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Abstract- More and more intelligent electronic devices (IEDs) are that the number of actual faults or events worth being manually
being installed and utilized in power system substations. Majority inspected and analyzed.

of these new devices come with event recording feature and some Qpe of thekey features of solutions for automated analysis of
even provide fault location calculation. In case of power system ¢ station data is automated fault location calculation. Once th
faults, protection and fault analysis engineers are often presented data has been classified and prioritized, we want the analysis t

with event recording coming from various substations and also b ble of fl lecting the affected t ission Ii
from multiple devices. There are several challenges in processing € capable or correctly selecting the ariected transmission fine

these files efficiently in order to perform analysis and make deternining fault type, and performing fault location calculation
decision based on the event data. [1]. Defining and implementing logic for such analysis is not

This paper focuses on the fault location calculation based onalways straightforward even though a trained and experience:
event recordings from IEDs such as digital fault recorders or protection engineer can quickly come up with some of the
protective relays. The paper addresses requirements and obstaclessonclusions andlassificationby just glancingthe waveforms.
when the event data is to be pragssed automatically in order to Actual fault location calculation can be tedious even when gooo
enable automated fault location calcu!ayon. On the other side, the \\oveform viewing tools are available.
paper shows examples where combining automated andanual This paper discusses the challenges of automated faul
data analytics tools createadditional benefits through the use of . : . .
new fault location calculation tool. location calculatlon_based on fault and _dlsturbamr:mrdmgs

captured by substation IED. The paper gives an overofeive
main requirements for automated fault location calculation and
illustrates them with implementation examples both for fully
automated and manual solutions. Manual solution in thisest
means a calculation where the input parameters are arranged a
|. INTRODUCTION adjusted by an experienced user. A Oreal lifeO approac
combining automated fault location with experience and
knowledge of an expert, in this case experienced protectior
engineers, isntroduced using some field examples that illustrate
challenging situations. Thepproach illustrateshow these

current waveforms during faults and disturbanaed makin challengs when determinin¢ault location calculation can be
. . 9 e naxing overcomecombining fully automated or manual fault location
themwidely available acrosthe utility departments This in a calculation tools

way createdan OexplosionO of substation data becomin he discussionin the paper starts with a background

ava|lgble and waiting 1o be. analyzed. Prgbably the blgg '%cussion and then introduces the fdolcation calculation
benefit of automated processing and analysis of substation %gﬂenges Second half of the paper focuses on the-litsal

Idsist%er;)nzgncaeblreectgr dguga!\(lge daisdn:g:l?mthoert;nrtl:oemlo?‘sthaer;gntseor{: tré@’(perience combining automated and manual data analytic
P software tools. Example bthe fault analysis solution that is

Depending on the triggering conditions it is not uncommon t sed on the use of new fault location calculationiggiven at
we face situation when IEDs are creating much more recordiqﬁg end

Index termsb data analytics, substation automationfault location,
fault analysis,power system restoration.

The benefits of automatedprocessingand analysisof vast
fault anddisturbancelataavailablein powersystemsubstations
are tremendous.We witness dramatic increaseof intelligent
electronic devices (IEDs) capable of recording voltage and



Il. BACKGROUND primary focus of the paper is on the implementation of phasor

Fault location calculatiorbased on IED data collected inba@sed fault location calculation.
substations is indispensible part of the fault analysisy pata collection and data integration
Traditionally, fault analysis based on substation IED event . ,
recordingsis done offline and the analysis resulsnot part of |t iS critical that the proper data collection and data
the decision making process. The expansiomumber and integration is put in place. As foundation for any efficient use of
variety of IEDs used in substations, as well as dramafitPstation IED recordings, the event data needs to b
improvement of the computingpwer and communication Speedjownloaded and made available in efficient and timely manner.
is making it possible to move analysis of the substation IED dYgenever possibl the connection to IEDs should take
into the orline mode[2]. In other words, the substation datgdvantage oddvanceccommunication infrastructure andilize

and analysis results that were traditionally considered as nBjgirspeed communication, i.e. Ethernet over-dial while at

operational are becoming operatin the same time satisfying cybersecurity requirements. In the cas
In this paper we focus on the fault location calculation bas@f digital fault recorderswe experienced situation when the

on substation IED recordings, primarily digital fault recordef&/€nt data records have been collected and processed with

(DFRs) and digital protective relays (DPRs). Such fault locatiéffo-minute time frame after the event occurrence. _
calculation can be part of the fault data analytics sethjzh is One of the challenges is that utilities typically deal with IEDs
in this case Fault Analysitata analytic¢Figure 1). that are coming from different vendors andewrvdifferent

vintages. In order to maintain the system and keep it operationg

it is crucial that we always try to apply sam@proachwhen we

configure various data collection software and hardware. The
—rwn ultimate goal is to get the datin shortest periodof time,
e maintain cybersecurity, and make the data available for an eas
integration and conversion into ngnoprietary and reusable
pe——— data formats. Good examples of standard formats to consider ai
ImportExport COMTRADE and COMFEDHS3,4]. It is also crucial that the
daa collection and data integiat should be implemented as
s Rt automatic functions regardless if we g@ngto calculate fault
lnpetEsron location using manual or automated tools.

Data Warehouse

- |ED Data (raw, COMTRADE)
- Substation Configuration XML (SCL)

- Reports: ASCII, XML, PDF
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B. Quality of Data

Regardless if we are planning on doing manual or automate
Fig. 1 Data analytics: fault analysis with fault locaticaiaulation fault location calculation the quality of the data plays very
important role.As in most cases, the OgarbaggarbageoutO
As shown in Figure 1, a fault analysis setup contains dataapplicable here as well. We cannot expect an accurate an
warehouse, which is a repository for substation IED datgood faultlocation calculations if we do not have high quality
configuration settings, and finally, analysis results in a form pfput data available.
reports in various formats. The data analytics, in this case faultvith respect to fault location calculation, thelléwing
analysis, is responsible for interfacing to IED daparforming quality attributes neetb be considered:

management and handling of configuration settings,fizadly ¥ Monitoring of all thasesand grouping of related
providing the analysis reports in the desired format. signals,
Additionally, both the data warehouse atié dataanalytics ¥ Duration of records iduding the availability of both
appl!catlon can hse th_e|r own separate user mte_rfacar pre- and postriggering data,
prowde for a connection to a universal cu;tomlzabl_e User y High sampling rate andquality of filtered vs. nom
interface.Different personnelgroups may have different views filtered data,
of the data and the analysis results. ¥ Correct wiring, reduced noise level, elimination of
OunrealO DC offset
lIl. FAULT LOCATION CHALLENGE i 'Is'lmehstamplzg acculracy worith
nchronized samplindor some algorithms
There are several challengesfdre us when we try to use v Azailabilit of raw vps ngrocessed d%ta (5]
event records obtained from DFRs and DPRs for manual or ¥ C Y i d.dpt lection i 't' |
automated fault location calculation. This section will address ommunication and data collection in imely mannet,
¥ Availability of IED settings such as channel

some experience with the implementation of data analytics

software tools developed to handle such challengéthe assignments, scaling, line data, etc.



It is quite obvious that if something goes wrong with ahy A. Phasorbased singleand tweend faultiocation estimate

these, the actual fault location estimatel its efficient usevill This first caseuses EMPT/ATP generated fault records that
be affectedThis will be illustrated with real life>@mples and yould be an example of higiuality input data [9]. The
fault data obtained from simulation, DFRs, and DPRs. simulated recordings were sampled at 10KHz sample rate, an

C. Algorithm Selection and Implementation the length wasset to provide enough pr_and posffault data
samples. Due tdhe fact that the recordings were created by

There are various fault dation calculation methods andgjmjation, the data obtained from both eofl the faulted line
algorithms. In this paper, we illustrate use of phasor based f

\ : ) e perfectly synchronized. Both singled and tweend
location as proposed by IEEE guide for fault locatioghasor hased algorithms were implemented and tested using tt
calculation in power systemi$,7]. Different topologies, line gjnjated falt waveforms. The results are summarized in Table
configurations, and monitoring setup maffect the results and | 'y 5 interesting to observe that the tend algorithm in this
algorithm selection. scenario provigs much better accuracy on the fault location
estimate. This was expected and in a wegrifies the
IV. REAL-LIFE EXPERIENCE implementation correctss. . :

) o ) ) Once the samecalculation setup was applied to DFR
This section illustrates the fault location calculation based Rtording from the field,it still shows some advantages to
both simulated and actual field data. The results are Obtairﬂ%%gtwo-end algorithm, but it was not always easy to maintain

using an irhouse configuration of the data integration &gt 0 quality of data. The main problem waith time stamping,

analysis toolsg]. and sometimewariety of the sampling rage noise, missing
phases, et¢did affectthe resultslt is preferred, when applying
TABLE | phasofbased tweend algorithm on DFR data, to have identical
CASEA: PHASORBASED FAULT LOCATION CALCULATION EVALUATED DFR types/vintages and utee same or very similar monitoring
USING EMTP/ATPSIMULATED EVENT DATA settings. Insuch caseit is expected that the sampling rate will
# |Fault Typel LocA | LocB SEEr % TEEMN % be sgfficient an.d;imilarly thedata frorr_1 both _endsh.qu.ldhave
1 G - - 275 0.05 the tllme sta_mplng ofthe same qL_Jallty. Thlsen5|t|V|ty was
: : confirmedwith DFR data fromthe field and consistent use of
2 A-G 60 40 2.88 0.13 datashows good esults.
3 A-G 70 30 2.13 0.24 Applying the same setup tBDPRs showsoscillations in
4 AG 80 20 209 027 accuracy ofresults. As expected, the DPR data with 4 or 8
samples per cycle would not produas good results when
5 A-G 90 10 269 022 trying to use automated fault location calculation using the date
6 AB 50 50 2.09 0.01 from both eds of line. This was especially noticeable when the
7 AB 60 40 1.67 0.20 relays are coming from different vendors and vintages. In the
8 AB 0 20 151 04l case of using identical relays on both enlds, with the similar t|me
synchronization setup, we did experience good results in
9 AB 80 20 1.88 0.48 estimating faultlocation based on waveforms with higher
10 AB 90 10 2.57 0.44 sampling resolution such as 32 samples/seconds.
11 AB-G 50 50 209 0.05 We had only a few examples of the field data where we tried
to combine DFR and DPR data. We did not get good results
12 AB-G 60 40 1.85 0.08 with the two-end algorithm Singleend algorithm styed within
13 AB-G 70 30 151 0.17 expected accuracy, as it was not that much affectatidiyme
14 AB-G 80 20 1.88 0.21 stampingor eventhe sampling rate.
15 AB-G 90 10 257 018 Generally, yvhen lsg pf IED data for automate_:d analy5|s
and fault location estimation, we should try to obtain the highest
16 | ABC 50 50 191 0.07 quality data whenever we have a choice. This is particularly
17 ABC 60 40 1.73 0.17 applicable to DPRs as they often offer e#yi of options for
18 ABC 70 30 1.39 0.11 event recordingAlso, when aempting to use data from two
ends of the line it does help a lot if the data is coming Bame
19 ABC 80 20 2.06 0.44 . . .
or similar devices. In case of DPRs we had a good experience
20 ABC 90 10 2.57 0.36 with pairing data coming from same model of the relay on both
Note: error % calculated relative to the line length end. We tested this th field dataobtained form SE{421 and

GE D60[10,11]



B. Automated fault location calculation: field example A report example from the automated fault analysis based or

The second example illustrates field event that was captuR¥gR recording is given in Figure 2. The fault analysis on DFR
by substation DFR and both primary and backup relays. T#&fa was configured to perform fdlown processing and
discussion includes automated processind fault analysis of analytics captured at the time of the fa_ult occurrence. As seen il
both DFR and DPR data. The introduction of the tool for mand8f report the automated data analytics correctly selected the
fault location calculation allows user to interact with the resufdfected circuit, fault type, disturbance start and end time, anc

settings that may be affecting the locatiotireate. The fault locatiorwas calculatedo be at 23.7 miles, which was

in this case a perfect match with the location of the tower where
the fault occurred.

Substation Assistant(TM) - Expert System for Automated Analysis of DFR Rec

Copyright: Test Laboratories Intarnational, Inc., 1996-2010 Processing of the protective relay data was configured to
“4% Expert System Log *** automatically parse the event reports and extract the faul
Ll el o b location calculationas it was calculated by relays. In this
Tne bus breaker 15 not monitored! particular case both primary and backup relay calculated the
Line breaker(s) open after the disturbancel fault location to be at around 25 miles. Figure 3 displays the
The event is a phase A to ground fault! event report based on the data from backup relay. Besides th
The fault is cleared by the protection at this substation! . R .
Primary relay is not monitarad. extracted information showmithe summary, the report also
Backup relay is not monitored! . .. .
includes the original event report as it came from the relay.
DFR Assistant Client: Deno For this particular event we also tried to apply data analytics
R e e e S350 on the relay waveform, but automated fault analysis was not
Affectad Circuit: Line 3 giving us results as good as the pagsprimarily due to lower
** Eyent Summary *** 1 1 i
T gvent Sumnary 080720 11159134207 sampling rate. To explore the data analytics, we introduced au
start Date and Time: 2008-07-20 11:59: addition to the waveform and report viewer that aHofer
Disturbance Start, End: 65, 106 [ms] ~ . . . . .
Duration: 41 (s userOs manual interaction with the fault location calculatior
Event Description: AGND_FAULT .
Fault Location: 23.7 [Miles] mOdUIe(F|gUre 4)
Event Outcome: EV_CLR_LOCAL
1st, CB_OK Substation Assistant™ Report Viewer v3.0
2nd, CB_0K File View Hel
Relay 4:\pe ration: PRIM, RL_N\E\T_M\;\NIT\E\RED 3 - [£1080720,.. X | [21080720,.. X
Relay Operation: BACK, RL_NOT_MONITORED W = QQQE 1QIQ [swime = S [ ls:le(laL::me INE
VIALIAG 20d hd
* Analog signal Values *** v Aoy T5 L 100 [1s, 1m0, 1z 200 2as ase a7s 300 325 350 [a] )i channels
Prefault Values: Fault Values: Postfault Values: ;:i] :Zﬁl E 3 I Lm C\melaw M
I0 = 0.0118 [kA] I0 = 6.5834 [kA] I0 = 0.0038 [kA] =) oid =
Ia = 0.5158 [kA] Ia = 6.6937 [KA] Ia = 0.0006 [KA] j::::&:w 1o o IO
Ibh = 0.5478 [kA] Ib = 0.5190 [kA] Ib = 0.0037 [kA] 1146] VB&Y sane QKRR Dinvert 1© fwece [+]
Ic = 0.5638 [kA] Ic = 0.6320 [kA] Ic = 0.0004 [kA] 1 1A7] vCav) N A I e e N [anicey ‘v‘
[Cl1A8] vs1v) 10000 A= VA [A5] VAGY) -
VO = 19.3244 [KV] VO = 45.3375 [KV] VO = 195.1439 [kV] Guavs2e | o o ! T | v peveew |5
Va = 198.0319 [kV] Va = 162.1927 [kV] Va = 198.0891 [kV] ALl viMem 100 a—|-L I
s || woins mmm G | |
Fig. 2 Case B: automatefdult analysigeportbased on DFR data Domeron | [l g
Eios)sos 0 }N\:A:A\W\T
= ljr.ur\ L L 1 1
.ﬁ::;i:g( masicw |RQIIRQ | [l invert .
DFR/DPR Assistant - Automated Analysis of DFR Recordings (D6] 3P0 o P T TR 00 12 10, 15, 200, 2, 250, 2 e 3, B0 L'.:D:l;@
Copyright: Test Laboratories International, Inc., 1996-2008 [][07] 274P0 o Wv x+ [8.472
[][D8] 278PO oK : ‘\ ! 1 =
**% Ralay Event Summary *** qigi]msi:: om I :: ——
DFR Assistant Client: Demo a6 [RIQIQ [Jinvert e
Substation: Sub2 DPR Line 3 BU 1:3::;‘:0"” L det s e sz a7z e 2 ose o ane 3w 3 KR AR
e il e feray By, om0T0- e Coman | | |01 A o i s
Trigger Date and Tine: 2008-07-20 11:59:34.307 Do monn | | [amans
Start Date and Time: 2008-07-20 11:59:34.207 Coiarrsa i [0 e o sres o
Event Description: AGND_FAULT | Oto171¥s8 R e .
Fault L ition: 24.93 [Mi1 Pre-fault S (mSXncReference Angles | —
Fvent ucone: e ] | [ e Lo |
% Native File *** st )
o"FID","RID",

Fig. 4 Case Bintroducingaddon tool formanualfault location calculation

"FID=SEL-421-3-R123 01001 070223", "SUB2 LINE3 BU","SUB2 LINE3 BU","1d
“MONTH", "DAY", ", "MSEC", "0ACA"

7,20,2008,11,59, 34, , "0468" . .
"EVENT_NUM", "EVENT", "LOCATION", "FREQ", "NFREQ", "SAM/CYC_A", "SAM/CYC_D" , "NUM_OF. The manual fault location tool dlsplays the waveforms and
( L " 3,60.00,60,8,8,30.125," 41325", "YES",1.0,1.0,1.0,1.0,1.0 . . .
ERORE g 510K V) settings and letshe user manually adjust or set the conditions
N ,12, 34,60.00, 4 00000( . .
471,-491,25, 5,15 02,0.01, 152.27,60.00, ", "001400000020000 for the fault locathn calculation. User can select channels,

9,4
.02

.3 2
524,-143,-386,-5,209.37, -98 -111.06,0.06,-0.01, 207.99,60.00, , 00140000002

configure line impedance and length, and also position cursor:
Fig. 3 Case Bautomatedault analysigeportbased on parsingfR data for_the. calculation of pre an_d fault phasor.s USEd for the_
estimation of the fault location. As seen in Figure 4, this



particular fault was fairly shararound three cycles, and thalid occur atequipment abther substionsas well. There is a
relay did some smoothindue to filteringat the start and end ofchange in disturbance current around 6th cycle and later aroun
the disturbance. However, if the cursors were correc®pth cycle. In thespecific configuration, the automated fault
positioned the fault location calculation would be fairly accuragmalysis was configured to target the middle cycle of the faultec
(around 24 miles)To illustrate sasitivity of the fault location region in order to calculate phasor values used in fault locatior
calculation we briefly moved the cursor towards the beginnieglculation (Figure 6). In this particular case, this resulted in
of the disturbance region, which immediately caused the faulaccurate falt location calculation estimated at around 24
location calculation to QjupO to over 3miles (Figure 5)This miles. The automateddata analyticscorrectly identified the
error is expected since the calculation of phasor in the fault tifaellted line and phas@ll the parameters used for fault location
window is affected by the cycle that was OsmoothedO out bydhleulation are automatically peet for a user upon opening of

filtering and low sample rate. This also gives a good illustratidime toll for manual fault location calculation as seen in Figure 6.
why automated fault location sometimes gives unetquity

Inaccurate resu ItS . R Substation Assistant™ Report Viewer v3.0
= [)110826,.. X | [R)110826,22.. X | [#]110826,.. X
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[][D15] FIDEN Fault Data Location [IA31] VE-NW | T— 342 ms & Auto-Sync Refresh
o ||| (i) 2 e :
;:z::; :rim In-Fault 108 ms ] Auto-Sync Refresh x ) ] ) )
e 1= Fig. 6 Case C: atomated analyticselectshe middle cycle of the fault wdow
Fig. 5 Case B: illustration ofemsitivity of the fault location calculation e Substation Assistant” Repert Viewer v2.0
= [#1110826,.. X | [§]110826,22.. X | [£]110826... X |
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. . . . . [A10] 1A TNM| o m
or less confident about the location estimadeerall, in this | eweme | R0 grR e W e
particular example e actually had a very good match between e | 0 i i d i i
fault calculation done by DRPs, data analytics based on the DF o | T T TH
data, and even calculation performed later based on the DF zwovwer | swcnsare [QRR 0 - omes
data obtained from the neighboring utility. ool T ITT VI Y RN YR FYr s
Oazva-N o A AR AR x+ [72
C. Manual fault location calculation: field exanel G | |Llo oo [BINE B omes T E—
This example is interesting as it demonssaige of the tool awever | | R
for manual fault location calculation. The disturbance recorde S —
by DFR appears .to be fairly. long. Thg fault was f_ar away and | [ | e _ e
took the protection long time to tripThe duration of the | S| wrw s - Cnemsn |
CINN| Dl

recaded disturbance is around 3lcycleBased on the
inspection ofthe waveforms it can be seen that some tripping rig. 7 case C: ranual tool allowed for focusing on the area of the interest



The manual fault location tool proved to be very useful in engineers and experts to use their knowledge and expertis
this situation as it allowed protection engineers to manually vary to the full extent.
the position of the second cursor in thelted region and obtain ¥ Use of automated data analytics dramatically saves time
more accurate fault location calculation. As a matter of fact, and enables focus of the experts on thesstibf the IED
when positioning cursor very close after the fault instance the data that may be critical for decisiomaking process.
fault location calculation was almost a perfect match with the The use of experts, in this example protection engineers ani

actual fault location, which was at amal 32 miles from the fault analysts, is indispensible arektremely valuable,
monitoring bus. Figure 7 illustrates this result and the position especially when combined with modern fault data analytics
of the second curngaking a judgmentwhereto place cursors tools.

is driven by userOs experience, expertise, knowledge of yhe|n addition to automated data analyt®sftware we need
system, and information obtained from otheurses such as the tools that can be combined with the knowledge and
data from other IEDs and substations, SCADA, etc. experience of the engineers and help them utilize their

In this case it was the combination of the automated and expertise to the full extent in efficient and timely manner
manual data analytics tools that enabled quick and precise fault
location estimate. The automated fault data analytics processed
all the incoming IED event recordings and made the data and REFERENCES
reports readily available to users in very short time after th¢ p. Myrda, M. Kezuovic, S. Sternfeld, D.R. Sevcik, T. Popovic
fault occurrence. Automated fault data analytics sent out CConverting Field Recorded Data to Information: New Reqqirements and
notifications via pager and email messages. The web access to CONcepts for the 21st Century Automated Monitoring SoluforGIGRE

. General SessigrParis, France, August 2010.

event table allwed users to quickly browse and focus on t J. D. McDonald, OSubstatiomutomation, IED integration rai
event data files of interest. The report viewer with manual fault  availability of information,OIEEE Power&Energy, Vol. 1, No. 2,
location calculation tool enabled quick variation of the  March/April 2003.

parameters needed to obtain better results. Finally, {fe 'S'Etgr'fd;gagd;;“iﬁg&m‘l’gggormm for Transient Data Exchange, IEEE
experience of the users wasrd#ical factor in understanding thegl] IEEE Std. ©37.239 OCommon Format for Event Data Exchange
e
(5]

topology and making a judgment which results should (COMFEDE) for Power Systems2010
favored. M. Kezunovic, B. Perunicic,Automated Transmission Line Fault
Analysis Using Synchronized Sampling at Two EMEEE
Transactions on Power SysterW'®l. 11, No. 1 February 1996.
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