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Geomagnetic Induction

Induced currents create Magnetic Field Magnetic Field

magnetic fields @
Self-consistent solution

where induced currents
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Earth Conductivity Structure

Earth Structure
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Earth Models

Examples of 1-D
Conductivity Models

Depth (km)

BRITISH
COLUMBIA

Resistivity (ohssm)

NORTH AMERICA: PHYSIOGRAPHY
o 500 1000 4500 Kinmetons |

NORTHERN
ONTARIO

Depth (km)

1 —
POGRAPHIC PROFALE ALONG 40" N LAT

Lt

T

Depth (km)

100

Resistvity (ohm-m)

100

Resistvity (ohm-m)

1000

10000




Calculate Earth Response

Surface

Recurrence Relation

—2k,d,
I-re

M — permeability

w — frequency

Z_ —impedance in layer n

0, — conductivity layer n

d, — depth of layer n

k, — propagation constant for layer n




Electric Field Calculation

Magnetic _
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Electric Field Calculation (Plane Wave)
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Modelling Process: Basic Network
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Modelling Process: Basic Network

Induced emf in line

Impedances of lines

Impedances to ground




1. Modelling Process: Mesh Impedance Method

Using Kirchoff’ s voltage law we can write equations for each loop

Tl 1l + 1, (0 — 1) = ¢
ol —i) + 13y +153(0) —13) = €
Pyl —h) + 1353 + 134 (53 —1) = &

Pag(ly —13) + 1yl +7y5ly = €4




1. Modelling Process: Mesh Impedance Method

Collecting terms in i, i, etc gives

(Foy + 7 + 1)l —Haly = €
~Tiply +(Fy + 15 + 1)y =iy = &

~Ty3ly +(Fyg +15 + 13y )iz — Iyl = €
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1. Modelling Process: Mesh Impedance Method

Thus the equations can be written in matrix form




General Modelling Methods

* Mesh Impedance Matrix Method

 Nodal Admittance Matrix Method

* Lehtinen-Pirjola Method



Mesh Impedance Matrix Method




Nodal Admittance Matrix
Method




Effect of Line Length
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Edge Effect

GIC flows from one edge of the network to the other

GIC flows past substations in the middle of the network




3 GIC Simulator: Geomagnetically Indu

J File  Edit Favorites T Help
y A ~Y \ 077,
J Q Back ~ [ o ﬂ ng 7'} P Search . Favorites 6‘1 ] M= L J
J Address I._éj http:ffwww,spaceweather.gc.cafgic_simulator_e.php?gic_directory=GIC_ontariochydro j a Go
J Links @] Windows &] Air Canada - Book Flights @] SPS @] grandpa  &] Space Weather Canada & Google & Travel Allowances @] GIC Simulator - Generic System 2

Geomagnetically Induced Current Forecast

Hydro One System

Station Current GIC  Max GIC . N -
(Last hour) >magnetically Induced Current For t GIC Region

algoma 0 Induced line & ground currents South&East
ansonvil  0.044 L334 -
beach 0.063 a19 Toronto
beauharn 0.101 828

beck 0.225 467

bowvmanv5s 0.052 .544
bruce -0.013 .188 )

bruces 0.091 171 - Overview

buchanan -0.307
burlingt -0.006
chatham -0.055

.916
.155
. 437

- Example System

CDOoO00OFROO0ODOONKFNONO O[]

chats_fa 0.107 315
chenaux  0.047 243 Geomagnetically Induced Cuirent Forecast
E::;iywwi E: ggg :Tgi 20031111 041G AT Hydroe One System - Toronto
clairev$s 0.000 .000
clairevi 0.176 .867
des_joac  0.195 .977
detweile  0.066 .44z d Current Forecast
dobbin -0.044 256 ﬂ & ikl = 6 mv/km Hydro One System In ine & ground cur
1A Into ground V3
O 1A from ground
Plot selected station GIC | @ 1A Line Current

GIC ot olgomao

f ..H_\ e et A
1A from ground
Ay 1A Lina Current
Last 80 min
2]
Qui;lf [&] Done [ [ [ [ meemet |&] pone [T [ [ |4 nternet

Bstat| @E SO QABODL | Q. [Qw...| dup.| Hre...| Hre...| F}ad..| Q.| Ear.. | Ene... | Ere... | €0, | €0, | | @RV W 112em




J File Edit View Favorites ools elp LI

J O Back ~ > Lﬂ LE\-] ;\J ‘ / ) search u ~ Favorites 6-‘(‘ v “IJ v ii .
J Address |gj http:/fwww.spaceweather.gc.cafgic_simulator_e.php?qic_directory=GIC_ontariohydro G eo m ag n etl Ca | Iy I n d u Ced C u rre nt FO reca St
|

Links @] Windows &] Air Canada - Book Flights @] SPS @] arandpa  &] Space Weather Canada & Google & Travel Allowances G ener | C Syste m
Theory behind Simulation - Earth Response

Geomagnetically Induced Current F
Hydro One System During a geomagnetic disturbance, the - g1y,

mteraction of the solar wind with the
Earth’s magnetosphere produces electric

Station Current GIC  Max GIC

(Last hour) . U oM figr-ueﬁ ¢ Induc Edl Euv'ﬂr'»ir'ntf.:n'elius1 currents that are the external source of the
algclma U 0. Py Iy@ro ne 5_,'-.\.5|’T| nauced line <& ground cur o - - ’
et Dnse 0 os magnetic field vanapons Seen 4at the Earth’s
beach 0.063 1.419 surface. The changing magnetic field
beauharn 0.101 0.828
beck 0.225  2.467
bowmanv$  0.052  0.844 ]
bruce -0.013  2.188 ds
bruce§ 0.091 1.171 P
buchanan -0.307 2.916 . o |
purlingt -0.006 0155 Geomagnetically Induced Current Forecast | S
chatham -0.055 0.437 .
chats_fa  0.107 0,315 Generic System
chenaux 0.047 0.243 . . .
cherryvS 0.000  0.000 Theory behind Simulation - Power System =
cherrywo 0.529 1.164 "
clairevS 0.000 0.000 i
clairevi 0.176 0.867 R MOdel . N
des_joac  0.195  0.977 :ater “skin depth
detweile 0.066 0.442 . . "
Gabbin  -0.044  0.256 R cree=  35% mykm Modelling GIC in a : 4 : . he skin depths range
1A Into ground power system is very E 2 2 3 - response of the
O 1A from ground L. .
Plot selected station GIC | @ 1A Lina Current similar to a load-flow different
calculation except that 7ith depth within the

the driving voltages »urier transformed to
(representing the
ks Fiskiz Nortimard induced geo-electric ¥ : : : : _|L‘
i fields) are in the _ >
transmission lines between nodes, not between a node and ground. The voltage n |4 Internet
each line 15 determined by integrating the electric field along the length of the line. This
1s converted to an equivalent current source in parallel with the line which can be
represented by currents in and out of the nodes at the ends of the line. The total
BIE ot oigama current into each node 1s obtained by summing the contributions from each line
connected to that node. This becomes the input to a matrix equation featuring the
resistances of the lines and the ground connections at each node. Matrix inversion is
used to determine the node voltages from which it 1s straightforward to determine the
GIC flowing in each line between nodes and in each connection between node and

ground.
. of

[T | [ internet @) 1zem

a & 10

< -5

S

0-5 O

1
]
o

YN

-1-D05 ¢




GIC for Northward Electric Field

Transmission Line GIC Substation GIC
LG4

Electric Field Electric Field

GIC (A/phase) GIC (A/phase)

P
= 180200 @ Q 150200
® © 160180

140-160 ® © 140160
120-140 ® © 120-140
100-120 — — ® O 100120

‘Montreal
80-100 ° 80-100

~ Montreal

60— 80 . 60— 80
40— 60 40— 60
20— 40 20— 40

0-20 o+ 0-20




GIC for Eastward Electric Field
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Impacts on Power System

Spikey waveform = harmonics
Harmonics cause misoperation of protective relays

Increased magnetising current = increased reactive
power consumption

Lack of reactive power causes voltage collapse




Power Transformer Hysteresis Curve

Voltage




Increased Reactive Power Requirements

- Reactive Power Flows
NSP - USBR - 115 and 230 Kv
— Interconnection

— Granite Falls, Minn.; 11 February, 1958
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Transtformer Overheating

GIC and TRANSFORMER TEMPERATURES
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Conclusions

= Calculation of GIC needs knowledge of
geomagnetic disturbance,

Earth conductivity,
network impedances

= Simulation done assuming:

uniform magnetic disturbance
1-D Earth conductivity model
resistive network

= Simulation use off-line for hazard assessment
and in real-time for system monitoring
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