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What is Fault Location? \ @’Es‘ ¢

 Fault occurs in transmission line L.
| Existing methods:

* Model based method (using phasors)

* Fault is isolated by the circuit breakers

controlled by protective relays — Key Issue: Require long time window during

faults (typically more than 1 cycle)

* Traveling wave based method
« Estimate the location of the fault within

the line of interest
using the measurements at line terminals

— Key Issue: Extremely high sampling rate
(typically in the order of MHz)

* Data-driven based method
— Key Issue: Availability of High Quality Data
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Challenges of Data Driven Approaches | . [ers | IEEE
for Fault Related Applications

Data-driven based method

~ Key Issue: Availability of High Quality Data Extremely limited number of practical fault events and field fault data
* Field Data during normal ¢ S . ¢
operation: Extensive lrategy
* Field Data during faults: Field data for training
Extremely Limited Strategy 1* *Sﬂ”afegy 2 Simulation data
Facts: Field data from the Field data from for training
interested line onl various lines
Transmission lines (= 220kV) in y
: : g Limitations:
State Grid Corporation of China: Traini t -- Training sets may still be i -- Credibility of the
* Overall line length 6.2x10°> km ;;0 rzZZlIg :08 LZZ:Z relatively small simulation data may be
* 2000 faults in year 2020 [1]‘ reaSOl/lable faull‘ - Data may not CO/”I’@SPO/"Id queSZl'OHClble.' (featll res
: to the specific fault feature S |
location results . , of simulation data may
of the interested line _ _
- On average: for a 310 km line -- Field data may not be able to cover the be away from those of
’ feature of any new fault event the field data
only 1 fault/year

[1] Annual National Reliability Report of China, National Energy Administration, 2020.



Challenges of Data Driven Approaches \ (epes | GIEEE
for Fault Related Applications
* Key Features to solve the Extremely limited number of practical fault events and field fault data
above challenges?
¢ Strategy 3 ¢
« Key Idea: Field data for training
1. Only field data for training is not Strategy 1+ *Stmtegy 2 Simulation data
enough!! One must use simulation Field data from the Field data from for training
data for training. interested line only various lines
Limitations: o
) . Trainine sets are | Training sets may still be; - Credibility of the
2. T(;" ell(lis:;re p;actlcaplhfy, one must - Sma”g Y e latively small simulation data may be
use fie ata for testing! reasonable  fault | Data may not correspond questionable: features
location results tjf:: ‘ .Slzeczﬁtc fy’.‘h feature of simulation data may
of the interested line
3. We haV? to Me.rge the G.AP : -- Field data may not be able to cover the be away from those of
between Simulation and Field Data! feature of any new fault event the field data




Challenges of Data Driven Approaches _ fen
for Fault Related Applications

We have to Merge the GAP between
Simulation and Field Data!

Field Data of 1 Fault Event
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Idea of the Proposed Data Driven Fault Location

Start
Step 1 ¢

Estimate the ranges of system parameters
(source information, loading condition, FIAs and fault resistances)

-0.01  -0.005 0 0.005 0.01 -0.01 -0.005 0

Time(s) * Time(s)

Generate the “target dataset” via
Simulation including fault events

| ! using single-ended measured field data and physical laws
0.005 0.01

Step 2 *

Generate the “target dataset” using EMT simulation tools
(consistent with the fault features and format of the field data)
to greatly augment the dataset for training

Step 3 *

Train the neural network using the “target dataset”
to achieve fault location compatible with field data
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Physics-Informed Data Driven Method g

We have to Merge the GAP between
Simulation and Field Data!

Field Data of 1 Fault Event
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Idea of the Proposed Data Driven Fault Location

Start

Step 1 \ /

Estimate the ranges of system parameters
(source information, loading condition, FIAs and fault resistances)

-0.01  -0.005 0 0.005 0.01 -0.01 -0.005 0 0.005

Time(s) * Time(s)

Generate the “target dataset” via
Simulation including fault events

! using single-ended measured field data and physical laws
0.01 !

Step 2 Y
Generate the “target dataset” using EMT simulation tools

(consistent with the fault features and format of the field data)
to greatly augment the dataset for training

Step 3 *

Train the neural network using the “target dataset”
to achieve fault location compatible with field data
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Step 1: Estimate system parameters (Physics) (@ | ®IEEE
Zo (2) Loading condition (1) Equivalent source impedance
i (1) Equivalent source impedances l Equivalent source model for three phase transmission lines
Zy Zs_z _______ U At F %A R, a lea ot
& SO A i 4
l} B @“i' ":'“'@"'i i B i 1l o (tf??_>ilﬂ(t),/\RS/\.Iﬁ/x—f\f\ﬁf\—|-LS1 ()
—Q )-I-I P :)-‘—I ' 0 0 o Ly o
C I C t == 1 ORA A ~A )
3ph V&I (D Fault resistance u, () —u) (1) = R (6)+ L, dif (1) di During the fault (1)
0 PMe“S”’” ements u, (t—AT)—u/’ (t—AT) =R’/ (t—AT)+ L 'di’ (t—AT)/ dt Before the fault (2)
(0) Pr ?p ar atzgns (1) - (2): u’@t)—u’(t-AT) i/ ()= (t=AT) | @, i/ () =i/ (t—AT) |/ dt
Carried out in the a0 mode of the system Solved with the least square scheme
{ uaﬂO _ TC_lclzrke uABC { RaﬂO — Tc_zirke RABC TClarke [ Ailj Aiﬂ”@z [ Aulj:| — x= ([ Ailj Ailf“)]T[ Ai J Ailj(l):|)—1 [ Ailj Ailf(”JT[ Aulj}
.qf0 _ -1  +ABC ° a0 _ ar—1  yABC
! _Tarel L _TareL Tare . .. . .
- 2/2 k1/3 30 1/\/;1 f/\/§ 1/C:l; ];/3 3] (2) Loading condition (¢,-¢,) (3) Fault inception angle
ctarke =273, ’ o ’ IS 0/ =0/+1'2/ FIA=2n(t, —t))/ AT
Calculate initiation time ¢ U, =0/-1/(Z,/+27/) (U
- =z 40 1 ~ 500 ¢
tf =1 |~j(1) M = < [:><//\7</\
0>k 1y g E’ 20 | ‘g{n 0
-0.01 -0.005 0 0.005 0.0 -0.01 -0.005 0 0.005 0.01

Time(s)

Time(s)
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Step 1: Estimate system parameters (th (e#es | GIEEE
(4) Fault resistance R, (admittance Y;)

Key Idea: With guessed R,and /; one can calculate i/(f); compare it
with the actual current measurement to get range of R,

During SLG faults:
Both a mode and 0 mode

SLGAG) LL(BC)  LLG(BCG) _ 3PH(ABO) ty“ () =u () = Ry 4 (6) + L, i (1) dt
The faU.lt IIlatI'iX 0 0 0 %Yf 0 _gyf 3Y 0 0 usza (t) - ufa (t) = Req2ai2a (t) + Leq2a di2a (t)/dt
f
Y af0 0 @ 0 0 @ 0 0 @ 0 _ufo (t) = Reqloilo(t) + Leqlo dllo(t)/dt
_EYf 0 EYf Z/lf ( )_ eq?2 l2 ( ) eq?2 12 ( )
) o - i (0)=2Y, [3-u (t)+2Y, [3-u,’(t)
During LL, LLG, 3PH faults : o / S SI=0

uﬂﬂ (1) — ufﬁ' (1) = Reqlﬂl-lﬂ (1) + Leqlﬁ dilﬂ (t)/dl‘ 'ust) i) Ry Lo l:fi(t) = Yj;/3 . u{“a(f) + ?7100/3 . uf.‘)o(l‘) -

u, (O =, ()= R, i (0)+ L, di/ (0)]d + OSIEOTED OO0

l-lﬂ (1) + l-zﬂ (1) = l-fﬂ 0) l-fﬂ (1) = 2qufﬁ (7) \ l Slmphfy to a mode

Used @ iy R, L Y u “(6)—u,“(t)=R, “i*()+ L, " di®(t)/dt
Y O B~ .| Simplify to \ ; / ot ct 7

_ u,“(0) —u, (1) =R, () + L,," di,” (¢)/dt
_l Recalculate i/(7) ! /

di’(1)/dt+Bi (t)=B,(¢)

\ u,“(t)=1/2-R, " (1)
dif (1) dt + B (1)=B,(¢) | “f010) R o o B L +1/2-L, di, () [di+3/2Y, i, (1)
() La

| [usf'mzf(t) R, L 7 («t)wm‘”—‘ i “(6) =, () +1," (¢)
70) L@_W et
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Step 1: Estimate system parameters (Phys (@GP | QIEEE
4) Fault resistance R, (admittance Y,
(4) 7 ( r) Eg. Max current = 21.09 k4,
‘: -M_,, cos(@,,)e ™ + M, cos(wt+¢,,) Max current of alpha mode i, ., = 14.63 kA
——  PhaseA — | Phase B —— Phase C |
—But L____ThaseA 7= Frhaseb ~——— Ihasc AR
( ) [ll (O+)_Msol2 COS(¢S0[2) step2/(B3 _Bl)]e ’ 540' < 500
N’ 6
~Byt £ 20 o
+Msol2 Cos(wt+¢sol2)+Astep2/(B3 _Bl)e 1 g ol g 0 /\v?<:
. . . o . Q : . . s > 500 : 1 { i
i/(¢) is a function of fault resistance R, and fault location I, QUL DS 0 OIS 00T 0L 00 0 000 001
(1+c) - maxli,,,, (r)\ =1536kA ___________________
Type SLG LL LLG 3PH l | - Maximum current surface | |
Uge Uy, Uy, Uge Ugo Z 20 I- Upper bound |
uy/ ug,” U/ u,/ ug’ % :- Lower bound :
R Reqa+1/ 2Reqo+3/ 2Y; Reqﬂ+1/ 2Y; Reqﬂ+1/ Y Reqﬁ—i_l/ 3Y, E : — Upper intersection :
a |
L Leg +1/2Leq0 Leqﬂ Leqﬁ Leqﬂ ' —— Lower intersection :
R, R, R,/ R,/ R,/ 100 | Resista |
- e esistance range
L, Leqla Leqlﬂ Leql'g Leqlﬁ Rf(ohm) 4 16 | o S0 (%) I it g’ 1
R, 1/2R,,0+3/2Y, 127, 1y, 1/3Y, o
L 2L, 0 0 0 0 (l—c)-max‘lljmm (r)\ =13.90k4
Criteria for determining fault resistance (typical value of ¢: 5%) The maximum current surfac; .
(1-¢)-max |i ; (t)| < max |i ; (t)| < (1+¢)-max |i ; (t)| ] obtained through formula derivation:
beas LT R T AT Lmeds Range ot K, i,/() as functions of R -and /,




We have to Merge the GAP between
Simulation and Field Data!

Field Data of 1 Fault Event
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Start

Step 1 ¢

Estimate the ranges of system parameters
(source information, loading condition, FIAs and fault resistances)
using single-ended measured field data and physical laws

Step 2 Y

Generate the “target dataset” using EMT simulation tools
(consistent with the fault features and format of the field data)
to greatly augment the dataset for training

Step 3 Y

Train the neural network using the “target dataset”
to achieve fault location compatible with field data




Step 2: “Target dataset” generation via simulation- "

Three phase transmission line simulation model

@® Source — Fault

== Transmission line
= Source impedance

Hz O ) =05
= O— 7 =0+

(e8es | ©IEEE

Eg. Simulation full dataset and testing dataset

Parameters in the full data group, simulation

_~ Value @ N\

Parameters

A transmission line system with unknown system parameters

~2L7~0.1171, 0.4+j1.5, 145
7,=0.2+j1.5, 0.8+33, 2+j6
+2, =6, =10, =12

0.01, 0.1, 0.2, 0.5, 1, 10, 20, 50,
100, 150, 200

1,2,3, ...,

45, 90, ..., 270, 315 (step:
deg

Source impedance/ohm
Loading condition/deg
Fault resistance/ohm
Fault location/km

FIA/deg

| Fault Event with single- Generate Full Data Group using
ended meitsurements EMT Simulation Tools
Step I Estimate the ranges of system .| Select Target Dataset
parameters
Step 2: " .. — ‘ oy
Training set | Validation set Training set Validation set
ytraining ytraining
Step 3. Network 1 Network 2
v >y
Fault location Fault location
Proposed Method (with the Traditional Method for

physics-informed procedure to
select the target dataset)

Flow chart of the
proposed method

Comparison (with the full data
group for training)

Flow chart of the traditional data-
driven method for comparison

Parameters in the target dataset, simulation

e —
Parameters — Value N
Source impedance/ohm =27~ 0.4+]1.5, 14)5; Z,=0.8+)3, 2+)
Loading condition/deg *2
Fault resistance/ohm 0.01,0.1,0.2,0.5, 1, 10
Fault location/km 1,2,3,...,22
FIA/deg 45, 90
R



We have to Merge the GAP between
Simulation and Field Data!

Field Data of 1 Fault Event
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Idea of the Proposed Data Driven Fault Location
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Start

Step 1 ¢

Estimate the ranges of system parameters
(source information, loading condition, FIAs and fault resistances)
using single-ended measured field data and physical laws

Step 2 *

Generate the “target dataset” using EMT simulation tools
(consistent with the fault features and format of the field data)
to greatly augment the dataset for training

Step 3 v

Train the neural network using the “target dataset”

to achieve fault location compatible with field data
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Step 3: Train the neural network \ s

For the neural network (NN), the Basic Multilayer Perceptron (MLP) is applied as an example.

Hidden  Hidden  Hidden Hidden  Hidden
Input data layer 1 layer 2 layer 3  layer 4 layer 5

X /4] W, Wi W,
N —_ —_— —_ —_—
2 128 64 32

56

Initial input data

Batch size = 128

Epoch =70

Learning rate = 0.01
Learning rate decay = 0.95
Loss function = L2 loss

486
Distribution map of fault location results

16

_ S Example result
To avoid the randomness for each training

(selection of training/validation datasets,

' . , .
) .

batches, initial values, etc.) -E 20 mmm Location results
5107 —— Distribution

- 100 times of fault location results = 00 50 100 150 200

- Mean value
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Field data results: Case 1 R \ feps
(2) Loading condition

220 kV, 22.60 km Transmission Line
Fault Event: C-G fault, at 11.9 km of the Line

Loading condition = 1.9916 deg

(3) Fault inception angle
Field Data Stored in COMTRADIE file:

« Measurements: 3 phase V & I at the local terminal FIA=57.6 deg

* Sampling Rate: 4 kHz

» Available data time window: half a cycle before
and after the fault

(4) Fault resistance R, (admittance Yy)

N
<

: | Upper bound

—— Upper intersection

0

Current(kA)
=

Voltage(kV)
<

%\

: . . . S <200 . . = 5
-0.01 -0.005 0 0.005 0.01 -0.01 -0.005 0 0.005 0.01 0
Time(s) Time(s) 2 4 50 —— Resistance range

Rf(ohm 6 0 %)

100 —— Lower intersection

!
|
|
|
|

|

[ Lower bound |
|
!
|
|
|
|

Step 1: Estimate system parameters

(1) Equivalent source impedance

R,= 0-3.3 ohm

7., = 1.2678+j6.7522 ohm, Z,, = 1.5215+j11.3984 ohm




18

o Iﬂ#
Field data results: Case 1 (GFs | IEEE
Step 2: “Target dataset” generation via simulation
(Using Matlab Simulink) Estimated system parameters
Full Data group ,

Parameters Value Zsa = 1.26784)6.7522
Souree immedanceronm |2 27 00T 041 51535 | Za ~ 152157113964 ohm >
P Z,=0.2+1.5, 0.8+3, 2+i6 . —
Loading condition/deg | £2, £6, £10, =12 Loading condition = 1.9916 deg >
: 0.01, 0.1, 0.2, 0.5, 1, 10, 20, 50, 100,
Fault resistance/ohm 150. 200 > | Ry=0-3.3 ohm _—
Fault location/km 1,2, f;, .oy 22 km
FIA/deg 0,45, 90, ..., 270, 315 (step: 45 deg) |~ | FIA = 57.6 deg —
Target dataset (to Minimize the Gap between the filed data and the simulation)
Parameters Value
: 7 =7 0.4+1.5, 1H5;
a & J ’ 19 vV
Source impedance/ohm 7,=0.8+i3, 2+i6 €
Loading condition/deg Y
Fault resistance/ohm 0.01,0.1,0.2,0.5, 1, 10 |« y
Fault location/km 1,2,3,...,22
FIA/deg 45,90 < 4
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Field data results: Case 1

Step 3: Train the neural network

- 100 times of fault location results

—> Mean value
Experiment histogram

Bl proposed -

——proposed distributed

[ |traditional
0 5 10 15 20

' [——traditional distributed
location results/km

20

number
[an—
(=)

Fault Location Results (Actual value: 11.9 km)
Proposed data driven method:
12.003 km (error: 0.103 km)
Traditional data driven method:
16.334 km (error: 4.434 km)
Proposed Method presents much higher accuracy!

\ @ES ‘ < IEEE
Power & Energy Society®

Implementation Platform:
Personal Computer, 17-7700 CPU
Implementation Software:
Parameter estimation: Matlab
Training procedure: Python

Calculation Time:

Parameter estimation: < 0.5 sec
Training and testing procedure for 1 time: < 1.2 sec

Overall time < 0.5+ 100 * 1.2 sec = 120.5 sec = 2 min

Calculation Burden is acceptable in practice!
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Field data results: Case 2 N \ s
(2) Loading condition

220 kV, 23.55 km Transmission Line Loading condition = 2.7417 deg
Fault Event: A-G fault, at 1.8 km of the Line

(3) Fault inception angle
Field Data Stored in COMTRADIE file:

e Measurements: 3 phase V & I at the local terminal FIA=97.2 deg

* Sampling Rate: 5 kHz , ,
» Available data time window: half a cycle before (4) Fault resistance Ry (admittance Yy )

and after the fault | e
| | - Maximum current surface |

I- Upper bound
:- Lower bound
|

| —— Upper intersection

________________________________

[y
[—
(—]
)—U
=
o
w2
(¢}
>
=g
=
o
w2
‘(D
vy
g
=
o
W
o
@
[
(=)
(=)

50 o = N\

o
-
1
)
=
=

Current(kA)
Z
Voltage(kV)
[\
= 2
imax(kA)
o

—— Lower intersection

I
; ; i i A |
-0.01  -0.005 0 0.005 0.01 -0.01  -0.005 0 0.005  0.01 :
|

—— Resistance range

Time(s) Time(s) Rf(ohm) 6 o 50 (%) ———————————"——=————~- ]
Step 1: Estimate system parameters
(1) Equivalent source impedance _
R=0-2.8 ohm

7., = 0.2881+j0.8813 ohm, Z, = 0.1255+j1.0429 ohm
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Field data results: Case 2 [GPes | QIEEE
Step 2: “Target dataset” generation via simulation
(Using Matlab Simulink) Estimated system parameters
Full Data group

Zo = 1.2678+j6.7522
Parameters Value > .
Source impedance/ohm | 2@ 2 0-1111, 0.4451.5, 1435 Zso = 1.5215+)11.3984 ohm >
P Z,=0.2+1.5, 0.8+3, 2+i6 , —
Loading condition/deg | £2, £6, £10, =12 Loading condition = 1.9916 deg >
: 0.01, 0.1, 0.2, 0.5, 1, 10, 20, 50, 100,
Fault resistance/ohm 150. 200 > | R = 0-3.3 ohm >
Fault location’km 1,2, 3, ...,23 km
FIA/deg 0, 45,90, ...,270, 315 (step: 45 deg) | | FIA=57.6 deg SE—
Target dataset (to Minimize the Gap between the filed data and the simulation)
Parameters Value
. Z =7./~0.1+1, 0.4+1.5;
a &5 JL J > A 4

Source impedance/ohm 72004115, 0.8413 €

Loading conditon/deg Y

Fault resistance/ohm 0.01,0.1,0.2,0.5, 1, 10 [« Y

Fault location/km 1,2,3,....23 v
FIA/deg 45, 90 <€
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Field data results: Case 2 \ (epes | PIEEE

Step 3: Train the neural network Implementation Platform:
> 100 times of fault location results Personal Computer, 17-7700 CPU
- Mean value Implementation Software:
s Experiment histogram Parameter estimation: Matlab
 [EEproposed | Training procedure: Python
S 10" ——proposed distributed ||
= [ traditional
§ 5 ——traditional distributed |
= . .
. Calculation Time:
0 | |
0 5 10 15 20

Parameter estimation: < 0.5 sec
Training and testing procedure for 1 time: < 1.2 sec

location results/km

Fault Location Results (Actual value: 1.8 km)
Proposed data driven method:

1.777 km (error: 0.023 km)
Traditional data driven method:

3.337 km (error: 1.537 km)
Proposed Method presents much higher accuracy! Calculation Burden is acceptable in practice!

Overall time < 0.5+ 100 * 1.2 sec = 120.5 sec = 2 min
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1. Line Parameter Errors
The 5% and 10% errors are added to all line parameters in the utility database.

Field data results: Case 1 Field data results: Case 2

Experiment histogram

. | . Experiment histogram
210F [710% offset 1 2 10 | |  [E0% offset )
E 5¢ —0% distributed - £ 5 0% distributed |
= =
E 0’ - 3 . ‘:n E 0 - ‘|- ‘\n
2 10 [15% offset | 210 | | [15% offset i
g 5+ 5% distributed |’ £ 5 ——59% distributed |
= =
£ 0 ' S0 =
:.-) 10(_ T - = =2 N S I - - .= an
2 10% offset 210 10% offset
g 5+ ——10% distributed £ 5 ——10% distributed
Z 0 ' ' ' = m ‘
= 0
0 5 10 15 20 0 5 10 15 20
location results/km location results/km

Fault Location Results (Actual value: 11.9 km) Fault Location Results (Actual value: 1.8 km)

* Proposed method with 0% parameter error: * Proposed method with 0% parameter error:
12.003 km (error: 0.103 km) 1.777 km (error: 0.023 km)
* Proposed method with 5% parameter error: * Proposed method with 5% parameter error:
11.263 km (error: 0.637 km) 1.248 km (error 0.552 km)

* Proposed method with 10% parameter error: * Proposed method with 10% parameter error:

11.042 km (error: 0.858 km) 1.243 km (error: 0.557 km)
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Discussion \ (epes | PIEEE

2. Comparison to Existing Model based Single-Ended Method

* Existing Takagi method (phasor based method)
* Phasors are extracted using IEEE C37.118 synchrophasor standard
Field data results: Case 1 Field data results: Case 2

€40 T - a0 o f \'xm
<20} X 10 Y 12.6881 | Y 8.43785 X 30
> Y 31.9631 . = .K | Y 1.6819
"0 10 20 30 40 ") 10 20 30 40
Time(ms) Time(ms)
Fault Location Results (Actual value: 11.9 km) Fault Location Results (Actual value: 1.8 km)
* Proposed data driven method: * Proposed data driven method:
12.003 km (error: 0.103 km) 1.777 km (error: 0.023 km)
* Existing model based method, with available « Existing model based method, with available

time window of 0.5 cycle: time window of 0.5 cycle:

31.963 km (error: 20.063 km) 8.438 km (error: 6.638 km)

Existing model based method, with available
time window of 1.5 cycle:

1.682 km (error: 0.1181 km)

* Existing model based method, with available .
time window of 1.5 cycle:

12.688 km (error: (0.788 km)
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Conclusion \ (cpes | OIEEE

To apply data driven approach, one need to be very careful about the dataset for
training. This is especially important for fault related applications.

For fault related applications, the number of field fault data is extremely limited.
We must use simulation to generate data for training (to ensure dataset
completeness) and use field data for testing (to ensure practicability). Simulation
data for both training and testing could present “too good but unrealistic” results.

To generate proper training dataset via simulation, field physics information
needs to be carefully taken into account. The GAP between simulation and field
data could be much reduced.

If properly designed, physics-informed Al could potentially be applied to
practical power systems, and can improve the performance of traditional
methods (higher accuracy, shorter data window, lower sampling rate).
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- Minimize the assumption during the derivation of parameters to improve
estimation accuracy.

- Try to include other information from the field (remote side equivalent
impedance, typical line loading conditions, if available) to enhance physics
information.

- Find more field fault data for testing; try to include high resistance faults, faults
with changing fault resistance, more fault types, etc.
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