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Overview

* The grid reliability is high, but there are some
events that could cause large-scale, long duration
blackouts
— These include what NERC calls High-Impact, Low-

Frequency Events (HILFs); others call them black swan
events or black sky days

— HILFs identified by NERC were 1) a coordinated cyber,
physical or blended attacks, 2) pandemics, 3)
geomagnetic disturbances (GMDs), and 4) high altitude
electromagnetics pulses (HEMPs)

— Another could be volcanic eruptions

* Today's presentations focus primarily on GMDs,
with a bit of HEMPs
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Geomagnetic Disturbances

 Geomagnetic disturbances (GMD) occur when particles
discharged from the sun during solar storms interact
with the earth's magnetic field.

* Power systems are vulnerable to geospatial variation in
dc voltage caused by GMD.

 Geomagnetically induced currents (GIC) flow through
circuits formed by the earth, a grounded transformer, a
high-voltage transmission line, and a grounded
transformer at the other end of the transmission line.
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Power System Impacts of GICs

 The dc GICs are superimposed
upon the ac currents. In
transformers this can push the
flux into saturation for part of

the ac cycle

* This can cause large harmonics;
in the positive sequence
(e.g., power flow and transient
stability) these harmonics can
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Historic GMD Events

A 1989 solar storm caused widespread outages on the
Hydro Quebec system, but it was much smaller and less
intense than a 1921 storm that occurred prlor to
widespread electrification. i

* Asimilar storm could cause {‘M /
“'r-ﬁ"'"

significant equipment Sl
damage and outages to
modern interconnected

. Image source: J. Kappenman, “A Perfect
powe g gr| dS Storm of Planetary Proportions,” IEEE

L GMDS have the potential tO Spectrum, Feb 2012, page 29
severely disrupt operations of the electric grid

 PowerWorld Simulator GIC is a novel tool to help assess
the impact of GMDs on interconnected power systems
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NERC Interim GMD Report

 On February 29, 2012 NERC issued an Interim GMD
Report, http://www.nerc.com/files/2012GMD.pdf

* |n section .10 of the Executive Summary there are four
high level recommended actions

— Improved tools for industry planners to develop GMD
mitigation strategies

— Improved tools for system operators to manage GMD
impacts

— Develop education and information exchanges between
researchers and industry

— Review the need for enhanced NERC Reliability Standards
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FERC Order 779

* Reliability Standards for Geomagnetic
Disturbances, Issued May 16, 2013

* NERC must develop Reliability Standards that
require power system owners and operators to:

— develop and implement operational procedures to
mitigate GMD (NERC EOP-010-1)

— conduct initial and on-going assessments of the

potential impact of (NERC TPL-
007-1)

— develop and implement a plan to prevent impacts of
benchmark GMD events from causing instability,

uncontrolled separation, or cascading failures (NERC
TPL-007-1)
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NERC TPL-007/-1

* Key Requirements

— R1. Maintain AC system models and GIC system
models

— R2. Complete a GMD Vulnerability Assessment
every 5 years, based on -
power system must remain stable

— R3. Develop a Corrective Action Plan if needed

— R7. Assess thermal impact of Gwye transformers at
200kV+

* More details at the NERC GMD Task Force page

http://www.nerc.com/comm/PC/Pages/Geomagnetic-Disturbance-Task-Force-(GMDTF)-2013.aspx
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FERC Follow-up

* FERC notice of proposed rulemaking (NOPR) to accept
TPL-007-1 on May 14, 2015

 FERC Order 830 approved TPL-007-1 on September 22,
2016, while directing a few modifications

— Benchmark Event shall not be based solely on spatially-
averaged data

— Collect and publicly share GIC monitoring and
magnetometer data

— Establish deadlines for corrective action plans and
mitigation
e NERC GMD Task Force resumes meeting in February
2017
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Overview of GMD Assessments
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Geomagnetic Geoelectric Mitigation |-
Field Field l Measures
l J Fail
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——| Conductivity | System Model - O eeema 0 Procedures
Model Model (Electrical) Line Loading & Pass and
var Reserves Mitigation
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if needed
Transformer | Temp(t) : }
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GIC(t) (Thermal) Hot Spat Temp

Image Source: http://www.nerc.com/pa/Stand/WebinarLibrary/GMD_standards_update_june26_ec.pdf
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GIC Modeling

* Modern methods model GIC as DC voltage sources
in transmission lines

* With pertinent parameters,
GIC computation is a
straightforward linear
calculation

* By integrating GIC = W 2 =
calculationsinto T
PowerWorld Simulator, engineers can readily see
the impact of GICs on their systems and consider
mitigation options
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GIC Analysis Inputs

* GIC calculations use some existing model
parameters such as line resistance

 Some additional parameters are needed
— Substation geo-coordinates and grounding resistance

— Transformer grounding configuration, coil resistance,
core type, whether auto-transformer, whether three-
winding transformer

— Generator step-up transformer parameters
* Transmission operators would be in the best

position to provide these values, but all can be
estimated when actual values are not available

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation

12



Geographic Information

* The potentially time-varying GMD induced dc voltages
depend on the storm strength and orientation and the
latitude and longitude of the transmission lines

— The electric field is integrated along the path of the

transmission line

— The geo-coordinates of the terminal substations are
sufficient for uniform fields (path independence)

 Hence buses must be mapped to substations, and
substations to their geo-coordinates

» Substation/geographic data can be supplied by
PowerWorld for FERC 715 planning models

— Buses mapped to substations
— Latitude and longitude for substations
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Mapping Transformer GICs to
Transformer Reactive Power Losses

* Transformer specific, and varies with the core type:
Single phase, shell, 3-legged, 5-legged

* |deally this information would be supplied by the
transformer owner

e Default data may be used for large system studies when
nothing else is available.

* Simulator also supports a user-specified piecewise linear
mapping

* Debate in the industry with respect to the magnitude of

damage GICs would cause in transformers (from slightly
age to permanently destroy)
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GMD Storm Scenarios

e The starting point for GIC analysis in PowerWorld Simulator is an
assumed storm scenario; this is used to determine the transmission
line dc voltages

* Characterizing an actual storm can be complicated, and requires
detailed knowledge of the associated geology

 February 2012 NERC report recommended a common approach for
planning purposes

— Uniform electric field model: all locations experience the same field;
induced voltages in lines depend on assumed field direction

— Maximum value in 1989 was 1.7 V/km (2.7 V/mile)

e Simulator can also use geospatially and time-varying electric field
models

— Direct user input of GIC DC voltage input on each transmission line

— 3rd-party (AER, Inc.) input, consisting of a time-series geospatial grid of
E-field magnitude and direction (available in Simulator 18)

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation 15



GIC Analysis Outputs and Results

* GIC studies involve the traditional power system
results (voltages, flows, etc.) and GIC-specific
guantities, such as

— Substation neutral dc voltages
— Bus dc voltages
— Transformer neutral amps
— Transformer Mvar losses
— Transmission line dc amps
* Providing easy access to the data and results is a

key objective in PowerWorld Simulator, as is good
wide-area visualization
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Four-Bus Example

* Simple topology with one 765-kV transmission
line with a grounded wye-delta transformer at
either end

Substation A with R=0.2 ohm Substation B with R=0.2 ohm
Neutral = 0.00 Volts Neutral = 0.00 Volts

Bus 3 Bus 1 Bus 2 Bus 4

DC = 0.00 Volts DC = 0.00 Volts DC = 0.00 Volts DC = 0.00 Volts
0.994pu  0.992 pu 765 kV Line 0.995pu  1.000 pu
3 ohms Per Phase
s ‘|-
v JANRA GIC/Phase = 0.00 Amps Y% A \
Higr'] o3 P GIC Input = 0.0 Volts High Side of Of ohms/ Phase

GIC Losses = 0.0 Mvar [ _| % GlC Losses = 0.0 Mvar

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation 17



BAGIC.pwb

Four-Bus Inputs: Substations

* To open the GIC Analysis Form dialog, choose Add-Ons -

GIC...

e Select the Substations page from Tables and Results

* Key inputs are the grounding resistance and geo-location
(latitude and longitude)

GIC Analysis Form

= [=] =3

Caloulation Mode
(@) Single Snapshot
(I Time Varying Inputs

Select Step

- Field/Voltage Input

4 - Options

DC Current Calculation
. AC Power Flow Model
4 -T‘_ables and Results

Generators
i G-Matrix

Substations
i Transformers
- Sensitivity Analysis

Calculate GIC Values

Tables and Results

Areas | Buses | Generators | G-Matrix | Lines | Substations | Transformers

D % ‘>||"' ‘_'.58 ;E'B M ?&D Records = Geo = Set~

Sub Num|Sub Name

Sub ID

Clear GIC Values | [ |Indude GIC in Power Flow Validate Input Data for GIC

E— 2o
Columns ~ B~ | §a- e/ B~ x

GIC DC Meutral
Voltage

GIC Amps to
Meutral

GIC Used
Grounding
Resistance
{Ohms)

Grounding
Resistance
(Ohms)

Latitude |Longitude

Save Setting to Aux

Load ALX

0.00 0.00
0.00 0.00

0.20 40.000 -89.000
0.20 40.000 -87.000

j-'|_ Close

? Help
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an east-west line,
with the same
latitude

Grounding
resistance = 0.2 Q)

18



Grounding Resistance

e Substation grounding resistance is the resistance in ohms
between the substation neutral and earth ground (zero-
potential reference)

* An actual “fall of potential” test is the best way to determine
this resistance

* Simulator provides defaults based on number of buses and
highest nominal kV, but research has shown this to be a poor
substitute for actual measurements

— Simulator defaults range from 0.1 to 2.0 Q
— Substations with more buses and higher nominal kV are assumed
to have lower grounding resistance

* Grounding resistance is not necessary for substations that
have no transformer or switched shunt connections to
ground
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Substation Coordinates

* Longitude and latitude should be provided for all
substations that contain terminals of lines for
which a GIC equivalent DC voltage is applied
— Generally this includes all lines greater than minimum

length and nominal kV specified on GIC Analysis Form
— Series compensated line terminals may be disregarded,
if there are no other lines that meet above criteria

* The need for coordinates applies regardless of

whether the substation contains grounded
transformers

* |f there are no grounded transformers, the
location may be approximate (e.g. within 100 km)
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Four-Bus Inputs: Transformers

* Key inputs
— Coil resistance (DC ohms)
— Grounding configuration Most essentla'l paramete.rs;
these determine the basic
— Autotransformer? (Yes/No) topology of the GIC network

— Core Type

= _—
| [® GIC Analysis Form = = =
Calcuiation Mode Caloulate GIC Values Clear GIC Values | [ | indude GIC in Power Flow Validate Input Data for GIC
(®) Single Snapshot
() Time Varying Inputs
Select Step || Tables and Results
- Field/Waltage Input E : o R
4 Options Areas | Buses | Generators | G-Matrix | Lines | Substations |
DC Current Calculation m % Ak 0 5% B f&n Records » Set = Columns v ' '!é"ﬂ" "%’EE' Y %Y sﬁﬂ fx) ~ BH | Options -
AC Power Flow Model
4 - Tables and Results Bus Bus |Bus | Bus | Bus | Bus |Circuit|Manually Enter | High Side | Medium | XF Config |XF Config |XF Config| Assumed XF (Is Assumed Core Type
Areas Mum | Mame |Num | Mame | Num (Mame Coil Resistance | Ohms per | Side Ohms High Med |Ter Config  |Autotrand to be an
Buses High | High [Med | Med | Ter | Ter Phase per Phase AutoTran
Generators 1 ilBus 1 3|Bus 3 0 3| Yes, User Set 0.30000  0.10000 Gwye Delta GWyeDelta Mo NO Eingls Fhase v
G-Matrix 2 2|Bus 2 4|Bus 4 o] 29 Yes, User Set 0,30000 0,10000 Gwye Delta GWye-Delta Mo NO Single Phase
Lines
Substations
Transformers
- Gensitivity Analysis
< >
Save Setting to Aux Load ALK j=L Close ? Help

21
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Four-Bus Inputs: Transformers

 Manually Enter Coil Resistance

— “Yes, User Set”: user enters “High Side Ohms per
Phase” and “Medium Side Ohms per Phase”

— “No, Auto Default”: Simulator estimates values

e XF Config High and XF Config Med: most
common options are “Gwye” and “Delta”

— Tertiary windings are assumed Delta

e |s Autotransformer: “Yes”, “No”, or “Unknown”

* Core Type
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Simulator Assumptions

* |tis always best to provide known quantities, especially
for configuration and autotransformer fields

* |f any transformer information is unknown, Simulator
uses default values

 Coil Resistance

— ohms per phase estimate based on positive-sequence AC
per-unit series resistance and transformer impedance base

— Assumed split between each winding:
Rpu * RBase,HighSide = RHighSide + agRMedSide

—_ 2
RHighSide = Qg RMedSide
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Coil Resistance:
Autotransformers

o L R - : - Simulator Fields

Coil Resistance
(Ohms) for High
Winding

Series Winding A —

Coil Resistance

(Ohms) for
Medium Winding

Common Winding Rueasidze =

- — e ——

* Tertiary Windings are assumed delta connected
and coil resistance is not normally populated
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Simulator Assumptions:
Autotransformers

* Some parameters for assumptions applied to unknown
transformers are at Options - DC Current Calculation

e Units are assumed to be autotransformers if all of the
following criteria are met

— unit is not a phase-shifting transformer

— high side and low side are at different nominal voltages
— high side nominal voltage is at least 50 kV
— turns ratio is less than or equal to 4

Select Step

- FieldWoltage Input

4 - Options

-| DC Current Calculati
- AC Power Flow Mode
4 -Tables and Results

- Areas

- Buses

- enerators
- 3-Matrix

- Lines

- Line Shunts

G2: Modeling GMD in Simulator

~

Options
DC Current Calculation | AC Power Flow Madel
Minimum Voltage Level to Indude in Analysis (kv) 50.00 | -=

Automatic Determination of Autotransformers
When to model as an Autotransformer when status is Unknown

Maximum Turns Ratio (High to Secondary Winding) 4,00 =
Minimum Medium Yoltage to Assume Autotransformer 50,00 =
Default Trans. Side Config Default Dist. Side Config
|'i'| Malta N Palim

© 2017 PowerWorld Corporation

These parameters may be
adjusted at Options - DC
Current Calculation
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Simulator Assumptions:
Transformer Configuration

“Unknown” windings are assumed either Delta, Grounded Wye, or

Ungrounded Wye

Autotransformer Minimum High Side Winding Voltage (kV) is also the
assumed delineation between transmission and distribution voltages
(default 50 kV, referred to as kV, .. hereafter on this slide)

If high side > kV_. and low side is connected to a radial generator OR

if high side >= 300 kV and low side < kV,_

with high side Gwye and low side Delta

If both sides > kV,_.. OR both sides
<kV_., both are assumed Gwye
Otherwise, if high side > kV_.. and
low side < kV_ .. or has radial load,
use Default Trans. Side Config

and Default Dist. Side Config

on Options - DC Current

Calculation (or as specified by area)

i Unit is assumed a GSU

Options

DC Current Calculation | AC Power Flow Model
Minimum Voltage Level to Indude in Analysis (kV)

Automatic Determination of Autotransformers
When to model as an Autotransformer when status is Unknown

50,002

Maximum Turns Ratio (High to Secondary Winding) 4.00 =

Minimum Medium Voltage to Assume Autotransformer 50.00 =

Default Trans. Side Config
(® Delta

() Grounded Wye

() Ungrounded Wye

Default Dist. Side Config
(IDelta

(®) Grounded Wye

() Ungrounded Wye
Mote, values can also be spedified for individual areas

Save Setting to Aux Load AUX Save in PSSE GIC Format  lp |Lco

© 2017 PowerWorld Corporation
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Simulator Assumptions

* | is per-phase “effective GIC”, computed from
G/‘C in high and low side windings and turns ratio

(at) atIH + IL

Igrrpu =

atlbase

* K-Factor relates transformer’s effective GIC (I;) to
3-phase reactive power loss at nominal voltage

QlOSS,pu — Vpu K pu I Eff ,pu

 This looks like a constant current MVar load at the
transformer’s high-side bus
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K-Factor

* K-Factor may be entered directly as a 2-step

piecewise linear
value with “GIC
Model Type” set

to Piecewise Linear

Switched Shunts | Substations | System Summary | Transformers

olumns = ' H.E* "&E* T % 7 EEE fix) - BH | Options -
Core Type |GIC Model Type [GIC Model | GIC  |GIC Model | GIC Model |GIC Model (GIC Model (F
First Model Param | Used First |Used Break| Used |[&
Segment | Param | Second | Segment |Point Second
Slope Break | Seament Segment
Point Slope
Single PhasgpPiecewise Linear I:

SingrPhase Default

* Break pointis /g,

 With “GIC Model Type” set to Default, K-Factor
is based on Core Type and parameters at
Options - AC Power Flow Model

G2: Modeling GMD in Simulator

© 2017 PowerWorld Corporation

User-specified
values

0.030 1,500 1.000 0.050 1,500
0.000 0.000 1.300 0.000 1,800

Values
Used

28



Q/Oss,pu (3'phase, at
1.0V pu high-side)

G2: Modeling GMD in Simulator

K-Factor

Slope = “GIC
Model Used
Second
Segment”

Slope = “GIC
Model Used
First
Segment”

“GIC Model |
Used eff.pu

Breakpoint”

© 2017 PowerWorld Corporation

29



K-Factor Defaults -

* Options - AC Power Flow Model (values used
where “GIC Model Type” = Default)

;- Field/Voltage Input

4 - Options

.. DC Current Calculation
4 -Tables and Results

- Areas

- Buses

- Generators

- 3-Matrix

- Lines

- Line Shunts

- Switched Shunts

- Substations

- System Summary

- Transformers

- Gensitivity Analysis

4 - Mon-Uniform Electric Field S¢
- (3eomagnetic Latitude S
- Earth Resistivity Scaling
- Earth Resistivity Scaling
- Time Varying Electric Field Ir

DC Current Calculation | AC Power Flow Model

Default Transformer Care Type Effective GIC to Mvar Loss Scalings

Core Type First Segment Per Unit Value  Per Unit Break Point Second Segment Per Unit Value

Single Phase (Three Separate Cores) 1802 0.000 = 1.80[=

Three Phase, Shell Form Generic 1.45[2 0.000 = 1.45= Reset All Scalings to Default Values
Three Phase, Core Form Generic 1.50[= 0.000 = 1502

Three Phase, 3-Legged 0,002 0.038 = L75[%

Three Phase, 5-Legged 1.50 = 0.000 = 1.50)%

Three Phase, 74egged 1.20= 0,000 = 1205

Unknown Core, > 400 kv 1.80 = 0.000 = 1.80[%

Unknown Core, > 200 kv 1.50 = 0.000 = 1.50)=

Unknown Core, <= 200 kY 1.50[% 0.000 = 1.50|=

If the core type is known, then the core-type spedfic fields are uzed. Otherwise the "Unknown Core™ values are used,based on the highest nominal voltage. Values are only
used if the GIC Model Type field is "Default.”

Transformer reactive power losses are modeled as a function of Ieffective using a two segment piecewise linear model, Values are in per unit using the peak current for the
transformer as a base. That s, Ibase = Sbase®1000%sqrt(2)/(Vbase*sqrt(3)); for example with Sbase=100MV A, Vbase=500kY, Ibase=163.3 A,

Save Setting to Aux Load ALY Save in PSSE GIC Format Load in PSSE GIC Format Clear All GIC Input Fields fL Close ? Help
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Other Modeling Assumptions

* Options - DC Current Calculation

— Minimum Voltage Level to Include in Analysis (kV):
transmission lines below this level are assumed to have
zero GIC DC voltage input

— Automatic Insertion of Substations for Buses without
Substations

* Itis strongly recommended to assign all buses to substations
and all substations to latitude/longitude locations, at least
within the GIC study footprint

e Default assumption is to model unlocated facilities as
ungrounded

e Lines that terminate in unlocated substations do not have GIC
DC input voltage
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Four Bus Inputs: Transmission Lines

* DC resistance is derived from AC per-unit
resistance and the impedance base by default
(assumes skin effect is negligible at 60 Hz)

* You may also specify DC resistance
— Manually Enter Line Resistance = YES
— Provide value in Custom DC Resistance (Ohms/Phase)

Tables and Results

Areas | Buses | Genera tors | G-Matrix | Line8 | Line Shunts | Switched Shunts | Substations | System Summary | Transformers
m % "'||“' f.;'.g ;':_'3 ﬂ ?&D Ht Records = Geo =~ Set ~\golumns ~ * H.E* “&E* b @ = EEE i) = @
From From [To To Mame|Circuit|Manually  [Power Flow Custom DC  [CIC DC  |GIC DC Amps |GIC DC Amps
Mumber | MName [Mumber Enter Line |Resistance Resistance |Valt Input| Per Phase |Per Phase Ta
Resistance | (Ohms/Phase) | (Ohms/Phase) From
1 1Bus1 2 Bus 2 1 MO W 3.I:II:I22|:I 4, 0000 0.00 0.00 0.0c
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Area Inputs

* |gnore GIC Losses: If YES, area transformers are
assumed to have no reactive power loss

* |gnore GIC DC Volts: If YES, area transmission
lines have zero GIC DC voltage input

GIC Analysis Form = =R

Calaulation Mode Calculate GIC Values Clear GIC Values | [ ]Include GIC in Power Flow validate Input Data for GIC
(@) Single Snapshot
() Time Varying Series Voltage Inputs
() Time Varying Electric Field Inputs
Select Step Tables and Results
~Field/voltage Input A —1— :
: Areas | Buses | Generators | G-Matrix | Lines | Substations | Transformers
4 -Options
¢ -DC Current Calculation B BhAk %0 28 @4 # 55 Records~ Geo~ Set+ Columns~ B+ | @i- ¥ | options~ v
i i AC Power Flow Model
4 -Tables and Results Area | Area Ignore Myar | Ignore | Use Case |Minimum | Default Trans. | Default Dist.
Y Lreas Num | MName GIC Losses |[GICDC | Default |[Trans. kV| Side XF Config |Side XF Config
Mrices Losses Volts | Trans/Dist
s - Voltage
i i-Generators
I 22N )i 100.0 ¥ase Defaul Case Defa
- GMatrix 1 1 Home (8] 74,22 NO YES L.as Default | v |Case Default
i i-Llines
i i-Substations
i t-Transformers v
Save Setting to Aux Load ALY I|_ Close ? Help
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Area Inputs

* These settings override the global options on
Options - DC Current Calculation

— Use Case Default Trans/Dist Voltage: set to NO to
allow the area to have a different delineation
between transmission and distribution voltage

— Default Trans. Side XF Config
— Default Dist. Side XF Config

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation 34
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G-Matrix

* Diagonal terms are the sum of the 3-phase
conductance of all incident devices

e Off-diagonal terms are the negative of the 3-
phase conductance between the nodes

Tables and Results

Areas | Buses | Generators | G-Matrix | Lines | Line Shunts | Switched Shunts | Substations | System Summary | Transfo ! | *

OPT. .0 . ] Al e [Pl ZORT
EEE'}i _.;.H +':'_H ?&D Fecords = 5Set~ Columns - * .E* H&E* %* JEEN (g @ W

Mumber (Mame)[Mame (Number)|Sub Sub A {1}|SL|I:| Sub B (2)(Bus 1 (Bus 1]||Eh_|s 2 (Bus E]I|Eh_|5 3 (Bus 3]!|Eh_|5 4 (Bus 4}|
1|5ub 1 (Sub A) |Sub Sub A (1) 15,0000 -10, 0000 -0.,0000
2|5ub 2 (SubB) |Sub Sub B (2) |  1is.0000 -10.0000 -0.0000
3|Bus 1 (Bus 1) |BusBus 1(1) -10. 0000 10.9993 -0.9993 0.0000
4|Bus 2 (Bus 2) |Bus Bus 2 (2) -10.0000 01,9993 10,9993 0.000a0
5|Bus 3 (Bus 3) |Bus Bus 3 (3) -0.0000 0.0000 0.0000
6|Bus 4 (Bus4) |BusBus 4(4) -0.0000 0,0000 0,0000
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G-Matrix

e Each bus and each substation neutral is a node in
the DC network

* Bus and substation neutral DC Voltages (vector V)
are solved with V=GI, where
— G is the 3-phase conductance matrix

— | is a vector of Norton equivalent DC current injections
from the GMD-induced electric fields

* Similar in form to the power flow admittance
matrix, except with only real conductance

* Equation is linear and may be solved in a single
step without iteration
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Uniform Electric Field Modeling

e Calculation Mode = “Single Snapshot”

* Field/Voltage Input

— Electric-Field Magnitude (V/mile or V/km)

— Storm Direction (0 to 360 degrees)

Calculate GIC Values Clear GIC Values | [ ] Indude GIC in Power Flow Validate Input Data for GIC

Update Line Voltages (Show be True Unelss Explicitly Entered)

_ || Field/Voltage Input

Voltage Input Parameters

Electric Field Model Parameters Restrict Lines to which to model DC Voltages Units of Distance
Maximum Field 1.00 = Volts/mile Minimum Line Length 1.00| 5 mile () Kilometers
Storm Direction 90,02 Degrees [ calculate Voltages for Equivalent Lines (@) Miles

Also Calculate Maximum Direction Values
Vioteimgsat Scaling and Hotspots

Geomagnetic Latitude Scaling Function | Mo Scaling W () Approximate with Substation Valres

Earth Resistivity Scaling Region Set Mo Resistivity Scaling W (®) Interpolate Along Line Path

g

- - N

Hotspot Modeling

[indude Scaling of Hotspot Magnitude

(®) Use Specified Value

() Sealar of Maximum Field
Hotspot Field in v/Mile 20,002
Width of Hotspot in Miles 150.00 =
Coteeafoanter 45,000 =
Longitude of Center TIeed
[] 5cale Hotspot Value with Geomagnetic Latitude
Scale Hotspot Value with Earth Resistivity

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation

N

0° (south-north)
L 15°

\
[}
[
90° (west-east)

a and B scaling factors
for Benchmark Event
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BAGIC.pwb

Uniform Electric Field Modeling

* Enter Maximum Field = 1 V/mile; Storm Direction = 90 degrees (eastward)
 Check Also Calculate Maximum Direction Values and Include GIC in Power

Flow

e Click Calculate GIC Values
* Simulator computes DC voltages, GIC, and reactive losses

* Animated flows show GIC from Custom Float 1 field (Oneline Display
Options - Animated Flows)

Substation A with R=0.2 ohm
Neutral = -13.26 Volts

Bus 3
DC =-13.26 Volts

0.994 pu

@

Y

High Side = 0.3 ohms/ Phase
GIC Losses = 28.3 Mvar

G2: Modeling GMD in Simulator

Substation B with R=0.2 ohm
Neutral = 13.26 Volts

Bus 1 Bus 2 Bus 4
DC =-19.89 Volts DC =19.89 Volts DC =13.26 Volts
0.992 pu 765 kV Line 0.995pu  1.000 pu

3 ohms Per Phase

Y A
High Side of 0.3 ohms/ Phase
GIC Losses = 37.1 Mvar

GIC/Phase = 22.10 Amps
GIC Input = 106.1 Volts

o

© 2017 PowerWorld Corporation 38



Include GIC in Power Flow

* Checkbox on GIC Analysis Form

* Subsequent solutions of AC power flow include
transformer GIC reactive power losses

Message Log: B4GIC.pwb -

Starting Solution using Rectangular Mewton-Raphson
AC Power Flow Solution indudes the modelling of additional Transformer Mvar losses caused by Geomagnetically Induced Currents

-

Mumber: 0 Max P: 1000000 atbus  3IMax Q: 57.290atbus 3
Mumber; 1MaxP: 61.347atbus 3 Max Qi 155.3%5atbus 3
Mumber: 2MaxP: 2.280atbus 3IMaxQ: 0.986atbus 3
Mumber: 3MaxP: 0.000atbhus 3IMaxQ: 0.001atbus 3

Finished voltage control loop iteration: 1

Solution Finished in 0,001 Seconds
Simulation: Successful Power Flow Solution

W
>

£
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Maximum Direction Values

* Indicate Storm Direction that results in
maximum (and sometimes minimum) values
for various quantities, and the resulting
guantities

* Transformers: MVar Losses and Neutral Current
* Areas: MVar Losses
* System Summary: MVar Losses

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation 40



Maximum Direction Values

* |n this case, maximum direction alighs with the
only transmission line (90 degrees)

 Minimum direction is orthogonal to the line (0
degrees) ...

Areas | Buses | Generators | G-Matrix | Lines | Line Shunts | Switched Shunts | Substations | System Summary | Transformers
] Bk %h 5% @ 8 T Records - Set~ Columns~ Bs- g~ MLE- F BH- UV £ - B y

System Summary

Total Mvar Losses in Specified Direction 65.7
Total Mvar Losses in Maximum Direction 65.7
Maximum Direction, Degrees S0
Total Mvar Losses in Minimum Direction 0.0
Minimum Direction, Degrees U]

Mote, maximum and minimum values are only computed for uniform
direction fields
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Switched Shunts

* Shunts operating as inductors can also provide a
conducting path for GIC

 Simulator assumes shunts have infinite resistance

by default, but resistances may be provided by the
user

* |Inductors are assumed to have non-magnetic core
designs and thus not subject to saturation and
MVar losses as in transformers (i.e. K=0)

* Shunts operating as capacitors always have infinite
resistance

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation

42



BAGIC.pwb

Switched Shunt Example

Substation A with R=0.2 ohm Substation B with R=0.2 ohm
Neutral = -13.26 Volts Neutral = 13.26 Volts
Bus 3 Bus 1 Bus 2 Bus 4
DC =-13.26 Volts DC =-19.89 Volts DC =19.89 Volts DC =13.26 Volts
0.996 pu  0.993 pu 765 kV Line 0.994pu  1.000 pu

3 ohms Per Phase
> —>—>—>—> > 2
v A Y GIC/Phase = 22.10 Amps Y% A \

GIC Input = 106.1 Volts High Side of 0.3 ohms/ Phase

High Side = 0.3 ohms/ Phase GIC Losses = 37.1 Mvar

GIC Losses = 28.4 Mvar

Close this
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G2: Modeling GMD in Simulator

BAGIC.pwb

Switched Shunt Example

Right click on the shunt, choose “Show Dialog” and the GIC tab

Set the “Per-Phase Reactor GIC
Grounding Resistance”
to 0.5 ohms

Optionally “Scale Conductance
for Reactors with Multiple Blocks”
— The provided resistance

applies when all inductive
blocks are in service

— If half of the available blocks are
in service, the resistance is twice
as much

Optional neutral resistance
(3-phase)

Click OK to close the

dialog

Switched Shunt Information for Current Case =

Bus Nimbar,_|1 = Find By Numb Status
U5 RUTSEL Yiw ind By MUMDET | (™) open
Bus Name |Bus 1 W Find By Mame (@) Clozed
ShuntID |1 2 Energized
Find.. NO {Offline)

Labels ..,  |nolabels ®) YES (Onling)

Parameters | Control Options | Fault Information | Owners, Area, Bsme | Custom | Stability | GIC
GIC Input Fields

Scale Conductance for Reactors with Multiple Blocks

-

Meutral Resistance (in Chms) 0,000 <
Mote: The resistance shpuitd be the value per phase. Hence the total resistance for all three
phases is one thrid #4% value. The resistance is ignored when the switched shunt value is
capacitive. If#® Scale Conductance box is checked, with conductance value is scaled based
on the pes¢entage of reactors that are actually connected. The resistance field then gives the
minisvdm resistance (maximum conductance). The Neutral Resistance models any extra
resistance in the switched shunt neutral; hence itis in series with the three phase resistance of

the reactor.
GIC Results
DC Vaoltage (Volts) -19.889 Substation DC Valtage (volts) -13.255
Meutral Flow (Amps) | -39.778
Used total three phase conductance (Siemens) 5.000
| : \/ oK x Cancel Save ? Help Print

Per Phase Reactor GIC Grounding Resistance {in Ohms, Zero is Treated as Infinite]) 0.500 =

© 2017 PowerWorld Corporation
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BAGIC.pwb

Switched Shunt Example

Recalculate the GIC Values
Note changes in GIC flows and the G-Matrix

Buses | Generators | G-Mafrix | Lines | Line Shunts | Switched Shunts | Substations | System Summary | Transformers

Areas
= "’| .;..;. 4 .;. ?&D Records = Set~ Columns - "' H.E H"HE b %" ag?g:, fix) - @ Options -
Mumber {(Mame]) Mame (Mumber) Sub Sub A (1) lSuI:u Sub B (2) |Eh_|s 1 (Bus 1) |E|us 2 (Bus 2) [Bus 3 (Bus 3) |Elu5 4 (Bus 4)
1|5ub 1 (Sub &) Sub Sub A (1) 21.0000 -165.,0000 -0.0000 I
2|5ub 2 (Sub B) Sub Sub B (2) 15,0000 -10,0000 -0,0000
3|Bus 1 (Bus 1) Bus Bus 1 (1) -16, 0000 16,9993 -0,9993 20,0000
4|Bus 2 (Bus 2) Bus Bus 2 (2) -10,0000 -0.9993 10,9993 0.0000
5|Bus 3 (Bus 3) Bus Bus 3 (3) -0.0000 0.0000 0.0000
& |Bus 4 (Bus 4) Bus Bus 4 (4) -0, 0000 0.0000 0,0000
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Time-Varying Series Voltage Inputs

* Allows direct entry of GIC DC input voltage on
each transmission line

* At time zero, enter E-field of zero

Calculation
mode

Time and
Field input

GIC Analysis Form o BEo®
Calculation Mode A 7
i Calculate GIC Values Clear GIC Values | [ |Incude GIC in Power Flow Validate Input Data for GIC
ingle Snapshot
ime Varying Series Voltage Inputs Current Time 0.00 = [[] calculate GIC on Time Change
) Time Varying Electric Field Inputs
Select Step Field/Voltage Input
- Field Voltage Input
4 - Options AC Line Input Voltages
i i DC Current Calculation - — - g - - -
i ObjectID  [From Mumber|To Mumber|Circuit|From Latitude|To Latitude|From Longitude|To Longitude|Timepoint_1]
- AC Power Flow Model
4 - Tables and Results 1[Time in Seconds 0,000
- Areas 2|Branch '1''2''1" 1 211 40,0000 40.0000 -89.0000 -37.0000 0.000
- Buses 3|Branch '1''3''1" i 3i1 40.0000  40.0000 -89.0000 -39.0000 0.000
- Generators 4|Branch '2''4''1" 2 411 40.0000  40.0000 -87.0000 -37.0000 0.000
- G-Matrix
- Lines Input at Time (Seconds) 0.00|% | Add at Time " 9alate at Time Delete Al
- Substatinme
*Transformers Voltage Input Parameters
[[ ensitivity Analysiz Electric Field Model Parameters Restrict Lines to which to model DC Voltiges Units of Distance
4 - Mon-Uniform Electric Field S| &g . 4 2 . 71 P S L
O HON DRI e Maimum Field 0.00 |2 Volts/mile Minimum Line Length 1,00 = mile [ Kiloffiebacs
- Geomagnetic Latitude 5 X
- Earth Resistivity Scaling Storm Direction 90.0 > Degrees [l calculate Voltages for Equivalent Lines Miles
- Earth Resistivity Scaling
~Time Varying Electric Field Ir Geomagnetic Latitude Scaling Function | Mo Scaling ¥
Earth Resistivity Scaling Region Set Mo Resistivity Scaling W
£ >
Save Setting to Aux Load AL IL Close ? Help

G2: Modeling GMD in Simulator

© 2017 PowerWorld Corporation

Click Add
at Time
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Time-Varying Inputs

* Attime =1 sec, add 1 volt/mile at 90 degrees
* For each Add at Time, a column of DC Input

Voltages is added

GIC Analysis Form

Calculation Mode

Time Varying Series Voltage Inputs

Calculate GIC Values

Current Time

Clear GIC Values | [|Indude GIC in PoesElow

0.00| = [|calculate GIC on Time Change

Validate Input Data for GIC

() Time Varying Electric Field Inputs
Select Step Field/Voltage Input

;- Field Voltage Input

4 - Options AC Line Input Voltages

DC Current Calculation = p— } . ) : ) ;

Object ID |Fron1 Number|To Number|Clrm|t| From Lattude|To Latthde|From LongltJde|To Longltude|'I'|mep0|nt_1|'l'|mep0|nt_2|

AC Power Flow Model

4 -Tables and Results 1|Time in Seconds 0.000 1.000
- Areas 2 1 21 40,0000 40.0000 -89.0000  -87.0000 0,000 106,123
- Buses 3|Branch 't '3''1 1 3i1 40.0000 40,0000 -89.0000 -89.0000 0.000 0.000
- Generators 4|Branch '?' '4'1" 2 4 1 40.0000 40,0000 -37.0000 -37.0000 0.000 0.000
- G-Matrix
- Lines
- Substations ry

Input at Time (Seconds) 1.00 5 | AddatTime | Delete atTime Delete Al

- Transformers

- Sensitivity Analysis Voltage Input Parameters

4 Non-Uniform Electric Field S| Electric Field Model Parameters Restrict Lines to which to model DC Voltages — Uniits of Distance
- Geomagnetic Latitude 5 . _
. Earth Resistivity Scaling Maximum Field L.00|% Volts/mile Minimum Line Length 1,002 mile () Kilometers
- Earth Resistivity Scaling Storm Direction 90.0|3 Degrees [ calculate Voltages for Equivalent Lines

- Time Varying Electric Field Ir

Geomagnetic Latitude Scaling Function | MNo Scaling X
Earth Resistivity Scaling Region Set Mo Resistivity Scaling w
< >
Save Setting to Aux Load ALIX fL Cloze ? Help

G2: Modeling GMD in Simulator

© 2017 PowerWorld Corporation
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G2:

Time-Varying Inputs

* Change “Current Time” and click Calculate GIC
Values or check “Calculate GIC on Time Change”

box

* Values are linearly interpolated between
Timepoints for which inputs are provided

* You may also manually edit input voltages or
timepoint values

AC Line Input Voltages

] Bk %2 5%

dh # | pecords + set -

] AlsE AlRE —— JoE T ZORT - .
Columns = EE B ™ T b %v [HiN fix) = ﬁ Options -

Object ID |Fr|:|m Numl:uer|T|:| Numl:uer|Cirv:uit|Fr|:|m Laﬁtl_u:IE|T|:| Laﬁb.u:le|Fru:um Lu:ungib_lu:lE|T|:| Lu:ungib_lu:le|'I'|mepu:uint_1|'l'|mepoint_2
Qa0 Qa0

1|Time in Seconds

2|Branch '1"'2' '1' 1 21
3|Branch '1''3' "1’ 1 31
4|Branch '2' '4''1' 41

Modeling GMD in Simulator

0,000 1,000
40,0000 40,0000 00 ———
40.0000  40.0000

40.0000  40.0000

-39.0000 -37.0000 Qa0 )
-39, 0000 -89.0000 0,000 0.000
-37.0000 -57.0000 0,000 0.000

© 2017 PowerWorld Corporation

GIC DC Volt
Input
changed to
150V
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GIC DC Volt Input =150V

Substation A with R=0.2 ohm Substation B with R=0.2 ohm
Neutral = -18.74 Volts Neutral = 18.74 Volts
Bus 3 Bus 1 Bus 2 Bus 4
DC =-18.74 Volts ~ DC =-28.11 Volts DC =28.11 Volts DC =18.74 Volts
0.994pu  0.992 pu 765 kV Line 0.994pu  1.000 pu

3 ohms Per Phase
@a{—)§§—|>l> N
A GIC/Phase = 31.24 Amps g A \

Y High Side = 0.3 ohms/ Phase GIC Input = 150.0 Volts High Side of 0.3 ohms/ Phase

GIC Losses = 52.1 Mvar GIC Losses = 52.2 Mvar
Note: equations assume shunt is out of service (or capacitive)
150 volts
l6ic 3phase = =93.75 amps or 31.25 amps/phase

(1+0.1+0.1+0.2+0.2)Q

Substation grounding

Line series resistance: 0.000513 Transformer high resistance 0.2Q each,
pu at Z, . of 5852.25Q = side 0.3Q/phase or 3-phase
3Q/phase or 1Q), 3-phase 0.1Q each, 3-phase
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Impact of Earth Models

* The magnitude of the induced electric field
depends upon the rate of change in the

magnetic field, and deep earth (potentially
100s of km) conductivity

* The relationship between changing magnetic
fields and electric fields are given by the

Maxwell-Faraday Equation

VXE = —(Z—]t} (the V x 1s the curl operator)

m@ E'dfz—i” B-dS Faraday's law is V = a4
g dt’’=

dt
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Background on Relationship
Between dB/dT and E

 The magnetic field variation in the atmosphere induces
currents in the earth that somewhat cancel the
magnetic field variation
— Lenz’s law says the direction of any induced current is
always such that it will oppose the change that produced it

The induced fields tend to cancel the magnetic field
variation, leading to decreased fields. This gives rise to
a frequency dependent skin depth

1
ntuo

o=

where f is the B field variation in Hz

1 is the magnetic permeability (47 x10”" H/m here)

o 1s the conductity in S/m
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Frequency Domain Analysis With

Uniform Conductance

* |f the earth is assumed to have a single conductance, o,
then

Jop, Jou,
L(w)=—F =
\ Joro

 The magnitude relationship is then
For example, assume

Recalling B(w) =-4,H (@) 5£0.001 $/m and
‘ E(a))‘ = ‘Z (W) H(a))‘ a 500nT/minute maximum

| [i joou, B(a)) variation at 0.002 Hz.

Then B(w) =660x10" T and

E(w):\/ZﬂxO.002xy0 660x10~° T
0.001 n

E(w)=0.00397x0.525=2.1 V/km
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1-D Earth Models

 With a 1-D model the earth is model as a series of
conductivity layers of varying thickness

 The impedance at a particular frequency
is calculated using a recursive

approach, starting at the bottom, c;
with each layer m having - E
a propagation constant - ”
- Cs ds
k. = \/Ja)yoam = i
At the bottom level n . 1
Z — Ja)/’l() ”
" K
n 1-D Layers

Image: Figure 3.1 from NERC Application Guide: Computing Geomagnetically-Induced Current in the Bulk-Power System, December 2013
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1-D Earth Models

* Above the bottom layer, each layer m, has a reflection
coefficient associated with the layer below

(1 . km ) -Zm+1

ro— Jou,
(1+k ) Zme
Jor,

* With the impedance at the top of layer m given as

1—r g 2ntn
Zm = JC(),U() k (l-l-mr e_kadm)

* Recursion is applied up to the surface layer
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USGS 1-D Conductivity Regions

e The USGS has broken the continental US into
about 20 conductivity (resistivity) regions

GULF .ﬂnm@c cmismL PL;IHN__
Image from the NERC report; data is available at http:// geomag usgs gov/conductivity/
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* |Image on left shows an example 1-D model, whereas

1-D Earth Models

image on right shows the Z(w) variation for two models

1D Resistivity Model for Interior Plains (Great Plains province)

Model IP-4

o
-
J

-
1. Overburden /

(alluvium, eclian,

colluvium, residual)

] 100 m
13
— ]
E
-~ 103
£
=]
o 1 1
@ J .
o 1
E higher resistivy range — - - =
100

lower resistivy range - - - -

i

Alia s

1000 J—vmrrrrnryerrrrry

2. Sedimentary Basin
(overall 2.5 km)

2a. sandstone (0.1-0.6 km)

2b. Pierre Shale (0.6-1.6 km

2c. sandstone, limestone

I (1.6-2.5 km)

3. Upper Crust
25~19 km

4. Middle Crust 19 ~ 28 km
5. Lower Crust 28 - 47 km

6. Upper Mantle 47 - 100 km

7. Upper Mantle 100 - 250 km

8. Upper Mantle 250 - 410 km

9, 10. Transition Zones 410-520, 520-670 km
11, 12. Lower Mantle 670-900, 900-1000 km

0.1 1 10

T T T —TrT

100 1000 10000

Resistivity (ohm-m)

Resistivity values and depths have been interpreted from published geological reports and maps,
and may differ from actual conditions measured by a geophysical survey and/or borehole

G2: Modeling GMD in Simulator

Figure 9: Frequency response of two layered Earth conductivity models.
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Benchmark GMD Event

* Waveshape based on March 1989 Quebec event,
with 10-second sampling and amplitude scaled to
a statistically estimated 1-in-100 year event

* Peak surface electric field magnitude is 8 V/km at a
reference location in Quebec at 60°N geomagnetic
latitude

* Scaling for other locations is based on local

geomagnetic latitude and earth resistivity

Epear = 8 X a X B V/km

a = 0.00180'115L

Where B is a scaling factor for earth resistivity
and L is geomagnetic latitude in degrees
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Texas2000.pwb

Benchmark GMD Event Example

* Open Texas2000.pwb

* Solve power flow and Set Present Case as Base Case in
Difference Flows

e Benchmark GMD Event

— Load NERC USGS 2014 Regions.aux for Earth Resistivity
factors

— Enter GIC Electric Field of 8 V/km at O degrees, Single
Snapshot mode

* Leave default transformer and substation parameters
* Disable voltage controllers globally in Simulator Options
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Benchmark GMD Event Example

Include GIC in Power Flow N\

GIC Analysis Form - o IES8
Calculation Mode b : . :
P ¢ Calculate GIC Values  §| | Clear GIC Values Indude GIC in Power Flow Validate Input Data for GIC
(@) Single Snapshot
() Time Varying Series Voltage Inputs 7 _ o
() Time Varying Bleciric Fiek Tnputs Update Line Voltages (Show be True Unelss Explictly Entered)
Select Step FieldVoltage Input
;- FieldMoltage Input ~
4 - Options Voltage Input Parameters I
DC Current Calculat Electric Field Model Parameters Restrict Lines to which to model DC Voltages Units of Distance |
i AC Power Flow Mode
) ) o0l= - ) 1= @ Kilomete
4 Tables and Results Maximum Field 8.00 = Voltsfkm Minimum Line Length 1.61|= km ® Kilometers
- Areas Storm Direction 0.0/ = Degrees [ calculate voltages for Equivalent Lines ") Miles
- Buses - I
- Generators Also Calculate Magimum Direction Values
Modeling of Scaling and Hotspots |
- -Matrix —~
- Lines Geomagnetic Latitudg Scaling Function | NERC Draft March2014E v () Approximate with Substation Values |
- Line Shunts Earth Resistivity Scaling Region Set MERC_USGS_2014 (@) Interpolate Along Line Path
- Switched Shunts & I
£ - i > |
/ Save Setting to Au Load ALIX Save in PSSE GIC Format Load in PSSE GIC Format Clear All'1
Calculate peak / a calculated from

Max L Equation II-1 in
Direction B based on USGS earth resistivity NERC Guide

models loaded from aux
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Benchmark GMD Event Example

GIC Analysis Form - o IE8

Calculation Mode
Single Snapshot
Time Varying Series Yoltage Inputs

Caloulate GIC Values Clear GIC values Indude GIC in Power Flow validate Input Data for GIC

Update Line Voltages (Show be True Unelss Explicitly Entered)

(_) Time Varying Electric Field Inputs
Select Step Options CaICUIate GIC DC

-~ Field/Voltage Input

DC Current Calculation | AC Power Flow Model

Cptions . M t I t
Minimum Voltage Level to Indude in Analysis (kv) 200.00| = (‘ I n p u VO a ge S O n

AC Power Flow Model

4 -Tables and Results Automatic Determination of Autotransformers .
- Areas When to model as an Autotransformer when status is Unknown I I n e S at 2 OO kV
- Buses Mandmum Turns Ratie (High to Secondary Winding) 4,00/
- Generators
- G-Matrix Minimum Medium Voltage to Assume Autotransformer 50.00 = a n d a b Ove
t::zsshunts Default Trans. Side Config Default Dist. Side Canfig
® Delta -
- Switched Shunts elta
. Substations Grounded Wye (®) Grounded Wye
- System Summary () Ungrounded Wye (_}Ungrounded Wye
.. Transformers Note, values can also be spedfied for individual areas
- Sensitivity Analysis
4 - Non-Uniform Electric Field ¢
- Geomagnetic Latitude 5 Automatic Insertion of Substations for Buses without Substations
. Earth Resistivity Scaling Where to Add a Substation .
. Earth Resistivity Scaling () Group buses with the same latitude longitude Insert Substations
Mazke one substation per bus

-+ Time Varying Electric Field Ir Delete Automatically Inserted Substations

(®) Do not add substations - Model Bus Device Neutrals as Ungrounded
Substation Geographic Consistency Check
[[] Also insert substations for buses without latitude/ longitude coordinates

MNote: Substations should be defined to properly model the common grounding of all bus neutrals at a substation. If
substations do not exist they will be automatically created when performing the GIC DC current calculation,

Save Setting to Aux Load AUX Save in PSSE GIC Format Load in PSSE GIC Format Clear Al GIC T
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Benchmark GMD Event Example

e Calculate GIC Values B GIC Analysis Form - - EE
e Check Tables and '

- Calculate GIC Yalues Clear GIC Values | Indude GIC in Power F
(®) Single Snapshot

) Time Varying Series Voltage Inputs
() Time Varying Electric Field Inputs

Update Line Voltages (Show be True Unelss Explicitly Entered)

Select Step Tables and Results
Results - System ~ eipatos o |
4. Optians Areas | Buses | Generators | G-Matrix | Lines | Line Shunts | Switched Shun| * | ¥
DC Current Calculation v

S u m m a ry - AC Power Fiow Model System Summary

4 - Tables and Results

- Areas Total Mvar Losses in Specified Direction 1005.8
. Buses Total Mvar Losses in Masimum Direct 1174.3
* Maximum MVar A
- G-Matrix Maximum Direction, Degrees 93
e linas
LO S S e S O C C u r W it h 9 3 - Line Shunts Total Mvar Losses in Minimum Direction 986.9
- Switched Shunts Minimum Direction, Degrees 156
- Substations

| System Summary Mote, maximum and minimum values are only computed for uniform

d e g re e d i re Ct i O n - Transformers direction fields

- Bensitivity Analysis
4 - Mon-Uniform Electric Field S¢
- Geomagnetic Latitude 5

* Change Storm i
Direction to 93
degrees and
recalculate GIC Values

Save Setting to Aux Load AUX Save in PSSE GIC Format  elp |Lo:
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Benchmark GMD Event

e E-field
Contour
(V/km)

1.0
-0.5
-0.0

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation
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Benchmark GMD Event Example

e Show Custom
Float 1l in
Animated Flows

G2: Modeling GMD in Simulator © 2017 PowerWorld Corporation 63



Difference Flows: Voltage Contour -

Voltage\Per Unit Ma
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Texas2000.pwb

Benchmark Event Time Series

e Simulator (version 20) can automatically generate a csv
file of GIC(t) time series for a uniform time-varying E(t)

field
 Sample input file
NERC _GMDBenchmarkEventTimeSeries.csv

— 10-second samples matching Figures 2 and 3 in the NERC
Benchmark Geomagnetic Disturbance Event Description

— fields are time, eastward E(t), and northward E(t) in V/km
* QOutput is GIC(t) for all transformers on the GIC
Transformers display

— it usually makes sense to filter this list (e.g. transformers
with Maximum per-phase Effective GIC >= 75A)
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Texas2000.pwb

Benchmark Event Time Series

* From the Texas2000.pwb case, set Geomagnetic

* Leave other parameters unchanged
e Re-calculate GIC Values

_atitude Scaling Function to “No Scaling”

GIC Analysis Form

Calculation Mode
Single Snapshot

Select Step

Time Varying Series Veltage Inputs
(_) Time Varying Electric Field Inputs

- Field/Voltage Input
4 - Options
i iDC Current Calculati

AC Power Flow Mod
4 Tables and Results

- Areas

-~ Buses

- Generators

- G-Matrix

- Lines

- Line Shunts

- Switched Shunts
- Substations

- System Summary
- Transformers

- Sensitivity Analysis

L

Calculate GIC Values

Field/Valtage Input

Voltage Input Parameters
Electric Field Model Parameters

Maximum Field 8.00=

Storm Direction 0.0

Also Calculate Maximum Direction Values

Geomagnetic Latitude Scaling Function

Earth Resistivity Scaling Region Set

Save Setting to Aux Load ALX

Clear GIC Values

[]Update Line Voltages {Show be True Unelss Explicitly Entered)

Valtsfkm

Degrees

[Jindude GIC in Power Flow

Restrict Lines to which to mgdel DC Voltages Units of Distance

Minimum Line Length 1612 km

[Jcaleulate voltagés for Equivalent Lines

() Miles

[ calculate Vpftages for Low R Lines

Modeling of Scaling and Hotspots
Mo Scaling W — ) ) )
() Approximate with Substation Values
MERC_USGS_2014 W — )
(®) Interpolate Along Line Path

Save in PSSE GIC Format

["]PsSE Save and Load Lsing AreaZone Filters

- - EE

Validdte Input Data for GIC

Load Time-Varying Input and Calculate Transfomer IEffective

Hotspot Modeling
[Jindude Scaling of Hotspot Magnitude

Use Specified Value

(_) Scalar of Maximum Field

Hotspot Field in Vfkm 12.43 =
Width of Hotspot in Kilometers 241.40 =
Latitude of Center 45.000 | =
Longitude of Center -50,000 =

[ 5cale Hotspot Value with Geomagnetic Latitude
Scale Hotspot Value with Earth Resistivity

Load in PSSE GIC Format | Cl|  Clear All GIC Input Fi

G2: Modeling GMD in Simulator
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Benchmark Event Time Series

 Check Tables and Results & Transformers

* Load Maximumleff.aux to insert a field for the
per-phase GIC at maximum direction

* Apply an advanced filter for transformers with
maximum GIC >=75 A

* Click “Load Time-Varying Input and Calculate
Transformer leffective”
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Benchmark Event Time Series

* Click “Load Time-Varying Input and Calculate
Transformer leffective”

GIC Analysis Form - o IEH
(.: Ia..llahon S Calculate GIC Values Clear GIC Values [[]Indude GIC in Power Flow Validate Input Data for GIC
Single Snapshot
Time Varying Series Voltage Inputs . . . .
Time Varying Electric Field Inputs Update Line Voltages (Show be True Unelss Explicitly Entered) Load Time-Varying Input and Calculate Transfomer IEffective
Select Step Tables and Results
- FieldVoltage Input ’ -
;-Opﬁ;:s o= e Areas | Buses | Generators | G-Matrix | Lines | Line Shunts | Switched Shunts | Substations | System Summary | Transformers (Filter:Maximum Ieff ..)
E DC Current Calculation ] B ok %8 5% @4 88 T Records v Set~ Columns - B~ | gE- WS- ¥ BEH- W fo- B options -
AC Power Flow Model
4 - Tables and Results Bus Num Med Bus Name Med Bus Mum Ter |Bus Name Ter |Circuit| Transformer Per[Transformer Per|GIC Mvar Losses|Maximum Mvar [Maximum Losses| J Maximu 'WF |Ne ~
A Phase Effective Unit Effective Losses Direction Phase E  |(A
reas GIC, Amps GIC (Degrees) GIC, An
- Buses
-+ Generators 1 1593 Wadsworth 2 GO 0 1 30199 1.2760 1990592 212.70 20,6323 322.68708
- G-Matrix 2 87 Terrell 2 115 0 1 197.93 0.8363 126.017% 155.10 1443380  243.61107
t!nessh " 3 290 North Richland Hils 115 0 1 28,37 0.1199 17.6714 149,35 83,2046  239.74708
ne s 4 921 Lyt 115 0 1 65.69 0.2776 42,3000 146.59 1067715  227.64141
Switched Shunts
. Substations 5 638 Houston 12 115 a 1 149.49 0.6317 95.0261 142,92 43,3278 224.84331
. System Summary ] 421 De Leon 115 a 1 113.99 0.4317 74.3854 135.94 122.9016 209.85157
..\ Transformers 7 1095 Lopeno 115 0 1 99.63 0.4210 65.4419 136.08 51,2507 207.13916
.. Sensitivity Analysis 8 447 Throckmorton 115 0 1 9.77 0.0413 6.3758 135.06 872943  206.99579
4 - Non-Uniform Electric Field 5 9 1290 Memphis 115 0 1 189.55 0,8009 122,7865 133.21 1571802 205.64316
- Geomagnetic Latitude 5 10 918 Laredo 5 115 0 1 169.85 0.7177 110.2239 126.25 29,1798 194,53389
- Earth Resistivity Scaling il 1676 Cooper GO [v] 1 92,28 0.3899 60,8245 124.44 60,7354 188.78881
- Earth Resistivity Scaling 12 115 Dallas 18 115 a 1 21.88 0.0924 13.6457 115.47 96,7869 185.10543
13 742 Katy 115 a 1 179.91 0.7602 114.0466 116.85 12,5880 184.33756
14 13 Plano 115 0 1 104.96 0.4435 65.7978 111.42 53.8040 177.73380
15 883 Tivoli 3115 a 1 58.08 0.2454 38.2020 116.83 70,9147 177.61302
16 14 Plano 2 115 a 1 110.75 0.4680 69.2791 110.61 51,2208 176.82668
17 942 Beeville 115 0 1 59.18 0.2501 38.8620 107.52 111.1383 163.73356 v
< > < >
Save Setting to Aux Load ALY Save in PSSE GIC Format ["]PssE Save and Load Using AreaZone Fiters Load in PSSE GIC Format [L Clear All GIC Input Fielc
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Benchmark Event Time Series

* Open theinput file
NERC _GMDBenchmarkEventTimeSeries.csv

* Name an output csv file

* When the process is complete, open the output
file in Excel

* Resulting time-series can then be input into
thermal calculations
— An example is in GICXfrHotSpotTempCalcs.xIsx
— Help is provided in cell comments

— Copy one transformer’s time series at a time into
column G of the sheet XfrTimeSeries
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Output CSV File

° Flrst th ree Columns are = E5+ - GMDBenchmarkEvemtGiCtesv.. 2 B - 0O X

HOME ' IMSERT PAGEL FORMU DATA REVIEW VIEW DEVELO  scott -

eChoed from the inpUt \ p:@;;- Fit Aligient Nufber EE:::;:::E;:;:TE&MQ' Cifllls Edt:fng
. . . oW - - - [CF Cell Styles - - -

file: time, eastward E(t),

and northward E(t) in

Styles -

Je || 1786 (Dallas 10 345) [HIGH] ; 107 (Dallas ~ »
10 115) [MED] CKT 1

C\D E F G H [«

V/km 1 [Time (sec £_ew (v/+£_Ns (v/K1786 (Dalll1788 (coo 1788 (Coo 1788 (Coo 1796 (¢
2 10 0.019 0.0 0.241 0.347 0.347 0.838 0.
3 0.177 0.367 0.367 0.887 0.
M ° - 0.389 0.321 0.31 0.75 0.
 Transformer time series ; 039 003 003 008 o0
6 50 0.014 0.015 0.186 0.19 0.19 0.459 a
1 1 / 7 60 0.01 0.018 0.131 0.175 0.175 0.423 0.
b egl n I n CO I u m n D 8 70 0.027 -0.008 0.3951 0.194 0.154 0.47 0.]
g 80 0.003 0.012 0.03 0.081 0.081 0.196 0.
10 90 0.019 0.013 0.257 0.221 0.221 0.234 0.!
1 100 0.018 0.008 0.242 0.189 0.189 0.458
12 110 0.031 0.006 0.438 0.298 0.298 0.72 0.
13 120 0.006 0.024 0.062 0.165 0.165 0.399 0.
14 130 0.002 0.001 0.028 0.02 0.02 0.049 0
15 140 0.004 0.017 0.048 0.119 0.119 0.287 0.
16 150 0.005 -0.003 0.07 0.026 0.026 0.064 a
17 160 0.005 0.034 0.042 0.205 0.205 0.495 0.
18 170 0.005 0.011 0.059 0.092 0.092 0.222 0.~
GMDBenchmarkEventG &) 1 ’
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GICXfrHotSpotTempCalcs.xIsx

Thermal Calculation Spreadsheet

i Tra n Sfo r m e r P rO p e rt i e S - BB~ = GICKfrHotSpotTempCalcs.xsx - Excel 7 H - 0O %

HOME = INSERT  PAGE LAYOUT FORMULAS DATA  REVIEW VIEW DEVELOPER scott -

on Parameters sheet & [om I [=] [w] Ecomem (@] [#

Paste Alignment Mumber = Cells  Editing

¥ #H DA~ . - [P cellstyles~

Clipboard Font [F] Styles -~

e Paste GIC(t) time series .7 " :
for a transformer L s oo . e

1 |Time BusNum3W BeshumIW:1 BusNum3W:2 BusNum3W:3 LineCircuit GICXFIEffectivel GI

starting in column G of 5 ¢ —

3 5 6 0 U
4 20 5 6 0 0 1 0.177
. ; 5 30 5 6 0 0 1 0.389
XfrTimeSeries A - S A
7 50 5 6 0 0 1 0.186
8 60 5 6 0 0 1 0.131
° 9 70 5 6 0 0 1 0.391
Temperature graphs on o o 5 ; 0 o 1 003
11 90 5 6 0 0 1 0.257
. . 12 100 5 6 0 0 1 0.242
TimeSeriesChart slowo s & 0o o
14 120 5 6 0 0 1 0.062
15 130 5 6 0 0 1 0.028
16 140 5 6 0 0 1 0.048
17| 150 5 6 0 0 1 0.07
18] 160 5 6 0 0 1 0.042
19 170 5 6 0 0 1 0.059| |~
Parameters | XfrTimeSeries | TimeSeriesChart ()] [] 3

AVERAGE: 6.8886925 COUNT: 11200 SUM: 77153.356 iss]
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Benchmark Event Resources

 PowerWorld’s Knowledge Base has several
resources for GIC modeling

https://www.powerworld.com/knowledge-base?term20=gic&submit=Go

— Complete time series for NERC Benchmark GMD
Event

— Spreadsheet for transformer thermal response
modeling

— Earth Resistivity Models
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Sensitivity Analysis

e “Transformer |

effective

greatest effect on transformer GIC current

dl

effective

Sort transformers by |
Include Throckmorton 345/115 kV in Sensitivity Calculation
Click Recalculate Sensitivities

/d E;.4 indicates change in |
the line in question

effective

effective

G2: Modeling GMD in Simulator

© 2017 PowerWorld Corporation

4 -Upnons () Line Amp Input Sensitivity = - - - - X
-DC Current Calculation Bus Num Bus Name High Bus Mum | BusName Med  (Bus Bus | Circuit | Incudein (Transformer W[ ~
- AC Power Flow Model (®) Transformer leffective GIC Sensitivity High Med MNum Ter| Name Sensitivity [Phase Effec
M Tables and Results Sensitivity Options Ter Calculation GIC, Amps
. Areas Assumed Direction (Degrees, 0 to 360) 1 1900 Morth Richland Hills 1 345 290 Morth Richland Hills 1 0 1 MO 29,339
Buses o002 2| 1302 Throckmorton 345 447 Throckmorton 115 0 1 ﬂl (ES v 25.653
. Generators 3| 2006 Dallas 18 345 115 Dallas 18 115 0 1 NO 23,290
< GMatrix Assumed Field Direction 4| 1882 Lytle 345 921 Lytle 115 0 1 NO 22.110
. Lines @paralel toline 5| 1788 Cooper 345 1676 Cooper GO 0 1 NO 20.816
- Line Shunts () Spedified Direction 6| 2007 Deleon 345 421 De Leon 115 0 1 NO 20.778
- Switched Shunts 7| 1993 Terrell 2 345 87 Terrell 2 115 0 1 NO 19,109
- Substations Recalculate Sensitivities 8 1959 Garland 3 345 23 Garland 3 115 a 1 NO 17.927
- System Summary 9| 2003 Lopeno 345 1095 Lopeno 115 0 1 NO 17.614
-+ Transformers Calculate Sub Driving Point Values 10| 1924 Plano 1345 13 Plano 115 0 1 NO 17.366 ¥
- Sensitivity Analysis < >
4 -Mon-Uniform Electric Field S¢ .
- Geomagnetic Latitude 5 Lines
- Earth Resistivity Scaling From From Name To To Name Cirauit |dleffective/i WF |dleffective/dVol]  Distance  [Compass Angle ~
- Earth Resistivity Scaling Mumber Mumber Between Between
- Time Varying Electric Field Ir| Substations | Substations
= |
1 1802 Throckmorton 345 1345 Knox City 345 1 I 8.557] 0.140 56115 296.29
2 1801 Gordon 345 1802 Throckmorton 345 1 7.512 -0.068 109.66 307.37
3 1801 Gordon 345 1802 Throckmorton 345 2 7.512 3,063 109.66 307.37
4 1802 Throckmorton 345 1842 Floydada 1 345 1 7.333 0.062 119.13 299.14
5 1802 Throckmorton 345 1860 Jacksboro 2345 1 7.122 0.084 85,22 93.22
] 1949 Loving 345 1802 Throckmorton 345 1 6.752 -0.093 72.53 259.21
7 1549 Loving 345 1802 Throckmorton 345 2 6.752 -0.093 7253 259,21
8 434 Loving 115 447 Throckmorton 115 1 2.175 0.030 7253 259,21
9 1942 Muenster 1 345 1949 Loving 345 1 1.452 -0.013 111.75 248.33 w

GIC Sensitivity” can identify transmission lines with

for a 1 V/km variation in E-field on

345 kV lines into
Throckmorton
are responsible
for most GIC
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Sensitivity Analysis

* “Line Amp Input Sensitivity” shows the sensitivity of GIC quantities

(currents, DC bus voltages) to a GIC injection on the selected transmission

line

* Following the use of “Line Amp Input Sensitivity”, you must click Calculate
GIC Values again to restore the GIC quantities for the simulated GMD event

Assumed GIC
injection on line

Selected Line

G2: Modeling GMD in Simulator

Sensitivity Analysis

Type of Sensitivity Calculation
(®) Line Amp Input Sensitivity
({_) Transformer Ieffective GIC Sensitivity

Sensitivity Options
ssumed Line Injection (Amps)

-

1.00

Assumed Field Direction

®) Parallel to Line

Spedified Direction

Calculate Sub Driving Point Values

Recalculate Sensitivities

Choose the Transmission Line (for input sensitivities) or Transformer (for Ieffective Sensitivites)
~| Sort by () Name
Filter | Advanced  ||Branch

(®) Mumber

L

%] [[]use ArealZone Fikers | Quick || Define

15342

Search For Near Bus
1838 (Manor 1 345) [345.0 kv]

1839 (Austin 17 345) [345.0 kV]
1840 (Austin 22 345) [345.0 kV]

1341 (Wheeler 345
18342 (Floydada 1 34

345.0 kv
345.0

1843 (Odonnell 345) [345.0kv]
1844 (Clyde 345) [345.0 kv]

1845 (Knox City 345) [345.0 kv]

1846 (O Brien 345) [345.0 k]

1847 (Ahilene 5 345Y 1345.0 kV1

Remove

Select Far Bus, CKT

1286 (Floydada 115) [115.0 kv] CKT 1
1770 (Floydada 1 GO) [13.80 kv] CKT 1

(1802 (Throckmarton. 345). [345.0 kY1 CKT.1....
1954 (Tell 345) [345.0 kv] CKT 1

Buses | Lines | Substations Transformers
From | From Mame To To Mame Circuit | Meutral |Transformer W | Transformer |dleffective/d
Number Mumber Current  [Phase Effec Per Unit

(Amps) |GIC, Amps Effective GIC
1 1286 |Floydada 115 1842 Floydada 13451 0,308 0,125 0,00053
2 1770 Floydada 1 GC 1842 Floydada 1345 1 10,259 0.086 0.00036
3 447 Throckmorton 1802 Throckmorton 3 1 -40.198 0.074 0.00031
4 1697 Throckmorton 1302 Throckmorton 3 1 -0.117 0.039 0.00016
5 1297 Tell 115 1954 Tell 345 1 0,095 0.034 0.00014
] 434 Loving 115 1949 Loving 345 1 -0.062 0,015 0,00007
7 14432 Jacksboro 2 1 1860 Jacksboro 2 341 -0.042 0.015 0.00008
3 1607 Mcadoo 2 GO 1464 Mcadoo 2 115 1 0.035 0.012 0.00002
9 1473 Olnev 2 115 1877 Olnev 7 345 1 -1.0728 n.010 0.00004

© 2017 PowerWorld Corporation
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Substation Resistance Sensitivity

 Recent research has indicated that the GICs can be
qguite sensitive to the assumed grounding
resistance; hence measured values are
recommended

* The relative importance of a particular substation
grounding resistance can be determined by
comparing its value to the driving point resistance
seen looking into the network at that location;
these values can be computed quickly using sparse

vector methods

N, = R
Ri + IQTH,i
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Substation Resistance Sensitivity

Example

* Click Calculate Sub Driving Point Values

* Relative sensitivities for substations with high
neutral GIC currents

Lines | Substations

Sub Mum Sub Mame

Sub ID|GIC DC Meutral |GIC Amp | Grounding |GIC Used |Thewveniri |The~.-'enin

Voltage Meutral Resistance|Grounding |Resistance |VoltageVolts) Ratio
(Chms)  |Resistance|(Chms)

(Ohms) | |
i 446 Throckmortaon 445 260,33 -132.74 0,000 0.198 0.161 -47.705 0.552) 33
2 135 Cooper 135 26,66 120,23 0,000 0,222 0.347 68,3858 0,390 33
3 106 Dallas 10 106 15.91 LEs 0,000 0.131 0.077 24,097 0,702 32
5 1424 Baytown 4 1424 14.17 90.39 0,000 0.157 0.071 20,567 0.68%9) 29
3 338 Electra Jaa -14,93 9,33 0,000 0,168 0,445 -54,780 0.273) 33
G a6 Terrell 2 36 21,57 84.23 0,000 0,256 0,193 37,831 0.570) 32
7 427 Gordon 427 -158,35 82,75 0,000 0,222 0,038 -25.624 0.716) 32
3 272 Garland 3 22 20,52 80.15 0,000 0.256 0.0s0 25.328 0.810) 32
9 1415 Pasadena 4 1418 10.43 74.34 0,000 0.140 0.065 15.251 0.684 29
10 1324 Knox City 1324 -13.98 -70.47 0,000 0.195 0.148 -24. 390 0.573 33

G2: Modeling GMD in Simulator
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Capacitive Neutral Blocking

Sort by Transformer Neutral Current, absolute value
(hold shift key, click column header)

Toggle “GIC Blocked for Transformer Neutral” = YES for
Cooper GSU and recalculate GIC

Cooper GSU GIC goes to zero, but GIC increases in
Cooper autotransformers and a few other locations

Tables and Results

Areas | Buses | Generators | G-Matrix | Lines

Line Shunts | Switched Shunts | Substations | System Summary | Transformers

m % '3'”* fﬁg ;'23 ?&D i Records~ Set~ Columns ~ ' ".E' "@E- ¥ BE'EI = 1%%; i) = @ Options =
Bus Mum | Bus Mame High | Bus Mum Bus Name Med Bus |Circuit{Transformer Transforme‘ GIC Mvar [Maximum| Maximum |[Meutral M| Maximum | Maximum GIC Blocked
High Med MName Per Phase |Per Unit Losses  (Mwvar Losses  |Current MNeutral MNeutral for
Ter Effective |Effective Losses Direction  |(Amps) Amps Current Transformer
GIC, Amps |GIC (Dearees) Degrees Meutral

1 1802 Throckmorton 345 447 Throckmorton 115 [i] 1 24.624 0.104 16.07 16,16 86.7 -06.473 97.23 85.8 MO MO
2 1993 Terrell 2 345 &7 Terrell 2 115 o] 1 19,200 0.081 12,22 18.70 142.2 84,227 95.71 121.4 MO NO
3 1959 Garland 3 345 23 Garland 3 115 i 1 10,936 0.046 6.83 716 110.3 30,149 30,15 93.0 MO NO
o 1786 Dallas 10 345 107 Dallas 10 115 o] 1 14,664 0,062 0.09 9.25 103.5 72.758 79.81 117.3 MO MO

3 1788 Cooper 345 1676 Cooper G0 a 1 22,393 0,095 14,75 17.47 80,7 87,179 79.49 60,7 MO ﬁl ‘ES W
(=] 1785 Plano 5 345 43 Plano 5 115 [i] 1 7.261 0.031 4,53 4.99 £69.5 57.978 62.64 70.8 MO 1w}
7 1943 Laredo 5 345 913 Laredo 5 115 o] 1 10.865 0.045 7.05 13.17 35.4 -56.571 77.18 50.1 NO NO
8 1921 Allen 1345 3 Allen 115 a 1 1,381 0,008 0.87 161 35.7 54,450 65.41 59,3 MO NO
9 1900 Marth Richland Hills 290 North Richland Hills 1 v] 1 27.076 0.114 16.87 17.03 85.0 52.037 61.83 60.3 MO MO
10 1882 Lytle 345 921 Lyte 115 a 1 19,432 0.082 12,55 12.98 107.9 -51.069 51.72 83.9 NO NO
11 1816 Baytown 3 345 788 Baytown 3 115 i 1 13.103 0.055 3.47 8.60 83.1 50.992 51.01 91.3 NO NO

G2: Modeling GMD in Simulator
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Capacitive Neutral Blocking

®

I”

* Toggle “GIC Blocked for Transformer Neutra
YES for Cooper Autotransformers and recalculate
GIC

* The Cooper neutral current goes to zero, but some
GIC still flows through the series windings

Tables and Results

Areas | Buses | Generators | G-Matrix | Lines | Line Shunts | Switched Shunts | Substations | System Summary | Transformers

m % '>||" "_'D'E ;?8 ﬂ ?&D #t Records > Set~ Columns ~ ' HE' “gg' T BE'EI' i%%; T = @ Options =
Bus Mum | Bus Mame High | Bus Mum Bus Mame Med Bus | Bus |Circuit|Transformer | Transforme GIC Mvar [Maximum| Madimum Meutral | Maximum || Maximum ||Ignore ||GIC Block W
High Med Mum | Name Per Phase | Per Unit Losses  |Mwvar Losses Current | Meutral Meutral GIC |[for
Ter | Ter Effective |Effective Losses Direction (Amps) Amps Current ||Losses |[Transforr
GIC, Amps | GIC (Degrees) Degrees Meutral

1 1788 Cooper 345 135 Cooper 115 i} 1 3.927 0.017 2.55 2.98 62.0 0.000 0.0d 93.0 O YES
2 1788 Cooper 345 136 Cooper 115 a 2 3.927 0.017 2.55 2.98 682.0 0.000 0.0d 93.0 jO YES
3 1788 Cooper 345 1676 Cooper G0 a 1 0.000 0.000 0.00 0.00 93.0 0.000 0.0d 93.0 HO YES
4 463 Copperas Cove 2 1] 1698 Copperas Cove 2 G0 a 1 2,985 0.004 0.53 0.57 114.3 -7.455 8.00 114, 53 TNO NOI
5 661 Houston 34 115 1708 Houston 34 GO a 1 0.810 0.001 0.18 0.68 167.9 2.429 9.32 167.9 NO NO
G 709 Conroe 7 115 1712 Conroe 7 GO a 1 2.518 0.004 0.55 0.59 56.3 7.554 9.43 56,3 NO NO
7 495 Troy 2 115 1700 Troy 2 GO i} 1 3.785 0.005 0.83 0.94 120.7 11.354 12.82 120.7 MO MO
8 315 Pearland 2 115 1726 Pearland 2 G1 a 1 1.594 0.002 0.35 1.15 20.7 -4.783 15.74 20.7 MO NO
9 878 Shiner 115 1731 Shiner 1 G0 a 1 4.077 0.008 0.90 0.50 99.8 -12.230 12,32 99.8 NO NO
10 940 Zapata 115 1738 Zapata GO a 1 2,505 0.004 0.55 0.78 49.1 -7.515 10.42 49,1 NO NO
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GIC by Bus: Quick Power Flow List

Quick Power Flow List for Current Case

Bus Mumber | 1733 ! Show Buses Clear List Print l-'Ll:Inse
BUS 1788 Cooper 345  345.0 MW Mvar MVA & |GIC Amps 1L0292 -3.51
GIC DC Volt = 68.79 Sub DC Neutral Volt = 0.00
TO 136 Cooper 115 1 236.39 23.48 237.6 24 5.94 |L.0000NT
TO 136 Cooper 115 2  236.39 23.48 237.6 24 5.9A4 |L.000ONT
TO 1676 Cooper GO 1 -1648.91 -163.94 1657.0 71 0.0 [1.0000NT
TO 1920 Mckinney 1 345 1 592.82 55.56 595.4 45 -10.2
TO 1993 Terrell 2 345 1  583.31 61.41 586.5 3% -1.5

L= R = Y = |

1 HCEHT .ﬁ.

G2: Modeling GMD in Simulator
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B6GIC_NERC.pwb

NERC 6-Bus Example

e Described in the NERC Application Guide, Appendix II*

e 2 gwye-delta GSUs, 1 gwye-gwye autotransformer, 2
transmission lines

500 kV
345 kv

Input Parameters
SUB 2

Lat: 34.310437
Lon: -86.365765

Rg2: 0.2 Ohms Length (km)= 160.47 SUB 3
Length (km)= 121.06 Lat: 33.955058

R (ohms/ph)= 4.665
SUB1 R (ohms/ph)= 3.525 3 4 ( ph) Lon: -84.679354
Lat: 33.613499 GIC Induced Volts= 1555.6
Rg3: 0.2 Ohms

GIC Induced Volts= 931.6
Lon: -87.373673 134(A, 3p)= 764.1
112 (A, 3p)= 627.8
Rgl: 0.2 Ohms

GIC Calculations

Rc (ohms/ph)=0.2
Rs (ohms/ph)=0.2
: Neutral Blocked: NO

A \é Is (A, 3p)= 764.1
. Ic (A, 3p)= -136.2 RW1 (ohms/ph)=0.5
Neutral Blocked: NO

IT3 (A, 3p)= 764.1

RW1 (ohms/ph)=0.5
Neutral Blocked: NO
IT1 (A, 3p)= -627.8

* http://www.nerc.com/comm/PC/Geomagnetic%20Disturbance%20Task%20Force%20GMDTF%202013/GIC%20Application%20Guide%202013 approved.pdf
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GIC in Transient Stability

* |t often makes sense to analyze GIC in the
transient stability domain, especially for time-
varying surface electric fields

* High-Altitude EMP disturbances have faster rise
times than typical GMD, but may last only
several minutes

* Useful for generating transformer /. time
series for inputs to thermal models
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B6GIC_NERC.pwb

Transient Stability Example

* Open GIC Analysis Form and select the
Calculation Mode “Time Varying Series Voltage
Inputs”

* Insert 3 time points to create a 5 second rise
from 0 V/km to 15V/km at 90 degrees and a 5
second decline to 0 V/km

* Open Transient Stability Analysis Form
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B6GIC_NERC.pwb

GIC in Transient Stability

®

* Options - Power System Model - Common
* Check “Include GIC Effects”

* More details
on using
Simulator’s
Transient
Stability Tool
are provided
In a separate
course

G2: Modeling GMD in Simulator

Options

Sommon | Compatibility Options

Power System Values

MominaNgystem Frequency (Hz) &0.0
Initial System Frequency (Hz) 60,000
System MVA Base 100,00
Metwork Equations Sohtion Options

Solution Tolerance (MVA) 0.10000
Maximum Tterations 25
Force Network Equation Update 0.00
|Use Voltage Extrapolation

Inner Loop Mismatch Scalar 1.0

Infinite Bus Modeling
() Mo infinite buses {recommended setting)
(@) Model the power flow slack buses as infinite buses

Handling of Initial Limit Violations
®) Modify Limits and Run

) Abort

() Run without Changing Limits

© 2017 PowerWorld Corporation

4 4

Mote: Changes made to option entries are saved immediately and will be applied during the next transient stahility run.

General | Power System Model | Result Options | Generic Limit Monitors | User Defined Models | Distributed Computing

Load Modeling
Default Load Model

() Constant Impedance

() ZIP Model from Power Flow Model

Constant Current
() Constant Current P, Impedance Q

Minimum Per Unit Voltages for

Constant Power Models  |0.700

Constant Current Models 0,500 2
Minimurm Load P for Complex Load Models (M) 0.500

SILANEN L

Minimurm Load P/Q Ratio for Complex Load Models 0.25

Integration Method
() Second Order Runge-Kutta

(@) Euler
Indude GIC Effects
GIC ¥F Time Constant (Sec) 0.0
Bus Freguency Measurement Time Constant (Sec.) 0.02
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GIC in Transient Stability

* Run Transient Stability Simulation for 15
seconds

* Time-series plots are generated for generator
rotor angle, bus frequency, bus voltage,
transformer / g, transformer GIC MVar losses
(by substation), generator MVar output, and
generator field current
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Transient Stability Plots
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* Note generator at bus 1 exceeds its power flow limit of 50 MVar for several
seconds

« Simulation in power flow leads to collapse at t=4.2

* Increasing peak field strength beyond 20 V/km leads to collapse in transient
stability simulation
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Summary:
Integrating GIC Calculations into Power System Planning

* Alarge GMD could substantially affect power system
flows and voltages

e Studies allow for testing various mitigation strategies

— Operational (short-term) changes include redispatching
generation to avoid long distance power transfers and
reducing transformer loading values, and strategically
opening devices to limit GIC flows

— Longer-term mitigation actions include the installation of
GIC blocking devices on the transformer neutrals (such as
capacitors) and/or increased series capacitor compensation
on long transmission lines

* Determining relay settings — when to trip the
transformer
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