See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/275042557

ResearchGate

Transmission line relay mis-operation detection based on time-synchronized

field data

Article in Electric Power Systems Research - April 2015

DOI: 10.1016/j.epsr.2015.04.008

CITATIONS
17

3authors:

Ahad Esmaeilian
] Texas A&M University

29 PUBLICATIONS 449 CITATIONS

READS
589

Tomo Popovic
University of Donja Gorica

158 PUBLICATIONS 1,056 CITATIONS

SEE PROFILE SEE PROFILE
J Mladen Kezunovic
_»  Texas A&M University
293 PUBLICATIONS 5,888 CITATIONS
SEE PROFILE
Some of the authors of this publication are also working on these related projects:
Project DIGagCOV - Supporting Companies in Fighting Against Virus COVID-19 Through Digitalization and Digital Payments View project
Project DEMONSTRATE - New Methods for Risk Stratification for Progression of Cancer and Alzheimer's Disease in Patients in Montenegro (National) View project

All content following this page was uploaded by Tomo Popovic on 04 February 2019.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/275042557_Transmission_line_relay_mis-operation_detection_based_on_time-synchronized_field_data?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/275042557_Transmission_line_relay_mis-operation_detection_based_on_time-synchronized_field_data?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/DIGagCOV-Supporting-Companies-in-Fighting-Against-Virus-COVID-19-Through-Digitalization-and-Digital-Payments?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/DEMONSTRATE-New-Methods-for-Risk-Stratification-for-Progression-of-Cancer-and-Alzheimers-Disease-in-Patients-in-Montenegro-National?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ahad-Esmaeilian?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ahad-Esmaeilian?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Texas-A-M-University?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Ahad-Esmaeilian?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tomo-Popovic?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tomo-Popovic?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University-of-Donja-Gorica?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tomo-Popovic?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mladen-Kezunovic?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mladen-Kezunovic?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Texas-A-M-University?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Mladen-Kezunovic?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Tomo-Popovic?enrichId=rgreq-97574722bef3e0464a8befa47b10db00-XXX&enrichSource=Y292ZXJQYWdlOzI3NTA0MjU1NztBUzo3MjI2Mzc4NjUxMTk3NDdAMTU0OTMwMTcwMTQ2OA%3D%3D&el=1_x_10&_esc=publicationCoverPdf

Electric Power Systems Research 125 (2015) 174-183

Contents lists available at ScienceDirect ELECTRIC POWER

B8 SYSTEMS RESEARCH

Electric Power Systems Research

journal homepage: www.elsevier.com/locate/epsr

Transmission line relay mis-operation detection based on
time-synchronized field data

@ CrossMark

Ahad Esmaeilian*, Tomo Popovic, Mladen Kezunovic

Department of Electrical and Computer Engineering Texas A&M University, College Station, TX, USA

ARTICLE INFO ABSTRACT

Article history:

Received 20 January 2015

Received in revised form 10 April 2015
Accepted 11 April 2015

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

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

Py(t) = Va(t) x Ip(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. A moving 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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Vi(t) Va(t)
L(t) L(t)
Connected to —> - Connected to
other lines I Line of interest I other lines
Bus1 Bus2

Fig. 1. Transmission line with two-end measurements.

is derived:

N
= > An(k)Bm(k)

m=a,b,c k=1

N
> Bk

m=a,b,c k=1
(Rmp + (me/At)) ipr(k)

Xs =

Am(k) = vmr(k) — vms(k) — d
p=a,b,c - (me/At) ipr(k — 1)
Rinp + (Lmp/ At) ) [ipr(k) + ips(k)
Bm(lc):dz ( p p [p P ]
p=ab.c | — (Lmp/At) [ipr(k — 1) + ips(k — 1)]
m=a,b,c

(5)

where, subscripts S and R stand for the values at sending and receiv-
ing ends respectively. k is the present sample point; d is the per unit
distance from S to fault point; At is the time period with respect to
the sampling frequency;

Applying the same methodology for long transmission lines,
represented using distributed parameters, resulted in a pair of
recursive equations as below:

(1/2) [vja(k = 1) +vj_4(k+1)]
+(2e/2) [ijalk = 1) —ij_1(k +1)] (6)
+ (RAX/4) [ij_1(k+1) = ij_1(k — 1)]

vi(k) =

(1/22¢) [vj-a(k = 1) —vj_1(k + 1)]
k)= | +(1/2) [ii1(k = 1) +ij_1(k + 1)] = (RAX/2Zc) ij(k)

— (RAX/4Z¢) [ij_1(k = 1) +ij_q(k +1)]
(7

where, Ax = At/+IC is the distance that the wave travels with
a sampling time step At, Z. = 4/L/C is the surge impedance and
subscript j is the position of the discretized point of the line.

The explicit form of fault location, equation cannot be derived
from recursive voltage and current Eqs. (6) and (7). Therefore, fol-
lowing steps have been added to calculate the final location of fault.

Step 1. The line is discretized into equal segments with length
of Ax.

Step 2. The approximate fault segment is calculated by finding
the point that has the minimum square of voltage difference calcu-
lated from both ends. Since the line is assumed to be homogenous,
the calculated voltage profile from both ends of the line must have
the same value at fault point.

Step 3. Finally, a short line model is developed around the
approximate fault point to refine the fault location using Eq. (5).

3. Implementation requirements

A typical transmission line setup with the event-triggered mea-
surements from both ends is depicted in Fig. 2. As shown for

Substation 1, the line can be monitored by various IEDs. For a
single fault event, several IEDs can be triggered and produce event
data files. The data samples are synchronized and time-stamped
using a highly accurate time-reference clock signal generated by
the Global Positioning System (GPS) receivers. The IED event files
need to be efficiently communicated, grouped by events that trig-
gered their creation, and paired base on their location (i.e., two ends
of a transmission line).

The proposed implementation is illustrated with a diagram in
Fig. 3. The implementation assumes a high-speed communication
link between substations and control center in order to reduce
download time from DFR/DPR devices. The analysis reports need to
be stored in a central database and made accessible to the operator
and protections engineers. Details on the implementation require-
ments and challenges pertinent to the use of field data are discussed
in the following subsections.

3.1. Importing the event data

DFR/DPR event files were received from the participating util-
ity in unified COMTRADE file format (IEEE C37.111-1999). The used
DFR and DPR devices varied by vendor, types, and vintage. The field
data measurements varied in sampling frequency, vertical A/D res-
olution, accuracy in time synchronization, etc. The sampling rate
was 96 samples per cycle for DFRs and 16 samples per cycle for
DPRs.

The system model description was received in PSS/E raw file for-
mat and used for pairing the event files coming from two ends of
the same transmission line. Finally, the utility provided a spread-
sheet containing the list of relay mis-operations and references to
the corresponding event files.

3.2. Pairing the two-end data

The correct operation of the method requires measurements
from both ends of the line with the correct time reference. If there is
only a file from one end of the line, it is kept in the event database
to be used if the data from remote buses becomes available. As
mentioned before, there can be multiple IED files created during a
single disturbance event. The files corresponding to the same event
can be identified using the GPS time stamp. Furthermore, using the
topology from the system model, the IED files from the neighbor-
ing nodes are paired to extract the two-end measurement for the
transmission line between the nodes (buses). The following steps
are needed to pair the two-end data:

Step 1. Extraction of substation name from the currently
processed event file name (assuming the use of IEEEC37.232-2011
naming convention).

Step 2. By utilizing static system model from PSS/E file, a topol-
ogy processing script identifies all possible neighboring nodes with
respect to node currently being processed.

Step 3. The file repository is checked to focus on the nodes for
which the event data exist.

The analysis is then performed for each available pair of data
files.

One of the challenges experienced with the field data was
a lack of substation naming convention, which resulted in a
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GPS
Satellite

Substation 1

177

Substation 2
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52 ' ! 52
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DPR CcT : :
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a1 \—/ ! Transmission Line !
Backup : 52 miles .
DPR 52 ' 1 52
Towards Subs:tqtion 3 E
— 1
DFR - :
' ;
52 ' ! 52
1 1
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Bus S , . Bus B

Fault data from
various IEDs

Fig. 2. Typical transmission line setup with measurements from both ends.

mismatch between information the PSS/E file vs. channel names
in DFR/DPR files. A considerable portion of the DFR/DPR files could
not be matched automatically and these files had to be checked
manually to extract all possible test cases.

3.3. Re-sample and align

Most modern IEDs support synchronous sampling using the
information obtained from a GPS receiver. Files corresponding to
two-end measurements of the same event are processed in order to
extract data samples for instantaneous voltage and current signals
measured at both ends of the line. The extracted data samples are
re-sampled and aligned to allow for algorithms that use instanta-
neous values to be applied. Re-sampling is done using interpolation
in order to obtain the same sampling rate for measurements col-
lected at both ends. The alignment of the event records is done to
compensate for the different lengths of pre-disturbance data win-
dows for different IEDs, which is a common situation. Fig. 4 shows
an example of a situation where recordings of the same event had
a difference in the pre-fault duration. As it can be seen, the pre-
fault time captured by DFRs at ends 1 and 2 are 85 ms and 253 ms,
respectively.

The final result of the signal processing is a set of synchronized
samples corresponding to phase voltage and current signals from
both ends of the transmission line in question.

3.4. Fault analysis

In [25], a single length moving window of 5 ms was used with
the threshold set at 90%, since the software simulated data were
relatively clean of higher frequency, noises, and other corrupting
factors. The actual implementation uses a variable length time mov-
ing window (5, 10, and 15 ms lengths) to check whether at least 80%
(this threshold value was determined considering a certain level of
outliner) of Psgn(t) are 0. A sensitivity study using the available field
data was performed to determine thresholds to be used with each
time-window size. The modified algorithm performs a three-step
check:

Step 1. First, the algorithm checks the possibility of fault with a
5 ms window and 90% threshold;

Step 2.1f no faultis detected, a 10 ms window with 85% threshold
is used;

Step 3. Finally, a time window of 15 ms with 80% threshold value
will be applied, accordingly. If the fault is not detected, the event is
considered a relay mis-operation.

3.5. Detailed report

The results of fault analysis are provided in the form of detailed
analysis report. As shown in Fig. 3, the outcome of the analysis may
be: (a) the event is not a fault, which means that the tripped line
may be available to switch back in; (b) fault detected, classified, and

DFR/DPR COMTRADE N Pair Two- Re-sample N Fault Detailed
Events Import end Data and Align Analsis Report
* 1 a) Not a fault;
line available
System Model )
Model Import b) Fault; repqrt
type/location

Fig. 3. Automated analysis of time-synchronized event data.
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Fig. 4. DFR extracted current waveforms before time synchronization.

the distance to fault has been estimated. During the evaluation, the
analysis results were compared with the actual scenarios to assess
the errors. The results were saved for further studies.

3.6. Data analytics execution sequence

The execution process for the analysis tool and its main com-
ponents is illustrated with a sequence diagram in Fig. 5. The
initialization of the tool reads the settings (i.e.,incoming data folder,
channel assignments) and the system topology given in PSS/E raw
file format. The main module continuously scans the incoming
folder and once a new event file is detected, it is imported into
the event database. For the given source bus where the file was
recorded, the analysis checks the system topology to identify all
the remote substations (neighboring buses). The event database is
then queried for all the available data files from remote buses that

were recorded at the similar time (time window set at 100 ms).
If the two-end paired data is found, i.e., there are at least two
event records corresponding to the same event, the fault analy-
sis is applied. The analysis is repeated for each line with two-end
fault data as depicted in Fig. 5. An analysis report is generated for
each processed pair of two-end data and archived in the database
for later use. The total time budget for the execution is measured
in minutes (i.e., <5 min). Most of the time is used to transfer event
files from substation IEDs to the centralized workstation.

4. Validation using simulated data

The proposed analytic tool has been validated using simulated
fault data. The IEEE 118 bus test system has been simulated in ATP
software [35]. A MATLAB script has been developed to create large
number of test cases in ATP software [36]. Table 1 illustrates a

:Main :SystemModel :EventDataManager :SignalProcessing :FaultAnalysis
T T T T T
1 1 1 1 1
Initialize 1 1 1 1 [
3 1 1 1 1 1
settings importPSSEdata() ' ' 1
» 1 1 1
[y - 210 : : :
] 1 1 1 ]
|00p ] ] 1 1 1
1
[scan events] Dﬁ : : : '
Pl 1 1 1 1
—e” 1 ' 1 '
New event 1 importComtradeTq'Database() - : : :
. 1 ~ 1 1
file found! findAlIRemoteBuses() 1 L'—I 1 '
» 1 1
< ________ —I——I 1 1
. . . ' . [ [ Repeats for
Only if identifyAllAvailableTwoEndDataPairs() - ! f each line with
paired data - _ dinelist _ _ _ v _ _ _ _ _ _ _ 11 , two-end data
found! L [ [ [ S
= 1 1 ] 1 . 1
. ] 1 [ 1 Pid 1
2 1 1 1 hd 1
|oop ] L} 1 1 1
[paired data] | extractTonndVoItdgeCurrentSignaIs(lirg) ' : :
A ' [ '
| _ signalsamples  \_ _ _ _ _ _ __ 1] ! .
1 1 1 1
resampleAlign(samples) [ o ! 1
> ]
] 1 1
. ' 1
| _ synchronized samgles  ___ _ _ _ _ Lo mmm oo J_l '
Fault . e N : X
cca)ﬁfirmedﬁ fauItDetectlonCIass:lﬁcatlon(synchronlzed_#amples) : - :
Ll
el confirmation, type: : : I |
NME-----=-=-=-- I-— - - === re— - —-—- R
faultLocationCalcuation(type) ' ' '
1 1 1 ; 1
location ' 1 ] | |
Analysis < - -------- T T Pt 1T T :
report L. 1 ] 1 '
complete == : : : : :

Fig. 5. Sequence diagram of the relay mis-operation detection software.
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Table 1
Summary of result of ATP simulations.

Fault specification Sampling frequency

Fault type Fault Fault 500Hz 2kHz 10kHz
resistance distance
Q) (%) Fault location Detected fault Fault location Detected fault Fault location Detected fault
error (%) type error (%) type error (%) type
AG 1 5 1.74 AG 1.42 AG 1.04 AG
20 1.53 AG 1.25 AG 0.81 AG
50 0.35 AG 0.08 AG 0.15 AG
10 5 2.16 AG 1.74 AG 1.18 AG
20 1.97 AG 1.50 AG 0.93 AG
50 0.52 AG 0.17 AG 0.21 AG
100 5 231 AG 1.91 AG 1.48 AG
20 2.16 AG 1.69 AG 1.25 AG
50 0.79 AG 0.55 AG 0.23 AG
AB 1 5 1.86 AB 1.52 AB 1.15 AB
20 1.63 AB 1.39 AB 0.92 AB
50 0.41 AB 0.19 AB 0.15 AB
10 5 2.33 AB 1.81 AB 1.26 AB
20 2.01 AB 1.65 AB 0.99 AB
50 0.75 AB 0.30 AB 0.20 AB
100 5 2.57 AB 2.03 AB 1.41 AB
20 2.28 AB 1.75 AB 1.12 AB
50 0.83 AB 0.68 AB 0.04 AB
ABG 1 5 1.64 ABG 1.36 ABG 1.08 ABG
20 1.49 ABG 1.17 ABG 0.80 ABG
50 0.52 ABG 0.33 ABG 0.34 ABG
10 5 1.95 ABG 1.52 ABG 1.02 ABG
20 1.70 ABG 137 ABG 0.94 ABG
50 0.42 ABG 0.29 ABG 0.17 ABG
100 5 217 ABG 1.83 ABG 1.59 ABG
20 1.92 ABG 1.62 ABG 1.30 ABG
50 0.60 ABG 0.51 ABG 0.23 ABG
ABCG 1 5 1.51 ABCG 137 ABCG 0.95 ABCG
20 1.33 ABCG 1.14 ABCG 0.79 ABCG
50 0.19 ABCG 0.05 ABCG 0.07 ABCG
10 5 1.77 ABCG 1.56 ABCG 1.15 ABCG
20 1.58 ABCG 133 ABCG 0.93 ABCG
50 0.26 ABCG 0.18 ABCG 0.11 ABCG
100 5 1.94 ABCG 1.69 ABCG 1.04 ABCG
20 1.78 ABCG 141 ABCG 0.88 ABCG
50 0.41 ABCG 0.25 ABCG 0.15 ABCG

portion of validation results considering different fault specifica-
tions. As shownin Table 1, different fault types (AG, AB, ABG, ABCG),
fault distances (5%, 20%, 50%), fault resistances (12, 102, and
100 2) and different sampling rates (500 Hz, 2 kHz, 100 kHz) were
simulated. For all 108 cases, the fault has been correctly detected
and classified. The results of fault location showed high accuracy
(the worst case error is less than 2.5%) of the method even under
very high fault resistances. Three observations were made during
the validation testing: (a) as the sampling rate increases, the fault
location error goes down for the same fault specification; (b) the
result of fault location is more accurate when the fault occurs close
to the middle of the line, which was expected for two-end algo-
rithms; (c) the result of fault location is robust for both grounded
and ungrounded systems.

5. Test results using field data

A description of the field data used for the implementation and
validation of the new fault analysis tool is summarized in Table 2.
The utility provided us with 1764 event files that have been col-
lected from various substations over the period of 5 years. All of the
events were caused by distance relays operation which occurred at
the transmission level. As expected, a huge portion of the received
event files were covering measurements from only one end of the

line. After sorting the data and verifying the configuration avail-
ability, the total number of events for which there was a useful pair
of two-end data was 181, which is still a representative set of field
data test cases.

5.1. Examples of transmission line faults

Fig. 6(a-c) depicts instantaneous power P;(t) and P,(t) captured
by DFR units at the two ends of a 161 kV transmission line with
respect to time. In this case, the original information received from
utility shows that the transmission line between two substations
experienced a fault and relays at both ends tripped in first zone. The
results of simulations show that fault detection and classification
method detects a single phase fault (ag).

As shown in Fig. 6(a-c), the disturbance has started at 60 ms
and the instantaneous powers from two ends at phase B and C
are in the opposite direction before and after disturbance. While
for phase A, they become in the same direction when the distur-
bance has been initiated. As a result, the output of the fault analysis
tool reports “Single phase A to ground fault” condition. Fig. 7(d-f)
shows plot of Psgn(t) with respect to the time for three phases. It is
obvious that for phases B and C less than 80% of the total samples
are zero while for phase A more than 80% of the total samples are
zero.
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Table 2
Summary of DFR/DPR Files Event Extraction.
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Files availibility IED device type (number of files)

Event type (number of files) Total useful events

Multiple ends DFR (450)/DPR (45)
Two ends DFR (71)/DPR (17)
Single end DFR (1083)/DPR (98)
Total DFR (1604)/DPR (160)

Fault
Fault
Fault
Fault

106)/mis-operation (45) 151
15)/Mis-Operation (15) 30
375)/Mis-Operation (156) 0
496)/mis-operation (216) 181

5.2. Examples of relay mis-operations

Sometimes, distance relays trip in response to power swings
phenomena, overload or occurrence of faults on adjacent trans-
mission lines. In such cases, a fast corrective action to identify the
relay mis-operation and switch the healthy line back to service
may prevent power system from cascading outages and major
blackouts. Fig. 7(a-c) depicts instantaneous power P;(t) and P,(t)
calculated based on data captured by DFR units at the two ends
of a 161kV transmission line with respect to time. In this case,
the initial information received by utility shows that the line has
been falsely tripped due to single phase fault (ag) while the later

investigation of the case reveals that the relay mis-operates due to
a single phase fault on an adjacent line.

As it can be seen from Fig. 7(a-c), the disturbance has been
started at 160 ms and the instantaneous powers from two ends
are in the opposite direction before and after disturbance. As a
result, the output of the fault analysis tool reports “no fault” condi-
tion. Fig. 8(d-f) shows plot of Psgn(t) with respect to time for three
phases. It is obvious that less than 80% of the total samples are zero
which means no fault has been detected in any of three phases.

In all of the received field test cases, the lines have been switched
out due to operation of distance relays at both ends. The method
would not be affected if only arelay at one end mis-operates. In such
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Fig. 6. Single phase to ground fault detection and classification.
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Fig. 7. Relay mis-operation detection.

cases, assuming that the DFR event files are available from both
ends, the analysis would identify the line as being healthy and the
relay mis-operation would be reported so that the operators and
protection engineers can initiate mitigation or troubleshooting.

5.3. Additional two-end data analysis results

Table 3 provides a summary of the results for 10 fault and 10
relay mis-operation cases. As described in the theoretical back-
ground, the proposed method detects and classifies fault using the
three step variable time length data window. In all cases, the algo-
rithm detects, classifies and locates the faults within one cycle of
fault inception, which reveals the speed of the tool. Utilizing this
feature, we were able to achieve correct results even in the cases
with short post fault data (due to fast operation of circuit breakers).
The approach accurately and reliably detects relay mis-operation
cases, which can be used as a source of information for corrective
switching actions.

In many test cases, captured voltage and current signals were
noisy and there was a concern that the noise will affect the analytics.
For example, in Fig. 8 the waveforms are moderately affected by
higher frequency noise. In the provided set of files, the fault analysis

accurately detected faults and relay mis-operations even for the
noisy signals. Future research should include a sensitivity study to
determine effects of the noise to the analytic results.

5.4. Data from multiple ends

In this subsection, a unique feature of the fault analysis tool has
been tested and verified. Theoretically, this fault analysis tool is
able to operate when the DFR/DPR measurements are available at
two ends of a line. The fault analysis tool can also be utilized when
there are files from multiple ends. In such cases, the algorithm can
detect the fault if it occurred inside any sets of two ends data.

Fig. 9 shows the topology of a part of a power system where
multiple DFR data are captured when an event occurred. In this
case, the DFR data are available at three specified buses while there
are some buses in between where no DFR file is available. The fault
analysis tool has been deployed for three different sets of two end
data identified as route 1 to 3 in Fig. 9. To have a better insight
in the fault analysis tool behavior, the ratio of zero samples to the
total samples inside the moving window has been plotted against
the time. Anytime the output exceeds 0.8 for any phase, it means a
fault has been detected on such phase.



182

Table 3
Fault Analysis Tool Test Results vs. Field Data.

A. Esmaeilian et al. / Electric Power Systems Research 125 (2015) 174-183

Test data category Case number kV level Event type detected Detection time (ms) Fault location (pu)
Fault cases 1 161 ABG fault 5.1 0.071
2 500 CG fault 79 0.514
3 500 CG fault 9.2 0.463
4 161 CG fault 5.8 0.817
5 161 BG fault 8.7 0.789
6 161 ACG fault 7.1 0.306
7 161 AG fault 10.3 0.449
8 161 BG fault 149 0.275
9 161 AG fault 11.7 0.650
10 161 AG fault 9.4 0.119
Relay mis-operation 1 161 Mis-operation 8.6 N/A
cases 2 161 Mis-operation 124 N/A
3 500 Mis-operation 11.8 N/A
4 161 Mis-operation 9.6 N/A
5 161 Mis-operation 8.7 N/A
6 161 Mis-operation 104 N/A
7 161 Mis-operation 143 N/A
8 161 Mis-operation 10.8 N/A
9 161 Mis-operation 7.5 N/A
10 161 Mis-operation 8.8 N/A
I
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Fig. 10(a-c) depicts the outputs of the fault analysis tool for the
three different routes described in Fig. 9. The results illustrate that
a single phase A to ground fault is detected on route 1 and 3 while
no fault has been detected on route 2. Using the pair of data from
buses 1 and 2 the fault has been located at 0.56 pu from bus 1, while
using the pair of data from bus 1 and 3, 0.63 pu from bus 1.

6. Conclusions
The main contributions of this paper are:

¢ [t defines implementation requirements for the practical fault
analysis solution for detection of relay mis-operations. Such a tool
can be very useful to support decision making process during the
system restoration and for prevention of cascading events.

e The implementation addressed the challenges pertained to the
use of field data such as quality of field signals, time synchroniza-
tion, different sampling rates and A/D resolutions, etc.

¢ The validation of the method was done using ATP simulations of
IEEE 118 test system. The simulation included several test cases
based on different fault type, fault resistance, distance to fault,
sampling rates, etc.

¢ Finally, the implementation was tested using the actual field data,
which included around 200 test cases. The correct operation has
been validated against the information about the events received
from the participating utility.
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