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Transmission Adaptive Capacity-Based Resilience
Metrics for Power Grid Contingency Analysis

Jianzhong Gui, Hangtian Lei, Yacine Chakhchoukh, Timothy R. McJunkin, and Brian K. Johnson

Abstract—Power system resilience generally represents the
capability of the system recovering from a degraded state to
normal operation in an acceptable period of time. In power
systems, status changes of transmission lines are typically caused
by events such as varying load, changes in non-dispatchable
generation, transmission line opening, or generating power
shedding. The adaptive capacity of the transmission network
represents its power transmitting ability to adjust to these status
changes and still meet the load demand. In this paper, we propose
resilience metrics based on transmission adaptive capacity to
quantitatively represent system resilience in response to events.
Case studies are designed and performed in the IEEE 14-bus and
118-bus test systems using the MATPOWER platform. Simulation
results demonstrate the validity of the proposed resilience metrics.

Index Terms—Contingency, generation shedding, load
demand, resilience, transmission lines.

L. INTRODUCTION

The resilience of power systems represents the system
defending, resisting, and recovering processes under
disturbances [1]-[3]. The characteristics of resilience are used in
assessing schemes for monitoring, control, and protection of
power systems to mitigate the consequences caused by major
disturbances, system malfunctioning, cyber-physical attacks,
and natural disasters [4]-[10].

Resilience metrics provide a quantitative representation of
system recovery performance, and the results of different types
of metrics can be utilized for applications ranging from
planning, operation, to disaster mitigation processes. Reference
[11] proposes resilience metrics for protection systems, and
provides a level of state awareness with distributed resilience
metrics which could be used in supervisory control and data
acquisition (SCADA) or other communication schemes. The
authors in [ 12] define regional resilience with necessary metrics
to identify unreliable operating states, which is assessed by
distributed agents with monitoring and analyzing functions.

Researchers have proposed resilience metrics that evaluate
different characteristics for distribution systems in recent years
[13]-[18]. Reference [14] defines the resilience metrics for
distribution systems, and addresses the adaptive capacity of the
power system in response to disturbances. An efficient
algorithm to solve a nonconvex problem, which is formulated to
reduce losses and improve system resilience, is proposed in [15]
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to optimize the operation of distribution grids. In [16] and [17],
the resilience characteristics are evaluated for distribution
service and formation of microgrids under natural disasters. In
[18], the configuration and key benefits of having resilient
distribution systems in smart grids are introduced, and the
installation principles are compared between traditional and
modern resilient distribution systems. Possible evaluation
frameworks for the contribution of renewable energy resources
to resilience are constructed in [19] and [20]. In [19], the
resilience contribution of solar PV and battery storage are
assessed with a quantifiable adaptive capacity measure. In [20],
a response metric is provided to express the resilience
contribution of hydropower generation, which includes the
storage states features and plant level constraints on power
production.

Based on the proposed quantitative resilience metrics,
several methods have been discussed for system resilience
improvement [21], [22]. The combination of reliability and
resilience information is considered in [21] to improve the
reliability and resilience at the same time during the process of
load shedding. A modeling method to assess system resilience
is proposed in [22], which is performed under the changing
intensity of wind storms. Although the proposed model is only
verified under the current climate, it provides a useful way to
identify the potential risk of future climate hazards to electricity
infrastructure networks.

It is necessary to pay attention to critical branches, especially
when the changed flows impact the status of the branches. In a
small power system, the status of these branches can be
monitored directly, but it is difficult to monitor and display the
remaining capacity of every branch for a large power system in
a fashion the operator can take in. Therefore, we propose a
resilience metric to display the overall status of the transmission
network which provides concise information to facilitate
operators’ actions.

An operational resilience metric based on transmission
adaptive capacity will be developed to quantitatively represent
system resilience in response to events that have occurred on the
system. The capacity margins of transmission lines are adjusted
depending on the impact of disturbances and attacks. The
remaining capacity represents the resilience of power
transmitting capability. The proposed resilience metric is
verified under several different adversary scenarios.

This paper is organized as follows. The concept of
transmission line resilience is introduced in Section II. The
resilience metric based on power transmitting capacity of
branches is proposed and illustrated in Section III. Case studies
based on the proposed resilience metrics are performed in
Section IV. Finally, conclusions are drawn in Section V.
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II.  THE RESILIENCE OF TRANSMISSION LINES

The structure of transmission network and the adequacy of
transmission capacity are vitally important to understanding the
resiliency of power systems in response to contingency events
in planning studies.

In the example shown in Fig. 1, each load is supported by
two generators. If the generator at Bus 2 is disconnected due to
attacks or other disturbances, the generators at Buses 1 and 3
will send more power through the branch from Bus 4 to Bus 5,
and the branch from Bus 9 to Bus 8. As a result, the power flow
on the two branches may exceed their set transmission limit
based on thermal ratings or stability limits.

Similarly, if the circuit breakers on the branch from Bus 4 to
Bus 6 are tripped due to a fault, the power supporting the load
on Bus 6 has to be re-routed to the branch from Bus 9 to Bus 6,
which will increase the power flow on that branch.

Bus2 Bus 7 Bus 8 Bus 9 Bus 3
| I | 3
e J_I >

Bus 5

Bus 6

Bus 4

Bus 1

Fig. 1. Nine-bus example power system.

A transmission line connected between two substations has
the ability to transmit power from one side to the other side. The
thermal capacity for transmitting power depends on the line
materials and types and meteorological conditions. The actual
usage of power transmission capacity is represented by the
transmission line loading rate (LR), as shown in (1).

The line loading rate can be calculated by the following
equation:

Sactual

LR = x 100% (1)

SCapacity

Where Sicua is the actual apparent power transmitted in the
transmission line, Scapaciry 1S the transmission capacity of the line.

The remaining power capacity (RPC) can be computed by
subtracting the line loading rate from the line capacity, as shown
in Fig. 2 and equation (2).

RPC= (1~ LR) X Seapacisy )

Where Scapaciry 15 the transmitting capacity of the transmission
line.

The loading of transmission lines can be adjusted by
changing the output power at generating buses. The resilience of
a transmission line is the remaining power capacity (RPC) for
transmitting power between substations. Taking loading status
of all branches (including transformer branches) into
consideration, the resilience of transmitting power plays a role
in evaluating the operation state of power systems.

0.5

Loading Rate

Remaining Po'\.avcr Capacity

Time (s)

Fig. 2. The diagram of loading curve for a transmission line.

The number of transmission lines with overloaded status in
a system can be counted, but it is inconvenient to display the
status of all lines individually. For a limited number of
transmission lines, the overload status can be displayed by
showing the loading rate of each transmission line. However,
displaying the status of a large number of transmission lines
individually introduces difficulties to understand the status of
the whole system. Therefore, the metric considering the
operation states of all transmission lines is needed. With such
metrics, it is convenient to know and compare the differences
among various operation scenarios of the power system.

III.  RESILIENCE METRICS BASED ON TRANSMITTING
CAPACITY OF TRANSMISSION SYSTEM

In order to quantify the resilience of transmission lines, the
metrics depending on the loading rate is proposed in detail in
this section. The loading rate of a transmission line is calculated
using the active power and reactive power flow in each branch.
The number of overloaded branches is used for the calculation
of the proposed resilience metric.

A. The Proposed Resilience Metric

The proposed resilience metric,

percentage, is shown in (3).

r=1-p (3)

Where r is the marginal capacity percentage and p is the
percentage of transmission lines whose loading exceeds 90% of
their capacities.

marginal capacity

The percentage can be calculated as following:
p= % x 100% 4)

Where n is the number of transmission lines whose loading are
90% or higher. N is the total number of transmission branches.

The line loading rate can be calculated using equation (1).
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B. The Resilience Characteristics

For a transmission system, the resilience metric value
changes when the system is disrupted by major generation
change, major load change, transmission faults that result in
lockout of the line, or cyber or physical attacks which may cause
transmission lines open. During a period of system operation,
the metric value varies due to the change of system operating
conditions. A sketch of the resilience metric value () versus
time curve is shown in Fig. 3.

=
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Resilience Metric Value

Time (s)
Fig. 3. A sketch of power system resilience metric curve under disturbances.

The maximum value of 7 is 1, and the minimum is 0. A
bigger value of » indicates that the line status is better than a
smaller one. According to utility practice, the system is allowed
to operate for a period of time even when the power flows on
some lines exceed the limits. A bigger r for the system indicates
a longer period of time of allowed operation.

IV. CASE STUDY

A. Simulation Description

The simulation is performed using MATPOWER. The
power flow function based on MATLAB is programed with
customized contingency analysis codes.

The IEEE 14-bus and IEEE 118-bus systems are used in the
case studies in this section. A 1.25-time basic power flow in
transmission line is set as the power base for each branch. The
line loading rates in (1) are calculated using these bases. The
basic power flow is calculated in the power flow routine in
MATPOWER [23], [24]. For the contingency analysis, the
output of generators, the load demand, and transmission line
operation status are taken into consideration.

B. Case Simulation using the IEEE 14-Bus System

In the IEEE 14-bus system, Bus 1 is considered as the slack
bus which is treated as representing a connection to a larger
power grid. The remaining generators are controlled as PV
buses. The real power (P) in the base case, maximum real power,
and maximum reactive power for buses 2, 3, 6, and 8 are shown
in Table I.

TABLE L. BASE CASE POWER OF PV BUS GENERATORS WITH LIMITS
Bus No. 2 3 6 8
Actual PPMW 40 0 0 0
Priax/MW 140 100 100 100
Qmax/Mvar 50 40 24 24

There are 14 buses, 5 generators, 11 loads, and 20 branches
(transmission line and transformer branches) in the IEEE 14-bus
system [25], as shown in Fig. 4.

Bus 3

Fig. 4. The single-line diagram of IEEE 14-bus system.

The following contingency categories are investigated in the
analysis, with metric values computed to approximate different
operating cases that an operator would experience.

1) One Transmission Line Open

The simulation is performed by disconnecting one
transmission branch at a time. There are 20 scenarios in this
contingency category. The metric values using (3) are shown in
Fig. 5.
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Fig. 5. The metric values under different open-line conditions.

From Fig. 5, it can be seen that opening Branch 7 could push
multiple transmission lines to have capacity margins less than
10%, and are possibly into overload status. From the view of
operation, ensuring the security of operation on Branch 7 could
improve the resilience of the system. This means an operator
would need to choose generator set points to ensure this
condition would not compromise the resilience of the system.

Setting 0.85 as a threshold as indicating an acceptable
system loading resilience level, the rate of metric value under
0.85 (<=0.85) is 80% of the line outages cases which shows the
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high probability of system with low resilience under the
described initial operating conditions.

2) Generation Shedding and Power Incremental Apportion

Generation shedding usually occurs in a power system due
to fault triggering or events that lead to major load drops external
attacks. In this section, two scenarios are simulated. Scenario 1
is called “isolation,” in which one generator (one of the
generators at Buses 2, 3, 6, or 8) is disconnected, therefore the
total generation power at this bus is lost. Scenario 2 is called
“apportion,” in which one generator is disconnected but the
generation at other buses (except Bus 1) are increased to
compensate for the generation power loss. The simulation
results are shown in Table II.

TABLE II. THE METRIC VALUES DUE TO GENERATION SHEDDING
Bus No. 2 3 6 8

r of isolation 0.9 1.0 0.85 0.8

r of apportion 0.9 1.0 0.85 0.8

The values of the resilience metric () are 0.9, 1.0, 0.85 and
0.8 separately when a generator is disconnected at each PV bus
in the two scenarios. The generation shedding in the IEEE 14-
bus system leaves no serious impact on transmission lines
compared to the threshold 0.85.

The simulation results show equal values of resilience metric
(r) in each scenario, because there is no compensated power
apportioning from other generators when one of the generators
on Buses 3, 6 or 8 is isolated due to their 0 MW output.

For the disconnection of the generator at Bus 2, although the
resilience metric (7) value stays the same for the “isolation” and
“apportion” scenarios, the loading rates for individual
transmission lines are different in the two scenarios. The
resilience metric (») provides an overall profile for the system,
while the line loading rates provide detailed information for each
transmission line. The loading rate of each transmission line in
the two scenarios are shown in Fig. 6.
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Fig. 6. The branch loading rate of generation shedding on Bus 2.

It should be noted that in the calculation for 7, a transmission
line is considered stressed if its loading is above 90% of its
capacity. If the threshold for calculating r is changed from 90%
to 80%, then the r for isolation scenario becomes 0.4 and for
apportion scenario becomes 0.55.

The results of the isolation scenario are shown in red points
and the results of the apportion scenario are shown in blue
points. It can be seen that in the apportion scenario, overloading
occurs on Branch 14, which is mainly because the real power of
IEEE 14-bus system was mostly supported by slack bus in the
base case.

3) Load Demand Increasing

The load demand at each load bus is increased by 10 MW at
one time until the generation of slack bus reaches its maximum
value. The metric values are shown in Fig. 7 with metric value
in the cells. The load is numbered according to the order of
loading bus.
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Fig. 7. The metric values in response to increasing the real power of each load
by 10 MW from one scenario to the next.

From Fig. 7, it can be seen that increasing the load at Bus 11
is more serious than other loads. Load demand increase requires
more transmission capacity, which matches the physical
condition that the load located far from the source results in
more severe overloading status of transmission lines.

The cases are performed using the IEEE 14-bus system to
simulate the consequences of external attacks or large
disturbances. The power flows in transmission lines are re-
distributed according to the grid connections and
generation/load locations. It is helpful to use an efficient way to
display the status of transmission lines and capture the overall
system state. The simulation results show that the status of
transmission lines can be quantitated in various (e.g., generation
shedding, load increasing, etc.) contingency conditions using the
proposed resilience metric.

As shown in the generation shedding case, the metric value
r stays the same for the isolation and apportion scenarios,
because the » value is computed based on the percentage of the
number of overloading branches without differentiating
individual lines. This computation method captures the overall
characteristics of the power grid. Further verification of the
resilience metric is performed using the IEEE 118-bus system in
Section IV.C.

C. Case Simulation using the IEEE 118-Bus System

There are 118 buses, 54 generators, 99 loads, and 186
transmission line and transformers in the IEEE 118-bus system
[26]. The following are the results of contingency analysis
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scenarios performed in comparison with the IEEE 14-bus
system.

1) One Transmission Line Open
Simulation is performed by disconnecting the branches one
by one. There are 186 scenarios in the open-line contingency
analysis. The metric value (r) for each scenario is shown in Fig.
8.
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Fig. 8. The curve of metric value under open-line conditions.

From Fig. 8, it can be seen that there are 9 cases whose
metric value is below 0.85. The rate is 4.84%. The values show
that open-branch conditions due to permanent faults or
potentially due to attacks impacting Branches 7 and 9 could
cause more transmission lines to reach overloaded status. In
contrast, opening some branches (e.g., branches 14, 18, and 45)
has little effects on operation status.

2) Generation Shedding and Power Increment Apportion

One generator is isolated from system at a time, for
contingency analysis, and the metric values are shown in Fig. 9.
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Fig. 9. The metric value of generation shedding.

As shown in Fig. 9, the metric values show that opening
Generator No. 5 (at Bus 10) without increasing loading on other
generators causes the largest number of transmission lines to fall
below their margins and possibly some to be overloaded. In
contrast, disconnecting some generators has no effects on branch
overloading, since the r values remain at 1. The percentage of
cases with metric values under 0.85 is 20.37% (11/54).

For the apportion of real power, the values of the proposed
resilience metric are shown in Fig. 10. The slack bus is included
in the figure, but the generator at the slack bus doesn’t
compensate for the power loss of the isolated generator. When
the generator at the slack bus is isolated, the other generators can
compensate for the lost generation in the system. The metric
value in Fig. 10 shows that disconnecting the generator at the
slack bus (Bus 30) does not cause any of the lines to fall below
10% capacity margins.
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Fig. 10. The metric value of isolated generation apportioned by other
generators.

From Fig. 10, the values below 0.85 show that the isolated
generators still impact on the transmission lines, even with the
other generators compensating for the load power supply.
Similarly, the generator at Bus 5 is still the most critical to the
system, and it causes most transmission lines to fall below 10%
capacity margin or become overloaded.

The comparison of the two situations at the same generation
bus shows different metric values, which reflects the change of
transmission line operation status.

3) Load Demand Increasing
The load demand at each load bus is increased by 10 MW at
one time until generation reaches its maximum value. The
corresponding metric values are shown in Fig. 11.
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Fig. 11. The metric value of active load power increased by 10 MW at one time
respectively.
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From the results in Fig. 11, it can be seen that the number of
branches falling below 10% capacity margin or becoming
overloaded is large when the load demand is increased toward
the limits of the slack bus. The changing trend is different with
different branches, which shows that the load change brings
different effects on branches. The simulation results are
consistent with the situations in real power systems. Load
increase brings about more impact to its adjacent branches.

V. CONCLUSION

In this paper, the relationship between system resilience and
transmission line operation states is illustrated. A resilience
metric is proposed based on the remaining power capacity of
transmission lines, using the probability of loading rates to
compute a system metric. The validity of the proposed resilience
metric is verified with steady-state simulations in the IEEE 14-
bus and 118-bus systems. The proposed resilience metric ()
clearly shows the capacity margin or overloading status of
transmission lines, which provides quick information of the
system overall operation margin for operators to use in addition
to status of individual overloaded lines from the energy
management system.

In our future work, the applicability of the proposed
resilience metric to transient processes will be investigated.
Also, resilience-based system operation strategies will be
proposed using resilience metrics and optimization techniques
so that operators can promptly make decisions on whether to
further check details.
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