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Relevance

May 10t — 12th Geomagnetic Storm

100 amps recorded on a BPA transformer neutral!
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Note: Sometimes in Operations...
[Single Event] >> [N-1]

{Earthstone Fire

*Public Substations and Lines Layers by EIA

W'P'P 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

A Day In The
Office



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.

(f-@) 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.



https://en.wikipedia.org/wiki/Hydro-Qu%C3%A9bec%27s_electricity_transmission_system

1989 - Night Shift

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.

x o
This Photo by Unknown Author is licensed under CC BY-NC
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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/

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 o
there's plenty of time to prepare.
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March 13th 1989

Time (EST) Area or Basa Voltage Range '

Eveni# | Date |At({From)| (To) System Event kv |[MVAR| Low | High |Commentsa 1 2:00 AM
1 [animee 727 |PJM Osclliograph Brandon Shores voltage below 224 kV
2 |38 744 PJM | Osclilograph Brandon Shores voltags al 232
3 [w11/88 1404 PJM Oscillograph Granite Subsiation .

[ 4 |anues 1422 PJM Osclilograph Brandon Shores c

5 |a2/88 NA SC Edison - Noise 115/55 kV transformer near Bishop CA YO u Slt d own an d review p rese nt |Og S.
8 w1289 ) PIM Alarm Permissive rip & plict relay alarms - PIM h .
I T < ad a couple events, but nothing
a |aiz/ae 119 PJM Alarm Backup permissive 1rip monitor alarms :
FIETE 138 PIM Alarm Alarms rece! parthU|al’|y Unusual.
10 |an2ee 400 Kz
11 (312088 700 K3
12 |an2ise 1000 K3 _ S
e Tarae 1360 e Everything for your area seems totally
14 |At12/89 1800 K3
16 |a/12/89 | 1900 K3 normal.
18 [AM2/89 2020 Man. Hydro Alarm Neg. seq. alarm at Dorsey station
17 |a12/89 2200 Ké
18 [312/8e 2216 OH Oaclllograph Essa station
19 |3M1a/B80 0 100 | PJM Moles Calvert Cliffs GSU traneformer

6 AM to 9 AM you expect load to pickup, but so far load isn’t very high. $9¢
It's the middle of the night.

O WPP
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March 13th 1989

Time {EST) Area or Basa Voltage Range ' | .
Event# | Date [At(From)] (Tq) System Event KV_|MVAR| Low | High |Comments i | 02:35 AM
19 |aMa/ee [1] 100 | PJM Noles Cabvert Clitfs GSU trangtormear

20 |ahaee 100 K7 - - —
21 |ana/es 118 Minn. Power Capachor 230 70 Forbes substation. Tripped by neutral overcurrent rélay .

22 (aha/es 118 Man. Hydro Alarm Negative sequence alarms ai Dorssy S | OW S h |ft SO fa r.
23 |ala/es 119 NIMO Capachor Raynolds Rd. capachor trip

24 |3N13/89 200 Man. Hydro Alarm @Grand Raplds unh #1 phase unbalance alarm

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.

(31
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This Photo by Unknown Author is licensed under CC BY-NC

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/

March 13th 1989

Time (EST) Area o Base Voltage Rangs ' |
Event# | Dato [AiFom)] (T |  System Event | WV [MVAA| Low | High |Comments 2:45 AM

19 [a/1/89 0 100 [PuM Nolee Caivert Ciitfs GSU iransformer " '
20 |ana/ee 100 KT
21 [aNMa/ea 119 Minn. Power Capachor 230 70 Forbes substation. Trippad by neutral evercurrant reiay .
22 [anaes 119 Man. Hydro Alarm Negative sequsnce alarms a1 Dorssy 1 O Min utes g e by
23 |an1a/es 119 NIMO Capachor Raynolds Rd. capachor trip
I ma lodenian 200 Y- I.l;-d- Blorm nh #1 phase unbalance alarm
26 |anames 239 Man. Hydro MVAR =140 280 |Dorsey synchronous condenser oulput varying E . .
26 |a13/89 239 247 |Man. Hydro Voitage -2.5 Winnlpeg voltags. Freg. -0.04 Hz 1
27 |anyes 243 Minn. Power Capacitor Numerous banks swliched on line Vents In MInneSOta Power and ManItOba
28 |313/e9 243 Minn, Power | Voltage 235 226 Hyd ro (Fa I away)
29 |313/88 245 Minn. Powar Capacitor 1156 aw Lost capacitor bank at Nashwauk. Neut overcurrent relay

O WPP
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Everything goes dark.



1S

Your emergency lighting kicks on in the office.
You have spilled your coffee.

O WPP



"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.”

v A Colorful

Guillon,
Patrick Toner,

Louis Gibson, B/a( kO ! ,[
and David Boteler

{1 - phase of the project. La Grasde became
p— o i

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

O WPP
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https://ieeexplore.ieee.org/document/7592967
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o Your team starts putting together how much has been
- i - lost, and planning how to recover.
ol ot Everything just got very busy in your office.
:{'{.‘ British Columbia J
M — R You dropped 21 GW of load, and you don’t know why.
S , - You're working overtime to black start the system,
¢ \ Western Canada Region / . . .
Ry, ' when you see the news playing in your office.
! I; Sashatchewan ’ ~
(e Eastern CanadalRegion]
Moatana North | Manewta
Oregon $q Dabota P/
—~West Central M’On*,,m
| Wyoming T | East; M<ve=
> lowa b c.m‘
e  — Regfon ...

$9¢
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MARCH 13, 1989

SOLAR FLARE CA SES

CBC NATIONAL NEWS



NERC’s Report

Sequence of Events

Low intensity magnetic disturbances began on the
evening of March 12, 1989. By about 0100 hours
March 13, the disturbances were strong enough to
affect the Hydro-Québec grid, but operating staff
had sufficient time to perform the switching
necessary for transmission network voltage control.
At 0245 hours that same morning, however, a very
intense magnetic storm generated harmonic currents
which tripped or shut down seven static
compensators one after another before any human
intervention was possible.

Two static compensators at the Chibougamau
substation tripped first, followed by the shutdown of
four static compensators at the Albanel and
Nemiscau substations and tripping of the
La Verendrye substation static compensator. The
detailed sequence of cvents is listed in Table 3
below. A few seconds after the loss of the static
compensators, one of the 735 kV lines of the
La Grande transmission network tripped, causing

OWPP

automatic rejection of the generation of two
La Grande 4 generating units.

Three other 735 kV lines of the La Grande
transmission network tripped next, and faults
occurred in two single-phase units of two
La Grande 4 transformers and in the surge arrestor
of a shunt reactor at Nemiscau substation. The
remaining line of the La Grande transmission
network tripped next. Thus, the La Grande
network was separated completely from the Hydro-
Québec transmission network.

With separation of the La Grande network, the
frequency fell rapidly. In response, automatic load-
shedding systems tripped all loads but could still not
offset the loss of approximately 9,400 MW of
generation from the La Grande Complex. The
network connecting the Churchill Falls and
Manicouagan complexes with Montreal and Quebec
City collapsed within six seconds.

Damage to Equipment

The loss of all static compensators on the
La Grande network caused the system disturbance,
damaged some strategic equipment and rendered
other major pieces of equipment unavailable. As a
result, it took over nine hours to restore
17,500 MW, that is, 83% of full power.

Among the major pieces of damaged equipment
were two La Grande 4 generating station step-up
transformers damaged by overvoltage when the
network scparated and a shunt reactor at Nemiscau
that requires factory repair. The SVCs at the
Albanel and Nemiscau substations suffered only
minor damage: thyristors were damaged at
Nemiscau and capacitor bank units failed at
Albanel. The SVC phase-C transformer at the
Chibougamau substation was also damaged by
overvoltage following system separation.

Hydro-Québec’s telecommunication network
operated satisfactorily throughout the magnetic
storm, as did all special protection systems.

19
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https://www.hydroquebec.com/transenergie/en/
https://ieeexplore.ieee.org/document/7592967

<Public>

Albanel SVC

O WPP

735/22/22 kV
v w.uw-—“l 300 MVA

AY!
7
hY!
7
hY |
rd
Ay |
7

[A) a

75 Mvars 75 Mvars 3.45 mH 3.45 mH J5 Mvars 75 Mvars

Figure 14 - One-line diagram of Némiskau/Albanel SVCs

49
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Albanel SVC
Primary (60Hz) vs Total Waveform

Harmonic Currents at Albanel

200

150 60 Hz
Component

Actual Current
Looks nothing like a Sine Wave

100

%‘ 20 Component
= o1
O 9
® Total Waveform
-50
-100
-150

0 0.002 0.004 0.006 0.008 0.01 0.012

W'P'P Axis Title

0.014 0.016 0.018
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Albanel SVC
Harmonic Currents

<Public>

1 1

y— =
¢ jwC 2mfC

Capacitors have lower impedance
at higher frequencies

@ N W e W N

10
11
12
13
14
15

HARMONIQUES

188. BX
144, 82
38.7X
ga. 3X
28, 3%
7.8
2892
1.ex
5.6x
5.5
26X
2. 8x
1.32
1.3x
2. 8x

TOTAL RMS =

sonteru angle

66.5
123.9
149. 4
-15.8
1.1

-8.1

-78.8
-1a. @
-2.9

68. 1
118.6
11.1
49.8
52.2
45.2

wvaleur

4.0 A
48.1 A
13.1 A
ATA
8.8 A
28 A
1.B A
B.3 A
1.9 A
1.8 A
B.9 A
B9 A
B.4 A
BL4A
B3A
6. 2A

60 Hz -> 34 A

2nd Harmonic : 49.1 A
4th Harmonic : 30.7 A
RESULTANTE

Al

RMS -> 69.2A

\./\/

RMS is more than 2X
the 60Hz Component!!!

Figure 15 - Harmonic current at Albanel

23
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EPRI Guide on GMD Harmonics

Shunt Capacitors
(Not SVCs)

%SHUNT CAPACITORS

—

Vs

But similar

principles at work

Thermal failure, fuse
melting, or overload

OWPP

protfection trip due fo
overcurrent.

Dielectric failure due to
excessive voltage.

Capacitor bank
protection false trips due
to harmonic currents.

Capacitors are likely to
have high currents where
they form resonances
with the transmission
system at integer
harmonic frequencies.

Capacitor voltages may
have highly amplified
harmonic components

due to resonances. Peak

voltage is dependent on
the phase relationship
between harmonic and
fundamental voltage
components.

Certain protection
schemes, such as zero-
sequence overvoltage
and ground overcurrent

Screening Criteria by EPRI (Link)

lms > 1.35 p.u.
(fundamental and
harmonics)?

THDy > 10%, and ZV, >
20%.2%3
Total harmonic distortion

(THD)

Evaluate in detail any
capacitor banks using
zero sequence
overvoltage or ground

24


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

Salem, MA Nuclear Station

Damaged Equipment Unit 1, 1160 MW

3x406 MVA 1-Phase GSUs

Visual inspection of the failed transformers showed
Two La Grande 4 GSUs severe damage to one of the two long series
connections of the outer low-voltage winding paths.
Damage.d by Over - All three phases had severely thermally degraded
Voltage during separation insulation, and Phase A and Phase C had 20 - 25%
conductor damage. The conductor damage varied
p N from melted and fused strands, to large melted
. ma [ copper and copper shot. Fortunately, the
La Grande 2 NemlsFau Shunt React.or paper insulation contained the damage, which was
Surge Arrestors Required factory repair not readily apparent until the series lead was
\_ J \_ ;
unwrapped.
4 N ( )
Albanel SVCs Nemiscau SVCs .
Capacitor Bank | | Thyristor Damage il Slokd e o O,
units failed \ {01 ‘
Chibougamau SVC
Phase-C transformer damaged by
overvoltage during separation

O WPP



Widespread Tripping

7 A

March 1989 Event

= Seven static var compensators (SVCs) tripped in rapid succession in the Hydro
Quebec system, resulting in system instability and total blackout of that system.
Post-event analysis revealed that harmonic distortion was the direct cause of the SVC
trips.

» Widespread capacitor banks trips, including/16 bank trips in the Virginia Power
system, 12 in the New York Power Pool (predecessor to NYISO), four at Bonneville
Power, seven in the Allegheny Power system, and at least three in the PJM system
(including 500 kV capacitor banks).

* Generator trips due to negative sequence or phase imbalance protection in the
Manitoba Hydro and Ontario Hydro systems (including one major nuclear unit).

= Static var compensator trip in the WAPA system.

» HVDC system trip at the WAPA Miles City station and an HVDC filter trip at the
Comerford converter station in the New England system.

* Transmission line trips at Manitoba Hydro and WAPA.

=PRI | i

EPRI Harmonic Assessment Presentation (Link)



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

Blackouts, Damaged Equipment,

Tripped Equipment

A Couple Notes

{ 1. It wasn't just Quebec impacted }

by the storm.

2. It can be hard to fully restore a
system, when you're missing

O Blackout oy . .
some critical pieces of equipment.

O Damaged Equipment
O Tripped Equipment

Figure 9 - States and provinces affected by the March 13, 1989 geomagnetic disturbance are shaded. Areas of
igneous rock formations also shown.

O WPP Markup based on: (Link by Ben Damsky) .


https://www.windows2universe.org/space_weather/sw_in_depth/images/hydroquebec_blackout_map_big_jpg_image.html

» For story telling purposes above, we
presented as though the Hydro Quebec

FaCt'CheCk operators had access to all of the logs which
Note were displayed in the NERC 1989 report.

» The fact is, | don’t know how much of this
information they had access to at that time.

I
/
7’

T 28
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Coronal Mass Ejection

Coronal Mass
Ejection (CME)

https.//en.wikipedia.org/wiki/Geomagnetic_storm https://www.maine.gov/mema/maine-
prepares/preparedness-library/geomagnetic-
storms

O WPP :



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 | ) ie s it coming.

“Watch”

NOAA notifies RCs, whom notify BAs & TOPs
15 Hours to 3 Days

[ } It's a big one!
“Warning"

15 Minutes

[ } There's a storm!
“Alert”

1-2 Days Later

CME Travel Time (NOAA): Link

O WPP


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

Changing B (Magnetic Field)

Induced E (Electric Field) in V / km
Induced 7/ (Current)

https://openinframap.org/

O WPP


https://openinframap.org/
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Benchmark Event — Magnetic Field

Magnetic Field Recordings

4000

B
2000 ¢

i

ﬁ‘;T—:gr T

EW
v AT
T JW b

T g \1 y\Hl \'f i
= T 1 |

=A4000 ¢ T ‘ I

B NS ‘J
o 1 'Day
%000 0300 0B00 0900 1200 1500 1800 2100 00.00 0300 000
Time (UT)

Figure 3: Benchmark Geomagnetic Field Waveform
Red B, (Northward), Blue B. (Eastward)

O WPP
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42000

<-4000

=-B000

-3000

“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.”
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Benchmark Event
Electric Field Durin
Widt? ~1600-1700 km.

Electric Field (mV/km) East to West )

annn E PRy TSP R T ST CPRTPIrY USRS R S T AfeW | SN ;
: : : E : : : ; __ Mminutes.. RAh (
: : : : . : , e {

BOOO oo AP TR TP e SN ST SRR O BN L ] )

the Storm

P
z
|

Line Path Polygon Cirde 3D path 3D polygon
Measure the distance between two points on the ground

Zmn = c2aczasza 1 FELELLEEL N---- v e sagaa R LR EEEEEEERS O feaiaaaaadls TR | I ¥ R | EEEREEEET IR | - — Map Length: 1,642.29 | Kilometers v
. . . Ground Length: 1,642.29
! Heading: 80.43 degrees
| I

000 Foeee e ERRTRRRE S T TISTPREE s PR N TENS O EETE PR o

HooOoF---------- : ........... ;. .......... ....... 1 Day ........... : ...........

-5000 —

Geoelectric Field EVW {m'/kmm)

| 1 | | | | 1 1 |
03.00 0500 0900 1200 1500 1800 2100 QOO0 0300  Os:00
Time (UT)

Figure 4: Benchmark Geoelectric Field Waveform 8V/km * 1700 km = 13.6 kV

E: (Eastward)
) (Just as a reference for numbers-scale only)
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During geomagnetic disturbances, variations in the geomagnetic field induce quasi-d¢ voltages
in the network which drive geomagnetically-induced currents (GIC) along transmission lines
and through transformer windings to ground wherever there is a path for them to flow

Figure 1: GIC flow in a simplified power system

1"--"Ii|11:|l.H:.“=Jﬂ GIC

A e
o

Uindm;&j

" S
-

NERC Application Guide: Computing Geomagnetically Indued Current in the Bulk Power System, Dec 2013

Wl
bl
LA

=
3

18 an AC waveform with a period of several minutes




GMD Background, cont...

- The flow of GICs in transformer windings can cause half-cycle
saturation of transformer cores leading to
increased transformer hotspot heating
harmonic generation
increased reactive power absorption
depressed voltages

- Core saturation can generate harmonics, which

Can cause overcurrent relays to trip cap banks and SVCs
Can further aggravate voltage issues
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Half-Cycle Saturation

Saturation
Curve

Dcmia%ed tro%er

| in Salem, M

955,

*...........U ssssssssssdssssssssEssssssEasEaESEEES

>
Current

IMgic
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NASA YouTube Video
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Graphic Source
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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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Heating
That can melt your

transformer!

VAR Losses }

Transformers 4 Half Cycle Saturation ] |:> {Suppress System

Voltage!

GIC Impacts

Capacitors &

Old Relays SVCs Harmonics
Impact other
equipment!

Generators HVDC Lines

OWPP
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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.

Harmonic Currents at Albanel

200

-150

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Axis Title
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TPL-007-1 Language:

Table 1 —Steady State Planning Events

Steady State:
a. The System shall remain stable. Cascading and uncontrolled islanding shall not occur.
b. Consequential Load Loss as well as generation loss is acceptable as a consequence of P8 planning event.
c. Planned System adjustments such as Transmission configuration changes and re-dispatch of generation are allowed if such
adjustments are executable within the time duration applicable to the Facility Ratings.
d System steady state voltages shall be within acceptable limits as established by the Planning Coordinator and the
Transmission Planner in accordance with Requirement R4

e 3. Protection Systems may trip due to the

. . . I Non-Consequential ° . .
i e s e | LosaLoss atowes | effects of harmonics. P8 planning analysis

1. System as may be Reactive Power compensation devices Sha” CO”Slder remOval Of eC]UIPment that the

P8 postured in response to | and other Transmission Facilities

i Ouiges | Homat. Sysiem opealon during he Gl 4 4 planner determines may be susceptible.
with Outages information?, and then System operation during the GMD Yes Yes
2. GMD event? event?

Table 1 — Steady State Performance Footnotes

1. The System condition for GMD planning may include adjustments to posture the System that are executable in response to space
weather information.

2. The GMD conditions for planning event P8 are described in Attachment 1 (Benchmark GMD Event).

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.

4. The objective of the GMD Vulnerability Assessment is to prevent instability, uncontrolled separation, Cascading and uncontrolled
islanding of the System during a GMD event. Non-Consequential Load Loss and/or curtailment of Firm Transmission Service may
be needed to meet BES performance requirements during studied GMD conditions but should not be used as the primary method
of achieving required performance. GMD Operating Procedures should be based on predetermined triggers from studied GMD
conditions so that the likelihood and magnitude of Non-Consequential Load Loss or curtailment of Firm Transmission Service is
minimized during a GMD event.
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TPL-007-4 R4/R8 Table 1

Table 1: Steady State Planning GMD Event

Steady State:
[a. Voltage collapse, Cascading and uncontrolled islanding shall not occur. ]
b. Generation loss is acceptable as a consequence of the steady state planning GMD events.
c. Planned System adjustments such as Transmission configuration changes and re-dispatch of generation are allowed if such
adjustments are executable within the time duration applicable to the Facility Ratings.

1. System as may be Reactive Power compensation devices

Benchmark GMD . . s
postured in response and other Transmission Facilities
Event — GMD . 3 3
. to space weather removed as a result of Protection Yes Yes
Event with . — . . .
information?, and then|l| System operation or Misoperation due
Outages

2. GMD event?

1. System as may be
postured in response
to space weather
information?!, and then
2. GMD event?

to harmonics during the GMD event

Reactive Power compensation devices

Supplemental . s
PP and other Transmission Facilities

GMD Event—GMD
Event with
Outages

removed as a result of Protection Yes Yes
System operation or Misoperation due

to harmonics during the GMD event

Table 1: Steauy Sidie reriurmance rouvwnotes

1. The System condition for GMD planning may include adjustments to posture the System that are executable in response to
space weather information.

2. The GMD conditions for the benchmark and supplemental planning events are described in Attachment 1.

3. Load loss as a result of manual or automatic Load shedding (e.g., UVLS) and/or curtailment of Firm Transmission Service may
be used to meet BES performance requirements during studied GMD conditions. The likelihood and magnitude of Load loss or
curtailment of Firm Transmission Service should be minimized.

O WPP

Harmonics
Mentioned in Table 1
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EPRI Harmonic Assessments

O WPP

[ 7 A
How Do GMD Harmonics Threaten Grid Security?

= During a severe GMD, the grid is under great stress due to GIC-saturated transformer
reactive demand
= Harmonics can take out critical grid facilities:
— False tripping due to protection issues with distortion
— Possible damage and failure of grid equipment
— Correct tripping of facilities to protect from harmonic damage

= Reactive power sources are particularly vulnerable

= Loss of facilities can allow the grid to collapse at a less severe GMD intensity than
predicted using intact grid

Harmonic analysis is an essential and integral part of |
grid GMD impact assessment

EFPR | s

EPRI Harmonic Assessment Presentation (Link)
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https://www.ercot.com/files/docs/2019/05/10/EPRI_GMD_Harmonic_Assessment_5-17-2019.pdf
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EPRI GICHarm is Free!

B PRE-SW: GICharm v5.0 Beta

Details $ 0 (US Dollars)
Product ID Date Published Document Type
3002027071 Dec 20, 2023 Pre-Software This product is available at no cost to funding members only. If you are a
member, you must log in to access.
Abstract
If you are a non-funding individual or entity and wish to purchase this document,
GMD-related harmonics are caused by the part-cycle saturation of transformers. please contact the EPRI Order Center at 1-800-313-37/4 Option 2 or 650-855-
These harmonic currents and voltages resulting from transformer saturation 2121. You may also send an email to orders@epri.com.

have had major impact on system operations and security during severe GMD
events in the past. Harmonics studies are an integral part of any GMD

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.
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EPRI Guide on GMD Harmonics

SHUNT CAPACITORS

Thermal failure, fuse

melting, or overload

protfection frip due to
overcurrent.

Dielectric failure due to
excessive voltage.

Capacitor bank
protection false trips due
to harmonic currents.

O WPP

Capacitors are likely to
have high currents where
they form resonances
with the transmission
system at integer
harmonic frequencies.

Capacitor voltages may
have highly amplified
harmonic components

due to resonances. Peak

voltage is dependent on
the phase relationship
between harmonic and
fundamental voltage
components.

Certain protection
schemes, such as zero-
sequence overvoltage

and ground overcurrent

lms > 1.35 p.u.
(fundamental and
harmonics)?

THDy > 10%, and XV, >
20%.%3

Total harmonic distortion
(THD)

Evaluate in detail any
capacitor banks using
zero sequence
overvoltage or ground

Screening Criteria by EPRI (Link)

GENERATORS

Harmonic current into
stator can cause

excessive rofor heqting.

The thermal time constant
of the generator rofor
significantly reduces the
potential impact.
Generators are largely
unprotected from this
potential impact.

< 350 VA, THD; =
0.107 p.u.

350 — 1250 MVA,
THD; > 0.107 —
0.00447 x [MVA-350)

= 1250 MVA: THD, >
0.067 p.u.


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

Define cases
and base
conditions

Determine
Equipment

Screening
Criteria

Build Models
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EPRI Harmonic Assessments

GMD Analysis Workflow

GIC Flow
Analysis

Remowve
Tripped
Equipment

Determine
Fundamental
Vars

Loadflow
Analysis

Determine

Harmonic Currents

Harmonic Network

Solution

Language is no longer I
in TPL-007-4
j\

gy

TPL-007-1. “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.”

Distortion >
Screening
Criteria?

Detailed Equipment
Evaluation

Equipment
Withstand
Exceeded?

Analysis
Complete

EPRRI | e

Would this study process
catch the 1989 blackout?
Probably!

O WPP

EPRI Harmonic Assessment Presentation (Link)
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Review of Various
Procedures




Procedure Question

Would this procedure have caught the 1989 Blackout?



Note

We don't have access to everyone's TPL-007 study reports,

only what has been published publicly online!
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ISO-NE TPL-007

» Link 1
» Link 2

22222222222222222

NERC TPL-007-4 Benchmark and
Supplemental Geomagnetic
Disturbance 2026 Needs Assessment
Scope of Work Revision 1

ISO  newengland
Revision to the April 28 Presentation

Jinlin Zhang

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

18
13

IS0 | newengland

NERC TPL-007-4 Benchmark
and Supplemental
Geomagnetic Disturbance
(GMD) 2026 Needs
Assessment — Scope of
Work

© ISO New England Inc.

MAY 2022



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

ISO-NE
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Modeling Assumptions, cont.

Additional AC Model Assumptions for GMD study
— Summary of the GMD Needs Assessment AC Cases

Case Number Case Description™
#1 Peak case with no reactive power losses
#2 Off-peak case with no reactive power losses
#3 Benchmark GMD event peak case w/ maximum reactive power losses
Benchmark GMD event peak case w/ corresponding reactive losses for geoelectric
H4-#3 field orientations at 0°, 30°, 60°, 90°, 120°, 150°
#10 Benchmark GMD event off-peak case w/ maximum reactive power losses
Benchmark GMD event off-peak case w/ corresponding reactive losses for geoelectric
#11-#16 field orientations at 0°, 30°, 60°, 90°, 120°, 150°
#17 Supplemental GMD event peak case wj maximum reactive power losses
Supplemental GMD event peak case w/ corresponding reactive losses for geoelectric
#18-#23 field orientations at 09, 30°, 60°, 90°, 120°, 150°
#24 Supplemental GMD event off-peak case w/ maximum reactive power losses
Supplemental GMD event off-peak w/ corresponding reactive losses for geoelectric
e field orientations at 0°, 30°, 60°, 90°, 120°, 150°

* Reactive power losses noted in each of the case descriptions refer to the transformer saturation during GMD events.

92




<Public>

Study Methodology, cont.

I So o N E * Contingency Development

— The ISO relied on the TOs to identify facilities that should be included in the
contingency list to be used in the study. The facilities were broken up into five
groups. For the purpose of the first GMD Needs Assessment, the I1SO focused the
contingency selection on transmission elements that are protected by
electromechanical and solid state electronic relays, since these relays are
considered more susceptible to the effects of GICs*

* Group #1: 200 kV or higher transmission lines protected by at least one
electromechanical and/or solid-state relaying package with a line length greater than 10
miles between terminals

* Group #2: Grounded-wye shunt capacitors protected by electromechanical and/or solid-
state relaying;

* Group #3: Static VAR compensators (SVCs) and static synchronous compensators
(STATCOMs);

* Group #4: HVDC Installations;

* Group #5: Power transformers with a high side, wye-grounded winding with terminal
voltage greater than 200 kV

— In addition, the TOs were relied on to identify those facilities on the contingency
list that were considered at risk for protection system operation and mis-operation
due to harmonics during GMD events
— Generator contingencies are not included in the contingency list because GICs are
isolated from the transmission system due to the delta-wye connection of the
generator step-up transformer
* For Groups #2 through #4, the focus was to identify facilities connected to the transmission system at 200 kV or higher. However, the

TOs were asked to include facilities below 200 kV, if including the data is appropriate and could potentially impact the results observed
at facilities connected at 200 kV and above.

OWPP
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A comprehensive set of contingencies/facilities removed due to harmonics during a GMD event,
provided by the TOs and listed in Table 3-4, will be tested individually.

S I Table 3-4:
I o - N Contingencies/Facilities Removed due to Harmonics during a GMD Event

Contingency Number Contingency (kV level)

1 Orrington 345/115 kV transformer #2 (345 kv)

2 Chester SVC (345 kV)

3 Dogtown SVC (115 kW)

4 Coopers Mills STATCOM (345 kV)

5 Sanford Capacitor (115 kV)

5] Vermont 345,115 kV transformer (345 kV)

r Coolidge 345/115 kV transformer (345 kV)

8 West Rutland 345/115 kV transformer #1 (345 kV)

g West Rutland 345/115 kV transformer #2 (345 kV)

10 MNew Haven 3457115 kV transformer #1 (345 kV)

11 New Haven 345/115 kV transformer #2 (345 kV)

12 Vernon 345,/115 kV transformer (345 kv)

13 Newfane 345/115 kV transformer (345 kV)

14 Granite 230/115 kV transformer and phase shifter #1 (230 kV)
15 Granite 230/115 kV transformer and phase shifter #2 (230 kV)

Steady state thermal and voltage analysis will be performed, for N-0 (all-facilities-in), N-1 (all-
facilities-in, first contingency), for the described set of Benchmark and Supplemental GMD events.

The general industry understanding is that generators are normally isolated from GICs because of
the delta-wye transformer connection of the generator step-up transformer with the power
systems. Therefore, generator contingencies are not included in the contingency list. However,
generators are susceptible to the voltage imbalance and harmonics coming from the step-up
transformer. Without actual investigation on the harmonic impact to the generators, the generator
owners are not able to provide this information.

OWPP g
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» No GMD:
» 0.95 - 1.05 PU

» GMD Event;
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Study Methodology, cont.

* Steady state thermal and voltage analysis was performed, for
N-0 (all-facilities-in) and N-1 (all-facilities-in, first contingency)*
for the described set of benchmark and supplemental GMD
events

— The list of first contingencies were provided by the TOs and were tested
individually

Needs Assessment Analysis Results

* N-0 Violations

— There were no N-0 thermal or voltage violations in New England for
both Benchmark and Supplemental GMD events

* N-1 Violations

— There were no N-1 thermal or voltage violations in New England for
both Benchmark and Supplemental GMD events

Study Methodology

* As part of the TPL-007-4 R3 requirement, the following steady
state voltage criteria were established and applied*

e Limits
’ Voltage Level GMD Event (Post-Contingency)

(kV) Pre-Switching | Post-Switching
p (p.u p.u)
0.80 - 1.050

200 and above and - =~
Transmission/Generation less than 345 0.950 -1.050

345 0.950 - 1.04920 = 0.80 - 1.04920  0.80 - 1.04920 95
Millstone/Seabrook 345 1.0 - 1.04920 1.0-1.04920 1.0-1.04920

0.80 - 1.050



Q: Would this study
have caught the 1989
blackout?
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MISO TPL-007 Procedures

* Highly recommend MISO’s TPL-007 Presentations:
e Link 1
* Link 2

TPL-007-4 GMD R4, R8
Assessment

W2 o |
é___é TPL-007 Implementation

DS & GMD 1600 Update
Planning Subcommittee
04/27/2021

Planning Subcommittee (PSC)
November 15, 2022

O WPP



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

TPL-007-4 R4, R8 Assessment-- High Level Work-Flow

Assemble :
Power Flow GIC Flow PDRSZrGtIILZE Power Flow Pe:!lert;gaice
and GMD Calculations

Calculations Analysis Assessment
Models

|

Voltage
Criteria (R3)

CAPs (if
needed)

y Y

Harmonic
Analysis

!

Trip
Equipment
(if needed)




Voltage Criteria for GMD Assessment (R4, R8)

MISO proposes to monitor against Transmission Planners’ Emergency voltage thresholds listed in TPs' Local Planning Criteria (LPC)
If LPC absent, MISO’s Default Planning Criteria’s Emergency voltage thresholds to be used:
Steady State Voltage Threshold (p.u.)

Normal Low Voltage 0.95
Normal High Voltage 1.05 MISO BPM

Emergency Low Voltage 0.90

Emergency High Voltage 1.10

Emergency voltage thresholds to be applied post-GMD event, but prior to the loss of any BES elements due to harmonics
Monitored facilities: 100 kV and above

Facilities with violation will also be monitored for voltage deviation of more than 0.05 p.u.

Nuclear Plants to follow voltage criteria per existing NPIRs

MISO will share the post-event voltage results from R4, R8 assessment with the TPs if emergency thresholds are violated
TPs don't need to provide CAPs unless there is voltage collapse, cascading or uncontrolled islanding

MISO expects TPs to determine when voltage collapses in their system

20 £ MISO
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NPCC TPL-007

Link
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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

Table 3-1: TPL-007 Criteria Recommendation for Steady State Planning GMD Event

Description

Suggested Criteria

Rationale

After system has been
postured in response to
GMD/space weather
information

Equal to TPL-001 PO

voltage criteria (TPL-001
"No Contingency’ Planning
Event performance criteria)

No events have occurred yet so system normal criteria
should be maintained even if operating conditions are
worse due to posturing made to the system

Stage/Time Horizon
Event (per Table 1 in TPL-
ID 007)
A Initial Condition:
1. Posturing
B Initial Condition:
2. GMD event
C Event:
i Loss of Facilities

O WPP

During GMD event, but
prior to any elements
being removed per

Event description in
Table 1

After Reactive Power
compensation devices
and other Transmission
Facilities have been
removed as a result of

Protection System
operation or
Misoperation due to
harmonics during the

Not more relaxed than TPL-
001 P1-P7 voltage criteria
(TPL-001 post contingency

Planning Event
performance criteria)

After the inclusion of reactive losses, there could be
significant voltage drops; however, system should be
postured in preparation. Criteria can be more relaxed than
the recommended PO criteria. However, the addition of
system wide reactive losses should not merit voltage
criteria for a greater severity than a TPL-001 P1-P7 event.

Not more relaxed than TPL-

001 extreme event

performance criteria (which

should identify voltage
collapse, Cascading, and
uncontrolled islanding)

Could range from no system Misoperation to system wide
1ssues; For this reason, we recommend P1-P7 criteria, but
depending on severity (i.e., beyond equivalent Planning
Event contingencies), Extreme Event performance criteria
may be appropriate to identify voltage collapse,
Cascading, and uncontrolled islanding. Load loss as a
result of manual or automatic Load shedding (e.g., UVLS)
and/or curtailment of Firm Transmission Service may be
used . If Extreme Event performance criteria are violated,
a Corrective Action Plan (CAP) will be required.
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NPCC Guidelines

Harmonic Levels During Geomagnetic Storms

Using only fundamental frequency analysis (e g . load flow and dynamic stability) for assessing
the performance of power systems subjected to GMD events may underestimate the nisks of
severe GMD events. Therefore, a complete assessment should consider the possible harmonic
effects. and to do so the appropriate harmonic content for each planning area or sections of the
planning area should be evaluated. Planners can use harmonic level information to determine 1f
problems can be anticipated on different equipment on the network. and they can consult
protection experts. with these levels, for a more thorough analysis i1f needed.

valuation of harmonic effect during a GIC event 1n a power system can be performed with:

1. Tools to evaluate the total level of voltage harmonic distortion (THD); e g.. EPRI
GICHamm [8].
Time-domain electromagnetic transient simulation studies with appropriate models that

have all the details necessary to capture the behavior of the network with GICs.
Use of existing measurements from GMD events and extrapolation of data based on

engineering judgment.

The measurement-based approach (item #3 above) providing an order of magnitude estimate of
the level of harmonic can also be used to decide the need (or not) to perform further analysis
with harmonic analysis tools and if further evaluation should be considered 1n case no harmonic
effects are foreseeable based on engineening judgment.
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NPCC Methodology

O WPP

System Margin Considerations

The 55-39 members determined that voltage magnitude, by itself. 15 not a good mndicator or
sufficient to ensure that voltage collapse, Cascading, or uncontrolled 1slanding shall not occur
and suggest that consideration be given to evaluating a combination of voltage limats,
stability margins, and Reactive Power reserve requirements, although not mandated by TPL-

007.

There are varnous methods to determine system margin, and each entity will determine how
much margin 1s considered acceptable in the Event (loss of Facilities) state, 1.e., under event
ID C above, and which methodology to use. In typical voltage transfer P-V analysis
performed as part of NPCC Area Transmission Reviews (ATR), transfer limits are set to
ensure at least 5% Reactive Power margin® from the point of maximum loadability (voltage
collapse pomnt). A sumilar % margin can be adopted for this analysis. To determine this
margin, an entity may consider using one of the three methods described below:

a. Run a sensitivity analysis that:
1. Assumes the Misoperation of one Facility (a P1 event after Event ID C), or
11. Assumes a slightly more severe storm that increases reactive loss by 5% (this 1s
beyvond the supplemental GMD event since this 1s to determune how much margin 1s
available beyond what 1s expected from the standard)

b. Q-V analysis* that captures how quickly voltage changes for step increases in MVAr
losses. A single reference bus can be assumed for voltage or a collection of representative
bus voltages can be monitored. If the voltage significantly decreases for a step increase in
reactive losses, it 15 an indication the system 1s approaching a collapse condition.
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Base Case

Peak Load
11in 10 Year

QV Analysis
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NPCC Methodology

GMD Event

8V / km
Benchmark Case
12V / km
Supplemental Case
X
Field Orientation
Worst Possible
X

+5% More MVAR

GIC Losses

Harmonic Trips

Harmonic-Sensitive
Equipment Trips

TPL-001 Event

X P1 Outages
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Very Similar to Previous WECC Methodology
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2022 PowerWorld/WPP Study

Transmission Topology

WPP provided a set of transmission facilities that could be lost or inoperable as a results of
protection system operation or misoperation due to harmonics during GMD events, as follows:

These outages are simultaneously applied to the system models for purposes of assessing worst-
case transformer and steady-state voltage stability.

O WPP
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Suggested Improvements

Harmonics Assessment: EPRI GICHarm

Use EPRI’s Screening Thresholds

Model a simultaneous outage of ALL harmonics-
Impacted equipment

OWPP
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