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Abstract—In a large-scale interconnected power system
network, few challenges exist in evaluating and maintaining the
overall system stability. The power system’s ability to supply all
types of loads during natural disasters or faults has yet to be
addressed. This work focuses on developing a wide-area
measurement system to manage and control the power system
under all operating conditions. The IEEE-14 bus system was
modeled in PSCAD software for simulating nineteen types of
fault based on multi-objective shortest path algorithm. To
manage the wide area measurement, the research must
comprehend the working principle of the multi-objective shortest
path algorithm, whereby the proposed method will determine the
new path for the IEEE-14 bus system. To evaluate the
performance of the multi-objective shortest path algorithm, all
sections of the IEEE-14 bus system were simulated with faults.
The distances of the normal path (without simulated fault) and
the new path (with simulated fault) were recorded. Based on the
recorded data, it was found that the location of the fault has
significant influence on the shortest path of the buses connected
to each other.
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I. INTRODUCTION

SCADA system used for real-time monitoring of a power
system network is not alone sufficient to provide data related
to dynamic performance of the overall system in steady state
condition. The actual performance of the system can be
predicted by utilising any power system simulation tools,
which normally have few limitations in term of parameters
exactness and generalized estimation. Therefore, the system
operator must be ensuring of consistent and detailed dynamic
information in order to decide on how to deal with the system
during specific conditions and energy security.

The technique is based on close observation on the angle
and phasors with respect to time duration in dynamic state by
using phasor measurement unit (PMU). PMU will show the
dynamic information of individual buses in the system for the
system operator. This information will be useful in
determining how to respond to the system's condition in a
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timely manner. The PMU can also be used as an investigator
apparatus to monitor performance of hardware in the system,
such as generator controller. Additionally, the system operator
needs to utilize the PMU in managing a wide area monitoring
system as the one of the approaches in smart grid operation to
provide the required data.

The operator must also understand the overall system
behavior during dynamic phenomena based on the data
obtained from the wide area monitoring system. The PMU,
which is part of the wide area monitoring system, normally
consists of standard components such as communication
system, data analyst and information display. Placement of the
PMU in the power system is dependent on a preliminary study
of the system’s constraints and stability problems that might
possibly occur in the wide area monitoring system.

In [1], the system operator also supervises any event in the
system for the purpose of monitoring and analyzing the
dynamic behavior of the power system during different
scenarios. The system protection, dependability and stability
will be considered as well in the development process of the
wide area monitoring system for the power grid. This
demonstrates the significance of the wide area monitoring
system in ensuring reliable operation of the power grid and
improved system security. In return, this approach can help to
improve the overall technical aspects by optimising the
stability of the overall system and reducing the operational
cost.

Il. LITERATURE REVIEW

A. Monitoring System

An electric power system is made up of a number of
interconnected components that serve a purpose of delivering
reliable power supply at a low cost. The majority of the
world's population is already reliant on electrical energy for a
better quality of life and economic growth. However, the
power system is always vulnerable to internal and external
disturbances that can disrupt the system operational capability,
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such as lightning, electromagnetic interference, and equipment
malfunctions.

However, in a very large, interconnected power system,
several challenges exist in assessing and maintaining the
stability of the entire system as mention in [2]. Another issue
in the power system related to large penetration of renewable
energy sources has recently aroused, contributing to additional
risk on the stability which requires extensive monitoring on
the system operation. However, the development of renewable
energy sources is critical for energy security. Consequently,
power system monitoring should be a key aspect in
accomplishing  adaptable tasks to maintain  system
dependability and reliability of electricity supply.

In recent years, advancements in information and
communication technology have enabled greater adaptability
in wide-area power system monitoring in terms of rapid and
massive data transmission. As one of the smart grid
innovations in the power grid, the wide-area monitoring
system with phasor measurement units is a promising solution
towards the improvement of overall system operation, as
mention in [3].

B. Optimal Placement of PMU using Integer Linear
Programming

Power engineers are becoming interested in phasor
measurement units (PMU) since they can provide
synchronized estimates of real-time phasors of voltage and
current. Furthermore, the use of PMUs has also changed the
way state estimation is being performed. A state estimator
plays a vital role in the security of power system operations as
it is used for online monitoring, analysis and control.

According to [4], an ideal PMU placement algorithm was
developed to recover the bad data processing capability of
state estimation by taking advantage of the PMU technology.
Techniques for identifying placement sites for phasor
measurement units in a power system based on incomplete
observability are presented in [5], where simulated annealing
method was used to solve the pragmatic communication-
constrained in PMU placement problem. The authors in [6]-
[10] developed an optimal placement algorithm for PMUs by
using integer programming. However, the proposed integer
programming becomes a nonlinear integer programming under
the existence of conventional power flow or power injection
measurements. Besides, a similar formulation of optimal PMU
placement problem is proposed by integer linear
programming. According to [11]-[12], there is two proposed
formulation which is without conventional measurements and
with conventional measurements. Referring to [11], simulation
results show that the proposed algorithm demonstrates
computational efficiency and can be used in actual practical
system. However, the simulation was only performed on the
IEEE-14 bus system due to computational limitations.

C. Dynamic Shortest Path Algorithm

Wide area monitoring system normally consists of three
main elements, namely management, measurement, and
communication. It is critical to plan these elements carefully
for a power system to function well. According to [13]-[15],
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measurement and communication elements in a wide area
network are planned flexibly from an administrative
standpoint to achieve a suitable degree of system monitoring.

The optimal placement of phasor measurement units is
determined using an integer linear programming (ILP) layout
technigue that takes zero-injection bus effects into
consideration. The PMU location problem is solved using the
integer linear programming (ILP) technique with and without
conventional estimations, as well as maximum estimation
redundancy across all buses. According to [16]-[19], a new
decision on discernibleness limitations was proposed to
address the optimal positioning issue, which in turn might
reduce the number of required PMUSs.

According to publications [20]-[21], a new decision
method based on identifiable limits that could reduce the
number of PMUs has been addressed to solve the optimal
PMU position problem.

Fig. 1. Optimal Design of Wide Area Monitoring System for the IEEE 14
Bus System [22].

In [22], the PMU placement was designed as illustrated in
Fig. 1. For the optimal structure of the communication
framework, a dynamic multi-objective shortest path (MOSP)
routing technique was implemented. As a result, the proposed
technique optimizes PMU location initially, then enhances
communication methods that connect all phasor measurement
units. In the MOSP steering algorithm, which is used for
optimal communication interface layout, the shortest path
exploration algorithm is used to select the shortest pathways
from phasor measurement units’ buses to the central control
bus. As a result, all the evaluated PMU nodes in set S carried
by author in [22] may be measured as original nodes. It was
also discovered that, of all the possible routes, the nearest
phasor measurement units’ bus has consistently the shortest
route to the central control bus.

There are two ways of acquiring transmission path
information from the phasor measurement units” bus to central
control bus, according to [22]; single objective shortest path
and multi objective shortest path. The shortest path from each
single abjective shortest path bus to the central control bus can
be obtained directly using a shortest path algorithm.
Meanwhile, in a multi objective shortest path algorithm direct
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calculation, overlapped ways are used to obtain transmission
path information for all phasor measurement units' buses.
Therefore, all phasor measurement units’ buses, except for the
closest one to the CB, can be determined using the multi
objective shortest path algorithm, owing to the overlapped
ways that can be used as a method for information
transmission with reduced optical fiber ground wire coverage.

I1l. METHODOLOGY

Typically, a wide area monitoring system is made up of
three components: management, measurement, and
communication. It is necessary to build these infrastructures
adequately for the optimal operation of the power system. To
achieve a satisfactory level of system observability, the
measurement and communication infrastructures in a wide
area network are planned independently from a management
perspective. There have been numerous procedures taken in
order to develop the 14-bus test system for this study. In the
first step, integer linear programming was chosen to determine
the optimal configuration of measuring mechanisms [22]. The
dynamic multi-objective shortest path was used in the next
step to come up with the best communication infrastructure
option. The fault cases were assigned to monitor the
performance of the multi-objective shortest path, in which 19
fault cases were simulated. For each case, the distance
calculated using the multi-objective shortest route technique
was measured and compared.

The flow chart involved in implementing the proposed
technique is depicted in Fig. 2. The initial work involves
modelling in PSCAD software to develop the IEEE 14-bus
network as the test system. The PMU's position was then
determined using integer linear programming (ILP).
According to [11], the placement of PMUs is solved using
binary integer programming in MATLAB. However, due to
research limitations, this study did not develop the algorithm
for PMU placement and instead relied on [22] for PMU
placement using ILP on the IEEE-14 bus system.

To solve the optimum phasor measurement unit location
problem, three PMU will be installed in buses 2, 6, and 9. In
order to observe the performance of the multiobjective
shortest path algorithm, all of the section was assigned by
fault. The location of fault is listed in Table I as follows.

The following step is to assian different 19 fault cases at
IEEE-14 bus system. To test the performance of the multi-
objective shortest route method, each fault was allocated to
various places. Fig. 3 shows the location of every fault case
that was allocated in the IEEE-14 bus system. Each fault case
was simulated using MATLAB software. For each fault
condition, the algorithm was modified to evaluate and choose
the shortest path. The result will show the distance between
each fault condition and other buses. Every distance recorded
by each fault case to connect to the other bus using the
shortest path was then determined. Data from the 19 failure
cases were recorded, and the graphs were plotted to acquire
more information regarding the multi-objective shortest route
algorithm's performance.
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Fig. 2. Flowchart.

TABLE I. LIST OF FAULT LOCATION

No. Fault location Fault Location
1 Bus 9 to 10 11 Bus7to9
2 Bus10to11 12 Bus4to9
3 Bus6to 11 13 Bus5to 6
4 Bus 6 to 13 14 Bus1to5
5 Bus 6 to 12 15 Bus1to2
6 Bus 12 to 13 16 Bus5to 2
7 Bus13to 14 17 Bus2to4
8 Bus9to 10 18 Bus2to3
9 Bus4to9 19 Bus3to4
10 Bus4to7

IV. RESULT AND DISCUSSION

In the IEEE-14 bus system, 19 faults were assigned at
different locations and tested for data collection based on the
utilisation of multi objective shortest route algorithm. Each
fault was then simulated using a multi-objective shortest path
method in MATLAB to determine the shortest path length. All
of the data in this section was collected by simulation, and was
evaluated by plotting graphs for further discussion.
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A. Fault Simulation on Section

The IEEE-14 bus system was used to simulate 19 fault
scenarios. Each type of fault was simulated between buses and
different locations. Table Il shows the details of the fault
simulation point. Based on the table, the fault point was
simulated in each section (between bus to bus). For example,
fault 1 was simulated between buses 9 and 10, with a distance
of 18.9 kilometers between them. All the fault points were
simulated in the middle of the section.

B. Path Analysis

Path analysis is discussed in this section with different
fault simulation points considered. Every fault point will be
analyzed, with detailed results and explanations. For each fault
case, the result will be compared to the normal path and the
new path. Before the fault occurs, the multi-objective shortest
path algorithm calculates the normal path distance.
Meanwhile, during the fault, the multi-objective shortest path
algorithm calculates the new path distance. There were six
paths that connect the buses for each fault case.

Table 111 shows the route taken to connect to other buses,
as well as the distance used to calculate fault 1. The first fault
occurs in the middle of the section between buses 9 and 10. If
the fault occurs at the path connecting the phasor
measurement unit and the buses, the path should be changed.
The path distance is referred to as the main route in normal
conditions (without fault), as shown in Table I1I.
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TABLE Ill.  PATH DISTANCE FOR FAULT 1
Normal path | Route after New
Route Main route P path
(Km) fault
(Km)
1 5t02 38.9 5t02 38.9
2 5t06 56.3 5t06 56.3
3 5to4to7t09 80.7 5to4to7t09 | 80.7
4 6to5t02 95.2 6to5t02 95.2
5 6t011t010t09 | 160.2 fotg St04107 | 437
6 2to4to7t09 110.7 2to4to7t09 | 110.7

TABLEIl.  FAULTPOINT
No. Fault Location tI)DuiZt(alrlcrzs)between (Dli?;z;nce of Fault
1 Bus9to 10 18.9 9.45
2 Bus 10 to 11 429 21.45
3 Bus 6 to 11 444 22.2
4 Bus 6 to 13 29.1 14.55
5 Bus 6 to 12 57.1 28.55
6 Bus 12 to 13 44.7 22.35
7 Bus 13 to 14 77.8 38.9
8 Bus9to 14 60.4 30.2
9 Bus4to9 124 62
10 Bus4to7 46.7 23.35
11 Bus7to9 24.6 12.3
12 Bus4to5 9.4 4.7
13 Bus5to6 56.3 28.15
14 Bus1lto5 249 24.9
15 Bus1to?2 13.2 6.6
16 Bus2to5 38.9 19.45
17 Bus2to4 39.4 19.7
18 Bus2to3 44.2 22.1
19 Bus3to4 38.2 19.1

Table 11l is made up of five columns. The number of the
route appears first, followed by the main route (hormal
condition of the route). The distance for the normal path is
represented in the third column. The fourth column represents
the route after a fault, and the last column represents the new
path's distance. According to Table IlI, the distance between
bus 5 and bus 2 for route 1 is 39.8 kilometers. When fault 1
occurred, no change was observed in the route condition and
distance. Change in route number 5, which is the main route
path, can be seen starting from bus 6, continuing to bus 11,
bus 10, and bus 9. The simulated result for the main path was
106.2 kilometers. Based on the observation, the new path
distance was recorded at 137 kilometers. This value differs
from the normal path by 30.8 kilometers. It means that the
multi-objective method for determining the new path of the
distance has a big impact on path distance effectiveness. Route
5 demonstrated a different distance between the main route
and the route after the fault occurs, as shown in Fig. 3. The
normal distance for Route 5 was 106.2 kilometers, but after
the fault, the distance increased to 137 kilometers. This is due
to the fact that the fault 1 occurs between buses 10 and 11.
The algorithm must calculate the shortest path to connect
buses 6 and 9 since the main route used is between bus 10 and
11. The algorithm looked at every possible path and chose the
shortest one. The path for route 5 was made up of buses 6, 5,
4, 7, and 9. Since the fault does not interrupt the path, the
other route is unaffected.

160 -
140 1 m Route During Fault
120 4 Main Route
§ 100
8 80
£ 60 -
40 -
0 i
1 2 3 4 5 6
Route
Fig. 3. Distance against Route for Fault 1.
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C. Distance Comparison between every Fault for each Route

Distance comparison is discussed in this section for each
fault case on each route. An example of a distance comparison
between each route's faults is presented in Table IV. The
condition of the phasor measurement unit at bus 2 and the
center at bus 5 is represented by Route 1.

When fault 1 occurs between buses 9 and 10, it resulted in
a path distance of 38.9 kilometers. Except for the distance for
fault case 16, all of the distances for route 1 are the same.
Since the fault occurs between bus 2 to bus 5, the distance for
fault case 16 is 48.8 kilometers. As a result, the path from bus
5 to bus 2 cannot be used, and the multi-objective shortest
path algorithm must find a new shortest path. Other faults
were unaffected because the path that connects bus 5 and bus
2 was not interrupted.

TABLE IV.  DISTANCE FOR ROUTE 1

No. of fault Distance No. of fault Distance
1 38.9 Km 11 38.9 Km
2 38.9 Km 12 38.9 Km
3 38.9 Km 13 38.9 Km
4 38.9 Km 14 38.9 Km
5 38.9 Km 15 38.9 Km
6 38.9 Km 16 48.8 Km
7 38.9 Km 17 38.9 Km
8 38.9 Km 18 38.9 Km
9 38.9 Km 19 38.9 Km
10 38.9 Km

50 + -

45 g

40 -

Distance (Km)
w
o

123456 7 8 91011121314151617 1819
No. of Fault

Fig. 4. Distance against Fault for Route 1.

Fig. 4 depicts the distance between bus 5 and bus 2 during
a fault occurrence. On the IEEE-14 bus system, 19 different
faults were assigned. Except for fault number 16, every fault
case takes the same path to connect bus 5 to bus 2 and the path
distance recorded is 38.9 kilometers. As the fault happens
between buses 5 and 2, the algorithm calculates various paths
for fault 16. Although bus 2 is another available option of
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path, the algorithm needs to choose different path since the
path between bus 5 and 2 cannot be used. Therefore, the
algorithm then assigns another path, which is between bus 5 to
4.

V. CONCLUSION

This work presents a new method based on multi-objective
shortest path algorithm for determining a new path distance of
connected buses when faults occur at various locations within
a test system. The IEEE-14 bus system was tested with
nineteen different types of faults to investigate the
performance of the proposed algorithm during the fault events.
The path distances were measured and the shortest path for
every fault case was then determined. Based on the results, it
was found that the shortest path of the buses connected to each
other is significantly influenced by the location of the fault. In
the event of a fault, the proposed algorithm will choose a new
path based on the shortest distance, excluding the old route,
which is already affected by the fault. Based on the obtained
results, the fault occurrences have significantly affected the
main route consisting of routes 6, 11, 10 and 9. It can be
concluded that the multiobjective shortest path algorithm is
capable of estimating the possibility of new path distance
during a fault in the IEEE 14-bus system.
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