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Abstract—This article is based on a simple contingency analysis
using sensitivity factors in the IEEE fourteen bus system, and
later in the National Interconnected System (SNI) in the Republic
of Ecuador. The Ecuadorian network was analysed during the
dry season, considering maximum demand, for the year 2018.
A reduction in calculation time considered the use of the load
flow in direct current. Through the Line Outage Distribution
Factors (LODFs), the impact on the redistribution suffered by
the transmission lines corresponds to the system when the outage
of an element is known. On the other hand, with the matrix of
Power Transfer Distribution Factors (PTDFs), the state of the
transmission lines is known given a change in the transfer of
power from one area to another. With this consideration in mind,
energy transfers between the neighbouring countries of Colombia
and Perii are evaluated. MatPower”’™ was used as an aid to
discern the ability of the system under certain conditions for the
calculation in percentage of the loadings of the transmission lines,
belonging to a fourteen bus system and then in the SNI. Once the
simulations were carried out, there were overloads in the front
of the contingency in the lines of the system, for which these
affectations are considered by the operators of power systems to
be able to mitigate their affectation in the network, by making use
of the LODF factors. The results of the fourteen bus system with a
power transfer of 70 MW, using the factors, showed that two lines
were overloaded. On the other hand, the worst scenario in the
SNI occurred with the export of 500 MW of energy to Colombia.
In this scenario, three lines had overloads 100% greater than
their capacity. This sensitivity approach provides the potential
for electricity planners and other bodies to increase their ability
to take control actions for higher order contingencies.

I. INTRODUCTION

The National Interconnected System (SNI) [1] is a set of
parts and elements, the main ones being generators, trans-
formers, transmission lines, and loads, among others, with
a plausible and desirable convergence of the trends, forces,
and policies in play. In Ecuador, the Government Energy
Minister (MEER) [2] has the objective of making electric
power available from the electric generation units to the
consumption centres through transmission lines that are in-
terconnected. This allows electricity to be transported under
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the programming operation of the National Centre for Energy
Control (CENACE) [3], [4].

The Electricity Corporation of Ecuador (CELEC EP) trans-
ports electric power to the country through the National
Transmission System, and the operation and maintenance is
carried out by its TRANSELECTRIC Business Unit. In the
last decade, the electricity sector has focused on guaranteeing
supply under sovereign conditions, through the development
of local energy resources and prioritizing the participation of
renewable energies [4] to promote the diversification of the
energy matrix. The institutionalism of the Ecuadorian electric
sector was also strengthened, and the administrative manage-
ment of electric utilities has been improved. The national
generation and transmission system is comprised of different
elements that guarantee the correct operation from the point of
generation to the loading points. It is important to simulate the
present and future operation of the national system of Ecuador
with estimated load and generation data of the country. The
SNI is divided into electrical zones to facilitate the restoration
of the network or future integration [5], [6]. The electrical
system is composed of hydroelectric and thermal generation,
in which, by including the 500 KV transmission system, the
ring is modified at the 230 KV level, to supply areas of higher
load due to the income of new electricity generation projects
[4]. The system has 138 KV branches, with sub-transmission
systems at 69 kV and distribution systems at 13.8 kV. In
addition, there are two international interconnections, such as
Colombia in the north and Peru in the south [7].

In electrical power systems, reliability and safety [8] are
priority factors and the role of operators is to maximize
these factors in the systems at all times. For this reason, a
safety analysis of the power system is required when it is
designed, and during normal operation and planning, so that
the design can support failures in the network, for example
when transmission lines are open and there are imperfections
in the generating units [9]. Moreover, the reliability of the
power system is equally important when it comes to the supply
of electrical energy, and it is necessary to carry out different
electrical studies, for which a contingency analysis [10] can

18th LACCEI International Multi-Conference for Engineering, Education, and Technology: “Engineering, Integration, and Alliances for a Sustainable
Development” “Hemispheric Cooperation for Competitiveness and Prosperity on a Knowledge-Based Economy”, July 27-31, 2020, Virtual Edition.



be performed. This method is employed to learn the state of
one or more elements in the system, following a fault. An
example of this might be when a transmission line has a fault
and leaves the system, or when there are failures in several
CENACE computers, which may be a greater contingency. In
this case, the operator will have to take the correct measures
before a certain contingency to avoid a cascade disconnection
[9]. With our analyses, we seek to help the operators and
planners of the power system know which elements cause
greater problems, such as damage to equipment, or where there
are blackouts, and, based on this information, help then to take
corrective actions to solve these problems as fast as possible.
Two main factors were used in these analyses, to determine the
impact of power generation and load on power flows. These
factors are: power transfer distribution factor (PTDF) and line
outage distribution factor (LODF) [11], [12]. With the PTDF, a
relative change in the load flow in a particular line is calculated
due to the change in introducing and extracting power in
a pair of buses. On the other hand, with the LODEF, the
redistribution of the load in the system is calculated, when an
interruption occurs [13]. In our methodology, the PTDF factor
proceeds without the need to use much iterations, because
the calculation is linear, the factors can be superimposed
when transfers are required between any pair of bars that are
not directly connected, which is applied in this work when
completing the PTDF matrix from any node to another node,
by changing the PTDFs that exist by the direct connection
between bars, that is, the sum of the corresponding factors to
take the narrowest path. Whereas the LODF factor is based on
the power calculation given a loss of a line i.e. the interruption
of this element, and further the re-distribution of the remaining
lines of the network, which are called monitored lines.

This paper focuses on a hitherto unexplored research ques-
tions, for which at present there is no definitive answer, which
in essence relate primarily to the issues in emerging countries:
What is the interest in conducting a safety assessment in a
power system? How does it help to carry out a contingency
analysis in an electric power system? What is the concept
of sensitivity factors? What are the factors that were used
to perform the contingency analysis? What are the major
affectations once the contingency analysis has been carried
out through sensitivity factors in the IEEE system of fourteen
bars and the whole national interconnected system? How can
security be improved in the National Interconnected System?,
and in this way the operator will be able to take both
preventive and corrective actions in the shortest possible time.
Events, which affect on normal operation are unpredictable,
for example, with the failure of a transmission line, the other
lines must be able to transmit the generation, and thus the
power flow is redistributed and there are no violations of any
kind in its limits.

II. METHODOLOGY

In this paper, a contingency study was carried out for the
Ecuadorian electricity grid. The methodology used to calculate
the sensitivity factors is presented in Fig. 1, which shows the
procedure followed to determine the given PTDF and LODF

matrices obtaining system data. In the operative part, Matlab
was used for the calculation procedures.
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Fig. 1: Flow diagram of the methodology.

2.1 Direct current model of load flow

This paper contributes to the use of procedures and presents
alternatives for understanding the behaviour of the system with
the aim of taking actions both to prevent and correct possible
problems in the network. Electric power systems are complex
and there is a need for operators to know the current state. In
this study, the DC power flow method was used to compute
the active power due to its simplicity and robustness [14].
The considerations of this are: (1) the lines resistances R <
X were not considered, (2) the differences in voltage angle are
small, and, (3) the magnitudes of the voltages of the bus were
established in 1.0 by unity. With these assumptions, voltage
angles and active power injections were the problem variables.

For a power system with N buses, the active power injec-
tions are indicated in Equation 1.

N
Py = Bi;(6; - 6;) )
j=1

where, B_ij was the reciprocal of the reactance between
the bus i and the bus j.

As a result, the active power flow through the transmission
line ”i”, between the ”s” and ”r” bus, was calculated [15] as

shown in Equation 2.

PLi = (95 - 97") (2)

X

where X_Li was the reactance of line L.



The DC load equations in matrix form are as detailed in
Equation 3.

6= [B]"'P 3)

where P is the vector N x I of injections of net active power
in the bus, B is the matrix of susceptances of the system with R
=0, and 6 is a vector N x I of angles of tensions of the buses.
N is the number of system buses. Then Equation 4 follows.

P = (bx )0 (4)

where Pr, is a vector of streams of lines (the number of
lines), since it is a matrix (it is equal to the susceptance of the
line and the non-diagonal elements are zero), A is a bus-line
incidence matrix, and 6 was a vector N x I of voltage angles
of the buses.

2.2 The sensitivity factors

In the operative part, the power flow is carried out with the
MatPower™tool, developed in MATLAB, in which the two
most important factors were determined: the Power Transfer
Distribution Factor (PTDF) and the Line Outage Distribution
Factor (LODF) [15].

The power transfer distribution factor PTDF assumes a
power transfer between a p (send) bus and a g (receive) bus,
that is, there is a power injected in the p-bus and extracted
from the g-bus. The PTDF gives the fraction of power that
ends up flowing through a line /.

By definition, Equations (5) and (6)were obtained thus:

A
PTDE,,, - Mfzq 5)
Afl:le*fZO (6)

where [ is the index of the line, p is the active power
emitting node, g is the active power receiving node, f;” is
the flow on line / when considering the power difference, f;
is the flow in line / of the original system, and AP, is the
difference in power, generation and demand, compared to the
initial configuration of the network [16].

With the above equation, Equation (7) is obtained as:

T =7 — PTDF,q AP, @)

With which, the resulting new flow in the lines / is calculated
due to a power transfer from the bus p to g, with the use of
PTDF factors. If the transfer were in the opposite direction,
from bus g to bus p, we would have Equation (8):

PTDF,,; = —PTDF,,, )

Finally, the range of these factors is established in Equation
9) [17].

~1< —PTDF,,; < +1 )

LODF factors verify overloads when transmission lines are
lost, by monitoring the effects on line / when opening line

k, which calculates the percentage of flow that appears in the
other components. See Equation 10.
A

o
k

LODF,, = (10)

where A f; is the change in the power flow (in MW) in the
line / when a power transfer occurred between p and ¢, fy is
the original flow on the line k before it is opened.

The output of the line is simulated by the injection of power
in buses p and ¢. If the line has been disconnected by means
of switches, the power flows through the line is 0.

Therefore, the PTDF factor is related to the LODF factor,
as shown in Equation (11).

1
LODF,;, = PIDF,,;————P,
b PO PTDF i ™

The LODF factor is calculated given the change in flow in
line / and the lost of the transmission line k between buses p
and ¢g. See Equation 12.

(1)

7 =f+LODF, Py, (12)

The new resulting flow in lines / and k is calculated due to
a power transfer from buses p to g. [18]

2.3 The input data
The input data of the fourteen bus system are shown in
Table 1.

TABLE I: Generation data and charges in the fourteen bus
system [19]

Bus Type | Generation (MW) | Load (MW)
1 1 219 0
2 2 40 21.7
3 2 0 94.2
4 3 0 47.8
5 3 0 7.6
6 2 0 11.2
7 3 0 0
8 2 0 0
9 3 0 29.5
10 3 0 9
11 3 0 3.5
12 3 0 6.1
13 3 0 13.5
14 3 0 14.9

TOTAL - 259 259

Table 2 identifies the input values of the Ecuadorian net-
work: generation, loading and type of bus. One refers to the
reference bus, two to the PV bus, and three to the PQ bus,
considering a scenario of maximum demand. For this analysis,
the buses in Table II were considered input to the SNI. Table
2 shows the data corresponding to the bus of the SNI in
maximum demand and in dryness



TABLE II: Generation and load data in the SNI buses.

Bus

TABLE III: Power flows in DC for the power system in a no

fault condition

Name Gen Load Type
(MW) (MW)
1 B_Molino_138 405,2 0 1
11 B_Cuenca_138 0 0 3
16 B_Cuenca_69 0 7 3
24 B_Monay(3)_69 0 25,73 3
33 B_Turi(8)_69 0 26,27 3
37 B_Machala_230 0 0 3
39 B_Molino_230 384,52 0 2
42 B_Trinitaria_138 0 0 3
46 B_Pascuales_138 0 11 3
49 B_Chongon_138 0 0 3
63 B_Pascuales_230 0 0 3
91 B_Salitral_138 0 0 3
199 B_Jamondino_220 0 0 3
200 | B_Frontera_Pera_230 0 0 3

Table 2 considers just a few of all the buses that form the
Ecuadorian network. The other input values correspond to the
reactance of the transmission lines of the fourteen bus system,
and the SNI is obtained in Section 3.

III. RESULTS

In our results section, the fourteen bus system is presented
first as a prototype, i.e. in section 3.1, the DC power flow is
calculated, for the active power in each bus, angles, and the
transmission lines power of the grid. This allows us to find
errors at the start of our simulation, and to save time, and
increase overall quality. Then in section 3.2 the results of the
National Interconnected System, in which the results obtained
are further interpreted.

3.1 Results Analysis for the IEEE fourteen bus system

In this section, we present the results obtained from the
simulations so that the DC Flow information could be obtained
in normal operation for this prototype system.

Once the simulations had been carried out, the values of
active power flowing through the transmission lines of the
network were obtained through the DC flow. In the system
database, the maximum capacity in MW of these lines was
obtained to have the respective loadings, and the reactances
of the lines were taken into account in per unit.

The results of the DC flow run are shown in Table 3. From
Table III it can be observed that there is a safe operating
condition because no transmission line of the electric network
surpasses 100% of the maximum capacity in MW.

Analysing the values of Table 3, in normal operation, there
were no violations in the system lines, due to overloads. This
is important to then compare the effect that the contingencies
have for the system, which in our case were carried out by
the distribution factors.

Buses | X (pu) Max Limit %
From Flow (MW) | Charge
- to (MW)
1-2 0.11834| 73.94 100 73.94%
1-2 0.11834| 173.94 100 73.94%
1-5 0.22304| 71.12 100 71.12%
2-3 0.19797| 70.05 100 70.05%
2-4 0.17632| 55.23 100 55.23%
2-5 0.17388| 40.90 100 40.90%
34 0.17103| -24.15 100 24.15%
4-5 0.04211| -62.34 100 62.34%
4-7 0.20912| 28.99 100 28.99%
4-9 0.55618| 16.63 100 16.63%
5-6 0.25202| 42.08 100 42.08%
6-11 0.1989 6.30 100 6.30%
6-12 | 0.25581 7.55 100 7.55%
6-13 0.13027| 17.03 100 17.03%
7-8 0.17615 0.00 100 0.00%
7-9 0.11001| 28.99 100 28.99%
9-10 0.0845 6.20 100 6.20%
9-14 | 0.27038 9.92 100 9.92%
10-11 | 0.19207| -2.80 100 2.80%
12-13 | 0.19988 1.45 100 1.45%
13-14 | 0.34802 4.98 100 4.98%

3.1.1 Results of the loadings of the lines before a contingency
in the system of fourteen bus system through the LODF factors.

Table 4 shows the results corresponding to the loadings in
% of all the lines before the outage of a transmission line,
with the help of the LODF factors, taking into consideration
equation (12).

The LODF factor is an effective reference for the overloads
in the power system [15], because it is physically modified to
the network due to the outage of transmission lines, and so
monitoring when a power flow of 70 MW is used as shown in
Table IV. Here, the system is operating normally at maximum
demand and the load limits are in a normal range.

TABLE IV: Chargeability results with LODF for different
outputs in the lines of the fourteen-bus system

Monitored Line 1-2a 1-2b 1-5
1-2a 0% 127.27% | 109.5%
1-2b 127.27% 0% 109.5%
1-5 91.73% 91.73% 0.00%

As the first contingency event in abnormal operation, the
opening of line 1-2a causes an alteration of chargeability in
the other lines of the network, placing line 1-2b in overload.
When line 1-2b is opened, this causes the same effect in the
1-2a, both with a value of 127.27%.

In the second contingency event, the opening of line 1-5
causes two violations of the chargeability limit in the lines



that are in parallel 1-2a, 1-2b and both lines have overloads
of 109.50%.

In summary, the calculation of the sensitivity factors in a
test system was carried out, in order to perform a contingency
analysis to know the safety of the network. The state of the
electrical network was previously known, and thus by means of
an evaluation of the loadings of the elements of transmission,
we can provide information about the post-contingency status.
Depending on the outcome, we can make decisions for the
improvement of the continuity of the electrical system.

3.1.2 Results of the loadings of the lines before a contingency
in the system of fourteen bus system through the PTDF factors.

In Table V, we have the percentage values of the overloads
in the lines, taking into consideration Equation (7), with a
power transfer of 70 MW, which was chosen to reveal the
existence of overloads in the monitored lines when there is
power transfer between two buses in the system. If the value
of the transfer is low, for example less than 70 MW, the lines
do not saturate, and continue working in normal operation.

TABLE V: Results of the affectation percentages of the
PTDF factor in the lines for different power transactions
between two buses in the fourteen bus system

Monitored 1-2a 1-2b 1-5 2-3
Line
1-2a 103.27% | 103.27% | 95.31% | 70.74%
1-2b 103.27% | 103.27% | 95.31% | 70.74%
1-5 82.46% 82.46% | 98.38% | 77.52%
2-3 68.14% 68.14% | 77.52% | 109.21%

Analyzing the values shown in Table 5, we can see lines
that are overloaded to the limit of their capacity, that is, greater
than 100%. In the case of the power transfer of 1-2 a, just as
1-2b, the lines that are congested are 1-2 a and 1-2 b, both
at 103.27%. This means that there are two overloaded lines
for both cases, which is the most critical scenario. However,
in the other case of the power transfer of 2-3, only this line
is overloaded, with 109.21% chargeability, meaning that lines
with overloads are at risk of damage to their structure.

3.2 Analysis of Results for the National Interconnected System

The results obtained after the simulations were established
in such a way that it was possible to calculate the DC Flow
for the normal operation of the Ecuadorian system.

The values of active power flowing through the transmission
lines of the network through the DC flow were obtained. In the
system database, the maximum capacity in MW of these lines
was obtained to ascertain the respective loadings. In addition,
the matrices of the sensitivity factors were found for the post-
contingency analysis and, with this, it was determined if there
would be a violation of limits.

3.2.1 DC flow results for the National Interconnected System.

The results of a part of the DC flow run are shown in
Table VI, where the reactances of the lines that comprise the
system are also available. There is a safe operation condition
for the whole system, and the active power of each line making
up the electrical network was obtained. Table 6 shows the
lines that are the object of this study, given that they can
exceed 100% of their chargeability. Line 11-16 has the origin
node B_Cuenca_138 and ends at node B_Cuenca_69; it is a
transmission line with a chargeability of 93.90%, given the
DC flow of 140.85 MW, and its maximum capacity in MW
was 150.00. For the case of line 37-200, corresponding to
the union of bus B_Machala_230 with B_Frontera_Peru_230,
there is no active power flowing through the line.

TABLE VI: Power Flow DC for the power system in a no
fault state

Line X (p.w) DC Limit %
Flow MW Charge
(MW)
11-16 | 0.06899727 140.85 150.00 | 93.90%
24-33 | 004145683 | 77.40 80.07 96.66%
37-200 0.05026 0.00 332.00 0.00%
39-1 0.073398 | -175.22 | 375.00 | 46.73%
39-1 0.073398 | -175.22 | 375.00 | 46.73%
42-59 | 0.07809751] 102.94 150.00 | 68.63%
4649 | 0.0648078 | 75.63 113.06 | 66.89%
4649 | 0.0648078 | 75.63 113.06 | 66.89%
46-91 | 0.0431272 | 97.58 125.97 | 77.47%
46-91 | 0.0431272 | 97.58 12597 | 77.47%
63—-46 | 0.0715992 | 327.08 375.00 | 87.22%
63-46 | 0,0730980 | 320,37 375,00 | 85,43%

Greater chargeability was present after carrying out the DC
load flow in line 24-33 at 96.66%, which corresponds to the
start bus B_Monay (3)_69 and the final bus B_Turi(8)_69, as
seen in Table 6. This is a distribution line, and so the output
of this element was not taken into account in the contingency
analysis.

3.2.2 Results of the loadings of the lines before contingency
in the SNI through the LODF factors

The loading values in the lines were obtained with the
LODF matrix of the Ecuadorian electrical network and the
results of DC flows were obtained as in the previous section.

Table 7 shows the chargeability in each element before a
single contingency event, consisting of the outputs of four
transmission lines with start and end bus at a voltage level
of 138 kV, and another by the exit of a distribution line with
exit and arrival nodes at 69 kV. This line is taken into account
given its effect on transmission, the other 69KV lines that
belong to the distribution system are not considered, given
that they do not present a significant contingency in the face
of increased power flow.



Under normal operating conditions there are no overloads,
as discussed in the previous section. Then, in the post-
contingency state, defined as the state that the system is in
after a contingency, there are overloads, as shown in Table
VII. When exceeding the maximum capacity, they are greater
than 100%. In the left column, the lines are being monitored
before a contingency, on the right side are the contingencies
present in the system, with the outputs of corresponding lines
in order to analyse the effect at their service outage.

TABLE VII: Chargeability results with LODF for different
outputs on the SNI lines.

- Outage
Monitored B_PASCUALES_138-
B_CHONGON_138(1)

120.48%

B_PASCUALES_138-
B_CHONGON_138(2)
Monitored

B_PASCUALES_138-
B_CHONGON_138(2)
120.48%

B_PASCUALES_138-
B_CHONGON_138(1)
Monitored

B_PASCUALES_138-
B_SALITRAL_138(1)
132.99%

B_PASCUALES_138-
B_SALITRAL_138(2)
Monitored

B_PASCUALES_138-
B_SALITRAL_138(2)
132.99%

B_PASCUALES_138-
B_SALITRAL_138(1)

At the first point before the output of line B_Pascuales_138-
B_Chongon_138 (1), where the flow is equal to zero,
the parallel line corresponding to B_Pascuales_138 -
B_Chongon_138(2) is overloaded at 120.48% of its capac-
ity. The same happens if the other line is out of service.
On the other hand, before the service output of the ele-
ment B_Pascuales_138-B_Salitral_138(1) there is an over-
load in line B_Pascuales_138-B_Salitral_138(2), with a value
of 132.99%. As in the previous case the output of line
B_Pascuales_138-B_Salitral_138(2) also overloads the paral-
lel line.

For the last case line B_Monay (3)_69-B_Turi(8)_69 is out
of service, which causes the transmission line B_Cuenca_138-
B_Cuenca_69 to suffer an overload with a value of 109.10%.
With these events, there are overloads with a contingency in
the lines of the system, for which these effects are considered
by the operators of power systems to be able to mitigate their
effect on the network.

The other part of the analysis of the overloads in the
system before a contingency is shown in Table VIII. The left
side corresponds to the transformer being monitored while
the right shows the service outage of the respective trans-
former. For the calculation of the DC flow, the transformers
are considered to be lines. The effect of the outage of the
line B_Esmeraldas_138-B_Esmeraldas_69(1) is an overload
of 146.49% in the parallel line. That is, given the outage of

one of these elements, the other parallel one is overloaded, as
in the following cases: if it is out of service B_Molino_230-
B_Molino_138(1) there is an overload in the other element of
111.45%.

This is how you have different line outages and
their effects on the network; the worst contingencies
for the Ecuadorian electrical system are the outage of
B_Pascuales_230-B_Pascuales_138(1) or B_Pascuales_230-
B_Pascuales_138(2), for the first case four elements
are overloaded i.e. B_Pascuales_138-B_Salitral_138(1),
B_Pascuales_138-B_Salitral_138(2), B_Pascuales_230-
B_Pascuales

_138(2), B_Trinitaria_230-B_Trinitaria_138 with 114.42%,

114.42%, 145.89%, 124.00%, respectively. The said element
thus suffers severe damage in its useful life

TABLE VIII: Load results with LODF for different
transformers outputs of SNI

- Outage
Monitored B_PASCUALES_230 -
B_PASCUALES_138(1)

B_PASCUALES_138 - 114.42%
B_SALITRAL_138(1)
B_PASCUALES_138 - 114.42%
B_SALITRAL_138(2)
B_PASCUALES_230 - 145.89%
B_PASCUALES_138(2)
B_TRINITARIA_230 - 124.00%

B_TRINITARIA_138

Monitored B_PASCUALES_230 -
B_PASCUALES_138(2)
B_PASCUALES_138 - 113,12%
B_SALITRAL_138(1)
B_PASCUALES_138 - 113.12%
B_SALITRAL_138(2)
B_PASCUALES_230 - 146.81%
B_PASCUALES_138(1)
B_TRINITARIA_230 - 122/45%

B_TRINITARIA_138

Table 8 shows the corresponding loading lines being mon-
itored before an output from another line.

When carrying out the contingency analysis using
LODF factors, the worst scenario is obtained before the
transformer output B_Pascuales_230-B_Pacuales_138(1) or
B_Pascuales_230-B_Pacuales_138(2). There are four contin-
gencies that respond to the monitored lines, and the effect on
their chargeability can cause imperfections in its operation.

In summary, the calculation of the sensitivity factors in a
test system was carried out, in order to perform a contingency
analysis to know the safety of the network, the state of the
electrical network was previously known, and thus by means
of an evaluation of the loadings of the elements of transmission
information can be provided about the post-contingency status.
Depending on the damage that exists, decisions can be carried
out to improve the continuity of the electrical system.



3.2.3 Results of the loadings of the lines before a contingency
in the SNI through the PTDF factors

To carry out the simulation of the loadings of transmission
lines, the bus that delivers active power is selected and the
point of reception of the energy is determined. The inter-
connection between Ecuador and Colombia is given by the
Pomasqui and Jamondino bus, respectively, at a voltage level
of 230 kV. For the interconnection between Ecuador and Pert,
this is through the line that joins the Machala bus with the
Zorritos bus in the neighbouring country.

Table IX shows the loadings in the lines of the Ecuadorian
network which give a transfer between two buses: one belongs
to the system in Ecuador that was sending energy correspond-
ing to the Mill bus at a voltage level of 138 kV, while the
power reception bus belongs to the Frontera Pertd or Zorritos
230 kV bus.

TABLE IX: Loadings of lines of SNI for a power transfer
between Ecuador and Pert. From Molino Bus 138kV to the
frontier Bus, Perd 230 kV

Power transfer of 30 MW
Monitored Line %Chargeability
B_Cuenca_138-B_Cuenca_69 95.41%

Power transfer of 60 MW
Monitored Line %Chargeability
B_Cuenca_138-B_Cuenca_69 96.92%

Power transfer of 100 MW
Monitored Line 90Chargeability
B_Cuenca_138-B_Cuenca_69 98.92%

When transferring power equal to 30, 60 or 100 MW, there
were no overloads in the other lines in the system, however,
it was possible to see a transmission line that could exceed
its capacity limit. This monitored line was B_Cuenca_138-
B_Cuenca_69, with greater than 90% chargeability, where
there is a risk that its operation could be affected over time.
In the first case with 30 MW, the monitored line corresponded
to a value of 95.41%. When the energy transfer increased, it
can be noted from Table 9 that the line belongs to the Cuenca
bus, the load that flows through it increases until it reaches
100 MW, which in the end is 98.92% and thus close to 100%
of its capacity. Under the values of the analysed transfer, the
lines fail to saturate, and continue to work in normal operation.

The other case that was analysed was the import of energy
from Perd through the Zorritos bus, with the power transfers
considered in the export seen previously. See X.

Table 10 considers a power transfer event for the Zorritos
to Molino bus, in the case of energy import to Ecuador,
where there are no lines working almost at full capacity, and
increased energy transfer of 30, 60, 100 MW. The line corre-
sponding to B_Cuenca_138-B_Cuenca_69 has a chargeability
0of 92.41%, 90.90%, 88.90%, respectively, as this line’s charge-
ability decreases without affecting the transmission lines.

In the case of the exchange of active power from 30 to 60
MW between the countries of Ecuador and Perd, there were

TABLE X: Loadings of the SNI lines for power transfer
between Perd and Ecuador. From Zorritos Bus 230 KV to
Molino Bus 138 KV

Power transfer of 30 MW

Monitored Line

%Chargeability

B_Cuenca_138-B_Cuenca_69

92,41%

Power transfer of 60 MW

Monitored Line %Chargeability
B_Cuenca_138-B_Cuenca_69 90.90%
Power transfer of 100 MW
Monitored Line %Chargeability
B_Cuenca_138-B_Cuenca_69 88.90%

no overloads in the monitored lines, so that the lines did not
saturate, and continued working in normal operation.

Table XI shows the loadings that the lines present in
the Ecuadorian electrical system in the face of an energy
transfer from the mill bus for cases of export of power to
Colombia through the Jamondino bus. Line B_Cuenca_138-
B_Cuenca_69 is monitored and suffers an effect on its
chargeability depending on the power transfer, being 104.27%
higher than its maximum capacity from 200 MW, until from
500 MW it reaches 119.81% of chargeability. The lines of
B_Molino_138-B_Molino_230 are affected in parallel to a
chargeability of 108.21%, with which the worst scenario
occurs at 500 MW and three lines of the network are
affected. This report is indicative of the problems of the
loading of the transmission lines for the monitoring of the
security of the Ecuadorian network before export to Colombia.

TABLE XI: Loadings of lines of SNI given a power transfer
between Ecuador and Colombia.

Power transfer of 200 MW
Monitored Line 9 Chargeability
B_Cuenca_138-B_Cuenca_69 104.27%
Power transfer of 300 MW
Monitored Line 9%Chargeability
B_Cuenca_138-B_Cuenca_69 109.45%
Power transfer of 400 MW
Monitored Line %Chargeability
B_Cuenca_138-B_Cuenca_69 114.63%
Power transfer of 500 MW
Monitored Line 9%Chargeability
B_Cuenca_138-B_Cuenca_69 119.81%
B_Molino_138-B_Molino_230 108.21%
B_Molino_138-B_Molino_230 108.21%

In the last case, an import of energy from the 230 kV
Jamondino bus in Colombia to the Molino bus located in
Ecuador was considered. See Table XII.

Table 12 shows a monitored line corresponding to
B_Cuenca_138-B_Cuenca_69, as the one with the highest
percentage of chargeability, without overloading. In the case



TABLE XII: Loadings of the SNI lines for a power transfer
between Colombia and Ecuador.

Power transfer of 100 MW
Monitored Line 9% Chargeability
B_Cuenca_138-B_Cuenca_69 92.51%
Power transfer of 200 MW
Monitored Line 9% Chargeability
B_Cuenca_138-B_Cuenca_69 88.27%
Power transfer of 300 MW
Monitored Line 9% Chargeability
B_Cuenca_138-B_Cuenca_69 88.27%
Power transfer of 400 MW
Monitored Line 9% Chargeability
B_Cuenca_138-B_Cuenca_69 79.77%

of a 100 MW power transfer, the load capacity of this line
reached 92.51% from Colombia. If the power transfer is
increased to 200 MW, the chargeability of the monitored line
drops to 88.27% of its maximum capacity. With a power
transfer of 300 MW the line did not undergo changes in
its chargeability, and with 400 MW the system was still in
operation without any overload. The chargeability in the line
from the bus Jamondino 230 kV up to the bus Mill 138 kV
decreases up to 79.77%, that is, it does not suffer damage to
the lines with the given import.

After obtaining the PTDF matrix and assigning an energy
transfer between Ecuador-Colombia and Ecuador-Perud, the
worst event that occurred was an export of energy to Colombia.
When making power transfers from 100 to 500 MW, it was
seen that 500 MW overloaded three lines corresponding to
B_Cuenca_138-B_Cuenca_69 with 119.81% chargeability, the
lines of B_Molino_138-B_Molino_230 were also affected in
parallel to a chargeability of 108.21%. Given the topological
change that has occurred in the Ecuadorian electrical system,
these studies showing the effect of certain contingencies on
the operation of the network must now be analysed.

IV. DISCUSSION AND CONCLUDING REMARKS

In this section, we discuss the results obtained in the
simulations given by the input values of the National Inter-
connected System, how the analysis of electrical parameters
of the elements was implemented, and the topology of the
network, including the number of each bus and lines, as this
was the way the configuration of the system simulation was
obtained. The parameters used for the buses of the power
system were generation and maximum demand during the dry
period, as seen in the Methodology section. The type of bus
and the lines of the network are identified as the union of two
buses, taking into account the start and end of the pair of buses
for the simulation, given that the DC flow, whose definition
and importance is raised in Section Two, can be positive or
negative, as shown in the Results section.

In this article, the flow diagram seen in Section 2 was
proposed to enable the calculation of the sensitivity factors and
the line reactance that was used as an electrical parameter and
the fourteen buses of the IEEE were simulated for validation in
the context of the Ecuadorian electrical system. In this work,

the main variable is the one that corresponds to active power,
that is, how it changes, and the effect it has after an output of
an element. In our case, these are network transmission lines,
or a change of power transfer between bus, how the active
powers of the lines that belong to the system react, since,
depending on the interruption, it will affect some with respect
to others.

In our research, a restructuring of the original Ecuadorian
electric transport system was made with some considerations
in which the equivalent simulation is allowed for a reduced
system to facilitate the analysis of the network.

For this, a reductive method was carried out that allows
changes in topology of the system based on the elimination
of buses that are not relevant in the original structure. With
respect to the parameters corresponding to the elements of
the network, these remain the same, but the limitations in the
simulations must be taken into consideration when eliminating
nodes to obtain the DC flow. Having said this, we do not
depart from the actual configuration that describes the original
system.

For the creation of the electrical scheme of the Ecuadorian
electrical system, the following considerations were made:
actual values of the lines and TRANSELECTRIC substations,
were provided for a period of drought, and the power generated
and consumed is 4,115.5 MW in 2018. In total, the system has
200 buses consisting of: 63 buses of 69 kV, 91 buses of 138
kV, 41 buses of 230 kV and five buses with a voltage level of
500 kV.

The total number of lines in the network is 242 elements
and 74 transformers, which are considered a component of the
system since for the DC flow the transformers are considered
lines. A total of 316 lines connect the different nodes of the
network. For the buses of the electrical network carrying out
the flow of the DC load, these were assigned as follows. The
reference node was assigned to the B_Molino_138 bus, which
belongs to the Paute Integral Hydroelectric Complex. The
considerations that correspond to this node for the simulation
are: it is established as one with respect to bus number,
the power generated in the node, and, the power consumed,
respectively.

The transmission lines were represented by assigning the
initial bus number as the final node, which is important
because the line length was not taken into account, and the
values were taken as per unit of the reactance, neglecting the
data of resistance. In addition, the maximum capacity of the
lines was found, allowing for the maximum flow without there
being violations due to overload.

With respect to the transformers of the two windings that ex-
ist in the electrical network, these were considered as lines for
the simulation, having the data of reactance and connections of
transformers between buses. For the transformers of the three
existing windings in the system, the input data were known as
initial bus number, and two numbers of nodes corresponding to
the output of voltages. For this case, when working in DC flow,
it is necessary to convert these transformers into an equivalent
line that connects to the respective bus of the system.

With the original model we worked with DigSILENT?™
to make the comparison with the topology of the network



where buses in the network were eliminated. Given that the
Ecuadorian electrical system has more than 600 buses, it is
complicated to carry out a simulation given the extensiveness
of the corresponding data in order to carry out the resolution
of the state in normal operation, that is, the state in which the
power system operates is defined. In Section 3, we saw that
the contingency analysis using sensitivity factors requires DC
flow for a simulation of the operation of the real system, so to
carry out all the programming, it was necessary to implement
functions in Matpower. To solve the DC flow in a system, we
used AC flow equations.

For the resolution of the continuous load flow for any
network, a reference bus that is decided according to individual
needs is taken into consideration. There are input parameters
for the bus, its type, and indices for generation and loads, in
the same way there are also input parameters for the reactance
of the lines (X). To calculate the powers in the lines, we used
matrix B susceptance and the matrix of the differences of
angles. The flow of DC power was calculated to ascertain
the power flows in the transmission lines and transformers, to
indicate the direction of power flows in each transmission line
of the network.

The Matpower tool was selected to perform the simulations
because it is a tool which provides manuals to facilitate it
adaptation to programs such as Excel, to which a database
used for Matlab simulations was exported. This permitted the
use of calculations in the form of matrices and vectors in fast
programs, which was suited to the number of variables and
functions. We also used techniques for the handling of the
information to save computer memory, which is evidenced in
the effectiveness of the results obtained in Section 3.

The PTDF factor proceeds to a quick calculation without
having to use many iterations. Because the calculation is linear,
you can superposition the factors when transfers are required
between any pair of buses not directly connected. This was
performed in this work to create the complete matrix of PTDF,
from any node to another node, by combining the PTDFs that
exist in a the direct connection between buses, that is to say the
sum of the corresponding factors in order to take the shortest
path.

The LODF factor is based on the calculation of a line’s
output, when the interruption of this element entails the
redistribution of the remaining lines of the network, which are
called monitored lines. The analysis is very important given
that in a power system this type of contingency can occur, and
the impact of of a outage in the line must be determined.

The sensitivity factors can be calculated in at least two
different ways. The algorithm chosen in this research was the
simplest one, that is, through the use of the DC flow seen in
Section 2. In this way the factors provide an approximation
of the state of the elements of the system before a change in
the power transfer in the network, or before the outage of a
component, as shown in Section 3, given the assumptions that
this model involves, as seen in Section 2.

The obtained results indicated the state in normal operation,
being the case of pre-contingency, where the loadings of the
lines of the network are as presented in Section 3. For the post-
contingency state, which is a report on the major contingencies

obtained after running the program, these tables summarize the
security and contingency analyses by simulating the sensitivity
factors.

Once the contingency reports have been obtained, the net-
work diagnosis is carried out, with real values for the operator
to subsequently select the best alternative to maintain the
system within its limits in the loadings of the lines.

The DigSILENT tool also permits consideration of the
mitigation of overload which occurs in the SNI, or in any
other electrical network following a re-dispatch procedure in
lines. This allows the control of the dispatch that the generators
have, according to their capacity, being careful not to exceed
the maximum generation limits of each unit, to avoid further
inconvenience within the system, since cascading events can
occur even with a simple contingency.

The analysis was carried out taking into account the voltages
levels of the transmission system in the Ecuadorian electrical
system, and does not consider the electricity distribution lines
seen in the original system, which is complete. A reduced
system with a DC load flow was implemented, and in turn the
factors that depend on the initial flows in direct current for the
post-contingency analysis were assessed.

When carrying out a safety evaluation of an electrical
network, it is possible to detect violations in the limits of
electrical parameters, given the operating status of the network,
which in our case were the loadings of the transmission lines of
the test system and the National Interconnected System. In ad-
dition, variables that may cause some overload are monitored
so that an eventuality is determined early. The contingency
analysis allows the operator of power electrical systems to
make decisions based on the effects that certain faults in the
network would have on modifying physical variables, such as
line output and power increase.

To carry out a contingency analysis, it is recommended
to make use of factors, such as Outage Transfer Distribution
Factor OTDF, because of the power resulting in one element
after two contingency events in another element. This must
also take into consideration an injection of power in a bus,
and, in this study, this is done by means of system restrictions
in case of overloads due to a simple contingency. This factor
is related to network parameters that directly influence the
transfer of active power, the importance of this factor is
that it indicates the effect of a contingency on each system
component.

For the test of the Ecuadorian electrical system, the calcu-
lation of the DC Load Flow was performed, with MatPower,
because it is a non-complex non-iterative method. The results
obtained are given in Section 3, and provided the input data
for the power flows in the lines to determine their loadings in
the system through sensitivity factors, as shown in the same
section.

The purpose of this research was to carry out a contingency
analysis using sensitivity factors for the improvement of the
SNI. In a first stage, a check was made using a small IEEE
system of fourteen buses. After the simulations, the matrices
of the PTDF, LODF factors were generated to obtain new
flows in the transmission lines of the system, using required
information on the behaviour of the lines in a stable state



through a flow of DC power. It could then be seen whether
there were overloads in the electricity grid after a contingency.

The usefulness of this type of study is to publicize the
limitations and risk zones when designing, protecting or op-
erating power systems, based on sensitivity factors, and to act
in a planned and appropriate manner when unforeseen events
occur. The application of a contingency analysis, in this case
by means of sensitivity factors, offers the operator a better
understanding an improvement in the performance of their
power systems, for which safety studies are carried out in the
SNI by the operators of the system. It makes decisions which
keep the state in normal operation.

It is important to conduct the type of contingency and safety
analysis studies seen in this paper because they seek to resolve
the contingencies in the shortest possible time. In this case, we
can observe that the values obtained do not exceed the limits
of the elements of the system, and that the operator has the
necessary information to be able to fulfil the corrective tasks.

The present article was executed to study the contingency
events in the SNI through the use of sensitivity factors, and a
programming was implemented in Matlab to execute the sim-
ulations of the factors in matrix form. The use of these tools
allows the evaluation of security. After the security assessment
identifies the contingencies by which the system can reach an
unwanted state, it proceeds to determine actions to control the
system and maintain a safe state with no inconvenience. These
actions can be both preventive and corrective.

As a final remark, the tools and analysis of this paper might
be applied internationally.
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