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Agenda

 What is GIC and GIC related harmonics?
« EPRI GICharm

= Test case for GIC harmonics analysis

« Additional test cases to explore
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= Quasi-DC currents

Ve

What is GIC? Y

= Geomagnetic
disturbance event

iInduced on transmission
lines (long man-made
metallic infrastructures)

GIC flows can be
computed using

iIndustry N
software " \\
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[1] EPRI, Geomagnetic disturbance vulnerability assessment and planning guide, 3002013590, 2018.

[2] NERC, GMD Monitoring, mitigation and next steps, literature review and summary of the April 2011 NERC GMD workshop, 2011.

[3] IEEE Guide for Establishing Power Transformer Capability while under Geomagnetic Disturbances," in IEEE Std C57.163-2015 , vol., no.,

GIC ? pp.1-50, 26 Oct. 2015
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What is GIC?

= Geomagnetic
disturbance event

= Quasi-DC currents
iInduced on transmission
lines (man-made long
metallic infrastructures)

= GIC flows can be
computed using
industry
software
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Transformer saturation

Saturation induced
narmonics

= Reactive Power loss

= Impacts on protection
equipment, resonance, etc.

[1] EPRI, Geomagnetic disturbance vulnerability assessment and planning guide, 3002013590, 2018.
[2] NERC, GMD Monitoring, mitigation and next steps, literature review and summary of the April 2011 NERC GMD workshop, 2011.

[3] IEEE Guide for Establishing Power Transformer Capability while under Geomagnetic Disturbances," in IEEE Std C57.163-2015 , vol., no.,
pp.1-50, 26 Oct. 2015
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Current [p.u.]

e

GIC related harmonics

= Transformer core
saturation

= Excitation currents and
reactive power losses
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GIC related harmonics
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GIC related harmonics

= Transformer saturation

= Excitation currents and
reactive power losses

= Core topology
dependence

= How to handle
hundreds of
transformers in the
bulk power system?

= Lack of tools to assess
the impact of GIC
related harmonics in
the bulk power system
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« [

EPRI GICharm v1.0 { Available on epri.com Product ID# }

3002014854

= Software tool to assess the impact
of GIC related harmonics

= Beta version available to the public '

= Will be released as an Open source
software

= Capable of extensive system

modeling
= Capable of accurate representation q r
of saturated transformers

= Works with the EPRI OpenDSS
simulation software engine

= Accepts system model information
from PSS®E vendor software

=PI | research nsminore
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GICharm built-in capabilities
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Transformer level Analysis

Non-linear saturation analysis

Time domain analysis
Magnetic circuit modeling
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Transformer level Analysis

= Non-linear saturation analysis
= Time domain analysis
= Magnetic circuit modeling
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System level Analysis

« Pre-event system state is

< GIC Flow Analysis > <Report Harmonic FIows>

determined by a load flow. Can be

Y

determined by an external source
(PSS®E)

= GIC flows are determined from

Load Flow Analysis
(frequency domain)

v

geo-electric field parameters

NlAan_linan
ITN\UJITD 1111 LVCQA

Saturation Analysis
(time domain)

g
1

Harmonic Load Flow
Analysis
(frequency domain)

www.epri.com © 2019 Electric Power Researc
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System level Analysis

« Pre-event system state is

determined by a load flow. Can be

v

determined by an external source
(PSS®E)

= GIC flows are determined from

Load Flow Analysis
(frequency domain)

Y

geo-electric field parameters

= Transformer level analysis
performed for each transformer in

NlAan_linan
ITN\UJITD 1111 LVCQA

Saturation Analysis
(time domain)

g
1

the system

Y

Harmonic Load Flow
Analysis
(frequency domain)
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System level Analysis

« Pre-event system state is

determined by a load flow. Can be

v

determined by an external source
(PSS®E)

= GIC flows are determined from

Load Flow Analysis
(frequency domain)

v

geo-electric field parameters

= Transformer level analysis
performed for each transformer in

NAn_l
ITN\UIT ]

Saturation

Talale
11INLVCL

Analysis

g
1

(time domain)

the system

4

= Harmonic load flow to determine
voltage harmonic distortion
throughout the system

Harmonic
Ana

| oad Flow

ySis

(frequency domain)
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System level Analysis

« Pre-event system state is <

GIC Flow Analysis > <Report Harmonic Flows>

determined by a load flow. Can be

¢ A

determined by an external source
(PSS®E)

= GIC flows are determined from

Load Flow Analysis
(frequency domain)

v Y

geo-electric field parameters

= Transformer level analysis
performed for each transformer in

the system

= Harmonic load flow to determine
voltage harmonic distortion
throughout the system

Non-linear \ TN
Saturation Analysis Converge?
(time domain)
Harmonic Load Flow
Analysis
(frequency domain)

= Repeat until convergence criteria
IS reached

www.epri.com © 2019 Electric Power Researc

h Institute, Inc. All rights reserved. C_|=E| :lssscslknlgupﬁrs,#ruu



4

17

System level Analysis — Explore system details

= Tool allows to explore
relevant elements:
— Buses
-~ Transformers
— Lines
— Shunts
— Generators

= Allows the user to
consider different
scenarios by changing:
— Transformer core topologies

— Geo-electric field
components

— Gonnect / disconnect
Capacitor banks

www.epri.com

IC harm
File Tools Help

i - i
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System level analysis Transformer level analysis
Circuit Electric field details
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GIC analysis
Plot circuit Normal resol.
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Harmonics analysis tool
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Progress / ite. 0%
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Selected element [ Transformer ]
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Voltage spectrum
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Bus1 = 1006_bigspring9
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GIC/ph [wdg2] = 4412A
~ Muvar losses per ph.:

- a: 0.399Mvar

- b: 0.398Mvar

- ¢ 0.399Mvar

Circuit plot
Plot options

Base plot o

ﬂ Core-type editor

Transformer Core-type

3 Single-ph.

1006_1005_1 3 Single-ph.
1009 1008 1 3 Single-ph.
1011_1010_1 3 Single-ph.
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1026_1025_1 3 Single-ph.
1033_1032_1 3 Single-ph.
1035_1034_1 3 Single-ph.
1039_1038_1 3 Single-ph.
1042_1041_1 3 Single-ph.
1043_1041_1 3 single-ph.
1048_1047_1 3 Single-ph.
1049_1047_1 3 single-ph.

1050_1047_1 3 Single-ph.
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System level Analysis — Explore simulation results

= Explore simulation results
with waveforms and spectra
of voltage and current for:
— Transformer windings
— Capacitors and reactors
— Generators

= For transformers

Evolution of the harmonic
content of voltage through the
iterations of the harmonic loop

= Export results to csv files:
The tool includes a built-in

tool to export user-selected
results.

18 www.epri.com

2 GIC harm

Eile Tools Help
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Circuit
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GIC analysis
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Plot circuit
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Harmonics analysis tool
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capasw_at1012_1
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Voltage waveform
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Circuit
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Plot circuit

Frequency scan

Harmonics analysis tool
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Progress / ite. 0%
Completed iterations: 10

Selected element [ Transformer ]

5241_5240_1
Plots last iteration

Voltage spectrum

Voltage waveform
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Current waveform
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Delta wdg

Individual harmenic evolution

Harmonic to check
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5299 5295_1
5300 5295_1

v 524152401
Core = 3 Single-phase
(wye, wye, wye)
(115kV, 161kV, 20kV)
Bus1 241_goldthwait3
Bus2 = 5240_goldthwait2
Bus3 = isat_5241_5240_1
Vv Eff. GIC/ph = -0.862A
- GIC/ph [wdg2]=-3.22A
- GIC/ph [wdg1]= 3.302A
~ Mvar losses per ph.:
- a: 0.151Mvar
- b: 0.151Mvar
- ¢ 0.151Mvar

Circuit plot
Plot options

Base plot

. Figure 1

A € P Q=

Voltage harmonics evolution - Transformer= 5241_5240_1(1-phase) -- wgd = 2 (161.0kV) , harm = 3

B =rR|umetie

# Q B

005 —— A
B
2
=10 -+
= c
004 a
= &
E) 2 -
10
S 003 £
° G
g 2
2 E
& o0z Z 0t
& S
= 3
=
g s
oot Ry N
S
000
o 2 4 6 8 2 4 6 s
lteration Iteration
. Figure 1 = o X
A € > P Q=¥

Phase A
100 1.00

— o075 075

S

> 050 050

H

Ang [deg]

Harmonics

Phase B

000

Harmonics

Voltage spectrum (last iteration) -- Transformer = 5241_5240_1, wdg = 1 (wye, 115.0kV)

Phase C

Harmonics

TR0 RY
— 1150 kV
500.0 KV
23010 kV
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System level Analysis — Explore simulation results

B8 GIC harm - a x

www.epri.com

Eile Tools Help
T
I C S C I rC I p System level anslysis  Transformer level analysis
N . Circult Electric field details Circult plat
C a a b I | I t I e S t O O Ve r I a G I C Load GpenDSS Gircut ££5 1,414 Wkm Eh: 1414 lm Fiot options [GIE: o drechoes) = # Q B
GIC analysis Buses  Transformers  Lines  Shunts G A1 b ;. s i o __— = - -
Plot drcut | [Normal resal, [ 2281 transformers ] | | i
1004_1003_1 s
Fraquency scan -
1006_1005_1
1009_1008_1 B
, 1011_1010_1
Harmanics analysis too 1021 10201
Run Terations | |5 = 10237022 1 Yo
1026_1025_1
Progr=ss/ e e 1033.1032.1 1008702
Complated iterations: 10 1035.1034.1
1039_1038_1 B - Lo gigerol il G
n L n 1042_1041_1 a
Selected element [ Transformer ] 104310411 aooar01 |
1033 10321 1048_1047_1 2
1049 _1047_1 E
Flots last teration 1050 1047 1 v A00e+01, g
103310321 I
Voltage spectrum V - - 2008401
Caore = 3 Single-phase
Woltage waveform (wye, wye, wye)
i — (230KV, 115KV, 20KV
Bus1 = 1033_meccamey 11 2 [ 6164_denton1o)]
Current wavaform Bus2 = 1032_mccamey10 - —r i \ D,
Excitation current spectrum Bus3 = isat_1033_1032_1 f H e
~ Eff. GIC/ph = -1B.929A 1
Exctation current wavaform - GIC/ph [wdg1]= -32.731A
61wy I Deta wig - GIC/ph [wd gZ? = 27.605A
ﬂ GIC harm — ~ Mvar losses per ph. u GIC harm _ a ®
Eile Tools Help SRR -3 3205ar Eile Tools Help
i ndwidual harmanic evolution - i 333Mvar |
I r
rEee - & 3322Mvar FEse
Harmanic to check
B SR | .
System level anclysis  Transformer level analysis System level analysis | Transformer level anaysis
Circuit Electric field details Circuit plot Circuit Electric field details Circuit phat
L2a0 0penDSS IO, S 1 Wik Al AL vk Pt st funearermihatacs s = Q Load OpeaDSS Circuit EE: 1414 Vfkm EN: 14174 Wk Plot aptions | THOW: Phase A = # Q B
GIC analysis Buses Transformers  Lmes  Shunts G Az GIC analysis Buges  Transformars = Lines  Shunts G 4 B
Plot circust Hormal rasol. [ 2281 transformers ] Plat gircult Wormal resol. [ 2281 transformers |
1004_1003_1 il 1004_1003_1 =
Frequency scan F =103
1006_1005_1 e 1006_1005_1
1009_1008_1 1009_1008_1 o,
101110101 10111070 1 | -t - 1
Harmonics analyss taol 1021 10201 . 2ol Harmanics analysis toal 102110201
RUR Rerations | |5 = 102310221 e — Run Terations |5 = 102310221 |
1026_1025_1 j4182_sanperlit1 | 1.07 1026_1025_1 {4188_guemada0 | .00
Pragress | te. 0% 1033_1032.1 m Frogress  te. o 103310321
Completed ierations: 1 1025_1034_1 el Completad itertians: 10 1035_1034_1 .00
- o
103910381 102 E 1039_1038_1 £
1042_1041_1 2 1042_1041_1 4000 §f -
Selected element [ Transformar ] 1043_1041_1 100 § 2 Selaced elemen [ Transformer ] 104310471 =
1033_1032_1 1048_1047_1 H o 1048_1047_1 wnon §F
1049_1047_1 N 0.67 - 1049_1047_1
Flats last ireration 10501047 1 v el )i Fhots ot Reration 1050_1047_1 hd s
& &
Voltage spectrum w 102310321 = Woltage speciriem ~ 103310321
Caore = 3 Single-phase 083 Core = 3 Single-phase noa
Voltage waveform (wye, wye, wye) Valtage wraveform (e, wye, wye)
e ———— (230KV, 115KV, 20kV) o [ — (230KV, 115KV, 20kV) 000
Bus1 = 1032 mecamey11 Bus1 = 1033_mccamay11
Bus2 = 1032_mecamey10 Current vraveform Bus2 = 1032_mccamey10
Erritation curtont spetrum Bus3 = isat_1033.1032.1 T Bus3 = isat 1033 1032.1
~ Eff. GIC/ph = -18.329A ~ Eff. GIC/ph = -18.9294
Exccitation current waeform - GIC/ph [wdg1]= -32.731A Excitation currant wavaform - GIC/ph [wdg1]= -32731A
= - /] =
IC wig I Delta weg . GIC/ph |wngI] 27605A e vl l pet g GIC/ph [wdg2]= 27.605A
Mvar losses per pha ~ Muvar losses per ph.
Winding current spectrum - & 3.209Mvar ! 1 ol Winding current spectrum - & 3.209Mvar S )
— - - b: 3.33Mvar 74073_mission10: 1.004p.u. — 4183_sanperiit1: 1.01 i bl - b 3.33Mvar "4188_quemadan: not measured - 4015_eaglepass1: 62.295% | e ——
Tndividual harmenic evelution - & 3332Mvar o &1 @. Indbvdual harmonic evolution - & 3337 Mvar T i @ 120
Harmonic to check |3 3 o Hormanicto check [3 % :
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PSS®E to OpenDSS converter

= Data imported from PSS®E
*.raw and ".gic files

= Data cleaning after import

= Data conversion to regular
and GlCharm *.dss files

1.4142 2
1.4142 2

g2000_gichazrm

New Circuit.acti
- =13.8 ¢ s=:
058_wadsworth3
- New monitor.source_gv_md0 vsource.source 1 mode = 0

u=1.05874073854772034 ang

1ency=€0 baseMVA=1€25.1€ puZl=[0.00]

de_and facts equiv_elements.dss

t lines.dss

gic_sources.dss

transformers.dss
transformers_mag nonlin loads.dss
loads.dss

shunts.dss

Load PSS/E files Save OpenDSS files
RAW GIC Regular files GIC Harmonics tool @ EPR | e i
PSS/E element description
T NAME BASKV BASKV_old IDE AREA ZONE OWNER VM VA NVHI NVLO EVHI EVLO ~

0 1001 1001_odessa20  115.0 115.0 1 1 9 1 0.97943562 -22.7348429999... 1.1 0.9 1.1 0.9

1 1002 1002_presidio20  115.0 115.0 1 1 9 1 1.01273644 -18.088545 1.1 0.9 1.1 0.9

2 1003 1003_odonnellt  115.0 115.0 1 1 9 1 1.00926292 -17.0867 1.1 0.9 11 0.9

3 1004 1004_odonnell2  230.0 2300 2 1 9 1 1.0130707 -18.9339980000... 1.1 0.9 11 0.9

4 1005 1005_bigspring8  115.0 115.0 1 1 9 1 1.00557613 -16.077157 1.1 0.9 11 0.9

5 1006 1006_bigspringd 13.8 13.8 2 1 a 1 1.0 -13.9055910000... 1.1 0.9 11 0.9

6 1007 1007_vanhornQ  115.0 115.0 1 1 9 1 1.01999998 -18467213 1.1 0.9 1.1 0.9

7 1008 1008_iraan20 115.0 115.0 1 1 9 1 1.01928508 -8.605208 1.1 0.9 1.1 0.9

8 1009 1009_iraan21 13.8 13.8 2 1 9 1 1.00924015 -5.309597 1.1 0.9 1.1 0.9

9 1010 1010_presidio10  115.0 115.0 1 1 9 1 1.01999998 -16.792355 1.1 0.9 11 0.9

10 1011 1011_presidio11  22.0 220 2 1 9 1 1.0202111 -15.009826 1.1 0.9 1.1 0.9 i

< >

SYSTEM-WIDE BUS LOAD FIXED SHUNT GENERATOR BRANCH TRANSFORMER AREA ZONE OWNER SWITCHED SHUNT substation [gic] bus substation [gic] transformer [gic] branch [gic]

Activity log
~

dict_keys (['SYSTEM-WIDE', 'BUS', 'LOAD', 'FIXED SHUNT', 'GENERATOR', 'BRANCH', 'TRANSFORMER', 'AREA', 'ZONE', 'OWNER', 'SWITCHED SHUNT'])

*.gic file path: C:/Users, /RCTIVSg2000 GIC_data.gic
% Reading *.gic file ... #
# Populating table for substation #
# Populating table for bus substation #
# Populating table for transformer #
# Populating table for branch #
o These are the types of elements found in the gic file —————————————————— #
dict_keys (['substation', 'bus substation', 'transformer', 'branch']) »
Donel

sw_shunts.dss

generator_step_ups.dss
dc_equiv_step_ups.dss !
generator_ gsu mag_nonlin lcad.dss
dc_equiv_gsu mag_nonlin load.dss !
load_transformers.dss

monitors.dss

monitors_gsu.dss
monitors_dc_equiv_gsu.dss
monitors_transformers loads.dss
monitors_shunts.dss

Rk

230.0, 22.0, 18.0, $00.0, 1l€l.0, 20.0, 24.0, 13.2]

www.epri.com
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Data management - SQlite database & Serial files

21

= Each transformer non-linear
saturation analysis is
solved using parallel
processing
(more cores - higher speed)

= Transformer data is kept in
serial files on local disk

= Circuit data and
visualization information are
kept in SQLite local
database

www.epri.com

(B8 GIC harm
File Tools Help

rced

System levelanalysis  Transformer level analysis

Circuit
Load OpenDSS Crcuit
GIC analyss
Phot crcut | |Normal resol. v

Frequency scan

Harmonics analysis tool

Run Tterations | |5 5

Progress / fte. 0%
Completed tterations: 5

Selected element [ Transformer |
5_4014

Plots last feration
Voltage spectrum
Vokage waveform

Current

Current v
Excitation current spectrum
Exditation current waveform

cicwdg [ Detta wdg

Winding current spectrum
Indvidual harmonic evolution

Harmonic to check  [1_[5]

Electric field detals

EE: 1.414 V/km EN: 1.414 V/km

Transformers  Lines  Shunts
[ 2281 transformers ]

4015.4014.1
401540142
402540241
4026_4024_1
4026.4024_2
4029.4028.1
4029.4028.2
4030_4028_1
403040282
40304028 3
4040_4039_1
4040_4039_2
4042_4041_1
4042.40412
4042 4041

Generato 4| >

Crrut plot
Plot options |GIC: flow drections

®

v 401540141
Core = 3 Single-phase
(wye, wye, wye)
(115KV, 230KV, 20kV)
Bus1 = eagle_pass_1
Bus2 = eagle_pass_0
Bus3 = isat 4015.4014_1
v Eff.GIC/ph = -11.428A
- GIC/ph [wdg2]= -9.321A
- GIC/ph [wdg1]= -4.216A
v Mvar losses per ph.
- a:2.114Mvar
- b: 2.116Mvar
- ¢ 2121Mvar

120e+02

100e+02

8006701

600e+01

[vleseyd / 019

4.000+01

200e+01

Figure 1

A€ > Q=

Voltage [p.u_]

Voltage [p.u] Voltage [p.u ]

1m
0
-1

s

eform (last iteration) -- Transformer = 4015_4014_1, wdg = 1 (w!

/\/\

Mame

8 EPRI_GIC_harm_db.db

1004_1003_1.pkl

1004_1003_1_pass0.pkl
1004_1003_1_pass1.pkl

Date modified

co o
oo oo

o

f6/2019 11:31 AN
/2019 11:30 A
[7/2019 10:13 A
&/7/2019 10:19 AN

1004_1003_1_pass2.pkl 8,
1004_1003_1_pass3.pkl 8,
1004_1003_1_pass4.pkl 8,
1006_1005_1.pkl 8/

[7/2019 10:27 AM
[7/2019 10:34 AM
/7/2019 10:42 AM

8/2019 11:30 AM

© 2019 Electric Power Research Institute, Inc.

All rights reserved.

Figure 1

A4 €9 $Q =

ctrum (last iteration) -- Transformer = 4015_4014_1, wdg = 1 (w:

Phase A

~

Phase B

1.00 1.00
— 075 075
=
S 050 050 050
g
=
025 025 025
000 HE I-——— 000 HE I-——— 0.00
B 10 B 10

‘.II.__
5 10

Phase C

150 150
120 y22 20
g8 3 gl
2 1
£x 1 In_ 0 nall® = u
5 8 =5 I
g1 | = I
-90 -0 -90
-120 i 20 -120
-150 1% -150
-180 ~180 180
5 10 5 10 5 10
Harmonics Harmonics Harmonics
| | |
| | |
| | |
| | |
| | |
| | |
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Test Case for GIC harmonics analysis

www.epri.com © 2019 Electric Power Research Institute, Inc. All rights reserved.
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4

Test Case for GIC harmonics analysis - 3transformers (3-leg, 5-leg

and bank of 3 single-phase

core form
= 3 bus benchmark case to jsat TR1 . )
rovide a reference for other ..|_@_ * 2 capacitor banks
P - 1 i (10 Mvar each)
researchers ‘ .
BSrc1 'II_ o _<_- u 3 |IneS at 500kV
[ | . i1 . r I Y Y Y
Fictitious location at the sm@ﬂgkv = _ . 2 sources, 1 load
Northeast of Georgia, US I
B1
BlLoad
lll% I_ ;;%2 mi I > @5%.'5/'%NPF
C1 B3 115 kV

Isat TR3

T 500 kV
19.88 mi
Yé Al Y Y|.

! (f) Isat TR3
TL3 ¥
lII% |— 28.58 mi r

B2

n'd] abe)jo [ElUSWEPUNY

d]

©
oo
=
<

[
%)\
3

BSrc2

Src2 @ uuuu[>— The

kV
20 | I I_‘ .‘\_4\_,_‘<—'

— |sat TR2

S Isat TR2

23 www.epri.com © 2019 Electric Power Research Institute, Inc. All rights reserved. l—PEl ;Egﬁ?g:f&ﬁrwu
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Test Case for GIC harmonics analysis

Transformers see these GIC
flows:

Default study information:
= 2 V/km geo-electric field

R1:22.6 A
R2: -35.5 A

-t |sat TR1
(eastward and northward psrer METT— TR3: 12.9 A
components of v2 V/km ot (DA4—rn T
each) 115 kV ) _____<
B1
= GIC flows: I— BLoad
|||% TL2
29.92 mi I > @S%%NPF
C1 B3 115 kV
TL1. 500 KV Isat TR3
19.88 mi ‘_I_
0000000 YL AL Yl oyl
ZQ44 1 (/5 0000 C2 - :: (?) Isat TR3
) i L |||%|— 28.58 mi ran
2 . B2 Y
N it _< 13.8 kV TR3
250e+00 BSrc2 |II_\M_ BTert
,\3;36P~ SrCZ@ uuuu[>— Th2
20 kV lll-—s,-\.-«-«-,_<—-
-t [sat TR2
. lll—®—
Isat TR2

24 www.epri.com
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Test Case for GIC harmonics analysis

— 0.10
3
2
t 0.05
&
5
© 000
0 5 10 15 20 25 30
— 010
=2
Z
IS
5 0.05
-
3
0.00
0 5 10 15 20 25 30
., 010
3
=
£ 005
£
=
© 000
0 5 10 15 20 25 30

time [ms]

Transformer excitation currents

0.00

-0.05

Current [p.u]

-0.10

0.000

uj

-0.025

-0.050

Current [p

0.00

Current [p.u_]
&
=1
o

I
b
i
Q

0 5 10 15 20 25 30
fime [ms]

www.epri.com

278 Mvar . 0 5 10 15 20 25 -
Isat TR1 g 0.10
|||_@_ 3 008
=t |sat TR1 . 0 5 10 15 20 25 30
BSrc1 'II_"'”’-V-\—( g”-m
| S 008
1 Y Y 3
Src @11;kv D TR1 0 5 10 15 20 25 30
I time [ms]
" TR1:226A
B1
BlLoad
'”% l— TL2
29.92 mi TR2: 129 A > S
“ B3 115 kV
T 500 KV Isat TR3
19.88 mi
YL ALY YL
C2 5 Cf) Isat TR3
TL3 ;
'H%'— 28.58 mi 27 2oi 0.9 Mvar
B2 - - - -
13.8 kV
.- TR3
BSrc2 'II"V\-'V‘J—<_ TR2:-35.5 A BTert
Scm@ uuuu[>— TR2
20 kV e —(__
=L lsat TR2 A:11.7 Mvar
|||—<:>— /v B: 9.7 Mvar
satTR2  33.4 Mvar C:12.0 Mvar

© 2019 Electric Power Research Institute, Inc. All rights reserved.
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Test Case for GIC harmonics analysis

Phase A Phase B Phase C /
b1 10.00
1.0 1.0 1.0
9.00
0.8 0.8 0.8
) Isat TR1 i
g — I
o 06 06 0.6 700 | ©
o =
< o4 04 0.4 | \ 600 | &
02 + 02 + + 02 + + =t |sat TR1 = 2%
4.00
0.0 ——== =00 B _ B _ | | I--".’"."v‘\__
5 10 5 10 5 10 BSrc1 _< o€
180 180 180 I b3 |— |
150 150 Y'Y
120 Bg 120 Srct (W l D TR1
) 90 90
: Lalcsh I SRV
2 s iglagggly & gimin 8, . RIS TR1:22.6 A
g -30 II III I—30 I I S I I . . -
60 -60 -60 . o __ . 0 m
%0 5 €0 B1 b1: 10.697% - b3: 10.849% -
-120 -120 -120
5 5 10

-150 ::Ilgg =150
—180 =180 I I
5 10 10
Harmaonics Harmonics Harmaonics

Bus voltages waveforms and spectra

TR2: 129 A = SV,

B3 115 kV

i 500 kV
19.88 mi
7 YL ALYy YL
s 2 ) (f) Isat TR3
$ TL3 4
S - u||%|— 28.58 mi . p--f.-r--r |
ERR B2 ) - - -
5 LAl TR2:-35.5 A R TRS
g” BSrc2 'l e BTert
_ 0 5 10 15 20 25 30 Sr02 @ \AMJD_ TR2
H ; 20 kV gy ~
g T st TRe B1, B2 and B3 have similar voltage harmonic
- T T | @ ] content and total harmonic distortion (~11%)
time [ms]
Isat TR2

ELECTRIC POWER
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Test Case for GIC harmonics analysis

1045
- Phase A Phase B Phase C 1.044 Fundamental "
. 10 10 —_ — 008
5 1.043 5
_ 08 0.8 0.8 a o4z o
; o o oo Isat_TR1 % _‘ﬂé 0.06 6th harmOI’]IC
Em 04 04 '||_<: >_ ,531041 E, 0.04
+ + T 1.040 T -
0.2 + 02 + 0.2 + -t |sat TR1 = =
0.0 ———= = 00 — 00 ———l - 1 I--".’"."v‘\__ 1039 0.02
5 10 10 10 BSrc1 _< /\//r*
123 a0 lgg | rYYY o 0.00
150 |
[ %g 1 Sref @ | D TR1 0 2 4 6 8 0 2 4 6 8
5 % I I I II I II II 115 kV | lteration lteration
? o 1 L 22,
g |8 L Bl _gg I|I I s TR1:226 A
-90 -
:11?53 ;Eg ‘:EEE BlLoad
-180 . o . 0 . 10 | ||% |— TL2 . | 50 MW
Harmonics Harmonics Harmonics 29.92 mi TR2 . 1 29 A | > @ 0.95 PF
Ci B3 115 kV
Bus voltages waveforms and spectra jsat TR3
It 500 kV
v 19.88 mi ‘—|—
YL ALyl Yl
C2 < Cf) Isat TR3
TL3 ¥
III%'— 28.58 mi S
g | B2 ) S
w0 L\ ¥ 1 === 13.8 kV
= " - TR3
E BSrc2 lII-\MAJ_<_ TR2. 35-5 A BTert
E TR2
Src2 @ uuuub—
, - q 20 kV ~
10 ‘ i 'l I-—s"'\."\_l\_l_-
27N . 2 jsat TR A frequency scan provides clues about the
.||_®_ observed behavior
1 2 3 4 5 5] T 8 9 10
Frequency [*60Hz] Isat TR2
www.epri.com © 2019 Electric Power Research Institute, Inc. All rights reserved. EPE' :LEESCELR;SHP&V;?TU“
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Other test cases to explore
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Other test cases to explore

B8 GIC harm — pe

ERCOT synthetic case
from Texas A&M

University - Electric e
Grid Test Case

R . t Load OpenDSS Circuit EE: L.414V/km EN: 1.414 Vkm Plot options | THDv: Phase A e # Q
e p O S I O ry HEaEEs Buses  Transformers  lines  Shunts  Generators
Plot dreuit Mormal resal, ~ [ 2281 transformers ]
. 1004_1003_1 A
e 1006_1005_1
1009_1008_1 N b
1011_1010_1

m 2 k b u S e S Harmonics analysis tool 1021_1020_1
102310221

Rntteratons | s 3] 1026_1025.1

Progress [ ite. 0% 103310321 ) H
= 8 6 1 T ra n Sfo rl I I e rS Completed iterations: 2 1035_1034_1 l T :.
1039_1038_1 e
1042_1041_1 :i 4
1043_1041_1 §
- 2 2 8 1 Tr n Sfo r e rS selected element [ Transformer ] 1048_1047_1 '-._g
y i i I I I 1023_1022_1 1049 1047 1 &
] " Plots last iteration 1050_1047_1 v "N
I nCl ud I n added | Oad Voltage spectrum v 1023_1022_1
Core = 3 Single-phase
Voltage waveform (delta, wye, wye)
transformers and
Bus1 = o_donnell_x4 o i ;
Current waveform BusZ2 = o_donnell_x3

GSUs

[4] A. B. Birchfield, T. Xu, and T. J. Overbye, “Power flow convergence and reactive power planning in the creation of large synthetic grids,” in IEEE Transactions on Power Systems, 2018.

www.epri.com

Excitation current spectrum
Excitation current waveform
GIC wdg I Delta wdg
Winding current spectrum

Individual harmanic evolution

Bus3 = isat_1023_1022_1
GIC/ph [wdg2] = -15.249A
v Mvar losses per ph.:
- a: 1.343Mvar
- b: 1.397Mvar
- ¢ 1.395Mvar

© 2019 Electric Power Research Institute, Inc. All rights reserved.
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Other test cases to explore

Western Interconnect

synthetic case from Bacor .
Texas A&M University |~ ®°

- Electric Grid Test

B EPRI| et

C I { . t Load OpenDSS Circuit EE: 1414 V/km EM: 1.414 V/km Flot options  [Base plot - # Q
aS e e pOS I O ry GIC analysis Buses Transformers Lines Shunts Generators - i { _;. VHERY E!'- R L — — Jo— ';: S - 3 L _.. __1_6.1-5'1(\1"”
: [ 7395 ansfo ] o H i i % ; i i i H H . 1 1 W =30, 0V
Plot drcuit Mormal resol. a anstormers % 138.0 kV
. 10065_10066_10067_1 ~ 11150 KV
rEquEncy sean 10078_10079_10080_1 7 . e

S — 345.0 KV,
— 765.0 K\

10117_10118_10119_1
10149_10150_10151_1

1 O k b u S eS Harmonics analysis tool 10192_10193_10194_1 wn | _:.
10334_10335_10336_1 h

Rntteatons | [5  [3] 10346_10347_10348_1

Progress | ite. 0% 10347_10350_10351_1

N 12°N B
2,380 Transformers * || iemmmma:

10693_10694_10695_1
10718_10719_10720_1 Ak e,
Selected element [ Transformer ] o

7,995 Transformers 70 071 10722

Plots last iteration 10813_10814_10815_1 v SN |

inCIUding added Ioad (R v 10149_10150_10151_1

Core = 3 Single-phase

Voltage waveform (wye, wye, wye, wye) S
tranSfOrl | lerS and : : (138KV, 18KV, 18KV, 18KV) |
Current spectrum 3
Bus1 = bus_10149 i
Current waveform Bus2 = bus_10150 .
G S U S - Bus3 = bus_10151
Exciation cuent specium Busé = isat_10149_10150_10151_1
Excitation current waveform GIC/ph [wdg1] = 5.586A — i -
v Mvar losses per ph. ) T =
GIC wdg I Delta wdg - 2 0.632Mvar !
Winding current spectrum - b: 0.619Mvar |
- ¢ 0.636Mvar 0N o : i ; ] . i
Individual harmonic evolution §— i : i i i : i i [ e 111 @ 293
Harmaonic to check i : 1 {2 BF 1 124 1 1 1 1 114 1 1 1 1 10367 1

[4] A. B. Birchfield, T. Xu, and T. J. Overbye, “Power flow convergence and reactive power planning in the creation of large synthetic grids,” in IEEE Transactions on Power Systems, 2018.
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Other test cases to explore

Eastern Interconnect
synthetic case from
Texas A&M University
- Electric Grid Test
Case Repository

25K buses
6,030 Transformers

16,657 Transformers
including added load
transformers and
GSUs

B GIC harm
File Tools Help

Frdee

System level analysis

Transformer level analysis

Electric field details

EE: 1.414V/km

Buses

Transformers

Lines

Circuit
Load OpenDSS Circuit
GIC analysis
Plot dircuit Mormal resol. a

Frequency scan

Harmonics analysis tool

Rntieatons | [s 7]
Progress [ ite. 0%
Completed iterations: 10

Selected element [ Transformer ]
1142_11143_11144_
Plots last iteration
Voltage spectrum
Voltage waveform
Current spectrum

Current waveform

Excitation current spectrum

EM: 1,414 V/km

Shunts

[ 16657 transformers |

Generators

11001_11002_11003_1
11030_11031_11032_1
11085_11086_11087_1
T1136_11137_11138_1
11142_11143_11144_1
11168_11169_11170_1
11198_11199_11200_1
11227_11228_11229_1
11272_11273_11274_1
11324_11325_11326_1
11344_11345_11346_1
11351.11352_11353_1
11365_11366_11367_1
11400_11401_11402_1
11429_11430_11431_1

v 11142.11143_11144_1
Core = 3 Single-phase
(wye, wye, wye, wye)

(138kV, 6OKV, 13.2kV, 13.2kV)

Bus1 = bus_11142
BusZ = bus_11143
Bus3 = bus_11144

Excitation current waveform

GIC wdg

I Delta wdg

Bus4 = isat_11142_11143_11144_1
w Eff. GIC/ph = -2.404A
- GIC/ph [wdg1]= -0.042A
- GIC/ph [wdg2]= -4.723A

Winding current spectrum

Individual harmanic evolution

Harmonic to check 1

Yy
=

v Mvar losses per ph.:
- a 0.274Mvar
- b: 0.288Mvar
- ¢ 0.288Mvar

— X
B EPRI| et
Circuit plot
Plot options  [THDv: Phase A _ Q
N H i
4N ! ;
S A I e R R o | 80.00
oo i/ bus 31412 ]
e 70.00_ | e
60.00 || ¢
N 50.00 i
1 T
- 5
40.00 <
......... H =
: 30.00
M H i
2000
L 10,00
N .
. 000 %
{bus_31051 i i
4°N i ;
\'bus_31l551 not measured — I:s.a-é_31412:'not measured | ., - mi ]
: T 7 7 T . N i S S 0 a3 187

[4] A. B. Birchfield, T. Xu, and T. J. Overbye, “Power flow convergence and reactive power planning in the creation of large synthetic grids,” in IEEE Transactions on Power Systems, 2018.
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Other test cases to explore

East and Mid West
United States

synthetic case from e Pap——
Texas A&M University

Plot options | GIC: flow directions » =
EE: 1.414V/km EM: 1.414 Vjkm P # Q .

u u Load OpenDSS Circuit
- ectnc ri est R ————
GIC analysis Buses Transformers Lines Shunts Generators §op e, ; H i E H H H i

C R u Plot dircuit Mormal resol. e [ 53335 transformers | o
a S e e p O S | to ry - 47807_47808_47809_1 ~
47845 47846 47848 _1 ;
48000_48001_48002_1 o |
48044_483045_48046_1 SR
48073_48074_48075_1
48117_48118.48119_1

Rntteratons | s 3] 48143_48144_48145_1

70k b Progress [ ite. 0% 48158 48159 48160_1 —
uses Completed tarations: 0 4817648177 48178 1

48197_48198_48199_1

Harmonics analysis tool

1 468+02,

._:: _1:_215:31'02":-. e
1_009.:{02 _
48242 48243 43244 1 .

1 2 655 f - ) 48260_48261_48262_1
: [ransformers sk ke Tarstams 46282 48283 48264 1

F7R0T_ATEDE_A7E0S L 48289_48290_48291_1
Plots last iteration 48296_48297_48298_1 v

5 3 ) 3 3 5 T ra n Sfo rm e rS Vokage spectrum v 47807_47808_47809_1 “n

Core = 3 Single-phase

5.00e+01

6.00e+01

L& 0DEY01 |

. 200eror-

. . Voltage waveform (wye, wye, wye, wye) 30°N .
I n C | u d I n g ad d ed I O ad Current spectrum (500kV, 230KV, 13.8kV, 13.8kV) new |
Bus1 = bus_47807 -
Current waveform Bus2 = bus_47808
tra n Sfo rm e rS a n d o Bus3 = bus_47809 [ S s o S R
Excitation current spectrum Bus4 = isat 47807_47808_47809_1 EN | e, o .::_ ..::,. s
T e w Eff. Gleph =4133A .;:“ .::. ::_
- GIC/ph [wdg1]= 45.258A 8 Bt gl T
G S U S acws [ Dettand - GIC/ph [wdg2)= -8.539A TN N N e
Winding current spectrum ~ Mvar losses per ph.: i
- a 70.055Mvar 2°N i
Individual harmanic evolution - b 24.414Mvar
Harmonic to check 1 [& - ¢ 53.306Mvar 12°W  2BFOFW  108°W  106°W 104w B Y] s o 88 8 # 8 8 3 4

[4] A. B. Birchfield, T. Xu, and T. J. Overbye, “Power flow convergence and reactive power planning in the creation of large synthetic grids,” in IEEE Transactions on Power Systems, 2018.
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