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Traditional optimal power flow problems focus on
minimizing the operational cost, which can result
in a fragile system during unexpected contingencies.
An ecological robustness-oriented optimal power flow
(Reco OPF) problem has been proposed to incorporate
ecosystems’ resilience characteristics into power system
operations, enhancing their inherent resilience against
multi-hazard contingencies.  However, the original
formulation of Rgco only considered real power flows
but neglected reactive power flows. In this paper, we
include reactive power in the formulation of Rgpco and
propose a reactive power flow based Rgco OPF (Q-Rgco
OPF) and an apparent power flow based Rgco OPF
(MVA-Rgco OPF) to guide the distribution of power
flows, respectively. By comparing a 200-bus system’s
resilience against N-x contingencies using different
OPF problems, we observe that both Q-based and
MVA-based Rgco OPF can provide a more resilient
operating state.

Keywords: Power System Resilience, Optimal Power
Flow, Robustness, Ecosystems

1. Introduction

Power systems are the backbone of modern
society, supplying electric energy for -everyday
activities. However, increasingly frequent unexpected
events, including cyber attacks and natural disasters,
have interrupted power systems’ functionality and
compromised their reliability, and thus threaten the
security and safety of society. The U.S. National
Academies’ grid resilience report has specifically called
for enhanced power system abilities to prepare for,
endure, and recover from severe hazards National
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(2017). Resilience has become a new requirement for
modern power systems.

The U.S. Power Systems Engineering Research
Center (PSERC) has recognized resilience as a system’s
capability to gradually deteriorate under increasing
exertion and rapidly recover to its previous secure
status Kezunovic and Overbye (2018) and Overbye
et al. (2012). The distribution of power flows plays
a critical role in determining power systems’ inherent
capability to maintain their security and reliability
against contingencies, observed in the line overloads and
voltage instability during contingencies. Traditionally,
operators have used optimal power flows (OPFs) Cain
et al. (2012) to operate power systems at their economic
margins while meeting the operational requirements. To
further ensure power systems’ security and reliability,
security constrained optimal power flows (SCOPFs)
are employed to securely maintain a power system’s
functionality when one component is out of service
Capitanescu et al. (2011).

As power systems have evolved into widespread
cyber-physical systems, threats from cyber attacks,
natural disasters, and extreme events can result in
multiple components being simultaneously out of
service, leading to catastrophic outcomes in power
systems Shield et al. (2021) and Singer et al. (2022).
To ensure power systems’ resilience against such
events, remedial actions and restoration preparations are
essential. However, it is equally important to enhance
the inherent resilience of power systems to limit the
impact of disturbances, giving operators more time to
take action and restore the system. Economic-driven
OPFs cannot satisfy the requirement of resilience for
modern power systems.

An ecological robustness-oriented optimal power
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flow (Rgco OPF) problem has been proposed to
incorporate the long-term resilient characteristics of
ecosystems into power flow distribution, thereby
enhancing power systems’ inherent resilience Huang
et al. (2022). It uses Rgco to guide a more robust
distribution of power flows for enhanced inherent
resilience, leading to fewer operational violations and
unsolved contingencies when the system is subject
to multiple hazards. However, the Rgco OPF only
considered real power flows for the formulation of Rgco
and did not consider the impact of reactive power flows
no the system’s robustness.

The planning and operation of reactive power are
important.  Unlike real power that is consumed as
energy, reactive power serves the function of supporting
and stabilizing the voltage of power systems. Optimal
reactive power flow planning problems are formulated
with different objectives, such as minimizing the
voltage deviation, real power loss, and operational cost
Zhang et al. (2007). Recent research has shown that
strategically planning reactive power can also contribute
to the enhancement of power systems’ resilience
against disruptions. Shaker et al. (2021) proposed a
two-stage stochastic model to plan reactive power using
networked microgrids against extreme events to reduce
load shedding for better resilience. Kamruzzaman
et al. (2021) proposed a multi-agent framework using
deep reinforcement learning algorithms to plan the
deployment of shunts for reactive power support,
which enhances power system resilience with improved
voltage stability against extreme events. Huang, Davis,
et al. (2023) has investigated the use of reactive power
flows and apparent power flows to formulate Rgco for
assessing power systems’ resilience. The reactive power
flow based Rgco could better indicate power systems’
resilience against N-x contingencies, necessitating the
inclusion of reactive power into the formulation of Rgco
for assessing power systems’ resilience. Thus, the
research question raised in this paper is “Can Rgco
be used to optimize the distribution of reactive and
apparent power flows for enhancing power systems’
inherent resilience?”

This paper uses reactive power flows and apparent
power flows to formulate Rgco for the Rgco OPF
problem. Two new types of Rgco OPF problems are
proposed to enhance power systems’ resilience through
strategically guiding the distribution of reactive power
flows and apparent power flows. The main contributions
of this paper are as follow:

* With the inclusion of reactive power to formulate
Rgco, this paper introduces two new types of
Rgco OPF problems: reactive power based Rgco
OPF (Q-based Rgco OPF) and apparent power

based RECO OPF (MVA-based RECO OPF) They
aim to enhance power systems’ resilience through
strategically distributing reactive and apparent
power flows over the system, respectively.

e We apply both Rgco OPF problems on the
ACTIVSg200 system Birchfield et al. (2017)
and investigate their impact on resilience under
the examination of N-/ and N-2 contingencies.
Both approaches improve the system’s resilience
resulting in fewer violations and unsolved
contingencies as well as less severe contingencies,
compared to OPF, SCOPF, and real power flow
based Rgco OPF (P-based Rgco OPF) problems.

e Through analyzing the correlation among
different types of power flow based Rgco, power
flow distribution, and the ACTIVSg200 system’s
resilience against N-/ and N-2 contingencies, we
can observe that more homogeneously distributed
real and reactive power flows contribute to the
enhancement of a system’s resilience.

2. Capturing Ecological Robustness in
Power Systems

Rgco is an information theory-based metric,
leveraging topology of a food web to quantify its
robustness. The input for calculating Rgco is the
ecological flow matrix ([T]), which captures the energy
interactions within and across the system boundary for a
food web. Figure 1 shows a hypothetical ecosystem and
its conversion to [T]. The actors (species) that exchange
energy based on a prey-predator relationship are within
the system boundary, and the energy providers, energy
export, and energy dissipation are placed outside of the
system boundary Ulanowicz (2012). [T] is an (N+3)
x (IN+3) square matrix containing flow magnitudes of
transferred energy over the system. N is the number of
actors inside the system boundary, and the extra three
rows/columns represent the system inputs, useful system
exports, and dissipation. Energy flows in and out of an
actor and the system are equal to maintain the law of
conservation of energy.
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Figure 1. The conversion of a hypothetical
ecosystem into an Ecological Flow Matrix.
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The calculation of Rgcp originates from the concept
of surprisal and indeterminacy Ulanowicz et al.
(2009), which are expressed as

s = —k x log(p) €))

where s is one’s “surprisal” at observing an event that
occurs with probability p, and k is a positive scalar
constant. Throughout this paper, the value of k is 1.

hi = =k x p; x log(p;) 2

where h; is the indeterminacy of the event 4. It is the
product of the presence of an event p; and its absence
s;, which measures the potential for change with respect
to an event 7.

Based on above concepts, Rgco is formulated with
following equations:

N+3 N+3

ISTp = > Ty 3)

i=1 j=1

NABN+3 [ o T
_ ij ij
pC=-151p > S <TSTp logs (TSTP )) (4)

i=1 j=1

N+3N+3
T;j Ty TSTp

ASC = —TSTp ; ; <TSTpl0g2( T, >>
4)
Reco = — (%S‘CC) In (1295) (6)
where TSTp is the Total System Throughput, DC is the

Development Capacity, and ASC is the Ascendency.
The TSTp is the sum of all flows in [T], capturing
the system size. The DC is the aggregated maximum
impacts (uncertainty) from all events (surprisals). The
ASC is the aggregated impact of each flow updated with
the knowledge of source and end nodes, and multiplied
by the probability that the flow occurs in the first
place Ulanowicz (1980), Ulanowicz et al. (2009), and
Ulanowicz and Norden (1990). The ratio of ASC and
DC reflects the pathway efficiency for a given network
while its natural logarithm shows the network’s pathway
redundancy. Rgco can thus quantitatively measure the
robustness of ecosystems, which also represents the
potential for food webs to continue functioning in the

face of disturbances Ulanowicz et al. (2009).

Leveraging the similarity between ecosystems and
power systems, previous works have modeled real
power flows as energy transfer and power grid

components (buses and generators) as analogous to
food web species to formulate [T] and calculate Rgco.

Several Rgcp oriented optimization models have been
proposed to optimize the power flow distribution and
network structure to improve power systems’ Rgco with
enhanced inherent resilience to survive from unexpected
contingencies Huang et al. (2022), Huang, Mao, et al.
(2023), and Panyam et al. (2019). However, power
systems have a distinct feature regarding energy transfer,
which is power flows consist of real and reactive power.
Real power is the energy transferred and consumed
within the system, while reactive power supports and
stabilizes the system Glover et al. (2012). Power flows
through the system combining both real and reactive
power in a complex number form, S = P + i@, known
as apparent power. Real and reactive power are actually
interrelated.
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Figure 2. An extended Ecological Flow Matrix [T]
for any type of power flows in a grid with n
generators, k shunt capacitors, and m buses Huang,
Davis, et al. (2023).

Even though power congestion attracts more
attention for stakeholders due to economic losses,
the voltage instability can cause cascading failures if
there is insufficient reactive power planning. Huang,
Davis, et al. (2023) extended the model of [T]
with the consideration of reactive power flow and
apparent power flow as well as shunt capacitors to
comprehensively capture power systems’ Rgco. With
a one-to-one mapping between power systems and
ecosystems, Figure 2 presents a comprehensive model of
[T] for any type of flow (T};) in power systems, which
can be real power (P), reactive power (Q), or apparent
power (MVA), respectively. Tyep, is the flow from
generator ¢, and Tspqyne,; 18 the flow from shunt ¢. Since
generators and shunt capacitors can either generate or
consume reactive power, the corresponding entries in
[T] can either be Input row or Output column based
on the flow direction. Tj,qq, and Tj,ss, are the power
consumption and loss at Bus i, respectively. T;; is
the power flow at the corresponding branch from node
1 to j. If there is no power flow interaction among
buses, shunts, and generators, the corresponding entry is
zero. For apparent power flows, since the quantification
of Rgco cannot take complex numbers, the input of
apparent power flows is the magnitude and its direction
is the same as its real power part.
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3. Ecological Robustness-Oriented
Optimal Power Flow

The objective of Rgco OPF is to maximize the Rgco
of a given power system through adjusting the control
variables of real (F;) and reactive (();) power injections,
and bus voltages (magnitudes V; and angles 6;). It
enhances power systems’ inherent resilience with more
a robust power flow distribution against unexpected
hazards meanwhile satisfying power flow equations and
power systems’ operational limits. The problem is
formulated as follows:

Maximize (Rgco = g([T])) @)
subject to
[T] = f(Tija Tgeni ) T’loadi ) T’lossi)
[0, Tyen,, 0, 0 ]
O, Tgeniv O, 0
0, . 0 (8)
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0, 0
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0, 0 |
ASC ASC
R =—( — —
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N+3N+3
ASC = —TST) I ] J
(10)
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DC = —TST] g ( i ) 1
p; ; (TSTp 92\ 751) | (D
N+3 N+3

TSTp =Y Y T (12)
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17)
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Pi = Pioad, = Pgen, = »_ Py (Y €M) (19)
J

Qi = Qloadi - Qgeni = Z Qij (\V/j S M) (20)
J

1
Pioss, = 9 Z(Pfg + Q?j)/(Bisz?) (Vje M) @21
J
1
Qloss; = 5 Z(Pzzj + Q?j)/(GUVf) (Vj e M) (22)

J

where B, M, and G are the sets of all branches, buses,
and generators; v! and v} are lower and upper bound
on the bus voltage magnitude; séj and s;; are lower

and upper bound on the branch limit; and s!

en, and
Sgen, are lower and upper bound on the generatogr output,
respectively.

Equations (7) states the objective of maximizing
Reco given power system’s [T]. Equation (8) represents
the ecological flow matrix [T] as in Figure. 2. Equations
(12)-(9) are the formulation of Rgco. Equations (13)
- (20) ensure satisfaction of power balance and power
system operational constraints. Equations (21)-(22)
represent the nodal real and reactive power losses
aggregated from all connected branches, respectively.

In order to incorporate reactive power into Rgco
OPF, the entries for [T] are replaced with reactive power
and apparent power, respectively. In this way, Rgco OPF
can strategically guide the distribution of reactive power
flows and apparent power flows to enhance the system’s
resilience against contingencies. To distinguish different
types of Rgco OPFs, we term the real power flow based
Rgco OPF as P-based Rgco OPF Huang et al. (2022),
the reactive power flow based Rgco OPF as Q-based
Rgco OPF, and the apparent power based Rgco OPF as
MVA-based Rgco OPF, respectively.

4. Case Study

In this paper, we apply the Q-based and MVA-based
Reco OPF problems to the ACTIVSg 200 system with
both the quadratic-convex relaxation (QCLS) power
flow model Sundar et al. (2018) and AC power
flow model. Rgco OPF problems are built with
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PowerModels.jl Coffrin et al. (2018), and the solver for
the Rgco OPF problem uses Ipopt Wichter and Biegler
(2006) and Juniper Kroger et al. (2018).

As mentioned in Huang et al. (2022), the formulation
of Rgco involves several layers of logarithm functions,
whose hard constraint is that their inputs must remain
positive. However, the inputs for calculating Rgco are
the power flows, and their directions can be reversed
during the solving process. A Taylor Series Expansion
of the natural logarithm function is applied to relax
Rgco. Given x > 0

> _ 1 1))(2n-1)

I + 1))(27171)
2n —1)

log, (x 24)

> ;v—l
1n z::

which ensures the feasibility of solving Rgco OPF
problems using state-of-art solvers.

All Rgco OPF problems have been successfully
solved with the given solvers. The solution from the
solver provides the vectors V;, 0;, Pyep,, and Qgen,
for all buses and generators. Due to the relaxation,
we adapt the control vectors back to the system and
solve it with the AC power flow model to determine
the exact power flow distribution in the system. It
should be noted here that the control vectors from the
QCLS and AC power flow model of Q-based Rgco
OPF are the same. We also investigate the power
flow distribution in traditional OPF and SCOPF, which
consider N-I contingencies. Both OPF and SCOPF
are solved with PowerWorld Simulator (available at
http://www.powerworld.com). Then, we calculate the
Rgco with real, reactive, and apparent power flows for
all variations of the ACTVISg200 system. Table 1
shows the comparison of operational cost, power flow
model, P-based, Q-based, and MVA-based Rgco.

It can be observed that the Q-based Rgco is higher
than the MVA-based and P-based Rgco for all cases.
Since real power flows dominate apparent power flows,
the MVA-based and P-based Rgco show a higher
correlation. With the impact from reactive power flows
whose value of Rgco is high, the MVA-based Rgco is
higher than P-based Rgco. The Q-based Rgco OPF
has the highest value of P-based and MVA-based Rgco
(0.25891 and 0.27658). Both Q-based and MVA-based
Rgco OPFs improve the P-based Rgco. This was
not achieved by the P-based Rgco OPF that only
considers the real power flow for the formulation of

Rgco.  However, the traditional OPF achieves the
highest Q-based Rgco (0.32098), and none of Rgco OPF
problems improve the Q-based Rgco for this system.

Table 1. Ecological Robustness of all Variations of
ACTVISg200 Cases
Case Operational | Power Flow P-based Q-based MVA-based
Cost ($/hr) Model Reco Reco Reco

Base Case 49000 AC 025777 | 032097 | 027614

OPF * 48991 AC 025778 | 032098 | 027614

N-1 SCOPF 49000 DC 025777 | 032097 | 027614

P-based Ryco OPF | 51479 DC 0.25692 03167 0.27624

P-based Rgco OPF | 50265 QCLS 025778 | 031765 | 0.27590

P-based Rgco OPF | 50850 AC 025788 | 031756 | 027657
Q-based Rgco

OPE 50165 QCLS 0.25891 031783 | 027658

Q-based Reco 50165 AC 0.25891 031783 027658

OPF 4%
MVA'hg;eFd Reco 50165 QCLS 0.25890 0.31782 0.27658
MVA"g;"‘Fd Reco 50165 AC 025890 | 031782 027658

! %: Highest P-based Rgco.

2 x: Highest Q-based Rgco.

3 %: Highest MVA-based Rgco.
4 : Numbers are round up

Figure 3 shows the plots of P-, Q- and MVA-based
Rpco against the homogeneity of power flow
distribution for all variations of the ACTIVSg200
system. The homogeneity of power flow distribution

Mean(flow)
STD(Flow) * where a smaller value

indicates that the flows across the system are closer
to each other. We separately analyze the generators’
outputs, branches’ power flows, and all power flows
(including generators’ outputs and branches’ power
flows) in the system respect to P-based, Q-based,
and MVA-based Rgco to further investigate their
correlations. Overall, the P-based Rgco is positively
related to the homogeneity of power flow distribution.
When power flows are more evenly distributed, the
system has a higher value of P-based Rgcp. A similar
pattern can be observed for MVA-based Rgco, as
real power flows dominate apparent power flows.
However, the impact of reactive power flows discounted
this positive correlation. In some situations, a more
homogeneous distribution of power flows is associated
with a lower value of MVA-based Rgcq, and vice versa.
As for Q-based Rgco, there is a negative correlation
with the homogeneity of power flow distribution. Less
homogeneously distributed power flows can contribute
to a higher value of Q-based Rgcp. It is possible that
reactive power is typically distributed within local areas,
making them locally robust and resulting in a higher
value of Rgcp for the system. Meanwhile, the Rgco
OPF mathematically drives power flows to be more
homogeneously distributed over the whole system. As

is quantified by
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Figure 3. Rgco v.s. Homogeneity of Power Flow
Distribution.

a result, Rgco OPFs may reduce the value of Q-based
Rgco but increase the value of P-based and MVA-based
Rpco with more homogeneously distributed power
flows.

5. Resilience Analyses

In this paper, we investigate a series of N-/
and N-2 contingencies, considering outages of
branch, generator, bus, and substation across all
variations of the ACTIVSg200 systems. The outage
of a bus and substation disconnects all connected
devices (N-k), which can cause catastrophic impacts
on system operations. The number of violated
contingencies, unsolved contingencies, and violations
under contingencies can indicate the system’s
inherent capability to tolerate disturbances while
maintaining their functionality, which is recognized
as the system’s survivability. The lower number of
violated contingencies, unsolved contingencies, and
violations signifies a better level of survivability against
disturbances, indicating a more resilient system. It
should be noted that all contingency analyses are
performed without remedial actions to examine the
system’s inherent resilience.

Figures 4 and 5 show the results of survivability
for all cases under N-I and N-2 contingencies. In
the N-1 Generator Contingencies and N-2 Generator
Contingencies, all variations of the ACTIVSg200
system have the same results. All cases are
able to securely maintain their functionality under
N-1 Generator Contingencies, and have 4 violations
with 4 violated contingencies under N-2 Generator
Contingencies. Thus, we do not include their graphical
illustration here. Regarding N-1 Contingencies, a
slight improvement on survivability can be observed
with Q-based and MVA-based Rgco OPFs, where
the number of violations is reduced by 1 compared
to OPF, SCOPF, and P-based Rgco OPE. Significant
improvement on survivability is observed for N-2
contingencies. Under the N-2 Branch Contingencies, the
Q-based and MVA-based Rgco OPFs resolve 4 violated
contingencies and 12 violations compared to the original
system. Although the P-based Rgco OPF has one less
unsolved contingency, its violations are significantly
more than other cases. Under N-2 Bus Contingencies,
the Q-based and MVA-based Rgco OPF outperform
all other cases with a reduction of 71 violations and
2 unsolved contingencies compared to the original
system. Under the N-2 Substation Contingencies, the
Q-based and MVA-based Rgco OPFs also outperform
other cases with a reduction of 8 violated contingencies,
87 violations, 5 unsolved contingencies. For N-2
contingencies, the OPF and P-based Rgco OPF have
more violations.

As the number of violations are very close or the
same for some cases, it is possible that the reduction
on the number of violations may introduce more
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Survivability Comparison of N-1 Branch Contingencies
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(c) N-1 Substation Contingencies

Figure 4. Survivability Comparison Under N-1
Contingencies

severe violations, which can cost more for operators
to restore the system. Thus, we use an impact factor
from Huang et al. (2019) to measure the severity
of violated contingencies considering their overflows,
under voltages, and over voltages to further investigate
all cases’ resiliency. This metric uses normalized values
of voltage and power flow violations to quantify the
impact of the contingency as shown in Equation (25).
Since the voltage violation can be either over voltage

Survivability Comparison of N-2 Branch Contingencies
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Figure 5. Survivability Comparison Under N-2
Contingencies

or under voltage and the normal voltage p.u. is 1, the
normalized value of a voltage violation impact is the
absolute value of voltage instability minus 1. To equally
consider the impact of an overflow violation, Equation
(25) uses the overflow percentage, which is over 100%,
minus 1. The higher the impact factor is, the more severe
violations happen in the system.
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Impact Factor = Z(overflow percentage — 1)+

Z abs(voltage instability — 1)
(25)

Table 2. Impact Factors of all Variations of
ACTVISg200 Cases Under Contingency Analysis

N-1Bus N-l. N-2 Branch N-2 Bus N-2.
Case Name . . Substation . 5 . . Substation
Contingencies . . Contingencies | Contingencies . .
Contingencies Contingencies

Base Case 2.8712 22943 62.2886 901.1117 375.3804

OPF 2.8712 2.2990 62.3070 901.2186 398.3742

N-1 SCOPF 2.8712 2.2943 62.2886 901.1117 375.3804
P-based Reco

2 2

OPF DC 2.9832 2.1867 81.9206 984.7622 397.7063

P-based Reco
2

OPF QCLS 29713 2.1640 62.9642 885.7930 392.5227

P-based Reco
9
OPFE AC 29732 2.1564 705171 921.2244 4332115
Q-based Reco ,)

OPF QCLS * 2.8697 2.1543 60.1051 891.8893 387.7204
Q-based Reco

OPF AC x 2.8697 2.1543 60.1051 891.8893 387.7204

MVA-based Reco
2
OPF QCLS 2.8698 2.1543 60.1104 891.9107 387.7356
MVA-based Reco
OPF AC 2.8698 2.1543 60.1110 891.9107 387.7375

! +: Best Performance.

Table 2 shows the total impact factors of all
variations of the ACTIVSg200 system under different
categories of contingencies. The results for N-1 and
N-2 Generator Contingencies are the same, and N-1/
Branch Contingencies only have one violation with the
P-based Rgco using the DC power flow model. Hence,
they are not included here. Among all scenarios, the
Q-based Rgco OPF has the best performance in terms
of the severity caused by contingencies. Except N-2
Bus Contingencies and N-2 Substation Contingencies,
where the P-based Rgco OPF with the QCLS model
and SCOPF respectively have slightly smaller impact
factors, the Q-based Rgco OPF has the smallest
impact factors under all kinds of contingencies. The
exceptions are because of P-based Rgco OPF and
SCOPF having more unsolved contingencies, which are
worse than violations since operators cannot analyze the
system. Even though the survivability of Q-based and
MVA-based Rgco OPFs are the same, the Q-based Rgco
OPF system experiences less severe disturbances and it
has a higher value of Rgco.

Overall, the Q-based and MVA-based Rgco OPF
improve the system’s resilience with fewer violations
and unsolved contingencies as well as less severe
impacts under N-/ and N-2 contingencies.

6. Discussion

With the case study on the ACTIVSg200 system,
the Q-based and MVA-based Rgco OPF exhibit superior

ability to tolerate disturbances and maintain system
functionality. This was not observed from previous
P-based Rgco OPF or traditional OPF and SCOPF
problems.  The operational cost of Q-based and
MVA-based Rgco OPF are smaller than P-based Rgco
OPF but slightly higher than OPF and SCOPF (2.3%).
The enhanced resilience may justify the increased
operational cost. However, it is important to recognize
that comprehensive contingency analysis is essentially
a preview analysis tool to evaluate the system on all
possible outages. The expected benefits from Rgco OPF
are uncertain, which may limit its application in the
field. It is important to acknowledge that there is no
way to make power systems completely invulnerable to
outages National Academies of Sciences, Engineering,
and Medicine (2021). Remedial actions and restoration
preparations are essential in power system planning
and operation. This raises a question for stakeholders:
whether to operate power systems more resiliently with
increased operational cost, take the risk of potential
disastrous events to operate the system at its economic
margin, or invest in technologies and resources to better
predict risks and efficiently restore the system after
disruptions.

Regarding the metric Rpcp, it has significant
capability to account for the presence of interruptions
with the information theory based formulation,
especially when multiple contingencies happen. It is
quite interesting to find out that the Q-based Rgco
OPF does not improve the Q-based Rgco but instead
improves the P-based and MVA-based Rgco. And
the Q-based Rgco OPF has the highest P-based and
MVA-based Rgco with the best resilience under N-I
and N-2 contingencies.

On one hand, above outcomes emphasize the
importance of optimizing reactive power flows’
distribution for power systems’ inherent resilience.
Even though real power flows dominate power systems,
reactive power flows are essential to support and
stabilize the system. Due to the model complexity and
economic incentives, real power based optimization
models are used more in practice. Consequently, the
impacts of reactive power may be overlooked. Real
and reactive power are actually coupled. Reactive
power flow distribution deserves more attention to be
investigated for greater resilience. This calls for the
development of a new pricing mechanism for reactive
power generation and consumption, taking into account
its influence on real power flow distribution.

On the other hand, the mathematically optimal
Rgco may not align with the best Rgco for power
systems. Figure 6 shows the comparison of Rgco
of 38 robust food webs and all variations of the
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ACTIVSg200 system. Resilient food webs exhibit a
unique balance between network’s pathway efficiency
and pathway redundancy, resulting in their Rgco
values falling into the range of “Window of Vitality”
Ulanowicz et al. (2009). In contrast, Rgco of all
ACTIVSg200 cases are out of that range. Food webs
are more densely connected compared to real power
grids. Although the power flow distribution can be
optimized through control vectors, the limitation on
network properties cannot be easily overcome with a
more robust power flow distribution alone to achieve a
food web’s robustness. It will be of significant interests
to decouple the topological properties and power flow
distributions to determine a power systems’ resilience
metric for assessing its resilience and guide its operation
for enhanced inherent resilience.

... Window of Vitality - Food Webs
P-based Reco
Q-based Reco
MVA-based Reco

(O

o

Ecological Robustness (Reco)
<
8

Redundancy Constraints/Efficiency

0.0 02 04 0.6 08 1o
ASC/DC

Figure 6. Rgco for all variations of ACTIVSg200
cases and 38 food webs.

7. Conclusion and Future Work

Power flow distribution plays a crucial role in the
inherent resilience of power systems. This paper
has reformulated the Rgco OPF problem with the
incorporation of reactive power. Two new Rgco OPFs,
namely the Q-based Rgco OPF and MVA-based Rgco
OPF, have been proposed to guide the distribution of
reactive and apparent power flows, thereby enhancing
power systems’ inherent resilience. The Q-based Rgco
OPF uses reactive power flows to formulate power
systems’ Rgco, and the MVA-based Rgco OPF uses
apparent power flows. Both Rgco OPF problems have
been applied to the ACTIVSg200 system and compared
with OPF, SCOPF and P-based Rgco OPF in terms
of their resilience against N-I and N-2 contingencies.
From the case study on the ACTIVSg200 system, the
Q-based Rgco OPF has exhibited the best resilience,
characterized by a minimal number of violations and
unsolved contingencies, as well as a reduction in the

severity of violated contingencies. This shows the
benefit and importance of including reactive power flow
in Rgco to strategically guide the distribution of both
real and reactive power for enhancing power systems’
inherent resilience.

With analyses of different types of Rgco, power
flow distributions, and cost-effectiveness in enhancing
resilience, three key areas warrant further investigation.
First of all, it is important to establish a pricing
mechanism for reactive power accounting its merit of
supporting power systems and contributing to a more
robust power flow distribution. This also necessitates
the development of fast and reliable solvers for power
system optimization problems using non-DC power flow
models. Secondly, enhancing power systems’ resilience
inevitably entails more investment in operation and/or
construction. The question remaining for stakeholders
is how to trade off among the increased operational cost,
the potential risk and cost of unexpected contingencies,
and the investment in remedial actions and restoration
preparations. Last but not least, Rgco demonstrates
its merits of quantifying a system’s robustness and its
ability to account for the presence of interruptions.
Considering distinct characteristics of power systems,
it would be of significant interest to develop a
resilience metric leveraging surprisal, indeterminacy,
and system topology for power systems to assess and
guide system operation.
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