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Abstract: Finding the most critical contingencies in a power system is a difficult task
as multiple evaluations of load and generation scenarios are needed. This paper presents
a mathematical formulation for selecting, ranking, and grouping the most critical N-1 net-
work contingencies, based on the calculation of a Power Constraint Index (PCI) obtained
from the Outage Transfer Distribution Factors (OTDF). The results show that the PCI is
only affected by the impedance parameter of the transmission network, the topology, and
the location of all generators. Other methods, such as the Performance Index (PI) and the
Overload Index (OL) are affected by the power generation and demand variations. The
proposed mathematical formulation can be useful to accelerate the calculation of other
methods that evaluate contingencies in power system planning and operation. Furthermore,
the fast calculation of indices makes it suitable for online evaluation and classification of
multiple events considering the current topology. The results showed that the proposed al-
gorithm easily selected and ranked the expected contingencies, with the highest values of
the index corresponding to the most critical events. In the filtering process, the computa-
tional calculation time improved without losing the robustness of the results.

Key words: contingency ranking, critical contingencies, power system operation, power
system planning, sensitivity power factors

1. Introduction

The selection of critical contingencies is an important issue in transmission network planning
and operation. A number of network planning applications must consider reliability and security
studies with regard to different network element outages. Additionally, some online operation
tools must monitor the state of the power grid by using indices obtained from contingency studies.
However, the power generation, demand, and the topology can change, creating several scenarios
to be considered in such studies.



248 O. Arenas-Crespo, J.E. Candelo Arch. Elect. Eng.

Therefore, finding the most critical contingencies for these different operation scenarios re-
quires a significant amount of computation time. To simplify this task, some authors prefer to
remove a number of low impact contingencies and only focus on critical events to appropriately
monitor power system security [1, 2]. Furthermore, critical contingencies for online applications
require a significant reduction in calculation time [3–5].

The main problem is the lack of an accurate mathematical model and the significant amount
of information to be handled. As a result, many authors have proposed using artificial intelligence
(AI) to rank and select critical contingencies [6–8]. Some of the analytical methods employed to
rank contingencies consider the PI [8, 9] and OL [10, 11]. The PI finds a scalar that calculates the
severity of a contingency based on the sum of the weighted deviations of power transfer through
all elements of a power grid [13]. The OL index represents the current capability margin of power
system elements, which is the actual state of the current flow with respect to the maximum current
flow of an element.

The problem with these conventional methods is that the results are influenced by the spe-
cific operating point (demand and dispatch), requiring the simulation of many operation scenarios
with different variations of power generation and demand. This affects the selection and rank-
ing methods because, whereas a particular contingency may be critical in a specific scenario,
in another scenario, the same contingency may not be critical; this implies that many scenar-
ios need to be evaluated to provide a better ranking of critical contingency. Furthermore, these
conventional and analytical techniques consume a significant amount of time and computational
resources.

The present paper proposes a simple formulation called the PCI vector to select and rank
critical network contingencies, and optionally group them by their impact on generation. This
vector is composed of two indices obtained from the OTDF, called the Power Transfer Distri-
bution Factor (PTDF) and the Line Outage Distribution Factor (LODF) [13, 14]. The proposed
PCI vector considers only the network parameters and nonspecific operating scenarios needed to
obtain the critical contingencies. Unlike most of the established methods, this method provides
a list of ranked contingencies, with information of the element affected after each event, the over-
loaded element, and the participant generator. The relevant contribution of the proposed method
is that the grouped constraints are not affected by variations in power generation and demand.
The aim of using the PCI vector is to accelerate the calculation of different power system analy-
sis methods, especially those used for network planning and operation. This method allows one
to easily evaluate the critical contingencies as the topology changes, which is commonly needed
for online operation.

2. Methodology

Fig. 1 presents the steps of the proposed method to select, rank, and group the N−1 network
contingencies in the power system. In this figure, we have defined the inputs, the process to
obtain the PCI vector, and the outputs that show the lists of the most critical contingencies. Next,
we present a complete explanation of the process and the relevant mathematical formulas. This
part of the algorithm performs all the processes necessary to calculate the final PCI vector, which
obtains the critical contingencies grouped by generators.
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2.1. Network implementation

In this first step (Fig. 1 – P1), we model the network and load the parameters required for
studying each power system. In this step, we also consider all the possible scenarios that will
help evaluate the proposed method’s compliance with the main objective of this research. As an
input, this step requires the definition of the network models and the parameters that will be used
in each model (Fig. 1 – I1). For this research, we used two test cases: the IEEE 39-bus and the
Colombian Atlantic power systems.

Fig. 1. Methodology to select, rank, and easily group the N−1 contingencies in a power system

2.2. DC power flow

A simple DC power flow is useful to determine the operating point of the power system
(Fig. 1 – P2). The formulation of the DC power flow is shown in (1):

Pkm = Bkm θkm , (1)

where Pkm is the real power calculated with the DC power flow, Bkm is the series susceptance of
the line, and θkm is the voltage angle difference between the buses k and m. In this approximation,
the power flow is a function of the susceptance and the angle difference. At this step of the
procedure, we run a DC power flow and all the results of the base case are used in the procedure,
including the initial power through the branches.
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2.3. Sensitivity factors

To calculate the initial sensitivity factors (Fig. 1 – P3), we use the initial input parameters
(Fig. 1 – I1). Then, we select only those branches and buses that can be considered as part of
the network contingency study (Fig. 1 – I2). At this point, we only need to consider the linear
operating condition to apply to the superposition theorem. Fig. 2 shows two diagrams that repre-
sent the power flow through two different lines before and after network contingencies. Starting
from an initial operating point, we can monitor power flow Pi across line i before contingencies
as shown in Fig. 2a. After a contingency occurs in line j, a new power flow P( j)

i is transferred
through line i as shown in Fig. 2b.

(a) (b)

Fig. 2. Power flow through two lines: (a) initial state; (b) after contingency of element j

The power variation in the lines with respect to a contingency can be represented by (2)
[15, 16]:

P( j)
i = Pi + γi jPj , (2)

where Pj is the power transfer in line j before the contingency, P( j)
i is the resulting power transfer

in line i after the contingency of line j, and γi j is the LODF to monitor line i with respect to the
outage of line j.

The values of γi j come from the partial derivate (∂Pi/∂Pj), for which approximation is repre-
sented by (∆Pi/∆Pj). This last expression describes linear behavior, which is a valid approxima-
tion for high voltage power transmission systems with a large X/R, small angles between buses,
and voltage magnitudes near 1 pu (normal conditions for power system operation).

Similarly, it is possible to obtain the sensitivity factor that relates the power injection in bus
k with the power flow by line i or line j as shown in Fig. 3.

The power variation in all lines of the network with respect to a power injection in bus k can
be represented by (3). Pi is the initial power value in line i, Pk is the power injection in bus k, P(k)

i
is the resulting power transfer to line i after the injection in bus k, and γik is the PTDF of line i
with respect to the power injection in bus k [15, 16]:

P(k)
i = Pi + γikPk. (3)

As for Equation (3), the PTDF for line j with respect to the power injection in bus k, is
represented using (4). Pj is the initial power value in line j, Pk is the power injection in bus k,
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(a) (b)

Fig. 3. Power flow through different lines: (a) initial state; (b) after contingency at bus k

P(k)
j is the resulting power transfer to line j after the injection in bus k, and γ jk is the PTDF of

line j with respect to the power injection in bus k [15, 16]:

P(k)
j = Pj + γ jkPk . (4)

From Equations (2), (3), and (4) we can obtain Expressions (5), (6), and (7):

γi j =
P( j)

i −Pi

|Pj|
, (5)

γik =
P(k)

i −Pi

|Pk|
, (6)

γ jk =
P(k)

j −Pj

|Pk|
. (7)

A sign correction is required in cases where the power value is negative (i.e. Pi < 0). Hence,
the condition expressed in (4) can be considered to obtain the [γi j] and the [γik] matrices from
a power system:

Pi > 0; −→ γi j =
P( j)

i −Pi

|Pj|
,

Pi < 0; −→ γi j =−
P( j)

i −Pi

|Pj|
.

(8)

With this correction, the γi j will have the following possible values:
– γi j = 1 represents the radial condition after a contingency or the radial topology between

generation and element i.
– γi j = −1 represents the radial condition after a contingency or the case wherein the con-

tingency is the same monitored element (i = j).
– γi j > 0 represents a power increase in element i after a contingency in element j.
– γi j < 0 represents a power decrease in element i. This result could also represent the change

in the power flow direction in element i under the contingency in j.
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The expressions [γi j] and [γik] are matrices created from the sensitivity factors of the network
elements.

2.4. Filter the LODF matrix

The LODF matrix [γi j] is rebuilt by deleting the rows with values lower than the parameter
ρ provided as an input in the first step (Fig. 1 – I1). This parameter ρ is a real number that
depends on the interconnections and topology of the power system. With this factor, we can filter
the noncritical contingencies to reduce the number of cases to study and the computation time as
shown in Fig. 1 (Fig. 1 – P4). This procedure results in a new matrix and this value will be used
for calculating the PCI vector.

2.5. Calculate the PCI vector

This step in the procedure is the most important and the main contribution of this work. We
consider the OTDF to determine the PCI vector (Fig. 1 – P5). Here, we considered the effect of
both scenarios, the contingency in line j, and the power injection in bus k to obtain the expression
shown in (9). This is the same expression shown in (2), but changes the initial power flow of
elements i and j through the application of power injection into bus k. P( jk)

i represents the new
power flow through element i once contingency j occurs and the power is injected in bus k as
shown in Fig. 4:

P( jk)
i = P(k)

i + γi jP
(k)
j . (9)

Fig. 4. Power flow P( jk)
i representation

On the other hand, with the value P( jk)
i calculated from the initial value of P( j)

i and with the
superposition of power injection in bus k, we can obtain the equation shown in (10):

P( jk)
i = P( j)

i +Pkψ , (10)

where ψ is the OTDF that relates the effect of power injection into bus k, applying contingency j
and monitoring the effect in element i. The ψ factor is not affected by the power system operation
and depends only on the topology changes.

From (10), we can get the expression shown in (11):

ψ =
P( jk)

i −P( j)
i

Pk
. (11)
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Replacing (9) and (2) in (11), we obtained the expression shown in (12):

ψ =
P(k)

i + γi jP
(k)
j − (Pi + γi jPj)

Pk
. (12)

Then, by replacing (3) and (4) in (12), the following expression for the OTDF ψ is obtained
as shown in (13) [13, 14]:

ψ = γi j γ jk + γik . (13)

Finally, if we add a weight that relates the maximum loading of each element, we can calcu-
late the PCI vector using the formulation shown in (14). The PCI vector does not need a specific
scenario to obtain the critical contingencies due to high correlation with the network parameters,
which are not affected by the operation. In addition, the linear and short equations allow for the
quick and easy calculation of all PCI:

PCI = (γi j γ jk + γik)∗Wi , (14)

where:

Wi =
min(P1−max, P2−max, . . . , Pn−max)

Pi−max
. (15)

Factor Wi corresponds to the weight of a monitored element i (i = 1, 2, . . . n), and is used
to guarantee that the most severe cases of values in the PCI vector become higher than the less
critical cases. P1−max, P2−max, . . . and Pn−max, are the maximum capacity of the lines, and Pi−max
is the maximum power of a monitored element i.

Contingencies are ranked by the severity of the events, sorting from major to minor all values
included in the PCI vector. The highest values represent the most critical contingencies in the
network. When a monitored line obtains a high value of Wi, its power transfer capacity is lower
than that of lines with lower values.

Fig. 5 shows the structure of the PCI vector obtained with (14). Each row of the PCI vector
contains the analyzed contingency, the constrained elements that will be overloaded in some
possible scenario, and the participant generator for the constraints. The contingency list output
(Fig. 1 – O1) contains all the events simulated and ranked by the PCI. Note that each row gives
more information on the constraints, representing an important advantage over other methods
that relate only contingencies or overloaded elements.

Fig. 5. General structure of the PCI vector
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2.6. Grouping critical contingencies

Taking advantage of the results obtained in the PCI vectors, the critical network contingencies
can be grouped by the generation effect. The aim of grouping contingencies by generators is to
define the most critical events that can affect the power network operation. The maximum number
of contingencies to show is provided as an input (Fig. 1 – I3) and a final critical contingency list
calculated in (Fig. 1 – P6) is displayed in (Fig. 1 – O2). This final process avoids repeating the
same participant generator more than the desired number of times for the constraints in the PCI
vector, which represents low risk for the network operation.

3. Results and analysis

3.1. IEEE 39-bus power system test case

Fig. 6 shows the IEEE 39-bus power system test case, which is a simplified model of the
New England power grid. This system has ten generators, wherein generator one is an equivalent
representation of the rest of the power grid. This power system topology allows one to assess
different power demand and generation dispatch scenarios.
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Fig. 6. IEEE 39-bus power system test case
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3.1.1. Generation dispatches
Because the aim of this method is to identify the most critical contingencies of the network

without the need to evaluate multiple dispatch and power load scenarios, we considered three dif-
ferent scenarios to compare the results with the PI and OL indices. The first scenario corresponds
to the combination of the first dispatch shown in Table 1 and the current load of the power sys-
tem. The second scenario corresponds to the second dispatch shown in Table 1, combined with
the current load. Finally, the third scenario corresponds to the first dispatch shown in Table 1, but
without loads.

Table 1. Generation dispatch for simulations

Generator Dispatch 1 [MW] Dispatch 2 [MW]
G 01 0 0
G 02 0 595
G 03 650 680
G 04 680 200
G 05 510 160
G 06 680 680
G 07 595 150
G 08 540 595
G 09 850 450
G 10 250 400

The first two scenarios were implemented to examine differences in the power flow through
the element branches and the third scenario was proposed to demonstrate that the PCI vector
can be calculated even in a non-convergence scenario because it only depends on the network
parameter.

3.1.2. Power grid constraints

Table 2 presents the overloaded elements obtained after studying each contingency. These
overloaded elements were found using an N−1 contingency analysis under the three scenarios

Table 2. Constraints identified from the two dispatches

Number Contingency Overload element
1 Line 21–22 Line 23–24
2 Line 10–11 Line 10–13
3 Line 15–16 Line 16–17
4 Line 01–02 Line 09–39
5 Line 08–09 Line 01–39
6 Line 16–17 Line 14–15
7 Line 10–13 Line 10–11
8 Line 23–24 Line 21–22
9 Line 04–14 Line 06–11

10 Line 06–11 Line 04–14
11 Line 14–15 Line 03–18
12 Line 02–03 Line 25–26
13 Line 13–14 Line 04–05
14 Line 04–05 Line 13–14
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previously described. With these contingencies, the PCI, PI, and OL are compared to identify the
results according to the objective previously defined.

3.1.3. Contingency selection and ranking
Table 3 shows the results of the PCI, PI, and OL for the three proposed scenarios. The calcu-

lation of PCI was performed using a DC power flow and the PI and OL indices were calculated
using an AC load flow.

Table 3. Comparison of the PCI results with other indices

Scenario 1 Scenario 2 Scenario 3
Cont. OL (%) PI PCI OL (%) PI PCI OL (%) PI PCI

1 170 14.00 0.502 95 17.94 0.502 213 164.84 0.502
2 109 11.14 0.502 115 15.59 0.502 109 165.89 0.502
3 107 11.99 0.502 104 17.12 0.502 413 189.05 0.502
4 48 8.73 0.502 226 23.89 0.502 796 345.75 0.502
5 51 11.26 0.502 217 23.63 0.502 796 238.02 0.502
6 56 10.18 0.502 162 17.58 0.502 413 189.1 0.502
7 108 9.83 0.502 118 20.49 0.502 109 155.61 0.502
8 129 11.67 0.386 75 15.9 0.386 164 162.17 0.386
9 110 10.36 0.379 26 15.28 0.379 274 170.07 0.379

10 113 11.97 0.367 23 15.46 0.367 279 172.83 0.367
11 30 8.85 0.364 162 23.72 0.364 368 189.05 0.364
12 66 12.16 0.275 176 24.7 0.275 233 169.31 0.275
13 21 9.91 0.237 179 22.93 0.237 27 156.65 0.237
14 25 8.84 0.223 172 19.63 0.223 240 184.06 0.223

In this table, the values of the PCI vector remain constant for the different scenarios evaluated
in the test. For example, constraint number 1 obtained a value of 0.502 for the three scenarios,
showing that this is a stable method to identify critical contingencies. Other important charac-
teristics of the PCI include the low variability from one constraint to another. This explains why
constraints from one to seven have the same value.

When comparing these results with the PI and OL, the two final indices changed the values
due to the variation of the constraints and the scenarios. For example, constraint number 4 is the
most severe in scenario 2; however, in scenario 1 it has one of the lowest positions. Furthermore,
the different values obtained with the PI and LO indices when changing scenarios show the
difficulties in identifying the most critical network contingencies.

In a non-demand scenario, the AC load flow has no convergence, and we had to calculate the
PI and OL with the DC power flow. Once again, the PCI index has the same values, even with
all the power grid loads switched off. Instead of this, the PI and OL indices vary, confirming that
the contingency analysis is affected by the power changes tested in this research.

Table 4 shows the contingencies grouped by their respective generators in the IEEE 39-bus
power system test case. In this case, we have selected to show only one contingency for each
power system generator.

The results obtained in Table 2 can be compared with the columns “Contingency” and “El-
ement ( j)” in Table 4. In these last results, contingency one (Line 21–22) is highly affected by
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Table 4. Critical contingencies grouped by generator

PCI Element (i) Element (j) Bus Gen. (k) Position in
PCI vector

0.502 Line 28–29 Line 26–29 Gen9 0
0.502 Line 26–27 Line 02–25 Gen8 6
0.502 Line 23–24 Line 22–23 Gen7 10
0.502 Line 23–24 Line 21–22 Gen6 12
0.502 Line 16–17 Line 15–16 Gen5 34
0.502 Line 16–17 Line 14–15 Gen4 39
0.502 Line 13–14 Line 06–11 Gen3 48
0.502 Line 09–39 Line 01–39 Gen2 58
0.502 Line 09–39 Line 01–02 Gen10 68

generator six and the element overloaded in many possible scenarios will be Line 23–24. Con-
tingency three (Line 15–16) is highly affected by generator five, and one of the most overloaded
elements in some of the possible scenarios is Line 16–17.

3.2. Colombian Atlantic power system test case

Fig. 7 shows the Colombian Atlantic power system test case. This power system is a simpli-
fication of an area of the Colombian Interconnected power system.

Fig. 7. Colombian Atlantic power system. Source: UPME [18]



258 O. Arenas-Crespo, J.E. Candelo Arch. Elect. Eng.

We selected this system to simulate other scenarios that can be presented in a real power
system and show the advantages of the proposed method. The system has six generators, seven
transformers, and forty-four lines. A generator was located in Sabanalarga, at 220 kV, which
represents an equivalent network in the Colombian Interconnected power system as the slack
bus. This network topology allows for the assessment of different power demand and generation
dispatch scenarios.

3.2.1. Generation dispatches
Three generation dispatch scenarios were considered in this research to select the most crit-

ical contingencies. Table 5 shows two selected generation dispatches, representing an important
variation in the power flow when the element outages are presented.

Table 5. Power generation dispatch

Generator Dispatch 1 [MW] Dispatch 2 [MW]
Flores 110 80 140

Flores 220 0 344

Barranquilla 110 55

Tebsa 110 184 92

Tebsa 220 607.04 257.42

The first scenario is composed of the original power demand and generation dispatch 1. The
second scenario is composed of the current power demand and generation dispatch 2. Finally, the
third scenario is composed of generation dispatch one with no load.

3.2.2. Power grid constraints
Table 6 presents the constraints calculated in the Colombian Atlantic power system test case.

Table 6. Constraints found in the Colombian Atlantic power system

No Contingency Overload Element
1 Oasis—Termoflores II 1 110 Oasis—Termoflores I 1 110

2 Oasis—Termoflores I 1 110 Oasis—Termoflores II 1 110

3 Flores 220/110 2 Oasis—Termoflores II 1 110

4 Flores—Nv Barranquilla 1 220 Flores—Nv Barranquilla 2 220

5 Oasis—Silencio 1 110 Centro—Oasis 1 110

6 Tebsa 3 214.5/110 Tebsa 2 220/110

7 Tebsa—Union 1 110 El Rio—Tebsa 1 110

8 Las Flores—Termoflores I 1 110 Oasis—Silencio 1 110

9 Tebsa—Vte Julio 1 110 TVte Julio—Vte Julio 1 110

10 Sabanalarga—Tebsa 3 220 Sabanalarga—Tebsa 1 220

11 Tebsa—TVte Julio 1 110 Tebsa—Vte Julio 1 110

12 Tebsa—Vte Julio 1 110 Tebsa—TVte Julio 1 110
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To find these constraints, we calculated the N-1 contingencies under the scenarios previously
defined. Next, we searched for the highest overloaded elements in the power grid. Using these
contingencies, we compared the results of the PCI, PI, and OL indices to show their behavior
under different scenarios.

3.2.3. Contingency selection and ranking

Table 7 shows the calculation of PCI, PI, and OL under the three scenarios presented in the
Colombian Atlantic power system test case. Similar to the results obtained with the first power
system test case, the OL and PI vary according to each scenario, whereas the PCI maintains
the same value. For example, the first contingency has the same value for all three scenarios.
The same value also can be obtained for different contingencies, representing the critical events.
These results show that the PCI is stable and that there is no need to consider a specific scenario
to receive valid values.

Table 7. Contingency selection

Cont
Scenario 1 Scenario 2 Scenario 3 (DC)

OL (%) PI PCI OL (%) PI PCI OL (%) PI PCI
1 84.1 7.0 0.2 152.9 6.5 0.2 43.9 7.1 0.2

2 72.1 6.8 0.2 129.0 6.0 0.2 37.4 7.0 0.2

3 45.4 6.9 0.2 82.1 5.6 0.2 17.6 7.5 0.2

4 32.4 6.7 0.2 74.4 5.7 0.2 48.9 7.1 0.2

5 82.5 6.8 0.2 141.3 6.2 0.2 48.6 7.1 0.2

6 73.9 6.9 0.1 57.8 6.2 0.1 70.9 8.3 0.1

7 122.2 7.5 0.1 85.4 5.8 0.1 18.0 7.0 0.1

8 60.0 7.0 0.1 87.9 6.3 0.1 28.0 7.1 0.1

9 104.9 8.7 0.1 75.9 6.5 0.1 6.1 7.0 0.1

10 53.7 7.2 0.1 23.2 5.5 0.1 111 9.1 0.1

11 141.0 7.8 0.1 106.6 6.1 0.1 46.4 7.3 0.1

12 137.3 8.7 0.1 104.0 6.5 0.1 45.9 7.0 0.1

Table 8 shows the results of the contingencies grouped by each generator in the Atlantic
power system test case. In this case, we have chosen to select only two contingencies for each
generator.

Comparing Table 6 with Table 8 in the columns “Contingency” and “Elem( j),” we see that,
for contingency number 1, the major incidence is Flores 110 and the overloaded element in
many possible scenarios is Oasis—Termoflores II 1 110. For contingency 6, the generator with
a major impact is TEBSA 110 and the element overloaded in many possible scenarios will be
Tebsa 2 220/110.
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Table 8. Contingency grouping selection

PCI Elem(i) Elem(j) BusGen(k)
Position
in PCI
vector

0.198 Oasis—Termoflores I 1 110 Oasis—Termoflores II 1 110 FLORES 110 0

0.1772 Oasis—Termoflores II 1 110 Oasis—Termoflores I 1 110 FLORES 110 1

0.1676 Flores—Nv Barranquilla 2 220 Flores—Nv Barranquilla 1 220 FLORES 220 4

0.1676 Flores—Nv Barranquilla 1 220 Flores—Nv Barranquilla 2 220 FLORES 220 5

0.1439 Tebsa 2 220/110 Tebsa 3 214.5/110 TEBSA 110 7

0.1332 Tebsa 3 214.5/110 Tebsa 2 220/110 TEBSA 110 16

0.0835 Sabanalarga—Tebsa 2 220 Sabanalarga—Tebsa 3 220 TEBSA 220 176

0.0834 Sabanalarga—Tebsa 2 220 Sabanalarga—Tebsa 1 220 TEBSA 220 178

4. Conclusions

This paper presented a simple formula for selecting the most critical N−1 network contin-
gencies of a power system. The method is based on the application of PTDF and OTDF for
calculating a simple mathematical expression called the PCI. The aim of this formulation is to
classify and rank the network contingencies independently of power demand and generation vari-
ations. The results showed that the proposed algorithm easily selected and ranked the expected
contingencies, with the highest values of the index corresponding to the most critical events. In
the filtering process, the computational calculation time improved without losing the robustness
of the results. A comparison with two conventional methods, PI and OL, showed that there is
no need for the PCI to simulate all possible scenarios in the power system because it is directly
related to the network parameters and the topology. The proposed method provides a significant
contribution due to the fast generation of contingencies for online applications, which are differ-
ent for power system planning and operation. In future work, we will work on using this method
for new applications in power system operation and planning, and investigate its application in
real-time operations.
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