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ABSTRACT

The corona effects on the early-time induced transients on the
Fmamss1on and distribution (T&D) lines are calculated based on two
{ffernet corona models; namely, the Townsend model and the conductivity
del, Three different sources of excitation of the lines are considered,
fich include a HEMP plane wave, a localized voltage source, and a current
medmd at a point on the wire, The induced current and Lharge are

1ts of Baum's model. The results illustrate that the corona generally
,mmes the peak value of the induced current as much as 30% of the value and
Bcreases the rate of rise by about 40%.

The HEMP-induced stresses across dielectric insulators in some typical
QMCUWC power systems are also calculated. The insulators that are

onmdered are line supports in T& line poles, and transmformer bushings in
istribution and power transformers. Different elevation and azimuthal angles
HEMP incidence with two different values of ground conductivity are
sidered. The HEMP-induced "potential difference” across the line support
air gap in the transmission lines .and the HEMP-induced open-circuit

tage across transformer bushings are calculated. The “"potential

dlﬁérencp across the line support and across the air gap can be as high as
7 The rise time of the "Potential difference" is about 110 ns, and the
Hall time is about 2-3 us. The open-circuit voltage across t"ansfomer
‘hushings can be as large as few tens of MVs and the rise time is in the order
2f 100 ns and the fall time 800 ns z
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Depaﬁthenp of Enegy (DOE) has formulated a program for the research and

" development of technologies and systems for the assessment, operation, and

control of electric power systems when subjected to electromagnetic pulse
(EMP). The DOE/EES EMP program plan is documented in a DOE report entitled
Program Plan for Research and Development of Technologies and Systems for

Electric Power Systems Under the InfTlTuence of Nuclear tlectromagnetic Pulses,

DOE/NBB-003, May 1983, The research documented in the_ 0Oak Ridge National
Laboratory (ORN ) report was conducted under program plan eleménts El, "EMP

Surge Characterization and Effects.”

Research for this report was sponsored by the Division of Electrical
Energy Systems, United States Department of Energy under contract No. DE-ACO5-
840R21400 with Martin Marietta Energy Systems, Inc. as operator of the 0Oak
Ridge National Laboratory. The work was gerformed by Dikewood, a division of
Kaman Sciences Corporation, for Zaininger Engineering Company under
Subcontract 85X-73986C with Martin Marietta Energy Systems, Inc.

The research documented in this report considers two issues associated
with High-Aititude Electromagnetic Pulse (HEMP) interaction with T&D lines.
The first issue is the impact of corona on the HEMP-induced transients with
emphasis on the early-time responses. The second issue is the determination
of the HEMP-induced stresses on insulators. The results of this work will be
used to assess HEMP effects on T&D systems.
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1. INTRODUCTION

1.1 BACKGROUND AND CONTENT

The high-altitude electromagnetic pu]ée (HEMP) has a fast rise and a
large amplitude. The peak value of its electric field is in order of 40
to 80 kV/m. When a large network of conductors, e.g., a power grid, is
exposed to such a field, large and fast transients can be induced on the
network., Since these induced transients rise very quickly to a large
amplitude, the induced electfic field on the conductors 'may exceed, in the
first few tens of nanoseconds, the breakdown field of the surrounding air,
consequently causing such nonlinear phenomena as corona and flashover to
occur. ! .

Section 2 of this report is devoted to & study of corona effects on
early time induced transients on transmission and distribution (T7&D)
lines. The problem is formulated for two different corona models, i.e.,
Townsend's model and the conductivity model. Three different sources are
considered for the excitation of a long wire in air. They are a HEMP
plane wave, a localized voltage source, and a current injected on a point
of the wire. The nonlinear differential equations that result from the
formulation are solved by the method of characteristics. The induced
current and charge are calculated and compared with some experimental
data2»3 and with the results of Baum's model.®

The HEMP-induced transients on the T&D lines may damage the
dielectric insulators in power systems. The insulators that are
considered in this report are line supports in transmission and
distribution line poles, and transformer bushings in distribution and
power transformers. The HEMP-induced stresses across these insulators
must be calculated. Section 3 deals with the problem of HEMP-induced
stresses across the line support and air gap (Fig. 3.1) in a typical 230-
kV, H-frame transmission line., Different elevation and azimuthal angles
of incidence with two different values of ground conductivity are
considered. The “potential difference," which is defined to be line
integral of the induced electric fields across the air gap or the line

&




support, is calculated. Section 4 treats the HEMP-induced stresses across
transformer bushings. The open-circuit voltage is derived for the HEMP-
induced stress. A knowiedge of the open-circuit voltage together with the
source or input impedance of the Thévenin equivalent circuit will aid in
designing appropriate pulsers for testing the susceptibility of the
transformer bushings. Section 5 summarizes the important results of the
report and an appendix is reserved for a compilation of more analytical

results.
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2. CORONA EFFECTS ON INDUCED TRANSIENTS ON T&D LINES

2.1 AN OVERVIEW

The analysis of the corona effects on overhead transmission and
distribution power lines is a challenging theoretical problem. The first
step in analyzing such a problem is to study the basic physics of the
phenomenon involved and to understand the role of parameters contained in
the phenomenon. This study will Tead one to a set of equations concerning
the parameters involved, along with a set of boundéry and initial
conditions. The second step is to substitute for the physical parameters
models that simplify the equations. The corona problem is a time-
dependent one, and the equations are, in general, nonlinear partial
differential equations. The third step in the study is to compare
analytical results with available experimental data and other corona

models.
2.2 FORMULATION OF THE PROBLEM

To formulate the problem mathematically, consider a very long,
straight wire of radius a made out of perfectly conducting material. It
is momentarily assumed that the wire is not near the ground. Now,
introduce a cartesian coordinate system (x,y,z) and a cylindrical
coordinate system {(p,4,2) where the z-axis is along the axis of wire and
X=pCoSé, y=psing, A puTse of electromagnetic plane wave with given time
history is incident on the wire. The electric field vector and the wave
vector k of this pulse are assumed to be in the x-z plane and the wave
vector k makes the angle 8 with the positive z-axis (Fig. 2.1).

Physically speaking, when this pulse falls on the wire, the electric
current is induced in the wire and the radial component of the ele;tric
field is generated. If the radial component of the electric field on the
surface of the wire exceeds the corona onset voltage gradient, Ec’ the
corona discharge will take place and charged particles will be moving

around the Wwire. This phenomenon affects the propaygation of the pulse and
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Fig. 2.1. Geometry of the problem.




consequently the induced current in the wire, The objective of this
section is to quantitatively understand these effects.
To quantify these effects, one starts with the Maxwell field

equations for the fields around the wire, i.e,,

@
I+

(2.1)

EY
vxE

]
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where E and ﬁ are total electric and total magnetic field vectors, Mo

and €, are the perTeabi1ity and dielectric constant of free-space,
respectively, and J is a current density due to the motion of the ijonized
charged particles in the vicinity of the wire. The above equations can be

written in terms of the field components; that is,

ok oF :
P __Z_ _  3H
52 3p Yo Tt (2‘3)
3 _ ap |
Y Jp + €5 T3t (2.4)

In writing the Maxwell equations, in terms of the field components, it is
assumed that the field components and J are independent of the coordinate
¢. ‘Integrating Egs. (2.3) and (2.4) over the circumference of the wire at

p = a, one can obtain on the surface of the wire

3E
1 30 al | _z
e, 3z tuygp T 2oma 30 (2.5)
8Q 8l _
Tty C 2 naJp .(2.6)

where §Q = 2 nanEp is the charge per unit length in the wire .and
[ =2 naH¢ is the total current in the wire. As was mentioned earlier

9
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Jp is the current density resulting from the jonized charged particles
from corona discharge and can generally be a nonlinear function of Q or
the electric field around the wire. Therefore, one must look into the
methods of solving nonlinear partial differential equations. One of such
methods is the method of characteristics.5 In using the method, Egs.
(2.5) and (2.6) are multiplied by two constants a, and @95 respectively,

and then are added. Thus, one gets the following expression:

5E
1 aQ al 3Q a2l ), .
ol 37 Mot | T o2lat ez )T 2T 5 Ay, (2.7)

o

The above equation can be rearranged as follows:

a a
.a_gq._.l'___ag + a 2_1..(.__._2_.._3_1_ .—.Zﬂaal

VA
—= - 2 naayd 2.8
%213t % €. 3z "o\ 3t Mg 9z Tdag p ( )

To have Eq. (2.8) in the characteristic form, the characteristic velocity

Ve must be

. . « ,
2
Ve © g% - L. (2-9)

Accordingly, Eq. (2.8) can be written in the following form

@l 3t
170 dl - z
= - 4 mday —3— - 2 naazJD (2.10)

dq
\at * d Y

along the characteristic line V. = %%

The constants «, and @, Can be obtainaed from the following set of

1
equations

10
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ay -eva2=0 (2.11)

MoVe®p T %o T 0 ' (2.12)

To have nonzero solutions for ay and s, the determinant of this set must
be zero. Hence,’

v = = C (c = vacuum velocity of light) (2.13)

~There are two sets of solutions for Ves 8y and s that is

1]
—

-
oy = +!—° , (2.14)
“o

(2.15)

v, = C: az

i
—

}
[}
= m '
Q (@]

v = =C 3 a2 (11-

Substituting (2.14) and (2.15) into Eq. (2.10), one obtains the following
set of ordinary differential equations in the characteristic form, i.e.,

F'
d Iy, o a'z - dz _
Tt <Q +E>' 2 na /;—;—a—p- - 2mal along g& = ¢ (2.16)

€ aE
-4 S P 2 na 2 _Z _ 2nad along dz _ | c (2.17)
My ap p

Using the method of characteristics, nne can find I and Q from Egqs. (2.16)

13
and (2.17) provided that —5§ and Jp are given on the wire surface.
aEZ
A choice for —ga'can be obtained from the assumption that the given

set of nonlinear eguations, i.e., £gqs. (2.5) and (2.6) must he reduced to
the linear equations when the corona effects are absent, i.e., when Jp=0

11



for all z. Therefore, putting Jo equal to zero in Eq. (2.6), one can get
a second order differential equation for [, that is

(2.18)

On the other hand, a differential equation for the current induced in a

straight wire exposed to an incident field can be obtained via a different

method, viz.,6'1
1%
822 c2 at2

(2.19)

where E; = E; is the tangential component of the incident electric field

along the wire, and Q = 22n[2(ct - 2c058 + asine)/(rasine)] for

ct - zcose + asine > 0, 8 is the elevation angle, and I is the exponential

of Euler's constant 1.7810... Comparing Egs. (2.18) and (2.19), one can

3k

get —Z2 in terms of the incident electric field, i.e.,

ap

2 i
3p aQ EZ

along the wire.

(z,t)

(2.20)

For Jp one may try different functional férms; this is where

different models for corona can be introduced.
In the next subsection, these two

different models are introduced.

different corona models will be discussed in detail.
2.3 CORONA MODELS

As was mentioned before, Jp
discharge at the surface of the wire.
such a way that a knowledge of Jo at o

In this study, two

is the current density due to corona
The problem has heen formulated in
a is required for obtaining the Q
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e

and [ in the wire. There are different corona models based on how J s
expressed in terms of the normal component of the electric field at Ehe
surface of the wire or equiva?ént]y in terms of the charge per unit length
Q. In this report, two different corona models are studied. These models
are called Townsend's model and the conductivity model. It must be noted
that the effect of space charge in these two models is not incorporated.
As a result, the effects of corona in these two models are overemphasized.

2.3.1 TOWNSEND'S MODEL

This is a model of fully developed corona with the ‘corona current i
per unit length of the wire related to the voltage V of the wire by a

parabolic form:
is= KV(IVI'-VC) u (|vi -VC) ‘ , (2.21)

where « is a constant, VC is the corona onset voltage, U( ) is the unit-
step function. The exact voltage-current characteristics of this model
has a more complicated form.7’8 But, the above parabolic form will

suffice. At the surface of the wire, i and JD are related by

i = 2.
i 2 naJp | ' (2.22)

Since i can be written in terms of Jp and voltage V can be written in
terms of the charge Q per unit length of wire, there exists & relationship

hetween Jp and Q; that is

- A ol - ;
Jp an 5 naz, EC uf1Ql 2 nabOEC (2.23)
where o, is
YK, : '
a, = a. - (2.24)
J 2 naz J¢

13




with

y = dfmensionless constant = 2,17 x 1073
K, = fon mobility = 2 x 10”% mvort lsec™!
a = wire radius in meter
E. = critical voltage gradient in volt m!

“jc = dimensionless parameter

In Townsend's original model e i; unity. Since the present problem
deals with transient re;ponses, GiC is not necessarily unity. The proper
value of “jc can be estimated by comparing the results obtained from this
model with the experimental data or with the results of other models.

2.3.2 CONDUCTIVITY MODEL

In this model, the corona current density Jp at p = a is related to
the radial component of the electric field Ep at p = a through a
conductivity parameter og. Since corona current is the result of the air
ionization, Ep must be greater than EC. Consequently, the relationship
hetween Jp and Ep must include a unit-step function. Hence, one obtains,

= U - f = 2.25
Jp o Ep (tept E.) at p = a (2.25)
Writing Ep at p = a3 in terms of §Q, one gets
] Q lal .
JD =0 rac U 5 ras, - EC at p = a (2.26)

This is a parametric relationship between JQ and Q, where o is a
parameter., The proper value of ¢ can be found from a comparison of the
ohtained results using this model with the experimental results or the

A}

results from other models.
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2.4 DIFFERENT EXCITATIONS OF THE WIRE

Three different sources of excitation of the wire are considered:

2.4.1 HEMP PLANE WAVE EXCITATION

In this case a high-altitude electromagnetic pulse (HEMP) illuminates
the wire. As was shown in Fig. 2.1; the wave vector E and the wire lie in
the x-z plane, and the electric field vector is vertically polarized,
i.e., the electric vector is also in the x-z plane. The elevation angle
is 8. The pulse as a function of time is the double exponential function:

W o= EO [exp (- at) ~exp ( - Bt)} (2.27)
where Eo’ a and B have the typical values,

E = 52.5 kV/m
o]

4 x 10° sec'¥

QR
1]

4,78 x 108 sec'1

™w
]

2.4.2 LOCALIZED VOLTAGE SURGE

In this case, a finite length of the wire is excited by a voltage

source whose electric field is tangent to the wire and varies with time as

a double-exponential function. Therefore, the electric field of this

Tocalized voltage source is

£ = EO[%xp (- at) - exp ( Bt)] , for Z, <<z v (2.28)

where

z, = a point on the wire

A 2 = source region

16
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«=4x 100 sec:-1
B = 4,78 x.108 sec'1
Vo
Eo alrerih 200 kV/m (V0 is the potential difference of the source)

One reason to consider such an excitation is that voltage surges on power
lines due to switching may be described by a localized voltage source.
Another reason to consider this type of excitation is the fact that it is
possible to set up experiments using voltage sources to ébtain
experimental data on corona.

2.4.3 CURRENT INJECTION TO A POINT ON THE WIRE

Cufrent injection to a point of the wire can be a source of wire
excitation. Lightning attachment to a wire can be considered as current
injection. The current is taken to be a double-exponential function of

time. Therefore, [(t) can be written as follows:
[{t) = Io [exp (-~ at} - exp (- Bt)] (2.29)

where 1,, a, and B are the typical values of severe lightning strikes,

i.e.,

I, = 100 kA
a = 1.43 x 104 sec'1
g =4 x'106 sec‘1

2.5 ANALYTICAL RESULTS

So far, two different corona models along with three types of sources
have heen studied. Using characteristic method, computer codes were

generated and induced current and charges were calculated. The induced

16




currents as function of time are plotted and presented in the following

order:
2.5.1 HEMP PLANE WAVE EXCITATION

The induced current in an infinitely long, straight wire of radius a
is calculated due to HEMP excitation. Townsend's and the conductivity '
models are used. Figures 2.2 and 2.3 present the induced currents in the
wire using Townsend's and conductivity models, respectively. In these two
figures, o and ¢ are the parameters. Figures 2.4 and 2.5 present the
same induced current when & is the parameter. Figures 2.6 through 2.9
illustrate the induced current in the wires in the presence of the
perfectly conducting ground, for different values of o and o and
different elevation angles. Additional curves are given in an appendix.

2.5.2 LOGALIZED VOLTAGE SOURCE

A localized voltage source feeds a very long, straight wire of radius
3. Townsend's and the conductivity models are used. Induced current at
the different observation points have been calculated and plotted.
Figures 2.10 and 2.11 show the results for Townsend's and the conductivity
models. Additional curves for different values of-aj and ¢ are presented

in the Appendix.
2.5.3 CURRENT INJECTION TO A POINT ON THE WIRE

A current source injects current at a point of the very long wire of
radius a. Townsend's and the conductivity models are used. The induced
currents at the different observation points have been calculated and
plotted. Figures 2.12 and 2.13 present the results for these two models.

More plots for different values of uj and o are given in the appendix.

17



-8t

(kR

CURRENT

20

18

HEMP EXCITATION- (TOWNSEND'S MODEL)

] 1 L) V I
aj = 3.5x10" o1t Vsec ™!
3.6x107°
£ -
ﬁ%i . 3.5x10 2
i S
—
- 5
-1
A 3.5x10
3.5
N\ 35
1 1 1 —l
.1 . 2 .3 -4 .
TIME (PS) .
Fig. 2.2. HEMP-induced current in the wire for elevation

angle 6 = 18%and different values of aj in
Townsend's model for radius a = 1.407 cm and

£, = 1.5 x 108 voit mL




6l

(kAR

CURRENT

2

Y

| .

HEMP EXCITATION (CONDUCTIVITY MODEL)

®

o = 107 8s/m
p = 18° Linear \\]0—7
107°
16°
10%
3 1 i 1
.1 o .3 . 4

TIME (ps)

Fig. 2.3. HEMP-induced current in the wire for elevation

angle 6 = 18° and different values of ¢ in

conductivity model for radius a
E
c

1.5 x 106 volt m .

1

1.407 cm and



HEMP EXCITATION
18 - v Y

TOWNSEND'S MODEL

T ¥

$14
CURRENT (kA

n=4x1065ec-1, ;3:4.78x1085ec—l
E0=32.5 kV/m

. 1 . I H

.1 . 2 .3 . 4 .5
TIME (FS)

Fig. 2.4, HEMP-induced current in the wire for
oy 3.5 x 1072 "1 and different
elevation angles in Townsend's model for radius

a = 1.407 cmand E_ = 1.5 x 108 vort m L.

vo]t—lsec

!
» » .




X4

(kA

CURRENT

HEMP EXCITATION

L T T 1

CONDUCTIVITY MODEL

a=4x106sec-1, B=4.78x108$ec-1
E =5.25 kV/m
0

1 8 1 L

%] .1 2

. .3
TIME (rs)

Fig. 2.5. HEMP-induced current in the wire for
o = 107° S/m and for different elevation angles in
conductivity model for radius a = 1.407 cm and

E, = 1.5 x 10 vort mL.



22

HEMP EXCITATION
. 4 1 T T L

a=4x106sec'l, fs=tl.78x10858c'1

E6=52.5 \V/r

h=1407 L
~ . 3 - 6=18° 1
T ' 2a
X |
et 1

I

| o | .
> -
tﬂ I TT T I T
4
3

C
J

TOWNSEND'S MODEL

uj:3.5x10'“. 3.5x1072, 3.5x107%, 3.5x10°Y, 3.5, 35 volt™! sec”?
B 1 J & A 1
%] .1 2 .3 .4 . 5

%IME (rs)

Fig. 2.6. HEMP-induced current in the wire for elevation
angle ¢ = 18° and different.values of o in
Townsend's model for radius a = 1.407 cm and

£, = 1.5 x 10% vort m~t.




£2

(kA3

CURRENT

| | . ‘ |

‘HEMP EXCITATION

—

1 T T T

oa=4x10%sec™) | g=4.78x10%sec™!
E =52.5 KV/m
0

h=1.407 m €
8=18°

CONDUCTIVITY MODEL

1 1

.1 .2 .3 ' .4
TIME (Vs)

Fig. 2.7. HEMP-induced current in the wire in the presence of
a perfectly conducting ground for elevation angle
8 = 18° and different values of ¢ in conductivity
model for radius a = 1.407 cm and

E_ = 1.5 x 10% vort m~L.



| HEMP EXCITATION
- 8 T |

i | §
a=4x1065ec'1, 8=4.78x10%sec ™}
£ =52.5 kV/m [+
~ h=1.407 m H 2a
@ -
X
}...
Z
1
v
(V]
N i
' 2
Q
0 townseno's moneL ﬁ‘ﬁ‘““““*--\~___ii -
aj=3.5xlU—3 volt Ysec™? 18°
B 1 i L i

TIME Cps)

Fig. 2.8. HEMP-induced current in the wire in the presence of
a perfectly conducting ground for
aj = 3.5 x 1072 volt"Lsec™! and different elevation

~angles in Townsend's model for radius a = 1.407 cm

and E_= 1.5 x 10% vort m7L.




1

(kA

CURRENT

HEMP EXCITATION

0=10-4

CONDUCTIVITY MODEL

1 ] T I

a=ax10%ec™!, g=4.78x10%5ec !
E0=52.5 kV/m
h=1.407 m

S/m

1 1 1 1

Fig. 2.9.

.1 .2 .3 .4
TIME (Ps)

HEMP-induced current in the wire in the presence of
a perfectly conducting ground for ¢ = 107 S/m and
different elevation angles in conductivity model

for radius a = 1.407 cm and E. = 1.5x 10%o01t mL.

‘)



I.OCALTZED

VOLTAGE SURGE (TONSEND'S MODEL, a; = 3.5 x 10" vort Lsec ™!y

) T T T T
i E(t) 2 i
1_1;. 4 F —_— l'
= . Comear— 3 .
3 Linear L——J——— I ]
; 0m 1Sm
g 2 H Corona ] -
€0 i
U
I I —T
e a 1 2 3 4 S
S ~T v
~ lZa
@ 4 + L
X Ec = 200 kV/m
- 6 -1 !
3 L a =4 x 107sec N
}_ 8 _1 765 m
Z 8 = 4.78 x 10%sec
b2 F e-1.907x 16°% 8
Eé Ec = 1.5 x 105 v/m
J 1 r 7]
Q
ega 3 3 5
5 T T T T
C a L E(t) ja _J
f p__- on 1’
3 o ,L—l ’ A - -
*2 : 30 m 1065 m Linear
e F i .
14 Corona
51 F )
U N
1 L. 1. -
@ 1] 1 2 3 4 S
TIME (r_ns')a
Fig. 2.10. Voltage surge-induced current in the wire at different - ‘
distances from surge location in.Townsend's model for .
aj = 3.5 x 1071 vott “tsect,

26




LOCALIZED VOLTAGE SURGE (CONDUCTIVITY MODEL, ¢ = 10.5 mhos/m)
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2.6 COMPARISON OF THE ANALYTICAL RESULTS WITH TEST DATA AND RESULTS OF
BAUM'S MODEL

[n this part, the analytical results of this study are compared with
the test results reported in the paper by Wagner and ond2 and also
reported in a paper by Ovick and Kusic.3 The analytical results are also
compared with the results obtained from Baum's modet.?

2.6.1 COMPARISON OF ANALYTICAL RESULTS WITH TEST DATA

In the paper by Wagner and Lloyd and also in the paper by Ovick and
Kusic, some experimental data are shown. In the experihental setup, a
very long wire of radius 1.32 cm lies at a height 26.4 m above the ground
plane. The wire is excited by a voltage source with a double exponential
waveform and voltage is measured at the different observation points.

This experiment has been simulated in the computer using Townsend's and
the conductivity models with the localized voltage source which generates
the same waveform as that of the experfment before the corona occurs. The
computer-simulated results at the same observation points are obtained.
The results obtained from Townsend's models resemble the test more
favorably than the results obtained from conductivity model. This enables
one to find the proper value of o for the model. The comparison of the
analytical results with the test data is shown in Fig, 2.14.

2.6.2 COMPARISON OF ANALYTICAL RESULTS WITH RESULTS OF BAUM'S MODEL

Baum formulated the corona problem using nonlinear transmission line

equations.4 The equations can be written as follows:

3V sl . i
==-1L T Et ) (2.30)
3l _ A

37 C T3t (2.31)
Q = C(Q)v (2.32)
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where L is the inductance per unit length, C(Q) is the nonlinear
capacitance per unit length, EZ is the tangential component of the
incident field, Q is the charge per unit length, and V and [ are the
voltage and current in the wire, respectively. Baum has a solution for Q
and [ from this equation,i.e.,

r

C0526

2 ns1necose ' '
Q 2n (Q/4 ne hE ) = f(')de' (2.33) .
en(2h/a) r—-/e zn(Zh/a) o
0
I = cQ/cose (2.34)
where h = height of the wire

8 = elevation angle

a = radius of wire

EC = critical voltage gradient

Eof(t) = incident electric field
zC0sH

T*t-—a——

This result is for the case where corona has already occurred, i.e.,
Q> 2 naeoEc. However, when Q < 2 nanEC, Baum has the linear solution to
the problem. That is

Q = Zncots e [ flc)de! (2.35)

Sugle, an(2n/a) °

The analytical results obtained from Townsend's model have been compared ’
with the results of Baum's model. The comparison is illustrated in Fig.
2.15. Additional curves for different elevation angles are shown in the

appendix.
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3. HEMP-INDUCED STRESSES ON LINE SUPPORTS [N T&D LINES

3.1 AN OVERVIEW

When a high-altitude electromagnetic pulse (HEMP) illuminates a large
network of conductors, e.g., a power grid, large and fast transients can
be induced on the network. The question of the susceptibility of the .
network's dielectric insulators naturally arises. Two different types of
insulators will be studied, namely, the line supports and the transformer
bushings. In this section, the HEMP-induced stresses across line supports
will be calculated. The induced stresses across transformer bushings are

relegated to the next section,
3.2 GEOMETRY OF THE PROBLEM

Figure 3.1 shows a typical 230-kV H-frame transmission line and a

HEMP plane wave with the double exponential waveform incident on this
system. The quantities ﬁo be calculated are the "potential difference",
which is the line integral of HEMP-induced electric field across the line
support, i.e., across A-C in Fig. 3.1, and the "potential difference"
across the air gap between A-B in the same figure. To calculate these
quantities, the interaction of HEMP with different scattering elements
must be studied. These elements are the vertical line pole, the
horizontal cross arm and the phase conductor above a finitely conducting
ground. To calculate the "potential difference" between A and B, the
interaction of HEMP with the vertical pole and the phase conductor is of
relevance., The "potential difference" between A and C is calculated by
considering the HEMP interaction with the horizontal cross arm and the

phase conductor.
3.3 "POTENTIAL DIFFERENCE" ACROSS THE AIR GAP A-B

In evaluating the line integral of the electric field across the air
gap A-8, the coupling of HEMP with the vertical pole and the phase
conductor is to be considered. The formulation of the HEMP interaction
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with the vertical pole is similar to the formulation explained in Sect. 2,
except that the corona current is zero. To evaluate the current and
charge induced in the vertical pole, the following equations will be used:

0 T U A N (3.1)
328 % at? @ et ]
3l _ _ 3Q .
37 ° "3t (3.2)

where Q = 2 zn[Z(ct - zsing + acose)/(racose)]for ct - zsing + acose > 0,

9 is the elevation angle, E; is the tangential component of the incident

field along the vertical pole, I is the current in the pole and Q is the
charge per unit length in the pole. To solve these equaﬁions, method of
characteristic is used and the charge per unit length at point B is
calculated. From a knowledge of Q at B, induced electric field due to
HEMP-coupling with the vertical pole is obtained. To gvaluate the
“potential difference" between A and B, the induced electric field across
A-B due to HEMP interaction with the phase conductor is also needed.

To quantify the interaction of HEMP with the phase conductors, two

different theories can be used: scattering and transmission-line
theories. These two theories lead to similar results in later times,
Hdwever, in early-times consideration, there will be differences. Figures -
3.2 and 3.3 present the early-time responses of an infinitely long wire
above a finitely conducting ground to HEMP using the two different
theories. As can be seen, for different values of ground conductivity and
for 8 = 54°, the responses differ at most by about 12%. For the smaller
angle of incidence, whose curves are shown in the appendix, the difference
is even less than this value., Therefore, the early-time responses
obtained from two different methods are very much similar. Here and
henceforth, the transmission-line theory is used in evaluating the HEMP-

induced charge and current in the phase conductors. Solving the
transmission tine equations one getsq '
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0
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sing 4

for t > t0

. .
where to = 32—3132, h is the height of the wire, t =1t - t,, Ej is the

amplitude of the incident fie1d.with a double exponengial time function
given by Eq. (2.27), o is the elevation angle, T = —% (0 = conductivity
of the ground) and ¢ is the vacuum speed of light. With a knowledge of I,

Q can he calculated using the following relation:
9 = l.%ﬂiﬂ - : : (3f4)

From Q, the electric field across the air gap A-B can be evaluated, and
hence the line integral of the electric fields across A-B., The line
integral or the “potential difference" is calculated for two different
vélues of ground conductivity (e.g. o = 10'2 and 10'3 S/m) and for
different elevation angles (e.g. 6 = 18°, 36°, and 54°). In this
calculation h is taken to be 9.75 m. However, the height of the wire at
the pole is 16.5 m, but due to wire sagging the average height is 9.75 m.
¢ is taken to be zero, since this value of ¢, among othef values of @, ,
provides the highest “potential difference” in the air gap. Figures 3;4
through 3.6 illustrate the potential differences across air gap A-B for
different values of o and 6. As can be seen, the major contribution to
this potential difference is from the HEMP-coupling with the-phaée
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conductors. The vertical pole contribution appears to be small ripples in
the results. Figure 3.7 presents the rise time, the fall time and the

_peak value of the HEMP-induced potential difference between A-8 for

different elevation angles. The small wiggles over the ripples are:

numerical noises.
3.4 “POTENTIAL DIFFERENCE" ACROSS THE LINE SUPPORT A-C

Using an approach similar to the one used in the evaluation of
"potential difference" across air gap A-B, the “"potential difference"
across the line support can be calculated. In this caltulation, the
azimuthal angle ¢ is also one of the parameters. Figures 3.8lthrough 3.14
show the HEMP-induced potential differences across the line support for
different elevation angle o, azimuthal angles ¢, and ground conductivities
o. Additional curves are presented in the appendix. As can be seen from
the figures, for ¢ = 0° the whole contribution is from HEMP-coupling with
the phase conductors. As ¢ increases the contribution of phase conductor
to the potential difference decreases, and the contribution of the

~horizontal cross arm increases. When ¢ = 90°, the whole contribution is
.due to the horizontal cross arm. Figures 3.15 through 3.20 present the

rise-time, fall-time and the peak value of the HEMP-induced potentia]

difference across the line support.
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4, HEMP-INDUCED STRESSES ON TRANSFORMER BUSHINGS

4.1 AN OVERVIEW

As was mentioned in Sect. 3, when a transmission or distribution line .
system is exposed to HEMP, fast and large transients are induced in the
system, and consequently the susceptibility of dielectric insulators in -

the system is of concern. One type of such dielectric insulators is
transformer bushing. A typical form of transformer bushings is shown in
Fig. 4.1, In this section the HEMP-induced stresses across transformer

bushings are calculated.
4.2 GEOMETRY OF THE PROBLEM

Figure 4.2 illustrates the simplified geometry of the problem. The \
induced potential difference across the transformer bushing is the ‘
quantity of interest. To find this potential difference, one can make use

of the Thévenin equivalenﬁ circuit which is characterized by the open-

circuit voltage across A-B (in the absence of the bushing) and also the

input impedance between A, B, To evaluate the open-circuit voltage, one

can just assume that the horizontal, semi-infinite line is connected to

the vertical element of the line and the vertical element is extended to

the ground, but not connected to the ground. As was explained in Vance's .
book,9 the vertical line can be taken to be a conical transmission line
with its upper end connected to the horizontal transmission.line. .

Consequently, the input impedance of the combination is still the
characteristic impedance of the horizontal transmission line which is

" v
70 ==L [29 ), (2h/a) (4.1)

To obtain the open-circuit voltage hetween the lower end of the vertical
element and the ground, the interaction of HEMP with the horizontal semi-
infinite transmission Tine and the vertical element is needed. Following
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the formulas in Vance's book, the open-circuit voltage due to the HEMP
interaction with the horizontal transmission line and the vertical element
can he calculated for two different values of ground conductivity. The
incident wave is again taken to be a double exponential function given by
Eq. 2.27. The electric field vector is in the plane of the horizontal and
vertical transmission lines. The results are presented in Figs. 4.3
through 4.6, Figure 4.7 shows the rise time, the fall time and the
maximum values of the open-circuit voltage versus elevation angle ¢ for
two different values of ground conductivity. As can be seen, the early-
time decrease in the open-circuit voltage is due to the, interaction of
HEMP with the vertical element. The interaction of HEMP with the
horizontal line dominates and is the major contribution to the induced

open-circuit voltage.
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5.  SUMMARY

This report comprises a study of corona effects on induced transients
in transmission and distribution lines and also a study of HEMP-induced
stresses on dielectric insulators such as line supports and transformer
bushings.

Section 1 is an introduction to the problem.

Section 2 deals with the corona problem in which two different corona

models and three different excitation mechanisms are anglyzed. The two
different corona models are Townsend's model and the conductivity model.
The three different excitations are a HEMP plane wave, a localized voltage
source, and a current source injected on a point of the wire. In all
cases, the excitation is taken to be a double exponential time function.
The charge and current induced in a very 1ong; straight wire excited by
the above sources have been calculated by the method of characteristics.
The results show that the corona has the effect of reducing the maximum
value of the induced current as much as 30% of the value without corona
and also the effect of decreasing its rate of rise by a factor of 40%.
The results obtained are compared with some available experimental data,
and in some cases, a good agreement is observed. The analytical results
are also compared with those of Baum's model, and again a good agreement
is found.

Section 3 treats the HEMP-induced stresses across dielectric line
supports and the air gaps between phase conductors and line poles. A
typical 230-kV, H-frame transmission line is taken for consideration. The
“potential difference", which is defined to be the line integral of the
induced electric field across the air gap or the line support, has been‘
calculated. Generally, the results illustrate that the major contribution
to the potential difference across the line éupport and the gap comes from
the HEMP interaction with the phase conductors, and the coupling of HEMP
with the vertical pole and with the horizontal cross arm is of less
importance. The potential difference can be as high as 7 MV across the

air gap and across the line support. The rise time of the potential
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difference is about 100 ns, and the fa!] time is about 2-3 ys. The
results also reveal that the higher value of the ground conductivity is,
the Tess the HEMP-induced stresses become.

Section 4 is concerned with the HEMP-induced stresses across
transformer bushings. The parameters of a Thevenin equivalent circuit,
which represents the induced stress, are calculated. The open-circuit
voltage can he as large as few tens of MVs, The rise time is in the order
of 100 ns and the fall time 800 ns. The results also illustrate that the
HEMP coupling with the horizontal part of the line has a dominant effect
on the open-circuit voltage. The higher value of ground conductivity
results in lower value for the open circuit voltage. The impedance of the
equivalent circuit is the characteristic impedance of the horizontal part
of the line. The results obtained in this section can be utilized in the
design of pulsers for testing the susceptibility of transformer bushings.
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APPENDIX

In this appendix, additional curves are presented in the following
arder:

e Figures Al through Al4 for the induced currents in the wire
using Townsend's and the conductivity models for different
values of o5 and o and different elevation angles

e Figures Al5 through A20 for the induced currents in the
wire in the presence of the perfectly conducting ground
using Townsend's and the conductivity models

e Figures A2l through A25 for the localized voltage source-
induced current in the wire using Townsend's and the
conductivity models

e Figures A26 and A27 for the lightning strike~-induced
current in the wire using Townsend's and the conductivity

models

e Figures A28 through A30 for comparison of the analytical
results with the results of Baum's model

o Figures A3l through A34 for comparison of transm1ss1on line
theory with the scattering theory

e Figures A35 through A40 for the calculated “potential
difference" across the line support for different elevation
angles, different azimuthal angles, and different values of
ground conductivity
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Fig.
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LOCALIZED VOLTAGE SURGE (CONDUCTIVITY MODEL, ¢ = 10_6mhos/m)
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Fig. A24. Vo?tggfe surge-induced current in the wire at different .

distances from surge location in conductivity model for
= 109-6 '
o = 10 S/m.
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SEVERE LIGHTNING STRIKE (TOWNSEND'S MODEL)
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Fig. A26, Lightning strike-induced current in the wire at different

distances from strike location in Townsend's model for

oy = 3.5 x 10-4volt-lsec-1.
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SEVERE LIGHTNING STRIKE (CONDUCTIVITY MODEL)
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Fig. A37. Calculated HEMP-induced "Potential Difference" between
the phase conductor and the horizontal cross arm for
azimuthal angle ¢=72°, elevation angle 8=36°, and for
two different values of ground conductivity a.
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two different values of ground conductivity o.
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