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In this paper, a real-time tool to detect transmission line relay mis-operation is implemented. The tool
uses time-synchronized measurements obtained from both ends of the line during disturbances. The
proposed fault analysis tool comes into the picture only after the protective device has operated and
tripped the line. The proposed methodology is able not only to detect, classify, and locate transmission
line faults, but also to accurately confirm whether the line was tripped due to a mis-operation of protective
relays. The analysis report includes either detailed description of the fault type and location or detection
of relay mis-operation. As such, it can be a source of very useful information to support the system
restoration. The focus of the paper is on the implementation requirements that allow practical application
of the methodology, which is illustrated using the field data obtained the real power system. Testing and
validation is done using the field data recorded by digital fault recorders and protective relays. The test
data included several hundreds of event records corresponding to both relay mis-operations and actual
faults. The discussion of results addresses various challenges encountered during the implementation
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and validation of the presented methodology.
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1. Introduction

Transmission line faults have to be confirmed and located
quickly and accurately in order to restore power delivery as quickly
as possible. Historical events show that most of the large scale
blackouts occurred due to a series of transmission lines experi-
encing disturbances leading to relay mis-operations [1-3]. When
a transmission line is tripped due to the operation of protective
relays, an accurate fault analysis can verify whether the opera-
tion of relay was correct. Incorrect and unwanted relay trips of
healthy lines are called relay mis-operations [4]. Distance relay mis-
operation can happen due to incorrect first zone setting, false trip
of the second zone, false trip of the third zone after a power swing
in the network, etc. Moreover, in the case of fault, it can provide
the operator with an accurate estimation of the fault location to
facilitate the restoration process. The confirmation and isolation
of the faulted sections by the operator, as well as evaluating the
relay operation by protection engineer is also possible by utiliz-
ing such fault analysis tools [5]. There are several benefits of the
use of automated fault data analytics such as increased reliability,
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personnel productivity, redundancy, all of which enhance timely
support to the operations during the restoration or other critical
decision making processes during disturbances [6]. Such analytic
tools can also be very useful in support of reliable implementation
of new applications such as transmission line switching (topology)
control [7].

Different fault analysis methods have been proposed in the
literature either as a separate fault detection, classification, and
location functions or as a complete fault analysis tool [8-24]. A
group of methods are developed, considering line impedance cal-
culation [8-17], while several others are based on high-frequency
transients, traveling waves, and wavelet-based methods [18-21].
Regardless of different schemes presented in these works, the
advantages of high-frequency based methods are the high accu-
racy and fast decision making. However, the majority of these
methods demand very high measurement sampling rate in the
order of tens of kilohertz, which is still not extensively available in
utilities.

In recent decades, several researchers developed an artificial
neural network (ANN) and fuzzy logic-based algorithms to detect,
classify and locate faults [22-24]. Generally speaking, the huge
number of training sets needed to reflect the wide range of sys-
tem operating conditions (i.e., loading condition, fault resistance,
fault inception instance, etc.) makes these methods difficult to
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implement in the industry environment. All of the methods
described in the references above did not have a capability to detect
or confirm relay mis-operations.

This paper presents an automated transmission line fault anal-
ysis that is able to detect, classify, locate faults, as well as to detect
relay mis-operations. The method operates on measurements cap-
tured at both ends of the line tripped by protection relays. The
purpose of the tool is to quickly confirm faults or detect relay
mis-operations in order to expedite troubleshooting. Relay mis-
operations detection can be very useful, especially if done within
few minutes, in order to quickly mitigate the problem and prevent
potential cascade. The method was validated using artificially sim-
ulated test cases and tested using actual fault and mis-operation
data. The tool overcomes time response and accuracy shortcomings
of the previous methods. The core algorithm is introduced in
[25], and its practical implementation is demonstrated in this
paper using real data captured in the field [26-30]. The paper
first gives theoretical background, and then addresses require-
ments, challenges, and benefits related to the use of the proposed
methodology.

2. Theoretical background

Researchers developed various fault analysis tools implemented
with ambitions to be a complete package [31-33]. In [31,32],
authors defined the algorithms based on availability of phasor
measurements obtained from substation [EDs. As a result, the algo-
rithms still needed phasor calculations which may decrease the
speed and accuracy of methods. The approach presented in [33]
is rather accurate but it depends on an availability of huge sets
of training data and high sampling rate, which are not commonly
available.

The fault analysis tool proposed in this paper, directly uti-
lize time-synchronized sampled data recorded by event-triggered
intelligent electronic devices (IEDs). The advantage of the proposed
method over current differential based fault analysis methods
proposed in literature is the direct use of samples without com-
puting phasors, which reduces computational burden as well as
the required available post fault data. Due to fast operations of
digital relays and modern circuit breaker, the available post fault
data window can be very short, which can hugely affect the
accuracy of phasor based methods. It provides the operator and
protection engineer with an accurate and detailed fault analysis
report that includes information such as fault detection, fault type
classification, internal/external fault differentiation, fault location
estimate, or relay mis-operation indication. The primary goal of
the presented method is to support decision making process when
troubleshooting transmission line faults. The fault analysis core
algorithm has been introduced in [25]. The following subsections
provide an overview of fault detection, fault classification, and
fault location calculation techniques implemented in the proposed
solution.

2.1. Fault detection and classification scheme

The proposed method of fault detection and classification com-
pares the change of direction of instantaneous powers at two ends
of transmission line using synchronized sampling measurement.
The method uses raw data measurements extracted from the data
samples with no need for phasor calculations. The method was eval-
uated using both current differential and differential active power
values. The use of active power displayed better accuracy as it was
less affected by the presence of noise or higher frequencies in the
current differential measurements.

In Fig. 1, V1(t), [1(t) and V,(t), I(t) represent voltage and current
measured at two ends (Bus 1 and Bus 2) of the line at instance ¢,
respectively. Instantaneous powers can be calculated at both ends
using following formulas:

Py(t) = Va(t) x Ii(t) (1)

Py(t) = Va(t) x Ix(t) (2)

The unique feature of instantaneous power measurements from
both ends under fault condition makes the detection and clas-
sification of faults possible without using any thresholds. P;(t)
and P,(t) phase angles are opposite to each other during the nor-
mal condition. However, during a fault, the faulty phases will be
almost in phase with each other. It should be noted that, even
after the fault inception, the phase opposition is maintained in
phases that do not experience a faulted condition. Representing
this feature mathematically can be done using a signum function
defined as:

-1, x<0
sgn(x)=< 0, x=0 3)
1, x>0

After calculation of sgn(P;(t)) and sgn(P,(t)), plotting the dif-
ference for each phase as Eq. (4) can give a clear understanding
of how the algorithm differentiate between fault and normal
condition.

Psgn(t) = sgn(P;(t)) — sgn(P,(t)) for phase a,b,c (4)

Theoretically, the sign difference introduced in Eq. (4) should
be +2 before fault and during fault it should be 0; however, due to
transients, noise, and bus angle differences, some outliers may be
present. Amoving time window of 5 ms is applied to the samples to
check whether at least 90% of Psgn(t) are 0. The 90% threshold was
used to allow for a certain level of outlier tolerance. This part of the
algorithm has been enhanced by using a time window with variable
length and thresholds, as it will be discussed in the implementation
section.

Finally, if Psgn(t) ~ 0 for all phases, the fault type is a three phase
fault, otherwise if Psgn(t)~0 for two phases, then the fault is a
double-phase fault. If Psgn(t)~ 0 for only one phase, then the fault
type is a single-phase-to-ground fault and otherwise there is no
fault.

2.2. Fault location scheme

The concept of the fault location method utilized in the fault
analysis tool was introduced in [34] and further developed in
[25]. After detection of a faulty line, the fault location method is
triggered utilizing fault type classification output to define the cor-
rect mode of the fault location calculation. Depending on the line
length, two approaches have been developed to provide a bet-
ter accuracy. For short transmission lines, only serial connection
of an inductance and a resistance are taken into account. Kirch-
hoff voltage law from each end of the line to the fault point is
applied assuming the line to be homogenous. After calculation
and simplification, an explicit form of the fault location equation
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