiority of the pro-
posed model over the model with LP losses. As can be ob-
served, a maximum 0.49% reduction in the total cost is
reached for k=6. It is worth pointing out that such high-
quality solutions are achieved within practical computational
time. Thus, these results substantiate that it is technically
and economically appealing to precisely incorporate transmis-
sion losses in CSCUC despite the larger computational bur-
den.

C. 500-bus System

In order to assess the scalability of the proposed model, a
case study based on a synthetic 500-bus system [50] is also
analyzed. This system comprises 90 generators, 597 transmis-
sion lines, and 206 loads. From highest to lowest severity,
generators G1, G3, and G14 located at buses 9, 17, and 127,
respectively, and lines L578, L80, and L205 are identified
by the procedure for selecting component outages.

Table III lists the total costs and computational time for
values of k£ up to 6. As can be observed, the total cost mod-
erately rises as the security criterion becomes tighter, where-
as the computational time remains within the prescribed lim-
it. These results corroborate the practical applicability of the
proposed model.

TABLE III
TOTAL COSTS AND COMPUTATIONAL TIME FOR 500-BUS SYSTEM

k Total cost (k$) Time (s)
0 6895.53 8519.97
1 6933.90 8981.43
2 7120.77 12847.86
3 7358.57 12616.64
4 7544.16 12623.51
5 7567.67 12140.30
6 7568.11 12158.23
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For the values of k considered in Table III, Supplementary
Material A Figs. SA3-SAS illustrate the evolution of the to-
tal cost, transmission losses, and computational time with
the number of blocks used in the piecewise linearization. As
can be seen in Supplementary Material A Figs. SA3 and
SA4, for 6 or fewer blocks, the total cost and especially loss-
es decline abruptly. By contrast, the gain in solution quality
attained by considering more blocks stabilizes and does not
offset the substantial increase in the computational time (as
shown in Supplementary Material A Fig. SAS). Thus, select-
ing 6 blocks yields the best trade-off between accuracy and
computational performance.

V. CONCLUSION

Within the context of security-constrained electricity mar-
kets, this paper proposes a novel corrective N—k SCUC
model by jointly considering corrective actions, multiple si-
multaneous generator and line outages, and transmission net-
work losses. Using an exogenous set of critical components,
the corresponding N—k contingency state is explicitly mod-
eled so that reserves can be optimally deployed and deliv-
ered across the power system. From a modeling perspective,
a major novelty is featured by accounting for pre- and post-
contingency transmission losses through a set of lossy SFs
and a binary-variable-based piecewise linear approximation.
In addition, fictitious injections of active power are used to
characterize line outages, thereby requiring the calculation of
a single SF matrix.

The proposed model using lossy SFs and fictitious injec-
tions is an instance of MILP. The successful numerical expe-
rience with three standard benchmarks reveals that the pro-
posed model can effectively obtain high-quality solutions in
computational time suitable for current industry practices,
and outperform alternative models.

The proposed model has three main limitations. Firstly, a
deterministic framework is adopted, whereby the uncertainty
in nodal net injections due to the increasing penetration of
renewable generation sources is neglected. Secondly, the pre-
cise characterization of transmission losses through binary
variables yields an instance of MILP that may be computa-
tionally challenging. And thirdly, the reliance on a simple
and fast outage selection procedure may discard critical con-
tingency states, which biases the resulting generation sched-
ule.

Further work will address such limitations through the
adoption of uncertainty-aware approaches based on stochas-
tic programming and robust optimization, the application of
iterative algorithms including decomposition techniques and
the identification of unnecessary binary variables, and the in-
crease in robustness through alternative outage selection pro-
cedures and the joint consideration of several contingency
states. Other interesting avenues of research are the incorpo-
ration of an N—1—1 security criterion, allowing for interme-
diate adjustments between contingencies, and the consider-
ation of flexibility-enabling technologies such as quick-start
units, storage devices, and line switching.
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