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Relevance
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May 10th – 12th Geomagnetic Storm

100 amps recorded on a BPA transformer neutral!
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Note: Sometimes in Operations…
[Single Event] >> [N-1]
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*Public Substations and Lines Layers by EIA

Google Earth KML with Colors by Ben Hutchins (Link)

2017 Earthstone Fire Boundary from KOLO TV (Link)

https://www.arcgis.com/home/item.html?id=42e8048bedb34bccafbc90d82849ed7e#overview
https://www.kolotv.com/content/news/Sparks-residents-thankful-for-crews-working-Earthstone-Fire-432588493.html
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A Day In The 
Office
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1989 - You Work at Hydro Quebec
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The Date is Sunday, March 12th, 1989.

You are a new operator at Hydro Quebec, with a 

12AM to 8AM shift.

Your alarm wakes you up at 10 PM, so you get up 

and get ready.

You leave your house for work at 11 PM.

It’s 19F outside, so you bring your jacket and gloves.

Image from Wikipedia

https://en.wikipedia.org/wiki/Hydro-Qu%C3%A9bec%27s_electricity_transmission_system
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1989 – Night Shift
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This Photo by Unknown Author is licensed under CC BY-NC

You get to the office a little bit early, take off your 

jacket and gloves, say “hi” to you co-workers.

Start up the coffee pot. Get a big cup-o-Joe.

Sit down, start looking at the state of the system.

https://global-geography.org/af/Geography/America/United_States/Pictures/East_Coast_Florida/Kennedy_Space_Center_Visitor_Complex_-_Mercury_Control_Center
https://creativecommons.org/licenses/by-nc/3.0/
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March 13th, 1989

» Your training says that load-peaks during cold weather will 

happen around 6A-9A every morning, and 4P-8P every night.

» You’re expecting a load peak sometime this morning, but 

there’s plenty of time to prepare. 
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March 13th, 1989
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12:00 AM

You sit down and review present logs.

- PJM had a couple events, but nothing 

particularly unusual. 

- Everything for your area seems totally 

normal. 

6 AM to 9 AM you expect load to pickup, but so far load isn’t very high.

It’s the middle of the night.  
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March 13th, 1989
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02:35 AM

Slow shift so far.

Voltage got a little low, so your team switched 

on some more capacitors. Fairly normal. 

Only a couple items seem out of place. 

- Negative sequence alarm at Dorsey.

- Phase unbalance at Grand Rapids.
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March 13th, 1989
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This Photo by Unknown Author is licensed under CC BY-NC

Hydro 

Quebec

Manitoba

Minnesota 

Power PJM

The events seem far away so far

https://natalialzam.wordpress.com/2015/05/06/ayudas-programa-inmersion-en-lengua-inglesa-canada-o-ee-uu-alumnos-4o-eso-20152016/
https://creativecommons.org/licenses/by-nc/3.0/
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March 13th, 1989
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2:45 AM

10 Minutes go by.

Events in Minnesota Power and Manitoba 

Hydro (Far away)
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Everything goes dark.
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Your emergency lighting kicks on in the office.

You have spilled your coffee.
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“At 02:45 a.m. eastern standard Time (EST), Bolduc 
ventured outside to find complete darkness and 
silence everywhere. He watched in awe as a fantastic 
light show swirled in the sky, a dazzling performance 
of light with colors flourishing and dancing in the 
night. From 3:00 to 4:30 a.m., Montreal resident Brian 
Maged watched in amazement at what he said 
looked like thousands of meteor showers.”

IEEE: A Colorful Blackout: The Havoc Caused by Auroral Electrojet Generated Magnetic Field Variations in 1989

https://ieeexplore.ieee.org/document/7592967
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Your team starts putting together how much has been 

lost, and planning how to recover.

Everything just got very busy in your office.

You dropped 21 GW of load, and you don’t know why.

You’re working overtime to black start the system, 

when you see the news playing in your office.

Blackout
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NERC’s Report
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20Hydro Quebec Map (Link) – Timeline Reference (Link)

(1) (2) 2:44:17-19 

Two Chibougamau SVCs

9,450 MW

(3) 2:44:33-46

Four Nemiscau/Albanel SVCs

(4) 2:45:16

One La Verendrye SVC

(5) 2:45:25 Five 735kV 

Lines Trip on OOS

(6) 2:45:31 Churchill Falls 

Generation Separation

2,200 MW

(7) 2:45:49

Entire System Collapses, in 92 Seconds

21 GW of Load Lost

(4) – (5)

8 Seconds of Rapid Voltage Collapse

(6) – (7)

Rapid frequency collapse. UFLS schemes picked up, but 

could not prevent full system collapse.  

(5) – (6)

With generation separated, voltage jumped up, 

causing faults at:

La Grande-4 T1 Phase C

La Grande-4 T3 Phase A

Némiscau Shunt Reactor’s Surge Arrestor 

*Note: Map is much more recent 

than 1989 and may have more 

facilities than existed at that time.

Event Time Duration
1 2:44:17
2 2:44:19 2 s
3 2:44:46 27 s
4 2:45:16 30 s
5 2:45:25 9 s
6 2:45:31 6 s
7 2:45:49 18 s

https://www.hydroquebec.com/transenergie/en/
https://ieeexplore.ieee.org/document/7592967
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Albanel SVC
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Albanel SVC
Primary (60Hz) vs Total Waveform
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60 Hz 

Component

Actual Current

Looks nothing like a Sine Wave
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Albanel SVC
Harmonic Currents
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60 Hz -> 34 A

2nd Harmonic : 49.1 A

RMS -> 69.2A
RMS is more than 2x 
the 60Hz Component!!!

4th Harmonic : 30.7 A

Capacitors have lower impedance 

at higher frequencies

𝑍𝑐 =
1

𝑗𝜔𝐶
=

1

2𝜋𝑓𝐶
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EPRI Guide on GMD Harmonics
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Screening Criteria by EPRI (Link)

1.35  IRMS PU

Shunt Capacitors

(Not SVCs)

But similar 

principles at work

https://www.epri.com/research/products/000000003002017707
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Damaged Equipment

25

Two La Grande 4 GSUs

Damaged by Over 

Voltage during separation

Nemiscau Shunt Reactor

Required factory repair

Albanel SVCs

Capacitor Bank 

units failed

Nemiscau SVCs

Thyristor Damage

Chibougamau SVC

Phase-C transformer damaged by 

overvoltage during separation

Salem, MA Nuclear Station

Unit 1, 1160 MW

3x406 MVA 1-Phase GSUs

La Grande 2 

Surge Arrestors

Hydro Quebec
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Widespread Tripping

26EPRI Harmonic Assessment Presentation (Link)

SVCs!

Capacitors!

Generators!

HVDC!

Lines!

https://www.ercot.com/files/docs/2019/05/10/EPRI_GMD_Harmonic_Assessment_5-17-2019.pdf
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Blackouts, Damaged Equipment, 
Tripped Equipment
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Markup based on: (Link by Ben Damsky) 
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Blackout

Damaged Equipment

Tripped Equipment

Salam, MA

1. It wasn’t just Quebec impacted 

by the storm.

2. It can be hard to fully restore a 

system, when you’re missing 

some critical pieces of equipment.

A Couple Notes

https://www.windows2universe.org/space_weather/sw_in_depth/images/hydroquebec_blackout_map_big_jpg_image.html
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Fact-Check 
Note

» For story telling purposes above, we 

presented as though the Hydro Quebec 

operators had access to all of the logs which 

were displayed in the NERC 1989 report. 

» The fact is, I don’t know how much of this 

information they had access to at that time. 

28
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Mechanism
Coronal Mass Ejection 

(CME)
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Coronal Mass Ejection (CME)
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Coronal Mass Ejection (CME)
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Earth!

Home sweet home…

Mars

Example from 2023
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Coronal Mass Ejection
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https://en.wikipedia.org/wiki/Geomagnetic_storm https://www.maine.gov/mema/maine-

prepares/preparedness-library/geomagnetic-

storms 

Coronal Mass 

Ejection (CME)

Geomagnetic 

Disturbance

Northern lights 

(aurora borealis)

https://en.wikipedia.org/wiki/Geomagnetic_storm
https://www.maine.gov/mema/maine-prepares/preparedness-library/geomagnetic-storms
https://www.maine.gov/mema/maine-prepares/preparedness-library/geomagnetic-storms
https://www.maine.gov/mema/maine-prepares/preparedness-library/geomagnetic-storms
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Notifications - NOAA
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CME Travel Time (NOAA): Link

CME We see it coming. 

“Watch”

CME Size 

Measurement

15 Hours to 3 Days

It’s a big one!

“Warning”

15 Minutes

CME 

Upon Earth
There’s a storm!

“Alert”

1-2 Days Later

The Storm 

Passes

NOAA notifies RCs, whom notify BAs & TOPs

https://www.swpc.noaa.gov/phenomena/coronal-mass-ejections
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Changing Magnetic-Field
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https://openinframap.org/ 

Changing B (Magnetic Field)

Induced E (Electric Field) in V / km

Induced I (Current)

https://openinframap.org/
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Benchmark Event – Magnetic Field
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“The geomagnetic field measurement record 
of the March 13-14, 1989 GMD event, 
measured at the NRCan Ottawa geomagnetic 
observatory, is the basis for the reference 
geomagnetic field waveform to be used to 
calculate the GIC time series, GIC(t), required 
for transformer thermal impact assessment 
for the supplemental GMD event.”

1 Day

Magnetic Field Recordings
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Benchmark Event
Electric Field During the Storm
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Electric Field (mV/km) East to West

8V / km
WECC Width? ~1600-1700 km.

8V/km * 1700 km = 13.6 kV

(Just as a reference for numbers-scale only)

1 Day

A few 

minutes..
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Half-Cycle Saturation
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Graphic SourceNASA YouTube Video

https://www.semanticscholar.org/paper/Generator-thermal-stress-during-a-Geomagnetic-Rezaei-Zare-Marti/e147cc5079e7a708d13059811e78443cefc8c22f
https://www.youtube.com/watch?v=7ukQhycKOFw
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GIC Impacts

Transformers

Capacitors & 

SVCs

HVDC LinesGenerators

Old Relays
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Half Cycle Saturation

Harmonics 

Impact other 

equipment!

VAR Losses

Suppress System 

Voltage!

Utilities should focus on all the 

impacts, not just the transformers

Heating 

That can melt your 

transformer!



<Public>

Harmonics

76
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Harmonics Study

» Does TPL-007 require a harmonics study?

» Without a harmonics study, could you catch the 1989 blackout?

» Loss of Seven (7) SVCs within 60 seconds due to harmonics. N-7+ System State.

» Subsequent full system collapse, losing 21 GW of load. 

77
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TPL-007-1 Language:

78

3. Protection Systems may trip due to the 

effects of harmonics. P8 planning analysis 

shall consider removal of equipment that the 

planner determines may be susceptible.



<Public>

TPL-007-4 R4/R8 Table 1
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Harmonics

Mentioned in Table 1
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EPRI Harmonic Assessments

81EPRI Harmonic Assessment Presentation (Link)

https://www.ercot.com/files/docs/2019/05/10/EPRI_GMD_Harmonic_Assessment_5-17-2019.pdf
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EPRI GICHarm
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PRE-SW: GICharm v5.0 Beta Takes input in PSS/E format.

*.raw & *.gic.

PowerWorld is able to export in this format.

https://www.epri.com/research/products/000000003002027071
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EPRI GICHarm is Free!
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PRE-SW: GICharm v5.0 Beta

Message orders@epri.com for a free copy! 

(Free for EPRI members & non-members) 

FYI: You must sign a license agreement.

Free!

https://www.epri.com/research/products/000000003002027071
mailto:orders@epri.com
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EPRI Guide on GMD Harmonics
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Screening Criteria by EPRI (Link)

https://www.epri.com/research/products/000000003002017707
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EPRI Harmonic Assessments

85EPRI Harmonic Assessment Presentation (Link)

Language is no longer 

in TPL-007-4

Would this study process 

catch the 1989 blackout?

Probably!

https://www.ercot.com/files/docs/2019/05/10/EPRI_GMD_Harmonic_Assessment_5-17-2019.pdf


<Public>

Review of Various 
Procedures
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Procedure Question
Would this procedure have caught the 1989 Blackout?

87
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Note
We don’t have access to everyone’s TPL-007 study reports, 

only what has been published publicly online!

88



<Public>

90
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ISO-NE TPL-007

» Link 1

» Link 2

91

https://www.iso-ne.com/static-assets/documents/2022/05/gmd_2026_na_april_2022_pac_rev1_redline.pdf
https://www.iso-ne.com/static-assets/documents/2022/05/final_gmd_2026_na_sow.pdf
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ISO-NE
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ISO-NE
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ISO-NE
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ISO-NE

» No GMD: 

» 0.95 – 1.05 PU

» GMD Event:

»  0.8 – 1.05 PU

95
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Q: Would this study 
have caught the 1989 

blackout?
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MISO TPL-007 Procedures
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• Highly recommend MISO’s TPL-007 Presentations:

• Link 1

• Link 2

https://cdn.misoenergy.org/20221115%20PSC%20Item%2005b%20TPL-007-4%20GMD%20R4%20and%20R8%20Results626966.pdf
https://cdn.misoenergy.org/20210427%20PSC%20Item%2005c%20TPL-007-4%20Implementation543735.pdf
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MISO’s Process
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Q: Would this study 
have caught the 1989 

blackout?

101
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102

Blackout
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NPCC TPL-007
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Link

https://www.npcc.org/content/docs/public/library/publications/other/approaches-for-meeting-requirements-r3-r4-and-r8-of-tpl-007-4.pdf
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NPCC Methodology
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NPCC Guidelines
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NPCC Methodology
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NPCC Methodology
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Peak Load

1 in 10 Year

8V / km

Benchmark Case

12V / km

Supplemental Case

Field Orientation

Worst Possible

+5% More MVAR 

GIC Losses

P1 Outages

QV Analysis

X

X

Base Case

GMD Event

TPL-001 Event

X

|

X

Harmonic-Sensitive 

Equipment Trips

Harmonic Trips

X

X

& Off Peak
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Q: Would this study 
have caught the 1989 

blackout?
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116

Very Similar to Previous WECC Methodology
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2022 PowerWorld/WPP Study
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Q: Would this study 
have caught the 1989 

blackout?
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Suggested 
Improvements
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Suggested Improvements

Harmonics Assessment: EPRI GICHarm

Use EPRI’s Screening Thresholds

Model a simultaneous outage of ALL harmonics-

impacted equipment
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Questions?

124



<Public>

References
The public references used for this presentation 
are shared for your reading pleasure <Here>
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https://nwppor-my.sharepoint.com/:f:/g/personal/ben_hutchins_westernpowerpool_org/EiTYjkcfnoFAr6EPAcZnrMwBNaL2cTPHQrDxypGhGN4Edg?e=LTUBuD
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