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Abstract: To ensure system stability and minimize downtime, it is imperative to rapidly and
precisely identify faults in power systems. This study proposes a method that utilizes Phasor
Measurement Units (PMUs) and Tellegen's theorem for fault detection. The power system is
divided into zones based on geographical and electrical attributes, with PMUs strategically
positioned in each zone to monitor voltage and current phasors. By applying Tellegen's theorem
to the collected data, faults within these zones can be pinpointed. Experimental results on an 8-
bus power system demonstrate the effectiveness of this approach, showing both accurate fault
identification and reduced computational complexity. The simulation modeling of IEEE 8 bus
system is performed on the platform real time digital simulator (RTDS/RSCAD).

Keywords: fault detection; open circuit and closed-circuit faults; synchrophasor unit; RTDS;

Tellegen’s theorem

1. Introduction

1.1. Motivation

The power system which consist a network of distribution
generations (DGs), transmission lines (TL), transformers,
and loads*?. Despite the significant advances in power
system technology, faults and disturbances still occur,
causing interruptions in the power supply and potentially
damaging equipment. Therefore, timely and accurate fault
detection and identification are crucial for the safe and
reliable operation of the power system. Model-based and
data-driven methods make up the majority of the fault
identification methods described in technical literature.
Model-based fault identification methods simulate the
behavior of the power system under fault situations
utilizing mathematical models of the system®®. By
comparing the simulated and observed waveforms, these
models may be used to anticipate the location and type of
the fault. The ability to replicate the behavior of the power
system under a variety of operating situations, including
various fault kinds and varied loads, is one benefit of
model-based fault identification methods. The precision of
the mathematical models used to mimic the behavior of the
power system, however, places constraints on model-based
techniques. Data-driven fault identification techniques
analyze the data from sensors to identify the faults through
a approaches of Artificial Inteligence (Al) and Machine
Learning®”. To increase their accuracy and speed of

fault detection and diagnosis, these systems can learn from
past data. Data-driven approaches offer the benefit of being
able to identify and categorize faults® that may not have
been previously noticed or that have not been adequately
described in the literature. This is due to the ability of
machine learning (ML) algorithms to find patterns and
correlations in the data that may be challenging for human
professionals to recognize. Data-driven approaches do
have a drawback in that they are ineffective without a
substantial amount of high-quality training data.
Regarding phasor measurement unit (PMU)-based fault
detection, at various points across the power system PMUs
can measured the phasor quantity of voltage and current at
both end of buses®?. As a result, faults may be found and
identified quickly and accurately. Researchers have
recently looked at the application of Tellegen's theorem
and PMUs for fault detection in power systems!12),

1.2. Research gap

In the past ten years, numerous protection plans for
microgrids designed by researchers have resulted in
numerous complexities during their construction. In-depth
examinations of the protection issues faced by microgrids,
as highlighted by over both AC and DC components. The
implementation of Phasor Measurement Units (PMUSs) has
significantly improved fault detection in power systems by
providing accurate, time-synchronized data, thereby
enabling real-time monitoring and swift fault
identification®4. The study highlighted'® the reliable
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Table 1: Summary of literature review

Research Paper Title

Technique Used

Advantages Disadvantages

"Fault Detection and Classification in Power
Systems Using Wavelet Transform and Support

Vector Machine” by 16 machine

Wavelet Transform
and support vector

Accurate fault
identification and
classification

Appropriate wavelet
parameter selection is
necessary

"Expert System Based Fault Detection of
Power Transformer " by 1)

Expert System

Provides a tool for
making decisions to
detect and diagnose
faults.

Expert expertise is needed
to create the system.

"Fault Diagnosis of Machines Based on D-S
Evidence Theory. Part 1: D-S Evidence Theory

and Its Improvement" by 18) algorithm

D-S evidence theory
and decision tree

Limitations of evidence
theory's veracity

Effective fault
classification and
detection

"Power System Fault Detection and
Classification Using Improved Artificial Bee
Colony Algorithm" by 19

Algorithm

Artificial Bee Colony

High accuracy in Demanding in terms of
classifying and detecting | computation for large
faults power installations

"A Deep Convolution Neural Network Based
Fault Detection and Diagnosis for Power
Transformers" by 29

Deep convolution
neural network

Highly effective in fault Large amounts of data is
identification and needed to train the neural
diagnosis network

"Fault Classification in Power Systems Using
Ensemble Empirical Mode Decomposition and
SVM Classifier" by 2

machine

Ensemble empirical
mode decomposition
and support vector

Accurately detects and Proper selection of SVM
identifies faults parameters is required

"Hybrid modified evolutionary particle swarm
optimization-time varying acceleration
coefficient-artificial neural network for power
transformer fault diagnosis" by 22

Artificial neural
networks and particle
swarm optimization

Detect Faults with high
precision and accuracy

Limited amount of training
data is one of the major
drawback

application of Tellegen’s theorem in electrical network
analysis to identify inconsistencies in power flow,
providing a dependable mathematical framework for fault
diagnosis. Research has shown that identifying system
irregularities is effective by comparing predicted and
actual power allocations 2. The majority of current
research has centered on small-scale or localized networks,
and has conducted only a limited examination of
geographically dispersed power systems. Accuracy in
detecting faults in large-scale networks is impaired by
problems such as communication delays, lost data, and
environmental changes, as observed by 2¥. Advanced
machine learning and adaptive filtering techniques have
led to improved classification accuracy, but more research
is still needed to establish reliable, real-time fault detection
methods that can efficiently handle these complex issues
%), Table 1, gives a brief summary of literature review for
various fault identification techniques.

1.3. Contribution

The main focus of the approach is to daignosis faults in the
system by measureing the phasor quantity of voltage and
current through PMU to calvulate active and reactive
power. These powers are then compared to active and
reactive power thresholds to determine open circuit (OC)
& short circuit (SC) faults. Section-2 illustrate
methodology used for fault detection and Section-3
describe the simulation result. Section-4 discussed final

conclusion and last section represent the references.

2. Methodology

2.1. Proposed Methodology

A proposed methodology for identifying faults combines
data from Phasor Measurement Units (PMUs) with
analytical methods to identify and pinpoint faults in power
systems segmented into specific geographic zones. The
essential steps in this process are:

a) The initial step involves collecting coordinated data
from a multitude of PMUs placed throughout the power
system 2627), Key components of power systems, including
transmission lines, transformers, and generators, should be
strategically positioned throughout the system.

b) In second step, the active and reactive powers
transmitted through the cross-section of a power system
can be calculated using data from a PMU 2%, The active
power can be calculated using the real parts of voltage and
current phasors, while the reactive power can be
determined from the imaginary parts of these phasors.

¢) In third step, the thresholds for open-circuit and short-
circuit faults can be determined based on the anticipated
total power. The power system's integrity is compromised
when the cumulative amount of power crossing its cross
section exceeds a predetermined threshold 2.

d) The next step involves the identification of open-circuit
or short-circuit faults is facilitated through the use of
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symmetrical components of voltages and currents 2. The
sequences of voltages ( V,, Va1, Vez ) & currents
(10,141, 1,2) are computed from the respective voltages
(V,, Vi, V) and currents (I, I, I..).

e) In last step, the fault location is calculated using the
voltage and current variances at each bus, combined with
the faulted line impedance 3. The location of the fault was
determined to be the distance between the PMU and the
fault.

2.2. Selection Criteria for Zone Division and
PMU Placement

This section outlines the criteria employed in this research
for dividing the 8-bus test power system into zones and
determining PMU placement by follow the essential steps:
The first step involves obtaining the one-line diagram of
the eight-bus test power system. The second step identify
the key lines and buses that are critical to the functioning
of the system. To identify the lines with the greatest power
flows, a power flow analysis must be conducted, a
procedure critical for maintaining both system stability and
reliability.

The third step determine the maximum separation between
the PMUs based on the measurement resolution and
transmission capacity. PMUs can be placed within an
acceptable distance of 80-100 km. The system is divided
into zones according to critical lines and buses in step four.
Each zone contains a group of key power lines and buses
located in close proximity to one another and within a
predetermined maximum distance between the PMUSs.
The last Step involves installing PMUs at the boundaries
of each zone to record the voltage and current phasor
values at both the pre-fault and post-fault stages of the
designated zones.

2.3. Setting Fault Detection Thresholds

When setting fault detection thresholds, we must define the
expected range of active and reactive powers under typical
operating conditions and establish limits for acceptable
departures from this range during faults when setting fault
detection thresholds 2. The characteristics of the power
system, such as the voltage level, system impedance, and
load demand, determine the exact ranges of the thresholds.
Using statistical methods such as the standard deviation of
the active and reactive powers; we have determined the
expected ranges of power during normal operation. Using
these ranges, we set the thresholds for open-circuit and
short-circuit faults as follows:

2.3.1. Data Collection

During normal operation, historical information about the
active and reactive powers of the power system is gathered.
This information should be accurate and depict the changes
in the load conditions over a representative period.

2.3.2. Calculating mean and standard deviation

Using the pre-processed data, the mean values of the active
and reactive powers and standard deviation are determined.
The standard deviation measures the variability or
dispersion of the power levels around the mean, whereas
the mean reflects the average power level.

i = _ NP
Active Power Mean (P) = ==
i = _ o
Reactive Power Mean (Q) = v
—_phH2
Active Power Standard Deviation (o) = 2(’; _Pl )
—0N2
Reactive Power Standard Deviation (o) = Z(i_Ql )

2.3.3. Determine Confidence Level Thresholds

The confidence level based on the desired accuracy level
is selected. Using the mean and standard deviation, the
upper and lower limits for the active and reactive powers
were established. The symbols mean plus and mean minus
of the standard deviation are used to calculate the upper
and lower threshold values, respectively. The specific
multiple is defined by the chosen confidence level as
follows:

Active Power Upper Threshold =P + m X g,

Active Power Lower Threshold =P — m X g,

Reactive Power Upper Threshold =Q + m x g,

Reactive Power Lower Threshold =Q — m X Oq

where ‘m’ is the multiple based on the confidence level.

2.3.4. Fault Detection

Monitoring the active and reactive powers continuously
throughout real-time operation will identify faults. The
presence of a defect is indicated by a power level that
deviates from the predicted range and defined thresholds.

2.4. Open circuit fault

In an open circuit fault, the current path is interrupted, and
no current can flow through the faulted bus. The active
power is the product of the voltage and current. The
absence of current through the bus reduced the active
power. In an open-circuit fault condition, the absence of
current flow through the faulted bus can cause voltage rise.
This increase in voltage can lead to a decrease in reactive
power %334, Hence, if the active power goes below the
lower threshold limit (P,) and the reactive power also
goes beyond the lower threshold limit (@), short circuit
fault will be detected.

2.5. Short circuit fault

When an SC fault occurred, a heavy current started to flow
suddenly in the conductor through the faulted bus and with
the associated components of the faulted buses. The fault
current is caused by voltage fall among the faulted buses,
which decreases the active power at that bus %),
Therefore, the reactive power on the bus tends to increase.
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Hence, if the active power goes below the lower threshold
limit (P,) and the reactive power goes above the upper
threshold limit (Qy), then a short-circuit fault is detected.

2.6. Fault Line Impedance & Fault Location
Calculations

A single line diagram of two transmission lines is
illustrated in Figure 1, where a fault occurs at point F. The
PMU was installed at both ends of the buses, and it
measured the phasor values of the sending and receiving
voltages and the current of the transmission line. These
phasor values are used to calculate the impedance and to
identify the fault location. The per unit distance technique
37,38) was used to identify faults and measure the
impedance of the transmission line in the ohms. The
network is illustrated in Figure 1 comprises a
homogeneous transmission line that connects terminals G
and H. The transmission line has a total positive-sequence
impedance of Z.1. The equivalent circuit between
terminals G and H is determined by their individual
Thevenin’s theorem, denoted as Zs and Zu respectively.

Terminal G 7 Terminal H
PP
Es Ve, le . V_:w,_fH Ey
up & )

Fig. 1: One Line Diagram of Two Terminal Transmission
Line

The proposed approaches use the voltage and current
recorded at terminal G or terminal H, even though
measured quantities are available at both ends of the
transmission line. The voltage drop in the transmission line
between terminal H and G, are determined by applying
Kirchhoff's rules written in equation (1) as,

VG = mZLlla + RFIF (1)

where voltage and current at terminal G is denoted as Vj
and I; respectively, which depend on the type of faults.
The apparent impedance (Z,,,) is calculated by solving
the equation (1) expressed as,

Ve I,
Zapp = i = mZL1 + RF (i) (2)
Where fault resistance is denoted as R . However,
measurements are only taken from one end of the ling,
equation (2) has three unknowns: m, Rg, and I.

2.7. Simple Reactance Method

The straightforward reactance technique exploits the

resistive nature of the fault resistance Rr. As a result, the

phrase Rg ;—F in equation (2) simplifies to a real number
G

as seen in Figure 2, if currents Ir and I¢ are considered to
be in phase.

lK1h Ir
R (77)
F Ig
7
&
Z app
RS g

Fig. 2: Reactance Error in Simple Reactance Method

The distance to a fault can be calculated by resolving
equation (2) into its imaginary parts.

. \4
imo(3¢)

T img(zy)

®)

The simple reactance method was used to calculate the
reactance of the buses while ignoring the fault resistance at
the identified fault location. The overall purposed
methodology is illustrated through a flowchart in Figure 3.

Calenlate Active & Heactive Powers
Q)

!

Calcnlate Active & Heactive Powers
Tpper and Lawer Threshalds
Prlr, Q= Qu

Calculate (Via, Va, Vo & (Ta, Ly, Lo) for
fault identification
Hags =0 l Hagie =10

Calenlate fault location
using distance to fault

EXD

Fig. 3: Flowchart of proposed approach

A sample radial test system incorporating distributed
generators is depicted in Figure 4, to demonstrate the
terminology employed in this research work.
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Grid . I

Phasor Measurement Unit

[ Branch Number

@ Central Control Center

Dynamic Load

Mi Bus Mumber

Fig. 4: Single Line Diagram of sample test case with CCC & DL

The sample network was divided into three distinct zones
(Z,, Z,,and Z3), comprising a total of (n + m + p) nodes.
In this study, the 8 bus test power systems were partitioned
into 4 distinct areas, with the key transmission lines, buses,
and PMUs located at the outer edges of each area used to
monitor the phasor voltage and current.

3. Result Discussion

The main elements comprising the 8-bus test power system
comprised 230-kV AC source, fault inception logic,
Bergeron-type  transmission lines, dynamic load
components, current transformers (C.T’s), potential
transformers (P.T’s), and circuit breakers. Two parallel
transmission lines, denoted as transmission lines 1 and 2,
establish the connection between the source and the load
within the test system.

The system is equipped with four circuit breakers
namely BRK,, BRK,, BRK;, and BRK, . Breakers
BRK; and BRK, are located along transmission line 1,
whereas breakers BRK; and BRK, are positioned on
transmission line 2. The current transformer operates with
a CT ratio of 300:1, nominal RMS current of 646 A, and
output RMS current of 2.15 A. The potential transformer
maintains a nominal RMS voltage of 230 kV for the three
phases and 132 kV for the output phase.

3.1. Power Thresholds Calculations

Power threshold calculations involve determining the
critical power levels within a system to ensure its stability
and reliability. These thresholds are crucial for identifying
potential faults or abnormalities that could lead to system
failures or downtime. Calculations typically consider

factors such as maximum power flow limits, equipment
ratings, and operational constraints. The calculated active
and reactive power thresholds are presented in Table 2 and
Table 3.

Table 2: Active Power Calculation

P P-P) (P — P)?

6361 —434 188356

6562 —-233 54289

7401 606 367236

7610 815 664225

6120 —675 455625

6001 —794 630436

7300 505 255025

7400 605 366025

6402 —393 154449

Mean of Active Power (P) = ZN—P = 6795

—p)2

Standard Deviation of Active Power(s,) = %

= 626.065
Active Power Upper Threshold (P;) =P +n x g,
Active Power Lower Threshold (P,) =P —n x g,
In our case, we select the value of "n" as an integer
determined by the confidence level, and we choose it to be
2. Consequently, the equations are then transformed as
follows:
Active Power Upper Threshold (P;) =P + 2 x g,
=8047.13 KW
Active Power Lower Threshold (P,) =P — 2 X g,
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= 5542847 KW A ) Subsystem #1[TLINES|TLINE2 M| ©
where P is measured in Kilowatts (KW). [TRE|zRE GRE

Table 3: Reactive Power Calculation colnn Al aalanalaaalaaalnn

f
G G AN
6361 —434 188356
AR ARARAN Y
VI
IAAAAMAMAAL
6120 —675 455625 Bl T VY VA VAR VA VARV ALY N VAR VAR AR VAR VA VAV AR
6001 —794 630436
7300 505 255025 -D.Dﬁﬂ 0.01677 0.03354 0.05021 0.06709 0.02386 010062
7400 605 366025
6402 —-393 154449 Fig. 6: Current at bus 5 before the fault
Mean of Reactive Power (Q) = ZTQ: 54.67 3.2.1. Line to Ground fault (LG)
o ) S (0-0) In this case, an LG fault is simulated on bus 5. The voltage
Standard Deviation of Active Power(6,)= |~ —— and current waveforms after the LG fault are shown in
=8.49 Figure 7 and Figure 8. The calculated active and reactive
Reactive Power Upper Threshold (Qy) =Q + 2 X g, powers at bus 5 were 5308.491 kW and 136.7 KVar. The
= 71.66 KVar active power on bus 5 exceeded the upper threshold limit.

Reactive Power Lower Threshold (Q,) =Q — 2 x o, Hence, a short circuit fault was detected at bus 5.

=37.68 Kvar
where Q is measured in kilovolt-amperes reactive (Kvar).

3.2. ldentification of Short Circuit Faults

This phenomenon creates an irregular current flow that can AN e | o | s
cause overheating, equipment damage, and potentially s
dangerous situations. The waveforms of the voltage and
current before the fault at bus 5 are illustrated in Figure 5
and Figure 6 respectively. The proposed fault detection
approach 39) demonstrated for short circuit fault types.

Subsystem #1|Node Voltages | ©
[ETINAS | 511 NBS 513 NES

200

kW
=

-100
X
Subsystem #1|Node Voltages | O U U )\/[ Y

rSTTH%jSIZ_I MBS 51) HCS
=200
[\ W [\ 1] D.01703 003406 0.05109 D.06212 D.08515 D.10z18
A Fig. 7: Voltage waveform at bus 5 after LG fault

100

The three complex power, active and reactive power is
calculated as,

3-¢ Complex Power (S3_,) = Volq + Vil + VoI,
3-¢ Active Power = Real (S3_,,) = 5308.491 KW

il
\

3-¢ Reactive Power = Img (S;_,,) = 136.7 KVar
The symmetrical components of the current can be
71000.023 0.03802 0.05304 006205 0.02307 0.09208 o1z CaICUIated to deteCt faUIt types

1
Fig. 5: Voltage at bus 5 before the fault loo = 3 (o +1p + 1) = 287.7422.568 A

I =5 (g + aly + a?1)=287.61£2.436 A
I =5 (g + @?l, + al)=287.9622.489 A

Cite: S. Kumar et al., "Phasor Measurement Unit based Fault Detection using Tellegen's Theorem in
Geographically Zoned Power Systems". Evergreen, 12 (02) 1051-1062 (2025). https://doi.org/10.5109/7363494.

- 1056 -



Phasor Measurement Unit based Fault Detection using Tellegen's Theorem in Geographically Zoned Power Systems

Subsystem #1[TLINES|TLINE2 | O
IZRE IZRE
: [TTRE|2RE GRE

2 !

| P s A
PV

| A AL
4 VIV

I

—

[
=

——

[} 001677 0.03354 0.05031 0.06709 0.08386 010063

Fig. 8: Current at bus 5 after LG fault

It is evident that 1,, =1,; = I, are equivalent, which
takes place during a single line to ground fault. The LG
fault was subsequently pinpointed on bus 5. The LG fault
location can be determined through equation 3, where m
was found to be 68.43 km in the case of an LG fault from
the source. The locations of different fault types can be
found similarly.

3.2.2. Line to Line fault (LL)

In this case, an LL fault occurs at bus 5. The voltage
decreases and current rises suddenly because of the
shortcoming of the two phases, as depicted in Figure 9 and
Figure 10, respectively. The pre-fault and post-fault
magnitudes of the voltage and current were measured
through the PMU, which further determined the three-
phase active and reactive power.

Subsystem #1|Node Voltages g O
- [ETIFEE |S11 MBS $11 NS

UL

W
o

-50

\

o 001702 0.02406 D.05100 D.06212 0.02515 010212

-100

Fig. 9: Voltage at bus 5 after LL fault

Subsystem #1|TLINES|TLINE2 || ©
B E IZRE IZRE

A
| '
A

o D.01677 00254 0.05021 0.06700 002386 010063

|
E
:

Fig. 10: Current waveform at bus 5 after LL fault

The active power exceeds the upper threshold limit; hence,
a short circuit fault can be identified as follows:

3-¢ Active Power = Real (S3_,,) = 4573.29 KW
3-¢ Reactive Power = Img (S5_,,) = 102.56 KVar

1
loo = 3Ua +1p +1) =0

I,; =351.45,58.34
I, = —351.49458.65
Since I, = —I,,, an LL fault can be identified.

3.2.3. Line to Line Ground fault (LLG)

To simulate this scenario, an LLG fault was triggered at
bus 5, and the active and reactive powers were calculated
using the voltage and current phasor gathered from the
PMUs. The voltage and current patterns following the LLG
fault are shown in Figure 11 and Figure 12. Remarkably,
the active power on bus 5 exceeds the upper threshold limit
(Pn), which indicates the occurrence of a short circuit fault.

Subsystem #1|Node Voltages | ©
[ETTHEE | 51) MBS $1) NCS

b A A

3%
=

. IR

1] 001703 0.034065 005108 006512 0.05515 D.10z13

Fig. 11: Voltage waveform at bus 5 after LLG fault
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Subsystem #1|TLINES|TLINE2

[T8]©

kA

E IZRE I3RE

(-

I

il

ik
!

A,
RN

i

vy

0.03333 006667 o 013332

D1G66T 0.z

Fig. 12: Current waveform at bus 5 after LLG fault

To precisely identify the fault type, the symmetrical
components of the voltages are computed.

3-¢ Active Power = Real (S3_,) = 3373.708 KW

Subsystem #1|Branch Currents

S

3-¢ Reactive Power = Img (S;_,) = —86.695 Kvar
1
Vo = §(Va +V, +V.) =29711.542 — 2.0585

(V, + aV, + a?V,) = 29592.192 — 2.06

Wl

Var =

1
Vi = §(Va + a?V, + aV,) = 29591.982 — 2.12
Since V,; = V,,, LLG fault is identified.

3.3. Identification of Open Circuit Faults

During an open circuit fault, one or more conductors may
rupture, leading to an imbalance in current flow within the
system 40). This type of fault can be classified as 1-
conductor, 2-conductor, or 3-conductor open circuit faults.
The voltage and current patterns prior to the open circuit
fault at bus 5 are depicted in Figure 13. The phasors for
voltage and current were extracted from the Phasor
Measurement Unit (PMU) located at bus 5, and the
calculations for active and reactive power at bus 5 were
performed using these phasors.

-6E-T

-1E6

128 185 [TCF]

T

7

A

I

003333 D.0OGGET 01 013333 D.1GGET 0.z

Subsystem #1|Node Voltages iy O

i
)
i
T

o 0.O1703 0.03406 005109 D.O0G212 D.08515 0ADz18

0.003

W
I
I
Al

e VAR ER VAN VAR TR

ooz |5

0.001 \
o

-0.001

}{
e ]

K

[ e
[

-0.003

Fig. 13: Voltage and current waveforms at bus 5 before OC fault

Subsystem #1|TLINES|TLINE2

] ©

Subsystem #1|Node Voltages gl O

T3

0.1

0.z

0.z

EERE IZRE

(L8]

Il

AL,

i

Ik

001677 0.0232464 0.05021 0.06

To9 0.02326 0100632

ETAHAE |S10 MBS 1) MNCS
00

o o.o1Foz 0.024a06 0.05109 0.0g212 002515 010212

Figure 14:. Voltage and current waveforms at bus 5 after single phase OC fault
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Fig. 15: Voltage and current waveform after two phase open conductor fault

The voltage and current waveforms in Figure14 and Figure
15 are for scenarios where a single-phase and two-phase
open circuit fault have occurred, respectively. The power
calculation for single conductor and two conductor open
circuit fault are calculated as,
For single conductor OC fault

3-¢ Complex Power (S3_¢,) = Vala + VI + VeI
3-¢ Active Power = Real (S;_,) =3996.814 KW
3-¢ Reactive Power =1mg (S3_,) = —36.54Kvar
For two conductors OC fault

3-¢ Complex Power (S3_,,) = Volgq + Vpl, + VI,
3-¢ Active Power = Real (S;_,) =2226.814 KW
3-¢ Reactive Power = Img (S;_,) = 26.48 Kvar

It is evident that in both single-conductor and two-
conductor OC faults, the active power falls below the
lower active power threshold, and similarly, the reactive
power drops below the lower reactive power threshold.
The proposed method is the most suitable method to
protect power systems against failure of 1-conductor, 2-
conductor or 3-conductor open-circuit and closed-circuit
faults. Unlike impedance-based approaches, this method
does not rely on knowing the grid's Thevenin’s equivalent
impedance. In addition, the proposed method is not
affected by nonlinear dynamic behavior.

Another benefit of this method is its ability to accurately
locate faults within an acceptable margin of error,
identifying both open-circuit and closed-circuit issues.
However, the effectiveness of the proposed method may
be constrained by the precise positioning of PMUs within
the power system and the optimal selection of PMU
locations 442, In addition, inaccuracies in measuring the
voltage and current phasor can affect the estimation of
faulty line impedance; thus, the proposed technique
requires assessment. Moreover, the scheme does not
provide information regarding the source or severity of the
fault. To mitigate these limitations, the redundancy in the

PMU network can be enhanced by installing additional
PMUs at strategic points. This ensures that if one PMU
fails, there is always a backup available to monitor the
system #3449, Furthermore, the accuracy of PMUs can be
enhanced through regular calibration and proper
maintenance. To obtain information about the fault's
source or severity, additional analysis could be conducted
using multiple fault detection algorithms to determine
appropriate corrective actions.

3.4. External Faults Beyond the Geographical
Zone

The proposed techniques are also effective in identifying
external faults occurring outside the designated
geographical zone. By integrating the differential relay
scheme, which is inherently capable of detecting external
faults, the methodology ensures comprehensive fault
monitoring. The detection process follows a similar
approach as demonstrated in Figurel6, 17, and 18. When
an external fault such as LG, LL, or LLG occurs beyond
the monitored zone, the signals recorded by PMUs within
the zone remain nearly identical.
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Fig. 16: Phasor value of Impedance for LG Fault occurred
outside the zone
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As a result, the differential value calculated between the
two buses inside the geographical zone remains zero,
preventing the generation of a trip signal. This confirms
that the fault is external, ensuring that unnecessary tripping
within the protected zone is avoided

4. Conclusion

This research introduces an innovative fault detection and
identification approach for power systems, leveraging
Tellegen's theorem and PMUs. The proposed method
divides the power system into zones and simultaneously
analyzes each zone to rapidly and accurately detect faults.
Tellegen's theorem is employed for fault identification
calculations, utilizing faulty line impedance, while
distance-to-fault calculations are utilized to precisely
locate the fault site. The effectiveness of the proposed fault
detection method was demonstrated by simulating the
results obtained using the 8-bus test system. The purposed
also affective to analyze the external fault that occurred
outside the monitored zone. The algorithm successfully

detected defects within acceptable margins and rapidly and
accurately identified them. However, the proposed
approach has some limitations, such as the cost associated
with installing PMUs and the necessity for precise network
models. The suggested fault detection and identification
algorithm, which employs PMUs and Tellegen's theorem,
has been demonstrated to be a promising method for
overall power system fault detection. Future research
might be extended validation IEEE-13 and IEEE-34 bus
distribution systems. The proposed approach can also
focus on enhancing the algorithm's precision and reliability,
as well as investigating ways to reduce the cost of
installing PMUs.
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Nomenclature

PMU Phasor Measurement Units

Fl Fault Identification

RTDS Real-Time Digital Simulation

Al Artificial Intelligence

ocC Open Circuit

P.T Potential Transformer

PL Active power lower threshold limit
ML Machine Learning

QL Reactive power lower threshold limit
BRK Circuit Breaker

PH Active power upper threshold limit
SC Short Circuit

QH Reactive power upper threshold limit
CT Current Transformer

Va, Vb, Vc Three Phase voltage

la, Ib, Ic Three phase current

1a0, lal, la2 Zero, Positive, Negative sequence current
KW Kilowatts
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