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Introduction

• Appropriate power system models depend on the 
timeframe of the underlying problems

• "All models are wrong but some are useful,“
George Box, Empirical Model-Building and Response Surfaces, (1987, p. 424)

Image: Sauer, P.W., M. A. Pai, Power System Dynamics and Stability, 
Stripes Publishing, 2007

GMDs caused by 
solar corona mass 
ejections (CMEs) 
mostly fall in the 
power flow 
timeframe; EMP‐
induced GMDs 
move towards 
transient stability
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Eletromagnetic Pulses (EMPs) Introduction

• Broadly defined, an electromagnetic pulse is any 
transient burst of electromagnet energy

• Characterized by their magnitude, frequencies, 
footprint, and type of energy 

• There are many different types, such as static 
electricity sparks, interference from gasoline engine 
sparks, lightning, electric switching, geomagnetic 
disturbances (GMDs) cause by solar corona mass 
ejections (CMEs), nuclear electromagnetic pulses, and 
non-nuclear EMP weapons
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Nuclear EMPs

• Talk focuses primarily on the impact of nuclear EMPs 
on the grid, mostly caused by high altitude explosions

• Much of the information on nuclear EMPs is classified
• This presentation contains no actual system modeling 

results; only results are on totally fictitious synthetic 
models

• Various public documents exist, including 
IEC 1000-2-9 (from 1996); some of the information 
presented here comes from this standard
– Also J. R. Legro, N. C. Abi‐Samra, F. M. Tesche, “Study to Assess the Effects 

of Magnetohydrodynamic Electromagnetic Pulse on Electric Power 
Systems: Phase I, Final Report,” Westinghouse Electric Corporation for 
ORNL, May 1985
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• The primary concern about nuclear EMPS is the 
impacts caused by high altitude EMPs (HEMPs)
– From 30 to 100’s of km in altitude
– For a high altitude explosion the other common nuclear 

impacts (blast, thermal, radiation) do not occur at the 
ground 

– Scope of HEMP impact can be almost continental
• More localized EMPs can be created by surface 

blasts; known as source region EMP (SREMP)

Nuclear EMPs, cont.
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HEMP Time Frames

• The impacts of an HEMP are typically divided into 
three time frames: E1, E2 and E3

• The quickest, E1 with
maximum electric 
fields of 10’s of kV 
per meter, can 
impact unshielded 
electronics

• E2, with electric fields 
of up to 100 volts per meter, is similar to lightning

• Much of talk is on E3, which is similar to GMDs

Image Source: IEC 1000-2-9 Figure 
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Nuclear EMP History

• The presence of EMPs was 
theorized by Enrico Fermi 
prior to the first 
explosion in July 1945
– Many wires were shielded,

but still data was lost due
to EMP

• British called it “radioflash”
in their tests in early 1950’s
due to the presence of “clicks” heard on radios

• Hardtack tests in 1958 (up to 80 km) further 
demonstrated HEMP impacts 

Trinity Explosion, July 16, 1945,
20 kilotons of TNT
source: Los Alamos Lab
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Nuclear EMP History: Starfish Prime

• Starfish Prime was an explosion of a 1.44 megaton 
nuclear weapon at an altitude of 400 km over the 
Pacific Ocean in July 1962
– Part of series of tests known as

Operation Fishbowl
– The EMPs were much larger than

expected, driving instruments off
scale

– Impacts seen in Honolulu (1445 km
away), including knocking 
out about 300 street lights, 
setting off alarms, and damaging a microwave link

– Some low earth orbit satellites were also damaged

Starfish Prime flash seen
in Honolulu; 
source: Wikipedia
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Nuclear EMP History

• Soviet HEMP tests in the early 1960’s were reported 
to have damaged power equipment

• Nuclear tests in the atmosphere, space and under 
water were banned in 1963
– There is a United Nations underground test ban from 

1996, though not all countries have agreed to it
• Various countries have optimized nuclear weapons 

for HEMP impacts
– Russian military writings claim to have a super EMP 

weapon that can generate 200 kV/m*

*Source: Congressional Research Service, Clay Wilson, High Altitude Electromagnetic Pulse (HEMP) and High
Power Microwave (HPM) Devices: Threat Assessments,” July 2008 
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HEMP Impacts versus Size and Altitude

• EMP impacts do not scale
linearly with weapon size
– Even quite small weapons

(such as 10 kilotons) can
produce large EMPs

Image Sources: en.wikipedia.org/wiki/Nuclear_electromagnetic_pulse

Low altitude EMPs
can still have large
footprints
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EMP E1 and E2 Mechanisms

• In a nuclear explosion, the E1 pulse is produced by 
the gamma radiation stripping electrons from atoms 
Known as the Compton effect;  
explained by Conrad Longmire 
at Los Alamos in 1963
– Electron flow is diverted by

earth’s magnetic field
– Mostly line of sight impacts;

highest impacts south of 
detonation in Northern Hemisphere

• The E2 pulse is created by
scattered gamma rays and neutron gamma rays

Known as “Smile 
Diagrams”

Source: “The Early-Time (E1) High-Altitude Electromagnetic Pulse (HEMP) and Its Impact on the U.S. Power Grid,  
MetaTech-R-320, January 2010
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EMP E1 Protection

• Because of large footprint, small energy density in the 
E1, so devices can be protected by Faraday cages
– The allowable size of apertures depends on the 

wavelength and hence the frequency (=c/f); a ballpark 
figure is no larger than 1/10 the wavelength; for 1 GHz 
this is about 3 cm

– Incoming wires are also an issue
– Military Standard 188-125-1 (“HIGH-ALTITUDE ELECTROMAGNETIC 

PULSE (HEMP) PROTECTION FOR GROUND-BASED C41 FACILITIES 
PERFORMING CRITICAL, TIME-URGENT MISSIONS PART 1 FIXED 
FACILITIES”) provides useful guidance

– Another useful reference is MetaTech Report R-320, “The Early-Time 
(E1) High-Altitude Electromagnetic Pulse (HEMP) and Its Impact on the 
U.S. Power Grid”  

Source: “The Early-Time (E1) High-Altitude Electromagnetic Pulse (HEMP) and Its Impact on the U.S. Power Grid,  
MetaTech-R-320, January 2010
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Non‐Nuclear EMP  (NNEMP) Generators

• E1 EMPs can be generated by non-nuclear sources
– It is easy to find “how to” manuals on-line

• The magnitude of the pulses produced by NNEMPs 
can exceed that of nuclear EMPs

• However, the range is greatly reduced – perhaps up 
to several dozen meters for nonmilitary,  mobile 
systems
– Can be used for stopping many types of automobiles, 

and destroying electronics

Source: spectrum.ieee.org/aerospace/military/electromagnetic-warfare-is-here, August 2014
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HEMP E3

• The earth’s magnetic field is disturbed by 1) the fireball 
generated by the blast and 2) energized metallic debris

• E3 causes a geoelectric field induced by the earth’s 
changing magnetic field

• E3 is very similar to CME caused GMDs except with 
faster rise times and potentially larger magnitudes
– Time frames range from seconds

to several minutes
– A useful reference is Metatech

report R-321, “The Late-Time (E3)
HEMP and Its Impact on the US 
Power Grid,” January 2010
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Amplitude Spectrum of Each HEMP 
Component

Image Source: IEC 1000-2-9, Figure 11 
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HEMP E3A and E3B
• The E3 is usually broken into two components

– the E3A “Blast Wave” caused by the expansion of the nuclear fireball, expelling the Earth’s 
magnetic field

– the E3B “Heave” as bomb debris and air ions follow geomagnetic lines at about 130 km, 
making the air rise, which gives rise to a current and an induced electric field

Left Image: IEC 1000-2-9, Figure 9, Right Image: ORNL “Study to Assess the Effects of Magnetohydrodynamic
Electromagnetic Pulse on Electric Power Systems Phase I Final Report,” May 1985, Figure 8 
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Measured Change in B During Fishbowl Tests 

Image: ORNL 1985 Report, Figure 1

A gamma is one nT.
For reference the Quebec GMD
had 500 nT/minute and the 
1859 Carrington is estimated to
be perhaps 2500 nT/minute

Checkmate and Kingfish were 
nuclear tests that were part of 
Operation Fishbowl. Checkmate 
was at 147 km,  with a classified 
yield (less than 20 kilotons). The 
Kingfish yield is classified, but 
believed to be about 400 kiloton at 
97 km.   
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• For a uniform earth conductivity model, the E3A Blast wave can be 
modeled as a fairly uniform east‐west electric field; hence it is very 
similar to a standard GMD 

EMP E3A

Image Source:  Metatech R‐321, Figure 2‐4

Because of the 
relatively large, 
uniform electric field 
area, the results are 
somewhat 
insensitive to 
location
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E3B Electric Field Magnitude and Direction

Image Source: Left is Figure 2-11 from R-321, Right is Figure 2-8 form R-321

The heave electric 
fields are largest for 
blasts at about 130 km
altitude

The assumed time duration and footprint is larger than in the 1985 ORNL report 
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Alternative E3B Assumed Electric Field 
Magnitude and Direction

Images: ORNL 1985 Report, Figures 9 and 10

Fig 9: Electric Field Magnitude Fig 10: Electric Field Direction

The 1985 ORNL suggests modeling the electric field as the product
of a spatially independent time function (fig 8), and time independent
spatial magnitude and directions (fig 9 and 10)
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• The 1985 ORNL report models the electric field during 
the E3B as the product of a spatially independent time 
function (fig 8), and time independent spatial 
magnitude and directions (fig 9 and 10)

1985 ORNL Report Time‐Varying Model

 , y, t ( , ) (x, y) ( )E x x y e f t

x x=

Values were calculated assuming a uniform conductivity of 0.001 S/m 



22© 2017 PowerWorld CorporationG3: GMD Future Studies

• The PowerWorld GMD add‐on has long had the ability to 
model time‐varying electric field inputs
– Piecewise linear (in time) models can be defined for each 
transmission line in a model 

– Data can be loaded from *.aux files or pasted in 

Modeling Time‐Varying Electric Fields in 
PowerWorld Simulator
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• PowerWorld has capabilities to auto‐create time‐varying 
electric fields associated with public EMP waveforms

Auto‐Creating Time‐Varying Electric Fields



24© 2017 PowerWorld CorporationG3: GMD Future Studies

• This functionality just populates the time‐varying electric 
fields data structure; hence it is just a more convenient way 
for functionality that could be done manually by pasting

• Remaining analysis is exactly the same as for regular GMD
– Issue is the need to account for the faster time‐variation, 
suggesting the need for transient stability integration

Auto‐Creating Time‐Varying Electric Fields

The time‐varying
electric fields
are created by
superposition
of public E3A and 
E3B waveforms.
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• The power flow is used to determine a quasi steady‐state 
operating condition for a power system
– Goal is to solve a set of algebraic equations

• g(y) = 0  [y variables are bus voltage and angle]
– Models employed reflect the steady‐state assumption, such as 
generator PV buses, constant power loads, LTC transformers

• Using a power flow, after a contingency occurs (such as 
opening a line), the algebraic equations are solved to 
determine a new equilibrium

Power Flow vs Transient Stability
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• Transient stability is used to determine whether following a 
contingency the power system returns to a steady‐state 
operating point
– Goal is to solve a set of differential and algebraic equations, 

• dx/dt = f(x,y) [y variables are bus voltage and angle]
• g(x,y) = 0 [x variables are dynamic state variables]

– Models reflect the transient stability time frame (up to dozens 
of seconds)

• Slow Values  Treat as constants
– Some values assumed to be slow enough to hold constant

• Ultra Fast States  Treat as algebraic relationships
– Example: synchronous machine stator current dynamics

Power Flow vs. Transient Stability
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• GICs can be integrated into transient stability by calculating 
their values at every time step
– The algebraic modeling is the same as in the power flow 
(GICs impact transformer reactive losses as a constant 
reactive current)

• This functionality has existed in PowerWorld for several 
years

• The integration of GIC with transient stability is described in
– T.R. Hutchins, T.J. Overbye, "Power System Dynamic 
Performance During the Late‐Time (E3) High‐Altitude 
Electromagnetic Pulse," Proc. 19th Power Systems 
Computation Conference (PSCC), Genoa, Italy, June 2016

GIC Transient Stability Integration
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• PowerWorld has four different ways to model GICs
– Snapshot calculation of GICs with no power flow solution

• Very fast, gives reasonable solutions but no voltage impact
– Snapshot calculation of GIC with a power flow solution

• More accurate, but slower because of need to solve the 
power flow; possible convergence issues

– Time‐varying GIC calculations with no power flow solution 
(currently implemented in the transient stability application)

– Time‐varying GIC calculations in the transient stability
• Allows more model integration, and addresses some 
convergence issues; regular transient stability speed

Power System Modeling of GICs
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• To avoid any data confidentiality concerns, these 
techniques will be demonstrated using a synthetic power 
grid model

• Synthetic power system models are entirely fictitious 
models that share characteristics of the actual grid models, 
but contain no confidential information
– Hence the models and any results can be freely shared

• Through an ARPA‐E project, TAMU (with others) is creating 
geographically based synthetic models that include GIC 
parameters and transient stability models
– Currently we’ve created 200, 500 and 2000 bus models
– Now available at https://electricgrids.engr.tamu.edu/

Synthetic (Fictitious) Power System Models
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Overall Synthetic Model Design Process
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• One interesting challenge is matching the structure of 
transmission grids

• We use Delaunay Triangulation and minimum spanning 
trees to gain system insight

Synthetic Model Design: Matching 
Transmission System Structure

Below image shows Delaunay triangulation
of 42,000 North America substations;
statistics only consider single voltage levels; this is 
computationally fast (order n ln(n))

The minimum spanning tree
(MST) is a subset of the Delaunay
triangulation 
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• 200‐bus case with footprint of Central Illinois; fourteen 
counties, about 1.1 million people, simple terrain
– One area, two voltage levels (230/115 kV)
– Augmented with transient stability and GMD parameters

200 Bus Central Illinois Model
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• 500‐bus case with footprint of western South Carolina
• 21 counties, 2.6 million people, net export region
• Two areas, two system voltage levels (345/138 kV)
• All initial validation metrics are met

South Carolina 500 Bus Case

Visual depiction of 
the case, with 345 
kV lines in red 
and 138 kV lines 
in black
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Synthetic Model Validation
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Synthetic Model Validation
Number of buses in substation Amount of load per bus

Illinois
200

South 
Carolina 
500

Black: Actual 
Models, 
Red: Synthetic
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Synthetic Model Validation
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• Model is set in the ERCOT footprint, but every transmission line and substation is totally fake!!
– Underlying load density is

similar to ERCOT since it 
is based on zip code
populations

• We’re happy to work with 
utilities to create synthetic 
models of footprints to 
allow easier discussions of 
methodologies while keeping 
actual grid data confidential

Texas 2000 Bus Model Used Here

Model has a 345 and 115 
kV transmission system

Synthetic
Model Results
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• System divided into 8 areas
– NorthCentral, North, East,
SouthCentral, West, FarWest,
Coast, South

• Total load is about 50 GW
and 14 GVar

• Two areas have more load 
than generation capacity

• Transactions set up from other areas
• Generators dispatched

proportionally to meet 
load + transaction commitments

Texas 2000 Bus Model, Areas

Synthetic
Model Results
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• Single snapshot GIC values can be quickly calculated, and the worst directions 
determined
– Below results are for a 1V/km uniform east‐west electric field

GIC Calculation: Single Snapshot, 
No Power Flow Solution

Synthetic
Model Results
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Uniform E‐W Field GIC Flow Visualization

Synthetic
Model Results
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GIC Calculation: Single Snapshot, 
With Power Flow Solution

Note the total MVAR losses
have changed slightly

Include GIC in Power Flow Checked

Synthetic
Model Results
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• Geographic data views (GDVs) provide a quick way for 
visualizations large amounts of geographic data
– Ideal for GIC visualization since geographic coordinates are 
available

• Example shows how GDVs can be used to show the net 
substation GIC injections

• From a case information display with geo‐linked objects, 
like substations, select the field of interest, and then select 
Geographic Data View
– GDVs are usually shown on a map‐based (often empty) one‐
line, which can be provided by PowerWorld

Visualization of Results with GDVs
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GDV Substation GICs Example

Synthetic
Model Results
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GDV Substation GICs Example

Once 
customized,
GDVs can be
saved liked
regular 
onelines,
and can also 
be readily
modified; red
and green are
used to show
the neutral 
flow direction

Synthetic
Model Results
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• A time‐varying electric field input can be quickly calculated 
for the public E3A and E3B waveforms

• Because of high degree of non‐linearity in the E3B function, 
it needs to be centered for a particular latitude and 
longitude

Generating Time‐Varying 
Input Electric Fields

GICs can then be calculated at a 
particular time, either with or 
without a power flow solution

Synthetic
Model Results
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Example GICs using GDVs

Cooper

Baytown 4

Dallas 10

Pasadena 4

Terrell 2
Garland 3

Texas City 2

Baytown 3

Blue Ridge

Plano 5

Porter

Mount Enterprise

Lufkin 2

Dale

North Richland Hills 1

Allen 1

Palmer

Denison 1

Dallas 3

Houston 24

Euless

Cedar Creek 2

Wylie 1

Dallas 8

Houston 37

Garland 4

Dallas 13

Rowlett 1

Grand Prairie 2

Dallas 18

Deer Park

Mckinney  1

Waco 2

Plano 1

Manor 1

Corsicana 2

Pasadena 1

Houston 1

Tyler 8

Conroe 4

Houston 2

Troy  2

Conroe 7
Del Valle

C arrollton 1

San Marcos

De Leon

Mckinney 3

San Antonio 12

Donie

Houston 11

Frankston 1

Rotan

Houston 12

Thornton

Feeeport

San Antonio 13

Muenster 1

San Antonio 2

Huffman

Plano 2

Bryan 1

Dublin 2

Dawson

Houston 45

Anderson 2

C ampbellton

Fort Worth 16

Houston 20

Fort Worth 12

Paris 3

Eden

Montgomery 2

Lufkin 3

Coppell

Denison 3

Cleveland

Point Comfort

Spring 3

Alv in 2

San Antonio 4

Brackettville 3

Austin 1

S p r in g  4

Melvin

Vernon 2

San Antonio 11

Chandler 2

Mcqueeney

Fort Worth 15

San Antonio 38

Reagan

Muenster 3

Pflugerv ille 2

Houston 43

New Caney

Austin 8

Houston 48

Rosharon

San Antonio 31

Houston 27

Austin 26

Rule 2

Goldthwaite 2

Stafford

Iraan 2

Kennedale 2

C a n y o n  L a k e  2

Spr ing 2

O ld  G lo r y

Burnet

Houston 34

Austin 29

Centerville

Brenham

Jayton 2

Austin 27

Whitesboro

San Antonio 33

M anor  2

Bridgeport

Sterling City 3

L e w is v ille  3

Hempstead 1

Big Spr ing 3

Iraan 1

Canyon Lake 1

San Antonio 14

Midkiff 2

L e n o r a h  2

Buchanan Dam  2

Cus hing 2

A u s t in  2 1

New Braunfels 2

San Antonio 30

Tomball 1

Victoria 1

Prosper

Katy 2

Elgin

Gonzales 2

Winchester

Houston 46

Katy 1

Bastrop 2

Pearland 2

Copperas Cove 2

Floydada 2

Fr os t

B r a c k e t t v ille  2

Crane 2
Trinidad 3

Chr is t oval 2

Pecos 1

E a g le  P a s s  3

Big Springs

V an

Bryan 5

C rane 1

Paige

Lolita 2

Fischer

Tennessee Colony

A ledo

Goldsmith 5

Clifton 2

Eastland

Mccamey

Mcadoo 2

Del Rio 2

Marble Falls 2

Shiner 1

Madisonville

Fluvanna 2

Merkel 2
Blackwell 2

Tarpley

Kennard 2

Fort Worth 10

Big Spring 4

Weatherford 2

Tomball 2
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• GDVs can also be used to easily contour results

GDV Contouring
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• The full consideration of rapidly varying GICs requires a full transient stability solution.  This will be considered shortly
• PowerWorld also provides a quick, screening tool in which transient stability storage functionality can be used while not solving the full network solutions

– This is equivalent to a time‐varying solution of the regular GICs without a power flow solution
– The method accurately calculates the GICs, which can used for other studies, but not the voltage impacts
– This is done by setting to the “transient stability time step to a large value, like one second

Time‐Varying GIC Calculations with no Power 
Flow Solution



49© 2017 PowerWorld CorporationG3: GMD Future Studies

Time‐Varying GIC Calculations with No Power 
Flow Solution

Option to 
ignore the
network
solution
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Time‐Varying GIC Calculations with No Power 
Flow Solution

Transient Stability Time Step Results Variables
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Synthetic
Model Results

Image shows the
variation in the 
time variation 
by area in
the GIC induced
reactive power
losses for the 
synthetic 2000
bus system  

No voltage variation 
is modeled with
this approach
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• The final option is to do a regular transient stability solution 
in which the GICs, and any associated reactive currents, are 
determined each time step
– Compared to the previous example, the time step needs to 
be set to a small value, such as ¼ cycle

• This approach allows full consideration of GICs, while 
including all the transient stability models 

• Like any transient stability solution, the results depend 
upon the input assumptions, including the load model

Transient Stability Solution with 
Time‐Varying GIC Calculations
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• Below graph plot the time‐variation in system voltages over 
60 seconds of simulation using a static load model

Transient Stability Solution GIC Results

Synthetic
Model Results
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• The transient stability contour toolbar allows for the rapid 
creation of a time‐sequenced oneline contours of transient 
stability results
– Can leverage displays created with GDVs

• These displays can then be made into a movie by either
– Capturing the screen as the contours are creating using 
screen recording software such as Camtasia

– Or having Simulator automatically store the contour images 
as jpegs and then creating a movie using software such as 
Microsoft Movie Maker

• Will be used here to visualize the time‐varying substation 
voltage magnitudes

Transient Stability Toolbar
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• The contour toolbar uses stored transient stability results, 
and hence it is used only after the transient stability solution 
has finished
– It can be used with results that are either saved RAM or saved 
to the hard drive

• It requires having a oneline with objects associated with the 
desired results (such as buses, generators, substations, etc)
– Again these can be auto‐created with GDVs

• The contour toolbar is shown by either
– Add‐ons, Stability Case Info, Show Transient Contour Toolbar
– On the Transient Stability Analysis Form select the Show 
Transient Contour Toolbar button at the bottom of the form

Transient Stability Toolbar, cont.
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Transient Stability Toolbar Example

Synthetic
Model Results
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Voltage Stability Movie
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Wrap‐up Questions and Comments


