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Research on preventive generation dispatch schemes for resilient power system operation is often
based on the DC power flow model, ignoring the influence of reactive power and voltage magnitude.
This paper presents an in-depth study of a linearized AC power flow (LAC) model with reactive power
and voltage magnitude to derive sensitivity factors, including shift factors and line outage distribution
factors, for pre-contingency and post-contingency power flow calculations for N-k contingencies. Based
on the derived sensitivity factors, a resilience-constrained economic dispatch (LAC-RCED) strategy
is developed, which considers the security constraints of N-1 contingency for all lines and N-2
contingency for the affected lines, as well as optimization objectives to improve the power flow
distribution in the transmission system. To deal with the computational difficulties associated with
the N-k contingency constraints, an iterative contingency filtering algorithm based on the derived line
outage distribution factor is proposed for contingency screening and creating security constraints for
violated contingency scenarios. In the case study, the accuracy of the power flow solution obtained
from the derived sensitivity factors is investigated by comparison with the AC model. The proposed
LAC-RCED model and the iterative contingency filtering algorithm are tested on the IEEE 30-bus and

118-bus systems.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction approaches aim to utilize the available assets to develop resilient
operation strategies. These strategies might provide preventive,
corrective, or restorative approaches to cope with or mitigate
the extreme event. This paper focuses on preventive resilient
operations.

Several models and approaches have been proposed in the
literature in the context of enhancing power system operational
resilience [4-10]. Resilience-based unit commitment and eco-
nomic dispatch strategy are one of the main approaches. In [4] an
event-driven security-constrained unit commitment model was
proposed by considering the simultaneous outages of multiple
system components affected by a predicted hurricane. A sequen-
tially proactive enhancement strategy was adopted to enhance

Due to climate change in recent years, the impact of extreme
weather events on power systems has become increasingly evi-
dent. The resilience of the power system to these extreme events
has attracted widespread attention [1,2]. Resilience enhance-
ment strategies for transmission systems can be generally clas-
sified into planning-based and operation-based approaches [3].
Planning-based methods focus on developing network expansion
strategies to strengthen the electricity infrastructure and avoid
component failures in extreme events, whereas operation-based
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the system resilience in [5]. Resilient operation strategies based
on multi-level optimization problems are presented in [6-8]. Dif-
ferent from the above works, the optimization models proposed
in [9,10] take into account optimization objectives related to
power flow on transmission lines in addition to the generation
cost. Numerical results demonstrate the effectiveness of the pro-
posed model in preventing cascading overload outages caused by

2352-4677/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://doi.org/10.1016/j.segan.2022.100793
http://www.elsevier.com/locate/segan
http://www.elsevier.com/locate/segan
http://crossmark.crossref.org/dialog/?doi=10.1016/j.segan.2022.100793&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:3115001026@mail2.gdut.edu
mailto:2111604002@mail2.gdut.edu.cn
mailto:chunsing.lai@brunel.ac.uk
mailto:jiayw@sustech.edu.cn
mailto:zhuoli.zhao@gdut.edu.cn
mailto:lixuecong@gdut.edu.cn
mailto:l.l.lai@ieee.org
https://doi.org/10.1016/j.segan.2022.100793
http://creativecommons.org/licenses/by/4.0/

Z. Huang, L. Huang, CS. Lai et al.

Sustainable Energy, Grids and Networks 32 (2022) 100793

Nomenclature

<o~

Toe
w

SQ—Q

mn,i

sv-@

m,i

TP—P

mn,i—j

Q-P

mn,i—j

V-P
Tmla]

mn,i—j

Constants and Sets:

Nodal active power injection vector.
Nodal reactive power injection vector.
Bus voltage magnitude vector.

Bus voltage phase angle vector.

Bus conductance matrix.

Bus susceptance matrices with or with-
out considering shunt capacitor.

A matrix consisting of matrices G, B, B'.
Submatrices of the M inverse.
LAC-based shift factor of branch con-
necting bus m to n denotes the change of
reactive power flow on branch connect-
ing bus m to n, when one unit of active
power is injected into bus i.

LAC-based shift factor of branch con-
necting bus m to n denotes the change of
active power flow on branch connecting
bus m to n, when one unit of active
power is injected into bus i.

LAC-based shift factor of bus m denotes
the change of voltage magnitude at bus
m, when one unit of active power is
injected into bus i.

LAC-based shift factor of branch con-
necting bus m to n denotes the change of
active power flow on branch connecting
bus m to n when one unit of reactive
power is injected into bus i.

LAC-based shift factor of branch con-
necting bus m to n denotes the change of
reactive power flow on branch connect-
ing bus m to n, when one unit of reactive
power is injected into bus i.

LAC-based shift factor of bus m denotes
the change of voltage magnitude at bus
m, when one unit of reactive power is
injected into bus i.

LAC-based power transfer distribution
factor of branch connecting bus m to n
denotes the change of active power flow
on branch connecting bus m to n, when
one unit of active power is transferred
from bus i to bus j.

LAC-based power transfer distribution
factor of branch connecting bus m to n
denotes the change of reactive power
flow on branch connecting bus m to
n, when one unit of active power is
transferred from bus i to bus j.
LAC-based power transfer distribution
factor of bus m denotes the change of
voltage magnitude at bus m, when one
unit of active power is transferred from
bus i to bus j.

LAC-based power transfer distribution
factor of branch connecting bus m to n
denotes the change of active power flow
on branch connecting bus m to n, when
one unit of reactive power is transferred
from bus i to bus j.
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LAC-based power transfer distribution
factor of branch connecting bus m to n
denotes the change of reactive power
flow on branch connecting bus m to
n, when one unit of reactive power is
transferred from bus i to bus j.
LAC-based power transfer distribution
factor of bus m denotes the change of
voltage magnitude at bus m, when one
unit of reactive power is transferred
from bus i to bus j.

LAC-based line outage distribution fac-
tor of branch connecting bus m to n
denotes the change of active power flow
on this branch caused by the outage of
branch connecting bus i to j with pre-
contingency active power flow of one
unit.

LAC-based line outage distribution fac-
tor of branch connecting bus m to n
denotes the change of reactive power
flow on this branch caused by the out-
age of branch connecting bus i to j with
pre-contingency active power flow of
one unit.

LAC-based line outage distribution fac-
tor of bus m denotes the change of
voltage magnitude at bus m caused by
the outage of branch connecting bus i
to j with pre-contingency active power
flow of one unit.

LAC-based line outage distribution fac-
tor of branch connecting bus m to n
denotes the change of active power flow
on this branch caused by the outage of
branch connecting bus i to j with pre-
contingency reactive power flow of one
unit.

LAC-based line outage distribution fac-
tor of branch connecting bus m to n
denotes the change of reactive power
flow on this branch caused by the out-
age of branch connecting bus i to j with
pre-contingency active power flow of
one unit.

LAC-based line outage distribution fac-
tor of bus m denotes the change of
voltage magnitude at bus m caused by
the outage of branch connecting bus i
to j with pre-contingency active power
flow of one unit.

Coefficients used to derive the LAC-
based LODF.

Coefficients of different objective terms.
Voltage magnitude base.
Minimum/maximum voltage magnitude
of bus m.

Maximum apparent power flow of
branch connecting bus m to n
Maximum apparent power flow of
branch connecting bus m to n in
contingency states.
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pg-min, pg-max Minimum/maximum active power out-
put of generator g.

Qomin, Q& max Minimum/maximum reactive power
output of generator g.

PP, QP Active and reactive load demand of load
d.

SL Set of branches.

SaL Set of branches forecasted to be affected
by an extreme weather event.

S Set of buses.

Sc Set of generators.

So Set of loads.

Sc.i Set of generators connected to bus i.

Sp.i Set of loads connected to bus i.

NB Number of buses.

NL Number of lines.

im,n Indices for buses.

g Index for generators.

d Index for loads.

Variables:

P, Q¢ Active and reactive power output of
generator g.

P;, Q; Injected active and reactive power of
bus i.

P}f’ Active power load shedding in load d.

Qf Reactive power load shedding in load d.

Rin Loading rate of active power on branch
connecting bus m to n.

Pt QL. Active[reactive power flow on branch
connecting bus m to n.

PLN-k QLN-k Post-contingency active and reactive
power flow on branch connecting bus m
to n of N-k contingency.

V,’;"k Voltage magnitude of bus m after N-k
contingency.

St S G £ Auxiliary variables to linearize the ob-
jective term related to active power flow
on branch connecting bus m to n.

power flow transfer after the initial failures. The DC power flow
model was applied to construct transmission network security
constraints in most of the above studies due to its excellent com-
putational efficiency. However, since reactive power and voltage
magnitude are not modeled in the DC model, the resulting solu-
tion cannot ensure that the voltage magnitude is within the al-
lowable range, which may result in under-voltage and load shed-
ding followed by a blackout, especially in extreme conditions.
This paper presents an in-depth study of a linearized AC power
flow (LAC) model with reactive power and voltage magnitude to
derive sensitivity factors, including shift factors (LAC-SF) and line
outage distribution factors (LAC-LODF), for pre-contingency and
post-contingency power flow calculations for N-k contingencies.
The authors then propose a resilience-constrained economic dis-
patch (LAC-RCED) strategy which takes into account the security
constraints of the apparent power flow on the transmission line
and the bus voltage magnitude under normal and contingency
states, as well as optimization objectives to improve the power
flow distribution in the transmission system.

Sensitivity factors reflect how the power flow variables (in-
cluding power flows, voltage magnitudes, and phase angles)
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change with the change of another variable (injected powers and
power flows). Sensitivity factors of the DC power flow model have
been extensively discussed and used in the literature. In [11,12],
DC-based SF, power transfer distribution factor (PTDF), and LODF
are defined and calculated in detail. In [13], an algorithm to con-
struct an equivalent reduced power system model was proposed
by approximating the PTDF and SF of the original system. In [14],
the generation shift factors and LODF were used to distinguish
between failure caused by power transfers due to the outage
of other branches and actual faults of relays. However, these
applications are limited to the DC model and can only reflect
the characteristics of active power. LODF in the full AC power
flow model was studied in [15-18]. However, if a sensitivity
factor is calculated using the non-linear power flow equation, it
depends not only on the topology of the system but also on the
operation point of the system state, i.e., the power flow solution.
Sensitivity factors of the AC power flow model are usually used
for security analysis and do not apply to power system operation
optimization problems. There is a lack of literature focus on
the sensitivity analysis equations for linearized AC power flow
models with reactive power and voltage magnitude, which is only
dependent on the topology of the system and can be used in
generation dispatch optimization problems. This paper aims to
fill this knowledge gap.

Different LAC models with reactive power and voltage mag-
nitude have been proposed in [19-21]. These linearized models
are widely used in problems such as optimal power flow [22,23],
available transfer capability [24], locational marginal price [25],
transactions in distribution networks [26], due to their compu-
tational efficiency and accuracy. This paper refers to the LAC
model proposed in [21] and presents in-depth studies about its
application. Three kinds of linear sensitivity factors of this LAC
model are proposed, namely, LAC-SF, LAC-PTDF, and LAC-LODF.

Based on the derived sensitivity factors, a LAC-based
resilience-constrained economic dispatch model is proposed. Se-
curity constraints of N-k contingencies are necessary for a re-
silient generation dispatch scheme. However, it is hard to di-
rectly include the security constraints of all N-k contingency
scenarios in an optimization problem of power system opera-
tion, since there are thousands of components in a grid. Ben-
der decomposition is one of the widely used methods to solve
large-scale security-constrained unit commitment or economic
dispatch problems [27-30]. However, not all contingency con-
straints have an impact on the feasible region of these problems.
Therefore, the computational efficiency could be improved by
identifying active constraints and then incorporating only these
constraints into the problem. Authors of [31] proposed an iter-
ative LODF-based algorithm to find the active constraints that
are binding the SCUC to consider the security constraints for N-1
contingency cases. The same idea was applied to the resilience-
constrained economic dispatch model in [10] and a contingency
constrained transmission expansion planning problem in [32].
However, all these three works are based on the LODF of the DC
model. In this paper, based on the derived LAC-LODF, a modified
iterative contingency filtering process is proposed to consider
active N-1 and N-2 contingency constraints in the proposed
LAC-RCED.

In summary, existing power dispatch optimization problems
for improving system resilience rarely consider the security con-
straints on voltage and reactive power, and the resulting solutions
are not safe enough. LODF applicable to optimization problems
with N-k contingency constraints considering reactive power and
voltage distribution is also lacking. This paper aims to fill these
knowledge gaps. Table 1 shows the function comparison between
this paper and other related works.

The main contributions of this paper are summarized as fol-
lows:
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Table 1
Function comparison between this study and related works (Y = yes, N = no).
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Reference Comparison of resilience enhancement strategies Comparison of the derivation of sensitivity factors
Operation constraints Objectives in Efficient solutions Based on power flow If only LODF for N-k
of reactive power and addition to for contingency models with reactive dependent on contingency
voltage generation costs constraints power and voltage system topology

[4] N N Y N N N

[5] N N Y N N N

[6] N Y Y N N N

171 N N Y N N N

[8] N N Y N N N

[9] N Y N N Y N

[10] N Y Y N Y Y

[11] N N N N Y Y

[12] N N N N Y Y

[13] N N N N Y N

[14] N N N N Y N

[15] N N N Y N N

[16] N N N Y N N

[17] N N N Y N N

[18] N N N Y N Y

This study Y Y Y Y Y Y

1. Sensitivity analysis equations for a linearized power flow
model with reactive power and voltage magnitude are proposed.
Sensitivity factors, including SFs and LODFs, are derived for pre-
contingency and post-contingency power flow calculations of N-k
contingency cases.

2. Based on the derived sensitivity factors, a resilience-
constrained economic dispatch strategy is developed, which con-
siders the security constraints of N-1 contingency for all lines
and N-2 contingency for the affected lines, as well as optimiza-
tion objectives to improve the power flow distribution in the
transmission system.

3. A modified iterative contingency filtering process is pro-
posed to consider active N-1 and N-2 contingency constraints
in the proposed optimization model. The maximum number of
contingency constraints allowed to be added to the optimization
problem in each iteration is predefined to make the process more
applicable to large-scale systems.

The remainder of this paper is organized as below. Section 2
provides the equations for calculating the sensitivity factors, LAC-
SF, LAC-PTDF, and LAC-LODF of the LAC model. In Section 3, the
derived LAC-SF and LAC-LODF are applied to the proposed LAC-
RCED model and the iterative contingency filtering algorithm is
presented. Section 4 shows the case studies that validate the
performance of the proposed model and solution techniques. Sec-
tion 5 gives the conclusion, summarizes the experimental results
and suggests future work.

2. Derivation of sensitivity factors of a LAC model
2.1. LAC model

The well-known AC power flow model for a power system is
as follows:

P; = Z G;jViVj cos 6; + Z B;;ViV; sin 6;

Jj€Sp Jj€Sp (1)
Q=- Z B;jV;V; cos 6 + Z Gi;V;V; sin 0
Jjess JjeSs

P,;“ = gi]'V1 (V,' — Vj Ccos 01]) — bUV,V] sin 9,]

b i
QJ‘ = —Viz S;’U — bijvi (Vi — V] Cos 0,]) — gijjVj sin (91‘]'

(2)

According to the assumptions made in [21], these equations
are approximately linearized as the following linear equations

with decoupled voltage magnitudes and phase angles.

Pi=— Bifi+ Y Gy

Jj€Sp Jj€S

(3)
jeSp Jj€Sp
P = g (Vi = ;) — by (6 — 6) (4)

Qf = by (Vi ~ ) ~ &5 65~ )
The matrix form of (3) for a power system with multiple buses
is as follows:

oL S

Since the above equation is linear, the following equations can
be easily obtained:

o A o B

In this paper, a sensitivity analysis is performed for this LAC
model to derive sensitivity factors for pre-contingency and post-
contingency power flow calculations of N-k contingencies.

2.2. Derivation of the LAC-SF and LAC-PTDF

The derivation of LAC-SF and LAC-PTDF is shown in this sec-
tion. LAC-SF for a branch and a bus is the sensitivity of power
flows or bus voltage magnitude to the change in bus injections. It
shows how the power flow on a branch or bus voltage magnitude
will change if the injection at a bus is changed by one unit. LAC-
PTDF reflects the change in the power flow on a branch and bus
voltage magnitude when one unit of power is transferred from
one bus of the network to another one.

To derive LAC-SF and LAC-PTDF, A0 and AV needs to be
calculated. However, since the matrix M is singular, it cannot be
directly inverted to calculate the unknown A@ and AV via the
known nodal active and reactive power injection AP and AQ.
Based on the bus classification method widely used in power
flow analysis, Eq. (6) needs to be reconstructed. According to the
known and unknown variables of the slack bus, PV buses, and PQ
buses, the following reduction could be performed.

1. Remove the row corresponding to the slack bus in AP and
A0, and denote the reduced vector as AP* and A0*, respectively.
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2. Remove the rows corresponding to the slack bus and PV
buses in AQ and AV, and denote the reduced vector as AQ* and
AV*,

3. Remove the row and column corresponding to the slack bus
in —B’, and denote the reduced matrix as —B™.

4, Remove the rows and columns corresponding to the slack
bus and PV buses in —B, and denote the reduced matrix as —B*.

5. Remove the row corresponding to the slack bus and columns
corresponding to the slack bus and PV buses in G, and denote the
reduced matrix as Gj.

6. Remove the column corresponding to the slack bus and
rows corresponding to the slack buses and PV bus in G, and
denote the reduced matrix as —Gj.

To express the relationship between the above original ma-
trices and reduced matrices with mathematical expression. Two
reduced identity matrices Iy and I, are defined. I; is obtained by
removing the row corresponding to the slack bus in an identity
matrix with the size of NB x NB. I, is obtained by removing
the rows corresponding to slack bus and PV buses in an identity
matrix with a size of NB x NB. With I; and I, the mathematical
expressions of original matrices and reduced matrices are as
follows:

AP* =1;AP, A0" =1,A0
AQ  =LAQ. AV* =LAV
-B* =1, (-B)I,", G} =LGL'
~B =L (-B)kL',

(7)

(8)
—G = LGL"

Finally, the reduced LAC model for power flow analysis is

reconstructed as follows:
(AP [-B* G AQ* A0
AQ* -G, —B*||av* AV
Note that matrix M* is no longer a singular matrix in (9). It is
easy to calculate A0* and AV* by inverting M* as bellow.

[A0*] L [aP H J|[aP
= [M*] = (10)
AV* AQ* K F||AQ"

With (4) and (10), the calculation of LAC-SF is conducted in
this LAC model. In order to calculate Sj¥., set the element in
AP corresponding to bus i as 1, and the rest elements are set as
0, and denote this known vector as AP;. At the same time, all
elements of AQ are set to zero. Therefore, the expression of S

. mn,i
is as follows:

SP_P = ZnPmn AV — brn®man A0

mn,i

= Znn®mnla KIi AP; — by &l "HI AP; (11)

where &pn = [0,...,1,...
-1

Shift factor SXT, for branch mn denotes the change of reactive
power flow on branch mn, when one unit of active power is

injected into bus i. The expression of LAC-SF Sr%;:i is as follows:

,—1,...,0], ®pn(m) = 1, &pp(n) =

CRAES b ®mn AV — gnn®mn A0

mn,i

= —bnn®mnl2 Kli AP} — g ®mali HI; AP (12)

Shift factor SY* for bus m denotes the change of voltage
magnitude at bus m when one unit of active power is injected
into bus i. The expression of shift factor Sy is as follows:

St = k'Kl AP; (13)
wherex =[0,...,1,...,0], k(m) = 1.
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Similarly, the expressions of LAC-SF related to reactive power
injection are as follows:

St = Znn®mnl2 Fla AQs — D ®mnly JI2AQs

mn,i

S%;IQI = _bm"(I'm"IZTFIZAQi - gmn‘}mnllTleAQi (]4)
SYQ — kIL,"FLAQ;

where AQ; =10, ...,1,...,0]T, AQ;(i) = 1.

After deriving LAC-SF, LAC-PTDF can be calculated directly
by using LAC-SF according to the equivalent networks shown
in Fig. 1. As shown in Fig. 1(b) and (c), AP}, ; +jAQY,; and
AP,Eln,4 +jAQ,’;myj are power flow on branch mn determined by the
injection of AP; 4-jAQ; at bus i and the injection of AP;4jAQ; at
bus j, respectively. AV, ; and AV,,; are bus voltage magnitudes.

With LAC-SF, the expressions of AP, ., AQ), ;, APy, ., AQj, AV i
and AVy,; are as follows: ' '
AP, = ShP AP + Sp L AQ;

L Q-pP Q-Q (15)
AQpyi = Smn,iAPi + smn,iAQi
APLy = Sy AP+ S1.5 A

L Q-P Q-Q (16)
Aan,j = Smn,jAPj + Smn,jAQj
AV = SYTAP + SV 2AQ; (17)
AVpj = SYP AP, + S EAQ; (18)

According to the relationship between power flows and the re-
lationship between bus voltage magnitudes shown on the left and
right sides of the equivalent networks, the following equations
can be obtained:

L L L
APmn,i—>j = APy, — APmn,j (19)
AQ#m,i—n’ = AQr]r-m,i - AQan,j
AVipinj = AVipi — AV (20)

By substituting (15) and (16) into (19), (17) and (18) into (20),
the following equations can be obtained:

Atk g =SEEAR S0+ iS00 - Siag
Q-P Q-P Q-Q Q-Q

AQT];UI,I'*)j = Smn,iAPf - Smn,jAPj + Smn.iAQf - Smn,jAQj

AVpinj = SyTAP; — ST AP + S 2 AQs — S, 2 AQ (22)

According to the definition of LAC-PTDF, by substituting AP; =
AP =1, AQ; = AQ; = 1 into (21) and (22), it is easy to obtain
four kinds of LAC-PTDF for a branch and two for a bus regarding
active and reactive power transfer, respectively. The expressions
of the above six kinds of LAC-PTDF are as follows:

P-P __ PP P-P QQ _ cQQ Q-Q

Tmn,i»j - SmnA,i - Smn.j Tmn‘iaj - Smn,i - Smn,j
Pr-Q  _ cPQ P-Q V-P _ gV-P V-P

Tmn,i»j - Smn,i - Smn.j Tm,ia]’ - Sm,i - Sm,j (23)
Q-P _ QP Q-P V-Q _ cV-Q V-Q

Tmn,iaj - Smn,i - Smn,j Tm,iaj - Sm,i - Sm,j

The specific definition for each kind of the above LAC-PTDF
is explained in the nomenclature table. So far, we have provided
formulas for calculating LAC-SF and LAC-PTDF in the introduced
LAC model. How LAC-LODF is calculated will be discussed in the
next section.

2.3. Derivation of the LAC-LODF for N-1 contingency

LODF is widely employed to determine the effects of contin-
gent line outages. In the DC power flow model, the LODF for
a specified branch outage is the incremental active power flow
on the monitored branches caused by the outage of a contin-
gent branch with a pre-outage active power flow of one unit. In
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AP+jAQ;  APHjAQ;
(@)

AP#jAQ;

AP#jAQ;
©

Fig. 1. Equivalent networks for the derivation of LAC-PTDF based on LAC-SF.

(a)

TTIV!" PTI'I-;'R + jQ)I‘-; 1T VH n

L iAOL
m la‘u‘mn iz [+]Agnm,i«j n

Vm

n

o Y !
P +jQs; ? AP ‘

aP}; +jAQL i aP};
8Oy o +iOY

Fig. 2. Equivalent networks under the outage of branch ij.

this paper, LAC-LODF related to both active and reactive power
flow is studied. Similar to LAC-SF and LAC-PTDF discussed above,
six kinds of LAC-LODF including L[*P, [PQ, [P, [®Q [V and
LV-Q are presented in this work. With these LAC-LODF, the post-
contingency power flow of a branch or post-contingency bus
voltage magnitude of a bus can be calculated by the following
equations:

P-Q
PLN ]_PL +L&r[1’u PL+Lmny Ql}

(24)
LN—-1 Q-P L Q-Q

Qn=n =an Lmny P Lmny Qu

VN = Vi +L;BPL+L¥3Qj (25)

To derive the calculation approach of the above LAC-LODF,
equivalent networks under the outage of branch ij are shown in
Fig. 2. Fig. 2(a) and (b) show the system states after and before the
failure respectively, including line power flow and node voltage.
Fig. 2(c) is the transition state of system failure, including the
variation change of power flow and voltage before and after the
failure. The term ozPL + jﬁQ is fictitious power injected at bus
i and withdrawn at bus j. The terms APL . i +jAan i»j and
APb i T ]AQy i_.;j are incremental power flow on branch mn and
ij due to the power transfer of ocPL + ]ﬂQL from bus i to bus
j. According to the nodal power balance at bus i or bus j, the
following equations can be obtained:

P+ TyF, - aPf + T2 - BQf = aPy (26)
Q-P Q-Q
Qlj Tl] i—j aPL Tl] i—j IBQI_] - IBQI_] (27)

By solving (26) and (27) simultaneously, Eq. (28) can be ob-
tained:

aQ P-q
(l TU l*)]) PL + TU i—j Q‘}

O{PL :aPL+bQ[L

v Q-Q P-Q QP i i
(] - Tlftp—n) (1 Tu 1—>J) - Tij imj Tij,i—>j

Q-Q QP

L ( TU ’—H) Q‘J + TU i—j PIIJ L L
(1=10r,) (1-782)) - 172, T3,
l_] l*)_] lj 14)_] l_],l*)] l],l*)_]

(28)

According to the relationship between power flows and the re-
lationship between bus voltage magnitudes shown on the left and

right sides of the equivalent networks, the following equations
can be obtained:

PaNTl = Ph A+ AL =Ph A TRY L aPp T BQS
= Phy (Thbiy at Ty c) <P
(b b+ Ty d) - Qf
(29)
Qr&z’nN_] = Qr&m + AQ#m isj = Q#m Tl%npl—ﬁ aPL Trgnqlej ,BQU
= Q + (T e+ TS ).p,.g.

Q-P Q-Q
+<Tm n,i—j b+Tmn1a} )Qi}
(30)
V:;F] = vm + Avm Ji—=j = V + Tﬂ\’/l 1p—>]aPL + Tr\; 1Q—>]ﬂQI;
vV-Q
= Vm+(Tr\n/,P_>] a+Tm1—>] ) Pl;- (31)

+(Thh b+ TR d) o
By comparing (29), (30) and (31) with (24) and (25), we have
the following expressions of different kinds of LAC-LODF:

P-P __ TP-P P-Q P-Q _ 1P-P P-Q
Lmn ij Tmn i—j -a+ Tmn i—j -C Lmn ij Tmn Ji—j -b + Tmn i—j -d
QP _ QP Q-Q QQ _ QP Q-Q
Lmn ij Tmn i—j -a+ Tmn i—j " ¢ Lmn ij Tmn i—j -b + Tmn i—j -d
V-P __ pV-P V-Q V-Q __ pV-P V-Q
Lm ij Tm i—j -a+ Tm 1»} Lm ij Tm i—j b + Tm i—j -d
(32)

So far, the derivation of LAC-SF, LAC-PTDF, and LAC-LODF for
N-1 contingency is completed. The LAC-LODF for N-k contingency
will be presented in the next section.

2.4. Derivation of the LAC-LODF for N-k contingencies

This section extends the LAC-LODF derived in the previous
section based on N-1 contingency to the LAC-LODF applicable to
N-k contingencies. Suppose that there are k line failures in an N-k
contingency case, which are named as L1 to Lk and included in the
set Lf = [L1, ..., Lk]. The post-contingency power flow solution
of branch mn and bus m can be calculated by using the LAC-LODF
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for the N-k contingency case by using the following equation:

Pan’rI:I_k = Pr];m + Lfr;rl:,Lf,Ll : PLL1 + Lfr:r%Lf,Ll : QLLl +oe
+Lfr;5,Lf,Ll< P+ Lfr;r%Lf,Lk - Qi
= Qu, + L%_nP,Lf,Ll Py + L%_n?Lf,Ll QL+
+L%_nP,Lf,Lk P+ L%n(,lLf,Lk - Qi
VK = Vi + L\r/n_,rzf.n Py + L;/q_,(Llf,Ll Q-
+Lyn_,lzf,u< - Pp + LYn_,%f,Lk - Qg

(33)

Similar to the derivation of the LAC-LODF for N-1 contingency
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Combining (33) and (36), the expression of the LAC-LODF
applicable to post-contingency active power flow calculation in
an N-k contingency case is as follows:

- p-p -

Lmn,Lf,Ll
P-Q

Lmn,Lf.Ll

pP-P
Lmn,Lf,Lk
P-Q
_Lmn,Lf,Lk_

e
Tyt
: W (37)
T 1k
Tomik

Similarly, the expressions of the LAC-LODF applicable to post-

cases, the LAC-LODF for N-k contingency cases is derived by
injecting and withdrawing virtual power at the two ends of
the failure lines. The relationship between the pre-contingency

contingency reactive power flow and bus voltage magnitude cal-
culation in an N-k contingency case are as follows:

power flow and the virtual power is as follows:

P -1 -ThG T T
o “Tin 1-TSh o Tin ~Ton
PLLf _TLPk_,l; _TLPk_,%l 1- Tﬁﬂk _TLI)l;%k
k -Tin -Ten o —Taw 1-Tigd
a1 PL
B1Q;
: (34)
oP LLk
ﬂkQL%(
By reformulating (34), we have the following equation:
a1 Pl =T ~Toh “Thie T o
B10}; “Tin =TSR o STSk TRk
TR T
Aid L -rgh -ty -1gh 1-1RS
P P
Qi Qi
DlEW (35)
Pii Pii
Qi Qi

After getting the virtual injected power, the incremental active
power flow on branch mn can be calculated using LAC-SF, as
below:

T

P-P L
Toni1 arPp
P-Q L
Tmn,Ll IBlQLl
L.N-k L _ AplL _ .
Pmn _Pmn_APmn_ . :
P-P L
Tmn,Lk Py,
P-Q L
Tmn,Lk ﬂkQ’-k
pp T
Tmn,Ll PL
L1
TP’Q L
mn,L1 1
= w (36)
P-P L
Tmn,Lk PL]l_c
P-Q
Tmn,Lk k

a1
Lomirar | | Tonks
: : "W (38)
Longroe | | Tk
_L%_T%Lf Lk _ L Tr% ;I%.k _
(b ] T’
Lnif i1 Toth
o=l s | w (39)
Ly ik T i
o] Lok

So far, the derivation of LAC-SF, LAC-PTDF, and LAC-LODF for
pre-contingency and post-contingency power flow calculation for
an N-k contingency case is completed. The derived LAC-SF and
LAC-LODF will be used in the proposed LAC-RCED to establish
the security constraints to ensure the power flow and bus voltage
magnitude within the operating limits in the next section.

3. LAC-based resilience-constrained economic dispatch model

This section presents the mathematical formulation of the
LAC-RCED model, where the LAC power flow model discussed
above is used for power flow calculations in the base case. An
iterative contingency filtering process based on the LAC-LODF
discussed above is given to screen out violated contingency sce-
narios and incorporate the corresponding security constraints
into the LAC-RCED model to ensure that the power flow and bus
voltage magnitude are within the operating limits.

3.1. LAC-RCED without considering contingency constraints

In blackouts during extreme events, massive power flow trans-
fer often occurs after the initial failures caused by the event.
The initial failures develop into overloaded cascading failures that
eventually lead to blackouts. If LAC-RCED can improve the power
flow distribution in the network to prevent massive power flow
transfer after disturbance or to increase the available transmis-
sion capacity of the transmission line, the probability of blackouts
caused by cascading failures could be reduced. The operational
resilience of the power system could be enhanced. Referring
to [10], the objective function of LAC-RCED is to minimize the
generation cost as well as improve the power flow distribution
in the transmission system. Two objective terms related to active
power flow on transmission lines are considered to realize the
goal. The first term aims to reduce the power flow in specific
branches forecasted to be affected by an extreme weather event,
which has a high probability of failure. Reducing the power flow
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of these branches can avoid large-scale power transfer once there
is a contingency caused by an extreme weather event. The second
term aims to make the power flow relatively uniform to avoid
overloaded or lightly loaded branches in the whole network.
The mathematical expression of the objective function of the
proposed LAC-RCED model is as follows:

MiHng(ch)-i-C]- Z Rmn+C2' Z Rmn_ﬁ ZRmn

geSg mneSap mnesSy mnesy

+G- Yy (PP Q) (40)

deSp

where desc fe (ch) is the generation cost of all generators;
fa (ch) =aq, (ch)2 + bgPE + ¢4 > mnes,, Rmn is the first penalty

L
term, where R, = SP,,%‘ is the loading rate of the line mn;
mn
1 . .
ZmnESL Ron — & ZmneSL R is the second penalty term; ZdeSD

(P¥ 4+ QF) is total unserved active power and reactive power of

the system, where P;,S and chls are unserved active power and
reactive power of load d respectively, and the modeling method
is from [33,34]; the system itself may not be satisfied with the
N-k security criterion, therefore, the unserved active power and
reactive power variables are needed to ensure the feasibility of
the optimization problem. C; is the coefficient of the first penalty
term and C, is the coefficient of the second penalty term. C; and
C, are determined by comparing the values of the two penalty
terms and the generation cost directly; C3 is the coefficient of
penalty term for load unserved; C; is a large value to avoid load
unserved in the normal operation. The system itself may not
satisfy the N-k security criterion, therefore, the unserved active
power and reactive power variables are needed to ensure the
feasibility of the optimization problem.

In (40), the first penalty term penalizes the loading rate of the
line in the affected area. Because these lines are more preferably
likely to fail due to the effect of the extreme event, we aim to
reduce the power flow of these affected lines appropriately. On
one hand, it reduces the probability of overload failures on these
lines, and on the other hand, prevents large-scale power flow
transfer when they are damaged by extreme events. The second
penalty term penalizes the uniformity of the flow distribution
of all lines, aiming to avoid some lines undertaking heavy loads
and easy to suffer overload outages when there is a disturbance.
The above two absolute value terms make the problem hard to
be solved in the optimization problem. According to the method
of optimization with absolute values, the above objective term
can be linearized by introducing some auxiliary variables and
constraints. The linearized form of the above objective function
is as follows:

Min Y f(PS)+Cre Y Run+ G Y (G + )

g€Sg mneSaL mneSy
+G -y (PE Q)
deSp
s.t. Run =St + S5, YmneS
L
S::X — S+ S =0 Vmnes, (41)
mn

0<sf, <M pm0 <5, <M-(1— )

mn

wmn € {0,1} Vmn e Sy
mneSy Rm”

NL
tt >0,t. >0 VmneS

> 'mn

R — —th 4+t =0 Vmnes,
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The operational constraints of the LAC-RCED model are the
same as those of the traditional AC optimal power flow model.
The differences are the ways the power flow and bus voltage
magnitude are calculated.

P= YR Y (8-0F) vies,
8€SG i deSp i ( )
42
Q= ¢+ (@-0Q) Vies
£€Sg.i deSp
Pi=— Byfi+ Y GjV; VieSy
Jj€Sp JjeSp
QJ' = —ZGU-GJ-— ZBUV] Vie SB
jess jess (43)
P)%m = &mn (Vm - Vn) - bmn (9m - Gn) Ymn € SL
Qi = ~bmn (Vi = V) = G O — 6)  Vmn e S
PS™M < PE < PO™* Vg € Sg
G,min G G, max (44)
Q"M =Q = Q" Vg eS¢
0<PS<P? vdesp )
45
0<Qf<QP vdesSp
2 2 2
(Phn)” + (Qun)” = (Si¥)” VmneSa (46)
vmin < v, < VX ym e Sy (47)

Eq. (42) represents the active and reactive power injections at
buses. Eq. (43) represents power flows on branches and voltage
magnitudes at buses, which are calculated by LAC-SF. Constraints
in (44) are the limits of the active and reactive power output of
generators. Constraints in (45) limit the range of load shedding.
Constraints in (46) are the apparent power flow limit. Constraints
in (47) are the voltage magnitude limit. After solving LAC-RCED
without contingency constraints, a resilient generation dispatch
solution can be obtained, in which both power flow and bus
voltage magnitude are within their operating limits in the base
case.

3.2. Iterative contingency filtering process for LAC-RCED with con-
tingency constraints

To enhance system resilience against transmission line N-k
outage caused by extreme events, N-1 contingency constraints of
all branches and N-2 contingency constraints for lines affected by
an extreme weather event are considered in the proposed LAC-
RCED. To reduce computational complexity, security constraints
for all contingency cases are not directly modeled in the opti-
mization model. In this work, an iterative contingency filtering
algorithm based on the derived LAC-LODF is given to screen out
violated contingency cases and incorporate the corresponding
security constraints into the LAC-RCED.

In addition, since ., is a binary variable that makes the
LAC-RCED model difficult to be solved, the LAC-based economic
despatch (LAC-ED) without penalty terms is first solved to de-
termine the value of w.;;. The mathematical expression of the
LAC-ED model without contingency constraints is as follows:

Min > " fo(PS)+Cs- > (PF +QF) (48)

geSg deSp

s.t. (42)-(47).

The flowchart of the iterative contingency filtering algorithm
for LAC-RCED with contingency constraints is shown in Fig. 3.

The solution procedure is as follows:

Step 1: Solve the LAC-ED problem without contingency con-
straints and obtain the flow direction of each branch. Set
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Solve the LAC-ED without
contingency constraints

v

Determine p according to the direction of
power flow

v

Solve the LAC-RCED without
contingency constraints

v

Screen out violation scenarios from all N-1 and
N-2 contingencies based on LAC-LODF

Any violation exists?

Number of
violation
cenarios>MSV?

| Randomly Select MVS violation scenarios |

!

| Solve the LAC-ED with contingency constraints |

v

Determine p according to the direction of power
flow

v

Solve the LAC-RCED with contingency
constraints

Fig. 3. Flowchart of the iterative contingency filtering algorithm.

in the LAC-RCED according to the obtained direction of power
flow. When the power flow of branch mn is positive, set my, as
1, otherwise, my, is set as 0.

Step 2: Solve the LAC-RCED problem without contingency
constraints, according to the value of u.,, obtained in Step 1.

Step 3: Calculate the post-contingency power flows and volt-
age magnitudes in all N-1 and N-2 contingency scenarios by
using the proposed LAC-LODF in the LAC model. The termination
condition of the procedure is that there are no power flows in any
branch and no voltage magnitudes at any bus exceed the limits
for all contingencies. If the termination condition is not met, then
go to Step 4. If yes, exit the contingency filtering process. This
means that a generation dispatch solution satisfying the N-1 and
N-2 contingency constraints is found.

Step 4: Screen out the N-1 contingency scenarios that cause
the violation of power flow or voltage, and judge if the number of
violation scenarios screened is greater than the preset maximum
violation scenario (MSV). If yes, sort the violation scenarios in the
order of the number of faulty lines, screen the violation scenarios
in this queue as evenly distributed as possible, keep the number
of screened scenarios at MSV, add these screened scenarios to a
violation scenario set which includes all violations screened in
each iteration, and then proceed to Step 5. If no, go directly to
Step 5.

Step 5: It is worth noting that the adding process of security
constraints in Steps 5 and 7 is iterative. That is, the security
constraints added by any iteration will remain in the dispatch
problem and will be applied to the final dispatch scheme. For
the screened N-1 contingency scenarios, add corresponding con-
tingency constraints to LAC-ED and LAC-RCED. Suppose that the
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outage of branch ij causes the power flow violation of branch mn.
To avoid the occurrence of this scenario, the following constraints
will be added.

12 12 2
PR+ Q) = (55 (9
where PL-N=1 and QLN-1 are post-contingency active power and

reactive power flow on branch mn after N-1 outage of branch ij,
and can be expressed as

LN 1 L P-P L P-Q
P =P, +Lmnu P; +Lmny Q,-j (50)
Q-P L Q-Q
=an Lmnu P Lmnu Qlj

The following is an example of voltage violation, in which the
fault of branch ij causes the voltage violation of bus m. To avoid
the voltage violation in bus m, the following constraints will be
added to LAC-RCED.

v < vt < v (51)
where Vr’;"1 is the voltage at bus m after the outage of branch ij,
and can be expressed as follows:

VN = Vo + Lh - PE LS QF (52)

m,ij m,ij

Step 6: Screen out the N-2 contingency scenarios that will
cause the violation of power flow or voltage. If the number of
violated scenarios screened is greater than MVS, the MVS viola-
tion scenarios are selected in a similar way to Step 4 and proceed
to Step 7. Otherwise, go directly to Step 7.

Step 7: For the N-2 violated scenarios screened out above, add
corresponding contingency constraints to LAC-ED and LAC-RCED.
Suppose that the outages of branch ij and kI cause the power flow
violation of branch mn. To avoid the occurrence of this scenario,
the following constraints will be added.

(P;]—;{;I;] 232 +(Qm Smax C)Z (53)

where PLN=2 and Q,%,ﬁ‘]‘z are the post-contingency active power
and reactive power flow on branch mn after N-2 contingency, and
can be expressed as

L,N*Z _ plL L
P - P + Lmn JLf kLT Pkl + Lmn LLf ki le mn Lf ij PI]
mn Lf ij Qy
= Qb+ LE e Pa L Lo e O
- an mn,Lf kI =~ kI + mn Lf kl le mn,Lf,ij "]
mn Lf ij Qy

Similarly, the outage of branches ij and kI causes the volt-
age violation of bus m, the following constraints are added to
LAC-RCED.

ymin < yN=2 o ymax (55)

where VN=2 is the voltage at bus m after N-2 contingency, and
can be expressed as follows:

N-2 L, v-Q Ly [VP ply V0 L
Vi “="Vn +LmLfkl Po+Ly i QL i P+ Loty - Qi (56)

Step 8: Solve the LAC-ED with contingency constraints
screened out from Step 4 and Step 6 and set i, similar to Step
1.

Step 9: According to wm, obtained from Step 8, solve the LAC-
RCED with contingency constraints shown in Step 5 and Step 7.
Go back to Step 3.

4. Case studies
In this section, several cases are studied to demonstrate the

advantages of the model from two perspectives. One is the accu-
racy of the power flow solution obtained from LAC-LODF in the
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Fig. 4. Comparison of the base case power flow solutions of the AC model, LAC-SF and DC model in a modified IEEE 30-bus system.
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Fig. 5. Comparison of the power flow solutions of contingency case (the outage of branch 14) between the AC model, LAC-LODF and DC model in a modified IEEE

30-bus system.

LAC model, and the other is the effectiveness of the proposed
iterative contingency filtering algorithm and LAC-RCED model.
Simulations on a modified IEEE 30-bus and the IEEE 118-bus test
systems are carried out by using a computer with the MATLAB
2019 platform and Gurobi7.0.1 and IPOPT solvers. In the IEEE 30-
bus and 118-bus systems, the reference value of the power flow
is 100 MVA. IEEE 30-bus system takes 135 kV as the reference
voltage, and the IEEE 118-bus system takes 138 kV instead. More
detailed test data are given in Appendix. The designed four cases
are as follows:

Case 1: The proposed LAC-SF and LAC-LODF are applied to a
modified IEEE 30-bus and the IEEE 118-bus test systems to verify
their accuracy for pre-contingency and post-contingency power
flow calculation in N-k contingency cases.

Case 2: The proposed LAC-RCED without contingency con-
straints is studied by comparing it with DC-RCED.

Case 3: LAC-RCED with contingency constraints is studied in
the IEEE 30-bus and IEEE 118-bus to investigate the resilience
performances of the power dispatch solutions obtained from the
model.

Case 4: LAC-RCED with contingency constraints is studied in
the more severe failures to demonstrate the resilience of this
dispatching strategy.

10

Three important results are conducted for comparison: active
and reactive power flow on a branch and bus voltage magnitude
under pre-contingency and post-contingency states. The results
of the AC model are set as the benchmark. The equation to
calculate the error for the proposed sensitivity factors and the
classical DC model is as follows:

absolute_error = |x — Xac|

XA 100% (57)

relative_error =

Xac

where x is the pre-contingency or post-contingency power flow
or bus voltage magnitude calculated by LAC-SF and LAC-LODF or
DC model. x4¢ is the pre-contingency or post-contingency power
flow or bus voltage magnitude calculated by the AC power flow
model. To avoid the large relative error caused by branches with
negligible power flow, branches with AC power flow values less
than 10% of the line capacity are eliminated from statistics in all
results of Case 1.

4.1. Case 1

In this case, to show the accuracy of the proposed sensitivity
factors, the power flow calculation is performed by fixing the
active power and reactive power injections of the PQ buses, active
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Table 2

Sustainable Energy, Grids and Networks 32 (2022) 100793

Average and maximum errors of power flow and voltage calculated by LAC-LODF and DC-LODF under N-k failure in a modified IEEE

30-bus system.

Calculation method Error indicators N-1 N-2 N-3 N-4
Average relative error of active power flow(%) 0.56% 1.01% 1.52% 2.16%
Average absolute error of active power flow (p.u.) 9.37e—04 0.0019 0.0032 0.0051

LAC-LODE Average relative error of reactive power flow(%) 2.29% 3.44% 5.23% 7.23%
Average absolute error of reactive power flow (p.u.) 0.0023 0.0037 0.006 0.0091
Average relative error of node voltage(%) 0.07% 0.17% 0.3% 0.52%
Average absolute error of node voltage (p.u.) 7.05e—04 0.0016 0.0028 0.0047

DC-LODF Average relative error of active power flow(%) 0.8% 1.46% 2.06% 2.71%
Average absolute error of active power flow (p.u.) 0.0012 0.0023 0.0037 0.0055

Table 3

Average and maximum errors of power flow and voltage calculated by LAC-LODF and DC-LODF under N-k failure in a modified IEEE

118-bus system.

Calculation method  Error indicators N-1 N-2 N-3 N-4
Average relative error of active power flow(%) 0.4% 0.74% 1.25% 1.8%
Average absolute error of active power flow (p.u.) 0.0021 0.0039 0.0066 0.0096

LAC-LODF Average relative error of reactive power flow(%) 0.69% 1.23% 2.03% 2.75%
Average absolute error of reactive power flow (p.u.)  0.0025 0.0044 0.0073 0.0096
Average relative error of node voltage(%) 0.0072% 0.0132% 0.0214% 0.0292%
Average absolute error of node voltage (p.u.) 6.95e—05 1.28e—04 2.07e—04 2.81e—04

DC-LODF Average relative error of active power flow(%) 0.42% 0.78% 1.3% 1.87%
Average absolute error of active power flow (p.u.) 0.0022 0.0041 0.0069 0.01

1.05 |

I Bus voltage magnitudes calculated by Matpower according to the active output of DC-RCED model
I Bus voltage magnitudes obtained from LAC-RCED model
— Limits of bus voltage magnitudes

Bus voltage magnitude
in base case (p.u.)

Bus number

Fig. 6. Comparison of the bus voltage magnitudes of the DC-RCED model and LAC-RCED model in a modified IEEE 30-bus system. . (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Comparison of the loading rate of active power flow of LAC-ED model and LAC-RCED model in a modified IEEE 30-bus system.

power injections and voltage magnitudes of the PV buses, and
voltage angle and magnitude of the slack bus. The LAC-SF and
LAC-LODF derived in Section 2 are applied to obtain the pre-
contingency and post-contingency power flow solution of the LAC
model. The power flow solutions for the AC model and DC model
are obtained from MATPOWER 5.1 to make a comparison. The
pre-contingency power flow solutions for the above three power
flow models are shown in Fig. 4.

11

Fig. 4(a) and (b) demonstrate the active and reactive power
flow on each branch. The bus voltage magnitude profile is shown
in Fig. 4(c), in which the bus voltage magnitude in the DC model
is assumed to be 1.0 p.u. As shown in Fig. 4(a) and (b), the branch
active and reactive power flows in the LAC model calculated by
the LAC-SF are very close to those of the AC model. The average
relative error of active power flow for all branches is only 1.93%
while it is 5.76% in the DC model. The proposed LAC-SF provided a
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Table 4
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Calculation results of the proposed contingency filtering method tested in the IEEE 30-bus system.

Iterations Objective Load shedding Number of violation Number of violation Solution time (s)
number percentage scenarios scenarios returned to the
master problem

0 37506 0.83% 377 70 2.72

1 75564 12.22% 3 3 497

2 76798 12.33% 1 1 6.28

3 77723 12.37% 0 0 7.65

Table 5

Calculation results of the contingency filtering method proposed in [32] tested in the IEEE 30-bus system.

[terations Objective Load shedding Number of violation Number of violation Solution time (s)
number percentage scenarios scenarios returned to the
master problem
0 37505.72 0.83% 377 3 2.75
1 70073.61 9.82% 13 3 4.07
2 73489.61 9.89% 13 3 5.39
3 74991.79 10.39% 10 3 6.70
4 76595.72 10.95% 8 3 7.96
5 76733.72 11.44% 2 2 9.24
6 77770.58 12.44% 0 0 10.65
Table 6
The output of each generator in RCED with/without contingency constraints in a modified IEEE 30-bus system.
Generator PG with QG with PG without QG without
number contingency (p.u.) contingency (p.u.) contingency (p.u.) contingency (p.u.)
1 0.4470 —0.1053 0.1312 0.0478
2 0.7598 0.3049 1.3988 0.1427
3 0.3857 0.2891 0.4891 0.4
4 0.4990 0.0191 0.6451 0.0793
5 0.4660 0.0595 0.1147 0.1666
6 0.1200 0.0157 0.0321 0.0872
Table 7

The violated contingency scenarios in LAC-RCED without contingency constraints in a modified IEEE 30-bus system.

N-1 contingency Violated branches or buses

N-2 contingency

Violated branches or buses after

branch after contingency branches contingency

Line 1 Nodes 19, 24, 26 Lines 12, 14 Lines 21, 35 and Nodes 10, 14-26

Line 10 Nodes 18, 19, 23, 24, 26 Lines 12, 25 Nodes 15, 18-20, 23, 24, 26

Line 15 Nodes 18, 19, 23, 24 Lines 25, 36 Line 31 and Nodes 18-20, 23, 24, 26

Line 17 Nodes 14, 18, 19, 23, 24, 26 Lines 27, 28 Lines 30, 31, 35 and Nodes 15, 18,
21-26

Line 35 Nodes 18-26 Lines 31, 36 Lines 30, 32 and Nodes 23-26

The other 103 N-1 violated scenarios are not listed.

The other 200 N-2 violated scenarios are not listed.

desirable approximation of active power flow. The maximum and
average relative errors of reactive power flow in the LAC model
are only 15.42% and 6.6%, which is within the acceptable range.
Therefore, the proposed S and S22 can provide a desirable
approximation calculation of reactive power flow. In terms of
bus voltage magnitudes, the accuracy of the LAC model is much
higher than that of the classical DC model, as can be seen from
Fig. 4(c). The maximum relative error of the LAC model is only
0.71% while it is 6.75% in the DC model. Therefore, the assumption
that bus voltage magnitude is equal to 1 is not valid in some cases.
Overall, the above results indicate that the proposed LAC-SF can
provide a pre-contingency power flow solution where both active
and reactive power flow and bus voltage magnitude are notably
close to that of the AC model.

Fig. 5 visualizes the post-contingency power flow solution
using the outage of branch 14 as an example for illustration.

It can be seen that the post-contingency power flows and
voltage magnitudes calculated by the derived LAC-LODF are very
close to those of the AC model. The average relative errors of
active and reactive power flow in the LAC-LODF model are only
1.19% and 6.43%, while the average relative error of active power
flow calculated in the DC model is 2.66% p.u. For bus voltage

12

magnitude, the maximum relative error of LAC-LODF is 0.91%.,
which is much lower than the 11.68% calculated in the DC model.

In addition, this paper also compares the accuracy of the
proposed N-k LAC-LODF. As shown in Tables 2 and 3, some N-1
to N-4 scenarios will be selected to test the accuracy of the post-
contingency power flow and voltage calculated by the LAC-LODF
and DC-LODF. Considering that the number of fault combinations
is very huge when the total number of combinations is greater
than 1000, this experiment will randomly select 1000 scenarios
for calculation. It should be noted that even though the scenarios
are randomly selected, both LAC-LODF and DC-LODF are com-
pared under the same scenarios. Table 2 shows the average and
maximum errors of power flow and voltage under N-k failure in
a modified IEEE 30-bus system, and Table 3 shows the indicators
in the IEEE 118-bus system.

As shown in Tables 2 and 3, the error calculated by LAC-LODF
increases continuously as the severity of faults increases (from
N-1 to N-4 faults), but the error in the most severe scenarios is
within the acceptable range. In addition, the experimental results
also demonstrate the comparison between LAC-LODF and DC-
LODF in terms of active power flow accuracy, and LAC-LODF
shows the advantage of higher accuracy. Since LAC-LODF takes
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Fig. 8. Comparison of the power flow solutions of contingency case (the outage of branches 12 and 14) between the LAC-RCED with/without contingency constraints

in a modified IEEE 30-bus system.

Table 8

Calculation results of the proposed contingency filtering method tested in the IEEE 118-bus system.

Iterations Objective Load shedding Number of violation Number of violation scenarios Solution time (s)
number percentage scenarios returned to the main problem
0 3105822 3.75% 184 70 75.62
1 3854863 4.79% 14 14 99.62
2 4092213 5.1% 0 0 122.79
Table 9
Calculation results of the contingency filtering method proposed in [32] tested in the IEEE 118-bus system.

Iterations Objective Load shedding Number of Number of transgression scenarios Solution

number percentage violation scenarios returned to the main problem time (s)

0 3105822 3.74% 184 4 78.17

1 3134032 3.81% 97 4 102.63

2 3247476 3.95% 49 4 126.75

3 3262244 3.97% 43 4 150.28

4 3306185 4.05% 32 3 173.38

5 3509964 4.33% 22 3 196.08

6 3569 147 4.40% 20 3 219.24

7 3718010 4.59% 13 3 241.59

8 3853556 4.78% 6 3 264.57

9 4089888 5.09% 3 3 286.75

10 4090026 5.09% 1 2 308.49

11 4092215 5.10% 0 0 330.73

reactive power flow into account, LAC-LODF has a closer accuracy
in power flow compared to DC-LODF.

4.2. Case 2

In this case, the proposed LAC-RCED without considering the
contingency constraints is studied. It is assumed that branches 12,
14, 25-29, 31, and 36 of the IEEE 30-bus system are forecasted
to be affected by an extreme weather event. The active power
loading rates of these affected branches are optimized in the
LAC-RCED to reduce their failure probabilities and avoid power
flow transfer once they fail. As mentioned in the introduction,
RCED based on the DC model proposed in [10] has a good per-
formance in reducing cascading outages caused by active power
transfer, but it cannot take reactive power and voltage magnitude
into consideration in the constraints, which may result in the
generation dispatch solution obtained by this model violates the
bus voltage magnitude limits. Fig. 6 shows the bus voltage
magnitudes of the proposed LAC-RCED and the DC-RCED model
which is obtained by applying the obtained generation dispatch
to the AC power flow calculation in MATPOWER.

13

As seen from the figure, the voltage magnitudes of buses 18-
24 and 26 exceed the limit. Bus voltage magnitudes that are
too high or too low will challenge the security operation of the
power system, especially in extreme weather conditions, which
may result in under-voltage load shedding followed by a blackout.
Therefore, the operation limits of bus voltage magnitude should
be considered in the resilience-based operation. As can be seen
from the red histogram in Fig. 6, the bus voltages of the pro-
posed LAC-RCED are all within the limits. Therefore, the proposed
LAC-RCED offers a safer solution compared with DC-RCED.

To verify the effectiveness of the resilience-based objective
terms in the LAC-RCED model, the comparison of active power
loading rate for all branches and affected branches obtained from
LAC-RCED and LAC-ED is shown in Fig. 7.

As demonstrated in Fig. 7, the loading rates of the affected
branches in the LAC-RCED model are smaller than those in the
LAC-ED model. This validates the effectiveness of the first
resilience-based objective term which is proposed to reduce
the loading rate of affected lines. Besides, the loading rates for
all branches in the LAC-RCED model are also more evenly dis-
tributed. These simulation results validate the effectiveness of the
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Fig. 9. Comparison of the power flow solutions of contingency case (the outage of branches 25 and 33) between the LAC-RCED with/without contingency constraints

in the modified IEEE 118-bus system.

Table 10

Results of cascading failure simulations of different models in a modified IEEE 30-bus system.
Models LAC-RCED LAC-SCED LAC-ED
Number of scenarios with overloaded outages in 1000 simulations 176 585 960
Average number of overloaded outage lines in each simulation 0.2250 0.7870 12.7080
Maximum active power load shedding percentage in all simulations 9.5807 16.3541 21.4809
Average active power load shedding percentage in each simulation 0.3693 0.3769 0.8516
Maximum reactive power load shedding percentage in all simulations 8.5286 7.6242 11.1193
Average reactive power load shedding percentage in each simulation 0.0585 0.2839 0.4773

Table 11

Results of cascading failure simulations of different models in a modified IEEE 118-bus system.
Models LAC-RCED LAC-SCED LAC-ED
Number of scenarios with overloaded outages in 1000 simulations 16 18 908
Average number of overloaded outage lines in each scenario 0.04 0.06 5.019
Maximum active power load shedding percentage in all scenarios 2.0468 2.5931 6.8903
Average active power load shedding percentage in each scenario 0.4284 0.4328 1.2920
Maximum reactive power load shedding percentage in all scenarios 2.0492 2.2369 5.3545
Average reactive power load shedding percentage in each scenario 0.6199 0.6364 1.1347

proposed dispatch model in improving the power flow distribu-
tion for grid resilience enhancement.

4.3. Case 3

In this case, the N-1 contingency constraints for all transmis-
sion branches and N-2 contingency constraints for the affected
branches are considered in the LAC-RCED with the proposed iter-
ative contingency filtering algorithm. The LAC-RCED model with
and without the proposed iterative contingency filtering process
is denoted as LAC-RCED with/without contingency constraints in
the following discussion.

Firstly, the proposed filtering method is compared with the
method presented in [32], where the most severe violation sce-
nario is selected in each iteration based on the degree of violation.
Tables 4 and 5 show the calculation results of these two methods
tested in the IEEE 30-bus system.

Note that the “solution time” in each iteration is the total
time between the start of the solution process and the end of
this iteration. As shown in Table 4, the contingency filtering
method proposed in this paper takes 3 iterations and 7.65 s
to solve the LAC-RCED problem. The number of violations and
that of violations returned to the master problem decrease as
the iterations increase. As for the contingency filtering method

14

presented in [32], for each N-1 and N-2 contingency case, the
violation scenarios with the greatest violation of power flow
and voltage are selected and returned to the master problem.
Therefore, the maximum number of violation scenarios returned
to the master problem is 4. As seen from Table 5, the number
of violation scenarios returned to the master problem in each
iteration is 3 or 2, and the method takes 6 iterations and 10.65
s to complete the solution process. Compared to the proposed
method, the method proposed in [32] returns fewer violations to
the master problem in each iteration and requires more iterations
and solution time to solve the LAC-RCED problem. Therefore, the
proposed contingency filtering method performs better than the
existing method.

Although the LAC-ED without contingency constraints stud-
ied in Case 2 could improve the power flow distribution with
the help of resilience penalty terms, it cannot ensure secure
operation under contingency scenarios. Two kinds of generation
dispatch schemes obtained by the LAC-RCED with and without
contingency constraints are shown in Table 6. Table 7 shows
the violated contingency scenarios in the IEEE 30-bus system of
LAC-RCED without contingency constraints. Fig. 8 visualized the
detailed power flow solutions of the LAC-RCED model with and
without contingency constraints.
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Table A.1

The data of branch in the modified 30-bus system.
Branch number From bus To bus Resistance (p.u.) Reactance (p.u.) Line charging susceptance (p.u.) Line capacity (p.u.)
1 1 2 0.0192 0.0575 0.0528 1.30
2 1 3 0.0452 0.1652 0.0408 1.30
3 2 4 0.0570 0.1737 0.0368 0.65
4 3 4 0.0132 0.0379 0.0084 1.30
5 2 5 0.0472 0.1983 0.0418 1.30
6 2 6 0.0581 0.1763 0.0374 0.65
7 4 6 0.0119 0.0414 0.0090 0.90
8 5 7 0.0460 0.1160 0.0204 0.70
9 6 7 0.0267 0.0820 0.0170 1.30
10 6 8 0.0120 0.0420 0.0090 0.32
11 6 9 0 0.2080 0 0.65
12 6 10 0 0.5560 0 0.32
13 9 11 0 0.2080 0 0.65
14 9 10 0 0.1100 0 0.65
15 4 12 0 0.2560 0 0.65
16 12 13 0 0.1400 0 0.65
17 12 14 0.1231 0.2559 0 0.32
18 12 15 0.0662 0.1304 0 0.32
19 12 16 0.0945 0.1987 0 0.32
20 14 15 0.2210 0.1997 0 0.16
21 16 17 0.0524 0.1923 0 0.16
22 15 18 0.1073 0.2185 0 0.16
23 18 19 0.0639 0.1292 0 0.16
24 19 20 0.0340 0.0680 0 0.32
25 10 20 0.0936 0.2090 0 0.32
26 10 17 0.0324 0.0845 0 0.32
27 10 21 0.0348 0.0749 0 0.32
28 10 22 0.0727 0.1499 0 0.32
29 21 22 0.0116 0.0236 0 0.32
30 15 23 0.1000 0.2020 0 0.16
31 22 24 0.1150 0.1790 0 0.16
32 23 24 0.1320 0.2700 0 0.16
33 24 25 0.1885 0.3292 0 0.16
34 25 26 0.2544 0.3800 0 0.16
35 25 27 0.1093 0.2087 0 0.16
36 28 27 0 0.3960 0 0.65
37 27 29 0.2198 0.4153 0 0.16
38 27 30 0.3202 0.6027 0 0.16
39 29 30 0.2399 0.4533 0 0.16
40 8 28 0.0636 0.2000 0.0428 0.32
41 6 28 0.0169 0.0599 0.0130 0.32

Table A.2 As shown in Fig. 8, in the LAC-RCED model without contin-

The data of bus in the modified 30-bus system.

Bus number Bus type Active load (p.u.) Reactive load (p.u.)
1 Slack 0 0

2 PQ 0.2170 0.1270
3 PQ 0.0240 0.0120
4 PQ 0.0760 0.0160
5 PV 0.9420 0.1900
6 PQ 0 0

7 PQ 0.2280 0.1090
8 PV 0.3000 0.3000
9 PQ 0 0

10 PQ 0.0580 0.0200
11 PV 0 0

12 PQ 0.1120 0.0750
13 PV 0 0

14 PQ 0.0620 0.0160
15 PQ 0.0820 0.0250
16 PQ 0.0350 0.0180
17 PQ 0.0900 0.0580
18 PQ 0.0320 0.0090
19 PQ 0.0950 0.0340
20 PQ 0.0220 0.0070
21 PQ 0.1750 0.1120
22 PQ 0 0

23 PQ 0.0320 0.0160
24 PQ 0.0870 0.0670
25 PQ 0 0

26 PQ 0.0350 0.0230
27 PQ 0 0

28 PQ 0 0

29 PV 0.0240 0.0090
30 PQ 0.1060 0.0190

15

gency constraints, some branches and buses violate the limits.
However, in the LAC-RCED model with contingency constraints,
the power flows and bus voltage magnitudes are all within the
limits. For example, the power flow of branches 21, 35 and volt-
age magnitude of buses 10, 14-26 will exceed their limits, when
branches 12 and 14 fail. It is obvious that with the proposed it-
erative contingency filtering process, all the violated contingency
scenarios listed in Table 7 will be eliminated.

To verify the effectiveness and efficiency of the proposed
model in large-scale systems, simulations on a modified IEEE
118-bus system are conducted. In this test system, branches num-
bered from 20 to 40 are assumed to be affected by an extreme
weather event. N-2 contingency constraints for these affected
branches and all N-1 contingency constraints are considered in
the LAC-RCED with the iterative contingency filtering algorithm.
The apparent power flow limits for steady state and contingency
states are different. For the safety of power system operation,
the steady state operating limit is usually smaller than the con-
tingency state limit. In a contingency state, the power flow on
a branch is allowed to exceed the steady-state operating limit
for a short time. Therefore. in this case, the apparent power
flow limits for contingency cases are set as 120% of the steady
state operating limits. Tables 8 and 9 demonstrate the number
of violated scenarios and simulation time in each iteration of
the iterative contingency filtering process. Hence, the proposed
method is suitable for large-scale systems. Fig. 9 shows the power
flow solution in terms of apparent power flow and bus voltage
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Table A.3

The data of generators in the modified 30-bus system.
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Generator Generator Maximum of active Minimum of active Maximum of reactive Minimum of reactive Active output
number position output (p.u.) output (p.u.) output (p.u.) output (p.u.) in Case 1 (p.u.)
1 1 3.6020 0 0.1000 —0.2000 1.2571
2 5 1.4000 0 0.5000 —0.4000 1.4000
3 8 1.0000 0 0.4000 —0.4000 0
4 11 1.0000 0 0.4000 —0.4000 0.2376
5 13 1.0000 0 0.2400 —0.4000 0
6 29 1.0000 0 0.2400 —0.4000 0
Table A.4

The data of branch in the modified 118-bus

system.

Branch number From bus To bus Resistance (p.u.) Reactance (p.u.) Line charging susceptance (p.u.) Line capacity (p.u.)
1 1 2 0.0303 0.0999 0.0127 1.75
2 1 3 0.0129 0.0424 0.0054 1.75
3 4 5 0.0018 0.0080 0.0011 5.00
4 3 5 0.0241 0.1080 0.0142 1.75
5 5 6 0.0119 0.0540 0.0071 1.75
6 6 7 0.0046 0.0208 0.0028 1.75
7 8 9 0.0024 0.0305 0.5810 5.00
8 8 5 0 0.0267 0 5.00
9 9 10 0.0026 0.0322 0.6150 5.00
10 4 11 0.0209 0.0688 0.0087 1.75
11 5 11 0.0203 0.0682 0.0087 1.75
12 11 12 0.0060 0.0196 0.0025 1.75
13 2 12 0.0187 0.0616 0.0079 1.75
14 3 12 0.0484 0.1600 0.0203 1.75
15 7 12 0.0086 0.0340 0.0044 1.75
16 11 13 0.0223 0.0731 0.0094 1.75
17 12 14 0.0215 0.0707 0.0091 1.75
18 13 15 0.0744 0.2444 0.0313 1.75
19 14 15 0.0595 0.1950 0.0251 1.75
20 12 16 0.0212 0.0834 0.0107 1.75
21 15 17 0.0132 0.0437 0.0222 5.00
22 16 17 0.0454 0.1801 0.0233 1.75
23 17 18 0.0123 0.0505 0.0065 1.75
24 18 19 0.0112 0.0493 0.0057 1.75
25 19 20 0.0252 0.1170 0.0149 1.75
26 15 19 0.0120 0.0394 0.0051 1.75
27 20 21 0.0183 0.0849 0.0108 1.75
28 21 22 0.0209 0.0970 0.0123 1.75
29 22 23 0.0342 0.1590 0.0202 1.75
30 23 24 0.0135 0.0492 0.0249 1.75
31 23 25 0.0156 0.0800 0.0432 5.00
32 26 25 0 0.0382 0 5.00
33 25 27 0.0318 0.1630 0.0882 5.00
34 27 28 0.0191 0.0855 0.0108 1.75
35 28 29 0.0237 0.0943 0.0119 1.75
36 30 17 0 0.0388 0 5.00
37 8 30 0.0043 0.0504 0.2570 1.75
38 26 30 0.0080 0.0860 0.4540 5.00
39 17 31 0.0474 0.1563 0.0200 1.75
40 29 31 0.0108 0.0331 0.0042 1.75
41 23 32 0.0317 0.1153 0.0587 1.40
42 31 32 0.0298 0.0985 0.0126 1.75
43 27 32 0.0229 0.0755 0.0096 1.75
44 15 33 0.0380 0.1244 0.0160 1.75
45 19 34 0.0752 0.2470 0.0316 1.75
46 35 36 0.0022 0.0102 0.0013 1.75
47 35 37 0.0110 0.0497 0.0066 1.75
48 33 37 0.0415 0.1420 0.0183 1.75
49 34 36 0.0087 0.0268 0.0028 1.75
50 34 37 0.0026 0.0094 0.0049 5.00
51 38 37 0 0.0375 0 5.00
52 37 39 0.0321 0.1060 0.0135 1.75
53 37 40 0.0593 0.1680 0.0210 1.75
54 30 38 0.0046 0.0540 0.2110 1.75
55 39 40 0.0184 0.0605 0.0078 1.75
56 40 41 0.0145 0.0487 0.0061 1.75
57 40 42 0.0555 0.1830 0.0233 1.75
58 41 42 0.0410 0.1350 0.0172 1.75
59 43 44 0.0608 0.2454 0.0303 1.75
60 34 43 0.0413 0.1681 0.0211 1.75
61 44 45 0.0224 0.0901 0.0112 1.75
62 45 46 0.0400 0.1356 0.0166 1.75
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Table A.4 (continued).

Branch number From bus To bus Resistance (p.u.) Reactance (p.u.) Line charging susceptance (p.u.) Line capacity (p.u.)
63 46 47 0.0380 0.1270 0.0158 1.75
64 46 48 0.0601 0.1890 0.0236 1.75
65 47 49 0.0191 0.0625 0.0080 1.75
66 42 49 0.0715 0.3230 0.0430 1.75
67 42 49 0.0715 0.3230 0.0430 1.75
68 45 49 0.0684 0.1860 0.0222 1.75
69 48 49 0.0179 0.0505 0.0063 1.75
70 49 50 0.0267 0.0752 0.0094 1.75
71 49 51 0.0486 0.1370 0.0171 1.75
72 51 52 0.0203 0.0588 0.0070 1.75
73 52 53 0.0405 0.1635 0.0203 1.75
74 53 54 0.0263 0.1220 0.0155 1.75
75 49 54 0.0730 0.2890 0.0369 1.75
76 49 54 0.0869 0.2910 0.0365 1.75
77 54 55 0.0169 0.0707 0.0101 1.75
78 54 56 0.0028 0.0096 0.0037 1.75
79 55 56 0.0049 0.0151 0.0019 1.75
80 56 57 0.0343 0.0966 0.0121 1.75
81 50 57 0.0474 0.1340 0.0166 1.75
82 56 58 0.0343 0.0966 0.0121 1.75
83 51 58 0.0255 0.0719 0.0089 1.75
84 54 59 0.0503 0.2293 0.0299 1.75
85 56 59 0.0825 0.2510 0.0285 1.75
86 56 59 0.0803 0.2390 0.0268 1.75
87 55 59 0.0474 0.2158 0.0282 1.75
88 59 60 0.0317 0.1450 0.0188 1.75
89 59 61 0.0328 0.1500 0.0194 1.75
90 60 61 0.0026 0.0135 0.0073 5.00
91 60 62 0.0123 0.0561 0.0073 1.75
92 61 62 0.0082 0.0376 0.0049 1.75
93 63 59 0 0.0386 0 5.00
94 63 64 0.0017 0.0200 0.1080 5.00
95 64 61 0 0.0268 0 5.00
96 38 65 0.0090 0.0986 0.5230 5.00
97 64 65 0.0027 0.0302 0.1900 5.00
98 49 66 0.0180 0.0919 0.0124 5.00
99 49 66 0.0180 0.0919 0.0124 5.00
100 62 66 0.0482 0.2180 0.0289 1.75
101 62 67 0.0258 0.1170 0.0155 1.75
102 65 66 0 0.0370 0 5.00
103 66 67 0.0224 0.1015 0.0134 1.75
104 65 68 0.0014 0.0160 0.3190 5.00
105 47 69 0.0844 0.2778 0.0355 1.75
106 49 69 0.0985 0.3240 0.0414 1.75
107 68 69 0 0.0370 0 5.00
108 69 70 0.0300 0.1270 0.0610 5.00
109 24 70 0.0022 0.4115 0.0510 1.75
110 70 71 0.0088 0.0355 0.0044 1.75
111 24 72 0.0488 0.1960 0.0244 1.75
112 71 72 0.0446 0.1800 0.0222 1.75
113 71 73 0.0087 0.0454 0.0059 1.75
114 70 74 0.0401 0.1323 0.0168 1.75
115 70 75 0.0428 0.1410 0.0180 1.75
116 69 75 0.0405 0.1220 0.0620 5.00
117 74 75 0.0123 0.0406 0.0052 1.75
118 76 77 0.0444 0.1480 0.0184 1.75
119 69 77 0.0309 0.1010 0.0519 1.75
120 75 77 0.0601 0.1999 0.0249 1.75
121 77 78 0.0038 0.0124 0.0063 1.75
122 78 79 0.0055 0.0244 0.0032 1.75
123 77 80 0.0170 0.0485 0.0236 5.00
124 77 80 0.0294 0.1050 0.0114 5.00
125 79 80 0.0156 0.0704 0.0094 1.75
126 68 81 0.0018 0.0202 0.4040 5.00
127 81 80 0 0.0370 0 5.00
128 77 82 0.0298 0.0853 0.0409 2.00
129 82 83 0.0112 0.0367 0.0190 2.00
130 83 84 0.0625 0.1320 0.0129 1.75
131 83 85 0.0430 0.1480 0.0174 1.75
132 84 85 0.0302 0.0641 0.0062 1.75
133 85 86 0.0350 0.1230 0.0138 5.00
134 86 87 0.0283 0.2074 0.0223 5.00
135 85 88 0.0200 0.1020 0.0138 1.75
136 85 89 0.0239 0.1730 0.0235 1.75
137 88 89 0.0139 0.0712 0.0097 5.00

(continued on next page)
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Table A.4 (continued).
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Branch number From bus To bus Resistance (p.u.) Reactance (p.u.) Line charging susceptance (p.u.) Line capacity (p.u.)
138 89 90 0.0518 0.1880 0.0264 5.00
139 89 90 0.0238 0.0997 0.0530 5.00
140 90 91 0.0254 0.0836 0.0107 1.75
141 89 92 0.0099 0.0505 0.0274 5.00
142 89 92 0.0393 0.1581 0.0207 5.00
143 91 92 0.0387 0.1272 0.0163 1.75
144 92 93 0.0258 0.0848 0.0109 1.75
145 92 94 0.0481 0.1580 0.0203 1.75
146 93 94 0.0223 0.0732 0.0094 1.75
147 94 95 0.0132 0.0434 0.0056 1.75
148 80 96 0.0356 0.1820 0.0247 1.75
149 82 96 0.0162 0.0530 0.0272 1.75
150 94 96 0.0269 0.0869 0.0115 1.75
151 80 97 0.0183 0.0934 0.0127 1.75
152 80 98 0.0238 0.1080 0.0143 1.75
153 80 99 0.0454 0.2060 0.0273 2.00
154 92 100 0.0648 0.2950 0.0236 1.75
155 94 100 0.0178 0.0580 0.0302 1.75
156 95 96 0.0171 0.0547 0.0074 1.75
157 96 97 0.0173 0.0885 0.0120 1.75
158 98 100 0.0397 0.1790 0.0238 1.75
159 99 100 0.0180 0.0813 0.0108 1.75
160 100 101 0.0277 0.1262 0.0164 1.75
161 92 102 0.0123 0.0559 0.0073 1.75
162 101 102 0.0246 0.1120 0.0147 1.75
163 100 103 0.0160 0.0525 0.0268 5.00
164 100 104 0.0451 0.2040 0.0271 1.75
165 103 104 0.0466 0.1584 0.0204 1.75
166 103 105 0.0535 0.1625 0.0204 1.75
167 100 106 0.0605 0.2290 0.0310 1.75
168 104 105 0.0099 0.0378 0.0049 1.75
169 105 106 0.0140 0.0547 0.0072 1.75
170 105 107 0.0530 0.1830 0.0236 1.75
171 105 108 0.0261 0.0703 0.0092 1.75
172 106 107 0.0530 0.1830 0.0236 1.75
173 108 109 0.0105 0.0288 0.0038 1.75
174 103 110 0.0391 0.1813 0.0231 1.75
175 109 110 0.0278 0.0762 0.0101 1.75
176 110 111 0.0220 0.0755 0.0100 1.75
177 110 112 0.0247 0.0640 0.0310 1.75
178 17 113 0.0091 0.0301 0.0038 1.75
179 32 113 0.0615 0.2030 0.0259 5.00
180 32 114 0.0135 0.0612 0.0081 1.75
181 27 115 0.0164 0.0741 0.0099 1.75
182 114 115 0.0023 0.0104 0.0014 1.75
183 68 116 0.0003 0.0041 0.0820 5.00
184 12 117 0.0329 0.1400 0.0179 1.75
185 75 118 0.0145 0.0481 0.0060 1.75
186 76 118 0.0164 0.0544 0.0068 1.75

magnitudes. As shown from the figure, all power flows and bus
voltage are within their limits. There is no doubt that the solution
also ensures that the system is safe for N-2 or N-1 contingency
caused by extreme weather because of the contingency filtering
process.

As seen from Table 9, the calculation results of the 118-
bus system also show that the iterative contingency filtering
method proposed in this paper is better than the method pro-
posed in [32], which is similar to the simulation results of the
30-bus system. To sum up, the simulation results of the above
three case studies validate the effectiveness of the proposed LAC-
RCED and the efficiency of the proposed iterative contingency
filtering algorithm.

4.4. Case 4

To investigate the resilience performance of the proposed
generation dispatch model, the fast dynamic simulation model for
a cascading event presented in [35] is modified to investigate the
resilience performances of the power dispatch scheme obtained
from different models. The initial first step of the cascading failure
simulation procedure was changed to consider the initial trigger
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events caused by the extreme weather event, which are gener-
ated by Monte Carlo sampling. It is assumed that each line has
a probability of outage in the initial state, but the affected lines
have a higher probability of failure. In the IEEE 30-bus system,
for the lines affected by the extreme weather event, each line
has a probability of failure between 60% and 100%, which is
randomly generated in each simulation. The rest of the lines have
a smaller random failure probability between 0 and 10%. To avoid
the initial outages leading to system disconnections, a maximum
of two lines are allowed to fail in the initial event. The overloaded
outage model considering hidden failure proposed in [36] is used
to calculate the failure probability of overloaded lines caused by
the power flow transfer after the initial outages. Heavy loading
line, that is, loading rate of more than 90%, has a certain prob-
ability to be sampled as a fault line. One thousand simulations
are performed and the percentage of load shedding is calculated
in each simulation to quantify the operational resilience of the
power system. Table 10 shows the cascading failure simulation
results of the LAC-RCED, LAC-SCED, and LAC-ED models. This
experiment selected 1000 simulations to study the variable per-
formance of Table 10. Each simulation means an N-1 or N-2
initial failure and its corresponding cascading failure, in which



Z. Huang, L. Huang, CS. Lai et al.

Table A.5

The data of bus in the modified 118-bus system.

Bus number Bus type Active load (p.u.) Reactive load (p.u.)
1 Slack 0.765 0.2700
2 PQ 0.3 0.0900
3 PQ 0.585 0.1000
4 PV 0.585 0.1200
5 PQ 0 0

6 PV 0.78 0.2200
7 PQ 0.285 0.0200
8 PV 0.42 0

9 PQ 0 0

10 PV 0 0

11 PQ 1.05 0.2300
12 PV 0.705 0.1000
13 PQ 0.51 0.1600
14 PQ 0.21 0.0100
15 PV 1.35 0.3000
16 PQ 0.375 0.1000
17 PQ 0.165 0.0300
18 PV 0.9 0.3400
19 PV 0.675 0.2500
20 PQ 0.27 0.0300
21 PQ 0.21 0.0800
22 PQ 0.15 0.0500
23 PQ 0.105 0.0300
24 PV 0.195 0

25 PV 0 0

26 PV 0 0

27 PV 1.065 0.1300
28 PQ 0.255 0.0700
29 PQ 0.36 0.0400
30 PQ 0 0

31 PV 0.645 0.2700
32 PV 0.885 0.2300
33 PQ 0.345 0.0900
34 PV 0.885 0.2600
35 PQ 0.495 0.0900
36 PV 0.465 0.1700
37 PQ 0 0

38 PQ 0 0

39 PQ 0.405 0.1100
40 PV 0.99 0.2300
41 PQ 0.555 0.1000
42 PV 1.44 0.2300
43 PQ 0.27 0.0700
44 PQ 0.24 0.0800
45 PQ 0.795 0.2200
46 PV 0.42 0.1000
47 PQ 051 0

48 PQ 0.3 0.1100
49 PV 1.305 0.3000
50 PQ 0.255 0.0400
51 PQ 0.255 0.0800
52 PQ 0.27 0.0500
53 PQ 0.345 0.1100
54 PV 1.695 0.3200
55 PV 0.945 0.2200
56 PV 1.26 0.1800
57 PQ 0.18 0.0300
58 PQ 0.18 0.0300
59 PV 4.155 1.1300
60 PQ 1.17 0.0300
61 PV 0 0

62 PV 1.155 0.1400
63 PQ 0 0

64 PQ 0 0

65 PV 0 0

66 PV 0.585 0.1800
67 PQ 0.42 0.0700
68 PQ 0 0

69 PV 0 0

70 PV 0.99 0.2000
71 PQ 0 0

(continued on next page)
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Table A.5 (continued).

Bus number Bus type Active load (p.u.) Reactive load (p.u.)
72 PV 0.18 0

73 PV 0.09 0

74 PV 1.02 0.2700
75 PQ 0.705 0.1100
76 PV 1.02 0.3600
77 PV 0.915 0.2800
78 PQ 1.065 0.2600
79 PQ 0.585 0.3200
80 PV 1.95 0.2600
81 PQ 0 0

82 PQ 0.81 0.2700
83 PQ 0.3 0.1000
84 PQ 0.165 0.0700
85 PV 0.36 0.1500
86 PQ 0.315 0.1000
87 PV 0 0

88 PQ 0.72 0.1000
89 PV 0 0

90 PV 2.445 0.4200
91 PV 0.15 0

92 PV 0.975 0.1000
93 PQ 0.18 0.0700
94 PQ 0.45 0.1600
95 PQ 0.63 0.3100
96 PQ 0.57 0.1500
97 PQ 0.225 0.0900
98 PQ 0.51 0.0800
99 PV 0.63 0

100 PV 0.555 0.1800
101 PQ 0.33 0.1500
102 PQ 0.075 0.0300
103 PV 0.345 0.1600
104 PV 0.57 0.2500
105 PV 0.465 0.2600
106 PQ 0.645 0.1600
107 PV 0.75 0.1200
108 PQ 0.03 0.0100
109 PQ 0.12 0.0300
110 PV 0.585 0.3000
111 PV 0 0

112 PV 1.02 0.1300
113 PV 0.09 0

114 PQ 0.12 0.0300
115 PQ 0.33 0.0700
116 PV 2.76 0

117 PQ 0.3 0.0800
118 PQ 0.495 0.1500

variable performance such as load shedding are assessed. The
security constraints considered in the LAC-RCED and LAC-SCED
models are the same, while the objectives are different. LAC-ED
is the classical economic dispatch problem without contingency
constraints and the power flow-related objectives.

As shown in Table 10, the cascading failure simulation result
of the LAC-ED model is the worst because no contingency con-
straint is considered in this model. Comparing the scenarios with
overloaded outages in 1000 simulations between LAC-RCED and
LAC-SCED models, it can be seen that, in the LAC-RCED model,
there are 824 scenarios where the initial outages caused by the
extreme event did not trigger a cascading overloaded outage.
Moreover, the average number of overloaded outage lines in each
scenario of the LAC-RCED model is also less than that of the
LAC-SCED model. With fewer overloaded outage scenarios and
lines, the amount of load shedding during an extreme event is
reduced. The average and maximum percentage of active and
reactive power load shedding of the LAC-RCED are all smaller
than those of the LAC-SCED model because of the optimization
objectives for improving the power flow on the branches. This
indicates that large-scale blackouts are reduced in the proposed
LAC-RCED model.
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Table A.6
The data of generators in the modified 118-bus system.
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Generator Generator Maximum of active Minimum of active Maximum of reactive Minimum of reactive
number position output (p.u.) output (p.u.) output (p.u.) output (p.u.)
1 1 1.00 0 0.15 —0.50
2 4 1.00 0 3.00 —3.00
3 6 1.00 0 0.50 —0.13
4 8 1.00 0 3.00 —3.00
5 10 5.50 0 2.00 —1.47
6 12 1.85 0 1.20 —0.35
7 15 1.00 0 0.30 —0.10
8 18 1.00 0 0.50 —0.16
9 19 1.00 0 0.24 —0.08
10 24 1.00 0 3.00 —3.00
11 25 3.20 0 1.40 —0.47
12 26 4.14 0 10.00 —10.00
13 27 1.00 0 3.00 —3.00
14 31 1.07 0 3.00 —3.00
15 32 1.00 0 0.42 —0.14
16 34 1.00 0 0.24 —0.08
17 36 1.00 0 0.24 —0.08
18 40 1.00 0 3.00 —3.00
19 42 1.00 0 3.00 —3.00
20 46 1.19 0 1.00 —1.00
21 49 3.04 0 2.10 —0.85
22 54 1.48 0 3.00 —3.00
23 55 1.00 0 0.23 —0.08
24 56 1.00 0 0.15 —0.08
25 59 2.55 0 1.80 —0.60
26 61 2.60 0 3.00 —1.00
27 62 1.00 0 0.20 —0.20
28 65 491 0 2.00 —0.67
29 66 492 0 2.00 —0.67
30 69 8.05 0 3.00 —3.00
31 70 1.00 0 0.32 —0.10
32 72 1.00 0 1.00 —1.00
33 73 1.00 0 1.00 —1.00
34 74 1.00 0 0.09 —0.06
35 76 1.00 0 0.23 —0.08
36 77 1.00 0 0.70 —0.20
37 80 5.77 0 2.80 —1.65
38 85 1.00 0 0.23 —0.08
39 87 1.04 0 10.00 —1.00
40 89 7.07 0 3.00 —2.10
41 90 1.00 0 3.00 —3.00
42 91 1.00 0 1.00 —1.00
43 92 1.00 0 0.09 —0.03
44 99 1.00 0 1.00 —1.00
45 100 3.52 0 1.55 —0.50
46 103 1.40 0 0.40 —0.15
47 104 1.00 0 0.23 —0.08
48 105 1.00 0 0.23 —0.08
49 107 1.00 0 2.00 —2.00
50 110 1.00 0 0.23 —0.08
51 111 1.36 0 10.00 —1.00
52 112 1.00 0 10.00 —1.00
53 113 1.00 0 2.00 —1.00
54 116 1.00 0 10.00 —10.00

In order to broaden the credibility of the experimental results,
the above experiments will be carried out in the 118-bus system,
and the experimental results are shown Table 11.

With the above experimental results in the 30-bus and 118-
bus systems, it can be seen that the proposed generation dispatch
model LAC-RCED can provide a more resilient operation with
fewer cascading overload outages and less load shedding during
extreme events.

5. Conclusion and future work

This work conducts a sensitivity analysis of a linearized power
flow model with reactive power and voltage magnitude. Three
kinds of sensitivity factors, including LAC-SF, LAC-PTDF and LAC-
LODF, are derived to calculate the pre-contingency and post-
contingency power flow in N-k contingency cases. Based on the
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derived LAC-SF and LAC-LODF, a resilience-constrained economic
dispatch strategy is developed. This considers the security con-
straints of N-1 contingency for all lines and N-2 contingency for
the affected lines, as well as optimization objectives to improve
the power flow distribution in the transmission system. A con-
tingency filtering process is applied to deal with the security
constraints of N-1 and N-2 contingency cases in the proposed
optimization model. The accuracy of the derived sensitivity fac-
tors is verified compared with the power flow solutions obtained
from the AC model. Case studies in the IEEE 30-bus show that
the derived sensitivity factors could provide a desirable approx-
imation calculation of active and reactive power flow and bus
voltage magnitude in the AC model. In addition to this, case
studies in the IEEE 30-bus and 118-bus systems also carried out
to demonstrate the effectiveness and efficiency performance of
the proposed LAC-RCED and contingency filtering algorithm. The
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results show that the proposed approach can provide a resilient
operation under contingency states. Compared with the existing
resilience operation based on the DC model, the proposed model
provides a more resilient solution because of the consideration
of reactive power and bus voltage magnitude limits. Meanwhile,
the calculation performance of the proposed model values its
application in practice. Future research will focus on the resilient
operation of power systems with high-penetration renewable
energy.
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Appendix

The data of the modified 30-bus system includes the data of
bus, branch and generator is shown in Tables A.1-A.3, respec-
tively.

The data of the modified 118-bus system includes the data
of bus, branch and generator is shown in Tables A.4-A.6, respec-
tively.
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