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Sources

This presentation is derived from the 2012 NERC 
Special Reliability Assessment Interim Report:
Effects of Geomagnetic Disturbances on 

the Bulk Power System
 February 2012

http://www.nerc.com/files/2012GMD.pdf
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Why the High interest?
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“Linked to the celestial spectacle are enormous fluctuations of the magnetic field in Earth's 
magnetosphere, which are causing immense flows of electric current in the upper atmosphere over much 
of the planet. Those huge currents disturb Earth's normally quiescent magnetic field, which in turn 
induces surges of current in electrical, telecommunications, and other networks across entire continents. 
Streetlights flicker out; electricity is lost. A massive planetary blackout has occurred, leaving vast swaths 
of North and South America, Europe, Australia, and Asia without power.
Within a few months, the crisis has deepened. In many areas, food shortages are rampant, drinking water 
has become a precious commodity, and patients in need of blood transfusions, insulin, or critical 
prescription drugs die waiting. Normal commerce has ground to a halt, replaced by black markets and 
violent crime. As fatalities climb into the millions, the fabric of society starts to unravel.”

A prevelent Scenario
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US “doomsday” Scenario

According to the scenario..
•Based on a projected 5,000 nT/min storm, large numbers of EHV transformers will fail
• Since transformers are custom-built and not sourced domestically (This is changing), recovery 
could take years
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Solar Cycle 24 - The probability of GMD’s

http://www.swpc.noaa.gov/SolarCycle/
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~27 day full rotation

The Sun today

click

The Sun at solar maximum
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History of  Cycles

Take note

•While the probability differs, a Coronal Mass Ejection and subsequent 
Geomagnetic Disturbance can theoretically occur at any time.

•We have a clear history of a number of Severe GMD and they do impact electric 
Power grids (1859, 1921, 1992, 1989, 2003, etc.)

1859
1921
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The Carrington Event of 1859

The largest recorded geomagnetic disturbance.
Richard Carrington, a British astronomer, 

observed an intense flare resulting in aurora 
observations as far south as Panama. 
Telegraph operations were disrupted in North 

America and Europe from the evening of 
August 28 through August 29, 1859
No Electric Grid! 
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1921 Solar Storm 
 14-15, 1921 aurora observed from Europe, across 

North America, Caribbean, and Pacific as far west 
as Australia, and as far south as latitudes 30-35 
degrees 
United States, telegraph service was virtually halted 

near midnight on lines from the Atlantic Coast to the 
Mississippi River.[1] This storm was reported to 
have “blown out fuses, injured electrical apparatus 
and done other things which had never been 
caused by any ground and ocean currents known in 
the past.” 
[1] The New York Times, 15 May 1921
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1989 Québec Blackout 

02:44 EST, March 13, 1989, a severe 
geomagnetic storm (i.e., K9) causing a 
sudden large variation in Earth's magnetic 
field resulted in a blackout of the Hydro-
Québec system. 
During the geomagnetic disturbance, seven 

SVCs tripped within 59 seconds of each 
other, leading to voltage collapse of the 
system 25 seconds later. 



12

And the most worrysome
1989 - Damaged 
transformer at the 
Salem Nuclear Plant.

This was a very poor design for 
GMD
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The Mechanism

GMD storm impacts the power system and the power system equipment Are 
influenced by: 

Magnitude of the magnetic field and its orientation
Latitude
Directional orientation, resistance, and length of  transmission lines 
Geology of the local area, including the electrical conductivity of the soil
Proximity to the ocean or large bodies of water
Design of power system and power system equipment
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A Coronal Mass Ejection & GMD
Geomagnetic storms occur on Earth one to four 

days after a flare (Coronal Mass Ejection or other 
eruption occurs on the sun and direct at Earth. 
A CME is a cloud of solar material and magnetic 

fields that ejects from the sun and moves at a rate of 
about one to five million miles per hour, is usually 
associated with a large flare. 
 If CMEs are Earth-directed, they collide with Earth’s 

magnetosphere and cause geomagnetic induced 
current (GIC). 
On average, there are 200 days during the 11-year 

solar cycle with strong to severe geomagnetic 
storms and approximately four days of extreme 
conditions.
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The Mechanism
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The interaction
 Charged particles from the CME interact with Earth’s 

magnetosphere-ionosphere and produce ionospheric 
currents, called electrojets. 
 Typically millions of amperes in magnitude, electrojets 

perturb Earth’s geomagnetic field, inducing voltage potential 
at Earth’s surface and resulting in GIC. 
 Long man-made conducting paths, such as transmission 

lines, metallic pipelines, cables, and railways, can act as 
“antennae” (depending on the impedance), that allow the 
quasi-DC currents to enter and exit the power system at 
transformer grounds.
 This can disrupt the normal operation of the power system 

and, in some cases, cause damage to equipment. Current is 
also induced on the transmission lines through voltage 
induction on the loop formed by the grounded transmission 
line and earth. Induction can occur along a loop of 
transmission lines, which are connected by grounding .(Y 
connections)



17

Magnetic Fields vs. Latitude
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Measuring the Field
 Digital geomagnetic data can be used to determine the rate 

of change of the magnetic field dB/dt. 
 The occurrence of peak values of the rate of magnetic field 

change in time (dB/dt) in each hour evaluated. Figure 9 
shows the percentage occurrence of dB/dt greater than 300 
nT/minute derived from Canadian and U.S. magnetic 
observatories. The results vary smoothly with the 
geomagnetic latitude of the observatory, so the results were 
extrapolated along lines of constant geomagnetic latitude to 
produce the contour lines of occurrence. These relative 
percent expectations show an extremely low probability for 
large events in most of North America.
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100 Year Storm Magnitude
Indicates a 100-year peak electric field of 5 V/km for 
British Columbia Figure a, while for a resistive Earth 
structure Figure b indicates a 1 in 100-year peak 
electric field value of 20 V/km for Québec 
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Example GIC Waveform

What are the ramifications of this?
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Uncertainty in Prediction

Red= Sunspot max 
for cycle

Blue= magnitude of 
CMEs in cycle
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A Recent “Near Miss”

On July 23rd A powerful event occurred 
on the sun.   The eruption however, was 
on the far side of the sun; consequently, 
we are not expecting any geomagnetic 
activity. It is likely that if this event had 
occurred ~10 days ago when the 
sunspot cluster was facing Earth, we 
would have initiated the NERC/RC 
telecon for a likely extreme 
geomagnetic storm. The flare was huge 
and the CME was very fast. The CME 
impacted the STEREO spacecraft ~19-
20 hours after the eruption on the sun. 
That would put it in the Carrington 
1859 (17.6 hrs), Halloween 2003
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Warnings and Time Frames
NOAA issues a Geomagnetic Storm Watch. 
 provides a one- to four-day notice that a geomagnetic storm is 

expected. 
 One to four days after the eruption on the sun, the CME impacts the 

sensors located on the ACE satellite at the L1 orbit. 
 Space weather forecasters can then provide more accurate warnings up 

to 30 minutes in advance of the imminent onset of a geomagnetic 
storm. 

 Forecasters then issue a Sudden Impulse Warning, which indicates that 
Earth’s magnetic field will soon be distorted by the incoming geomagnetic 
disturbance. 

 Forecasters may also issue a projected geomagnetic K index warning 
(K4 though K7), depending on the forecast strength of the geomagnetic 
storm. 

 These are followed immediately by the appropriate enhanced 
Geomagnetic K-index Alert (K4 to K9) as thresholds are crossed. Alerts 
and warnings are issued as warranted for the duration of the storm. 
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NASA Solar Wind Prediction

Source:  WSA-Enil Solar Wind Tool
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GMD Detection
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Real Time



27

Induced GIC Flow from Electric Field

AC

DC
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GIC Impacts on Transformer 
Reactive

John Kappenman,  Geomagnetic Storms and Their Impacts on the U.S. Power Grid, Metatech Corporation  Meta-R-319 p 20
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Harmonic Current

 Transformers become significant sources of harmonic 
current during GMDs
 Shunt Capacitors and Filters can become overloaded
 Protection Systems can be vulnerable to harmonic 

distortion
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What are the risks to operation of the bulk 
power system from a strong GMD?

• The most significant issue for system operators to 
overcome in a severe GMD event is to maintain voltage 
stability. 

• As many transformers absorb high levels of reactive 
power, protection and control systems may trip 
supporting reactive equipment due to the harmonic 
distortion of waveforms. 

• In addition, maintaining the health of operating bulk 
power system assets during a geomagnetic storm is a key 
consideration for asset managers. 

• There is also the indication that GIC could lead to failure 
of Transformer Banks in unusual circumstances.
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NERC GMD Task Force Report

• Most likely result from a severe GMD is 
the need to maintain voltage stability

Major 
Conclusion

• System operators and planners need 
tools to maintain reactive power supply

Major 
Conclusion

• Some transformers may be damaged or 
lose remaining life, depending on 
design and current health

Major 
Conclusion
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What transformers are at risk 
from a GMD?

 The magnitude, frequency, and duration of GIC, 
as well as the geology and transformer design 
are key considerations in determining the 
amount of heating that develops in the 
windings and structural parts of a transformer. 
The effect of this heating on the condition, 
performance, and insulation life of the 
transformer is also a function of a transformer’s 
design and operational loading during a GMD 
event. Mechanical stress  (from faults, inrush) 
can cause brittle insulation to fail.
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Continued

Some older transformer designs are more at risk 
for experiencing increased heating and VAr 
consumption than newer designs. 
Additionally, transformers that have high water 
content and high dissolved gasses and those 
nearing their dielectric end‐of‐life may also have 
a risk of failure.
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Thermal Stress from Half Cycle Saturation

 Thermal models are needed to know if a 
transformer is operating beyond thermal 
capability, and work is underway to develop 
models that translate GIC winding current to a 
hot spot temperature.



35

Effects of GIC in HV Network

GIC flows in lines

Transformer half‐cycle saturation

Harmonics

Generator overheating 

and tripping

P&C incorrect 

operation

Reactive power 

loss

Transformer heating

Voltage control, limits, 
contingency 

management

Voltage and angle 

stability

Capacitor bank or SVC
Tripping – loss or 
reactive support

GIC simulations Power system simulations
Can lead to voltage collapse and 
blackout
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Real-Time Operations
1. Increase reactive reserves and decrease loading on 

susceptible equipment and coordinate the following 
actions with the Reliability Coordinator such as:

• Bring equipment online to provide additional reactive 
power reserves. 

• Increase dynamic reactive reserves by adjustment of 
voltage schedules or other methods.

• Reduce power transfers to increase available transfer 
capability and system reactive power reserves. 

• Decrease loading on susceptible transformers through 
reconfiguration of transmission and re-dispatching of 
generation. 
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Real Time

 2. Increase attention to situation awareness and 
coordinate information and actions with Reliability 
Coordinator such as: 
• Remove transmission equipment from service if 
excessive GIC is measured or unusual equipment 
behavior is experienced and the system affects of the 
equipment outage has been evaluated. 

• Reduce power output at susceptible generator stations 
if erratic reactive power output from generators or 
excess reactive power consumption by generator step-
up transformers is detected. 
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FERC Has Issued a Notice of Proposed Rulemaking 

The Commission proposes to order NERC to issues 
Standards in two stages:  

1) Reliability Standards requiring owners and 
operators of the Bulk-Power System to develop 
and implement operational procedures to 
mitigate the effects of GMDs. 

2) requiring ongoing assessments and the 
development of plans based on those 
assessments to prevent instability, uncontrolled 
separation, or cascading failures of the Bulk-
Power System, or damage to critical or 
vulnerable equipment. 
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What this involves
Power System Simulation tools to asses AC and 

GIC levels in equipment and the interactions and 
impacts.
 Full and detailed data on ground and lead 

impedances.
A means of determining the impact of heating and 

the generation of reactive power and harmonics.
Use this to identify and mitigate GIC related 

vulnerabilities.
One tool FERC suggests is DC blocking.
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Ideas? 
suggestions? 
Questions?


