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BACKGROUND

« Modern traveling wave (TW-based) protection solutions for transmission lines have been
increasingly applied in real-world power systems.

« Advantages include -
= Fast tripping therefore improved system stability.
= Protection of hybrid lines and series compensated lines.
= Accurate fault locating.

« The adoption of TW-based protection solutions for transmission lines in power systems with
high penetrations of Inverter-based Resources (IBRs) has gained more interests as the
traditional phasor domain-based solutions become less effective due to lower fault current
from inverters and the inherent latency and accuracy on fault locating.
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BACKGROUND

Fault-iInduced TW

Power Network |

| Power Network

. Z; * Vrgteq * SIn 6O
Urtw =TT ¥ 2% Ry

i _ vf,tw _ Vrated * sin 6
I = Z. ~ Z.+2+xRy
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BACKGROUND

—>

Sliding Window

Differentiator-Smoother (DS) Filter

>

« A mature signal processing technique, relying on high- t

frequency sampled data, used in commercially available
TW-based relays.

« Aims to process the current (and voltage), measured at
the terminal which are a superposition of the incident

and reflected waves, to generate -

» Triangular-shaped output with unitary gain in case of a step-change <
in the input.
= Parabola-shaped output in case of a ramp-change in the input.

« The peak of the output relates to the arrival time of TWs at | ) |
the monitored terminal. 2 2

Input
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BACKGROUND

A
—— No Enhancement
TW Amplitude Estimation —— e A ES S
Tbs
« The amplitude of a fault-induced TW is related to 2
the point-on-wave where the fault takes place.
« Fault induced-TWs attenuate while propagating
alone the line.
« Ramp-changes, instead of step-changes, are more
often detected in the input at the monitored
terminal. :
: - : >
 Signal enhancement is implemented to best M M t
estimate the TW amplitude at the output. n=M
I=C+ z irw (Ngetect — M)
n=-M

2023 NORTH AMERICAN RTDS APPLICATIONS & TECHNOLOGY CONFERENCE




NEW DEVELOPMENT

Traveling Wave Relay Model (TWR) - Based on DS Technique

« Based on DS filtering technique to extract the fault-induced f \
TW Relay

TW:
= Filter window length is 20 us.

= Number of coefficients varies based on the time-step.
= Option to average the output for TW magnitude —\IDJ
enhancement, \/_A_

= Provides phase and mode (alpha and beta) TW outputs.
TWRs1
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NEW DEVELOPMENT

Traveling Wave Relay Model (TWR) - Based on DS Technique

* Includes current TW different protection scheme (TW87): f \
= Uses double-ended TW-based method. TW Relay

= Supports single/three-pole tripping.

= Provides calculated fault location and faulted mode
information. —\IDJ

= Option to detect an external fault on a parallel line. \/_A_
« Recommended to use in Substep environment only.
- Available from RSCAD FX 1.4. (VVRS'l )
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TWR = Simulation Results  An internal BG fault at 56 miles away from
the left terminal of a 100-mile long line.

5555555555
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TWR = Simulation Results « An external BG fault at 20 miles away from
the left terminal.

FAULT
I
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TWR = Simulation Results « Comparison with relay captures.

RTDS, STATION_172_24_9_212, SEL-T400L-S - BG T 11703_56mile(1).Comtrade.Session - SynchroWAVe Event

Open | ¥
Phase B current: Relay Capture vs
EOLE 7 X
Time:
File: C:\RTDS_USER\fileman\Eric\R:
Model\doc\DOC
RTDS, S

Event Type: Raw

Fault Location (mi;

Frequency: 5 ple Rate: 10 0 Samples,
Second

Targets: TD21 TD32 TW32 TW87

2 EOL 72 X

djusted Time:
inal Time:
C:\RTDS_USER\fileman\Eric\R&D\T
jel\doc\DOC CASEs\appendix_a_ca:
Trer = 5:24:41 AM ‘J _S56mile.dat
165.4 ms 165.6 ms Event Ty
Hz Sample Rat 3 Samples/Second

Current TW — Phase B Output: Relay Capture vs ———
Current TW — Phase B Alpha Mode: 1TWig.alpha

2:0twLoclB
2:0twLoclBal

165.4 ms 165.6 ms 166 ms

B + default
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TWR = Simulation Results « TW87 - Current TW differential protection.
« Aninternal AG fault at 35% from left

terminal.
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TWR - simulation Results « An external AG fault on a parallel line, at 35%
from left terminal.

Subsystem #1|Substep|BOX7|TW_87 % Q
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NEW DEVELOPMENT - incident Wave Calculator Model

Background

« The DS filtering technique extracts the transients related to fault-induced TWs in the
measured currents, which are a superposition of the incident and reflected waves:
= The magnitude of this transient, which is dependent on the termination characteristics of
the transmission line, could be very small, if the termination impedance is high,
potentially resulting in a poor accuracy in fault location estimation.

* The inherited nature of DS filtering technique limits the TWR model to be used mainly in
Substep environment only.
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BACKGROUND

Measured Current Vs P
Incident Current

i :i+_i_ v:v_|_+v_

i,=Yv, i_=Y,v_
YV = Zci+ + Zci_ — ZT_K(i— — i+) ‘E 5 @

— ZT—K — Zc i ifv The actual current/voltage at any point on a transmission line
¥ ZT_K + Zc i, /vy The reflected traveling waves of current and voltage
i_/v_ Theincident traveling waves of current and voltage
i _ _ZZC l Y./ Z, The characteristic admittance/impedance
B ZT_K + Zc - Zr The termination impedance
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NEW DEVELOPMENT

Incident Wave Calculator (IWC) Model Y ~
Incident Wave Calculator
. . . Num Conductors = 3
« Uses Frequency Dependent Phase Domain (Universal Line
o ) T-Line constants =  100mile
Model) transmission line theory to calculate:
. . % C1 Local Incident | wave |——
= The local incident current.
Ic1 .
= The local reflected current. - C1 Remote Incident | wave ——
= The expected remote incident current. Ve2 02 Local Incident | wave
« To use in Mainstep or Substep. 12
— C2 Remote Incident | wave |——
% C3 Local Incident | wave |——
% C3 Remote Incident | wave [——

\ /
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NEW DEVELOPMENT

[ [
IWC | Ky g
| |
Yexv=10 4+ i_ | Py |
| 0050 I
é’at/
: | . on . |
Likr lg + Ui | < lyi lini ) |
. iK I I lM
g = Yo * Vg — 2ig; — <« M
+ +
: | I
bnr = Iy + Ui | |
Vi l | Um
iy = Yo * Vip — 2Ly | |
| |

* Recursive Convolution - A. Semlyen and A. Dabuleanu, “Fast and accurate switching transient calculations on transmission lines with ground return using recursive convolutions,” |IEEE Transactions
on Power Apparatus and Systems, vol. 94, pp. 561-571, 1975.
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Subsystem #1|CTLs|Vars =

W LOCINCSECT M REMINCSECT
0476468
0.313866
0151264
-0.011337
-0.173930

|WC-SimuIation Results £l YA VA VAN VAN V4

W LOCINCSEC2 [ REMINCSEC2

0490081
0328738
BUS BUS2 -
1.0000 {_ 0.0000 0.7665 / 34,6933 0167384
ere N2 e ez 0006051
SRC1 0155202

> -0,316636

q}—{: : jo=s P —
13 12 -0.477979
S 8 2 I T T T T T T T T T T T T T T T T T 1
:
L 251133213212‘; TLINEGEN TLINEGEN

i ) E W LOCINCSEC3 [ REMINCSEC3

[ 0479332
! 0320032
Lk 0160732
LG FAULT POINT 0001432
-0,157368
/ N -0.317168
Incident Wave Calculator Incident Wave Calculator .0 476468
Num Conductors = 3 Num Conductors = 3 ! ! ! ! ! ! !
-0.020002 0.013325 0.046650 0.070992 0113325 0.146650 0170992
T-Line constants = WTESTC3 T-Line constants = WTESTC3
Vet Vel C
o—— C1 Local Incident | wave e—) C1 Local Incident | wave (———=o =
Ly NA CSECT NA2 CRECT CND1IRE
[<x & C1 Remote Incident | wave —— © [es % C1 Remote Incident | wave |—— © <3 © [
CNDIISE REMINCRECT CND1IRE REMINCSECT LOCINCRECT LOCREFRECT B LOCINCRECT [ REMINCRECT
B¢ C2 Local Incident | wave ————o Gﬁ C2 Local Incident | wave ————=o 1.031061
NE LOCINCSEC2 NB2 LOCINCREC2 CND2IRE —
2 @ ) 0.697907
G—— C2 Remote Incident | wave ————o — C2 Remote Incident | wave ———o 0384754
CND2ISE REMINCREC2 CND2IRE REMINCSEC2 LOCINCREC2 LOCREFREC2 30
V3 Vel 00316
[ m—— C3 Local Incident | wave ———o e—) C3 Local Incident | wave [———=o
NC LOCINCSEC3 NC2 LOCINCREC3 CND3IRE .0.301554
Ic3 €3 Remote Incident | wave ———o oS8 G3Remote Incident | wave :%——a -0.534707

L —
CND3ISE REMINCREC3 CND2IRE REMINCSEC2 LOCINCREC3 LOCREFREC3 0087861 ; i " . : y . . : . : . r . . 1

 Local incident currents at the sending end vs aonsne - |OCINCREC2 B REMINCRECS

0.635608

0302322

remote incident currents at the receiving end oo

-0.607537
-1.030823

(top-right). S— S ——— J———— ——
. . e o e [ LOCINCREC3 M REMINCREC3
 Local incident currents at the receiving end vs e i

0,327066
0003458
-0.32105

remote incident currents at the sending end ot
(bottom-right).

T T T T T T T T T T T T T T T T T T 1
-0.020008 0.013325 0.046659 0.0795392 0113325 0146659 0178992
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IWC = Simulation Results « Waveforms associated with Conductor #1.
e |Incident current + cond. current (black) = reflected

current.

N M LOCINCSECT M LOCINCRECT M LOCREFRECT M CNDI1IRE W LOCINCSECT M LOCINCRECT [ LOCREFRECT I CHND1IRE
1440571 = =T L1 1430443 L — 1 1
Markerl 0.005968 -0.279999 4 Marker1 0.005968 -0.279999
Marker2 0.006640 -0.087111 ] Marker2 -0.087111
Delta (2-1):  0.000672 0.192889 Delta (2-1):  0.00067 0.192889
0.067736 = T 1,.00032 = - -
I
I
I
!
I
0494901 = [— J— : 0561196 ~
— - X
I
[
0.022066 = ‘ ‘\ m—— 0,122073 =
-0.45077 — Ry ! 10317051 —
I
I
!
I
I
-0,823805 — : -0.756174 —
I
I
!
I
I
! 1
1 30644 ; . I . . | . . : . . T — | . . 1 -1.195298 T T T T T T T T T T T T T T T T T 1
-0.020008 -0.014166 -0.008324 -0.002482 0.00335 0.000202 0.015044 -0.000218 0.00054 0.001897 0.003255 0.004812 0.005960 0007327
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NEW DEVELOPMENT

Incident Wave Relay Model (IWCR)

4 R

« Uses outputs from the IWC component at each end of the Incident Wave
terminal, to compare the local and remote incident waves.
 Incident current-based protection scheme -
= Uses double-ended method.

= Supports single/three-pole tripping.
» Provides calculated fault location and faulted mode

information.
= Naturally immune to external faults on a parallel line, k _/
= Provides phase and mode (alpha and beta) outputs.
« To use in Mainstep or Substep.

Relay
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M LOCINCSECT Il REMINCSECT [l LOCINCREC1 Il REMINCRECT

3.891279 Internal AG fault - 35% away from left terminal

2.631365 -:
1.371451 —-'
0.111536 —:
-1.148378 —:
-2.408292 —-'

3563255 r I | 1 1 I | | T r I I 1 I I | | I I
0.020748 0.026764 0.03278 0.038797 0.044813 0.050829 0.056845
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[l OTsLaaAL [ OTrRaAL [ OTrLaAL [ OTsRaAL

0789238 —
° ° 1 - L _—
= Simulation Results - - — -
0410932 = — __f"\—/—/__—-
. 0 < o2217s «// |
* Mainstep real-time DT = 11us. 71—
0032627 = \
-0.156526 — T -
-0.345679 = T r 1 . . I . : I T r 1 . . I . : 1
B Oiwstatus
#0
[iceiaicer ] || [sumzsy ] [icezaicea ] | Enizsa ] #1
04186 KA 3810 kv 0.1320 KA 3726 kv
#2
vstatu
'”_@ M= "
il
302 1 #4
0.0004 25
T
o E IWCR CTL & W Oiwa7il
STATUS 0357275
0 0 0 0 1 |
0.131063 —
1 | w: 0.030866
-0.09515 | v 0.350826 |
] |
— r——— # 0321382
0547575 - |
Q773787 - |
-1
T T T T T T 1
0.030334 0030644 0030953 0031263 0031573 0031883 0032193
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TWR vs IWCR

. _ch .
I = l_ BOX3 BONS
Zrx+Z,

BOX3 |

* Substep real-time = oxX  moow  OX

a p
..... =, T

DT = 1.667 us. o

e Internal ABG fault 1 i'-irf; ; _.T

35 % away from chcads ST Had
. L wla f ule f ke . e rAcaca
left terminal. mEE

Hrig]

:hl = —
Hrig

e

-
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TWR vs IWCR -

Simulation Results

—2Z,
= l_’
Zrx+Z,

with ZT_K =R

« Fault location
= TWR-35.017 %.
= [WCR -35.007 %.

S licera icer. ] |5””15“ -I"l [Ice2A 1cez. ] || [EINIE 51
0.0000 KA || 0.0072 kV / 0.0000 KA || 0.0072 kv
1] =1~ =
0 0 0 0
FAULT CTL
[ FA 1] FE 111 FC 111 FN ] ' WR_EM
o Al £ o Al =) e il Ll cm = ] o Al o s
1 1 0 1 0 1 - 1 1

Subsystem #1|Substep

I ICE1A W ICB2A

737484 — | I
1 | | Marker 0032188 1.765265
5043731 | | Marker2 0032350 2535068
1 | l Delta (2-1: 0000162 07569804
4512821 — : :
1 : i
< 3pa1512 = | |
1 :
I [
1.850403.— I —
L\—y: !
[ o — —_— —— _— ]
0219283 j : I’
— I I
-1 | ——
1211816 =} . —— . r T . . . . . . . T . .
1536691 __. rOtwloclsal [l rC}'twlRemIAaI |
1 | | Marker 0032188 0014482
1264302 = l | I-". Marker2 0032350  0.028559
1 i i [ Delta (2-1:: 0000162  0.014107
0993114 : : | |
4 [ I |
4 ] I |
] I
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] : \ | |
] I
0449537 = | vl |
o 1 I
4 [ 1| |
] I
0177748 —: : :| |Ik _.-'/\"\\_
-0.094041 — ; — ; o I . . | : : : : : : :
2onasyy M OTsLaAL M OTRaAL M OTriaAL M OTsRaAL
1 i i Marker] 0032188  -0.225094
1887452 — | | Marker2 0032350  -1.033159
1 i i " |Delta(2-1: 0000162  -0.807165
0810328 = K | [ — /
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< 0276796 4——1 = —— — —— \
4 | '\
< ! o —_—
] Py
-1363921 = : : L
1 ] I
1 [ I
2451045 = [ I
1 1
: ] I
] I
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TWR vs IWCR -

Simulation Results

—2Z,
= l_’
Zrx+Z,

with ZT_K =L

« Fault location
= TWR-34.708 %.
= [WCR-35.012 %.

e = | IE ] [iCEzA ez, | | [Tz, s1]
0.0000 KA 0.0072 kV / 0.0000 KA 0.0072 kV
! [ | M=

TRIP_TWR TRIP_IWR

0.0010 0.0004

FAULT CTL —
e e J|Cre e ] ' [Crwon | | Cwren
o Al o Al i o o Al o — ] ol A o o A
| - 0|0
1 1 0 1 0 1 M 1 1

—

Subsystem #1|Substep

W ICB1A W ICB2A
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Base case - PMSM_Farm_LrgDT, from -

03 Renewables\Wind Energy\Type 4\PMSM.
Mainstep DT =15 us.
The ac-grid impedance is replaced with a 100-mile
long transmission line.

IWCR -

Used in a renewable application

. . . . Wlore Plots only for WT
High-Voltage Side Circuit
for AllWTS Combination T b M
CACAAnaMBe || cAmdea¥oMEock | e Pl AT o Pty (T
T-ui el LA
(8]} =§
frrristg i i o
Br QLT Bt N SRS oy - i Wind Turbine (WT1)
o’ b _
o WPgng Wige H
o R A G Ao
,_taTiga ~ el J —~ —~
s R R R R
Loe 185 Foas feas} ot =
[ L unes urEs
P i [ 7 :C..:-:Ef this Box to
B 12323 Add Morz WTs
: ol l, - l? = :
.h 1 | | 1
b - %E + I e — 1 U= Ex'E ression to
= - - o - Change WT 1to WT2 atc.
J_ Ay By g
----- = ~ LA P
I and Vs Pro Ssacn Nl Pl W)
Pk i Loges
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IWC R = « Internal ABCG fault at 35% away from the

Used in a renewable application sl
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IWC R — « Recovery of the system after breakers are
Used in a renewable application AR (Fed OsEe,
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