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PREFACE

This book is the first to address in a totally unique scope the field of high
voltage engineering, presenting the core of the subject matter, applications,
and effects.

Subject matter presentation commences with the two major sources of
high voltage surges, namely switching (accidental and intentional) and at-
mospheric breakdown (lightning). Next the process of field-intensified ioni-
zation will be presented and then the phenomena of inducing and induced
voltages will be treated analytically in terms of partial differential equations
modeling and the application of the method of magnetic moments. Compre-
hensive analyses for the adverse effects due to the propagation of voltage and
power surges on transmission lines, transformer, and insulating systems have
been presented including interaction with conducting fluids, charged clouds,
corona and skin effects, as well as the concept of energy storage and extraction
from lightning and the negative effects of electromagnetics on health and
environments. A special chapter has been devoted to the field of protection
from high voltage surges.

This book supplements the comprehensive coverage of high voltage en-
gineering with solved examples followed by a set of problems. It blends the
areas of physics, engineering analysis and applications of high voltage en-
gineering into a unified package suitable to the reader seeking physical and
engineering understanding of this field.
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Chapter 1

SOURCES OF SURGE VOLTAGES

1. INTRODUCTION

Main sources of high voltage surges are generally confined to intentional
and unintentional switching operations in power systems as well as those induced
by lightning phenomenon. Intentional switching may create certain sparks or
discharges that may require a slow timing process to disappear due to effects
caused by electrode heating and impurities accumulation across the spark gap.
Unintentional switching could be caused by ground faults, sudden conductor
breaks, accidental short-circuits, lightning strokes, and erroneous operation of
switching devices. Current and voltage surges are usually of high amplitude and
short in time duration, and of different span in frequency spectrum with a broad
band in harmonies and as special distorted wave forms.

In this chapter, comprehensive presentation will be made regarding spark
discharges due to switching, propagation at high voltage surges, propagation of
discharge front with effects of power systems harmonizations, aspect of system
oscillations, reignition, and modes of various spark arresters as well as the
spectrum of natural frequencies associated with three phase systems under
oscillations.

Discharges generated by lightning strokes which are much more powerful
than those due to switching will be presented, including concepts of conductive
and convective surges under conditions of varying pressure and temperature.

1.II' PROPAGATION OF TRAVELING WAVES

Voltage or current surges initiated by switching or lightning will propagate
at a velocity close to that of the velocity of light in overhead systems and at
about half of that through underground installations. Numerous situations in-
volving short distances of less than 50 miles, and instant computations for the
build-up of voltage stresses on the basis of lossless representation of transmission
lines could be secured with regard to short-circuit or open-circuit terminations
as close equivalents for actual loading connections.
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However, regarding long distance propagation of voltage or current surges,
it is essential to carry out analytical calculations to obtain reliable information
about disturbances inflicted by electromagnetic surges.

Therefore, the author felt that a systematic presentation for the theory of
wave propagation is helpful to the reader to follow in the analysis for traveling
voltage surges on overhead lines and cables.

Let «, p represents the electromagnetic flux and electrostatic flux associated
with the current i and voltage e waves.

da, = L;dx (1.1

m i

and
dp, = eC dx (1.2)
where L = inductance in Henry/unit length, and C = capacitance in Farad/unit

length.
Voltage drops in differential dx are expressed by

3
- = d —iR dx
at(wum)an i

Hence in the forward direction of X:

de

—de=—gc

I

]
iR dx + — (d
i 6t(’-'xm)
or

—de = (R + L§>idx
A ot

v/

(1.3)

]
The charging current of dx is Y (dp.) in addition to the leakage current e G dx,

so that the total change of electric current in the positive X direction becomes

&i
—di =2 a&x
di S

d
Gdx + —(d
e 8t(uhe)

(G +C 8%)e dx (1.4)



Now, omitting dx from Equations (1.3) and (1.4) results in

S R+LE )
_._e_.Q St)li

dx o1/
= Z(g)i (1.5)
i &
- — = + —
dx <G ¢ 81>e
= Y(g)e (1.6)
where g = 8§t

Then differentiating Equation (1.5) with respect to x and substituting into
Equation (1.6),

I

Ve _ _,ord
ox? q)[ﬁx]

Y(g)Z(g)e

[RG + (RC + GL)q + LCq*le a.7n

Also, differentiating Equation (1.6) with respect to x and substituting into
Equation (1.5)

3% de
o —Y(q)g;
= Z(q)Y(q)i
= [RG + (RC + GL)q + LCq¢*i (1.8)

Solving Equations (1.7) and (1.8) as ordinary differential equations in x, we
obtain

e =eVTF M) + eV Fy0) (1.9)

—Yfedx

- \/g [V F (1) —e V7 Fy(1)] (1.10)

I
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where

RG R G
VZY = [IC—+~-+—=q9+ ¢ .
\/ c T tTcdt ¢ (1.11)

Now, turning to express the energy content of a propagating pulse as follows:
W=Ww +W,

where W, and W,, represent electrostatic and magnetic energy content, respec-
tively, in Joules.

_Efz éfa
W—2 edx+2 i dx
o [ ©
—Z|etdr + = | = e?dx
2 )¢ 2) L€
=cfe2dx=Lfi2dx=\/cheidx (1.12)

or
W = feia!x = \/gfezdt
\[é—fizm (1.13)

In Equations (1.12) and (1.13), the integration process is intended to be carried
out to include the scope of the entire wavelength.

Those equations show that the total energy content of a pair of traveling
waves is divided equally between the potential and current waves.

_Efz _v
We—2 edx—2 (1.14)
and
__I_‘J'-z _y
W,-—2 Pdx = > (1.15)



However, when a pair of traveling waves reaches a transition point, or when
waves traveling in opposite directions pass through each other, the energy balance
is upset, and hence more energy will reside in one field than in the other.

1.III' PROPAGATION CONSTANTS IN CABLES

The inductance and capacitance of cables are almost negligible, therefore,
Z(g) = Rand Y(q) = Cq

where again g = jw for sinusoidal steady state situation.
The constant of propagation becomes

v = VZY = VjRaC
= VwCR |45° (1.16)
But
=a + jB
wCR
= [== 1.
a > (1.17)
CR
B = _“’2 (1.18)

Also, it is known that

V = NMand A = 2%/B

2w

w/B CR (1.19)

V = vVZiY

R

Z, = —_—

joC

R
= — |-—45° (1.20)
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I I,
4=4+4]
E, E,[ Z=Z+2
Eg

FIGURE 1.1. Line with distributed constants.

A4 A

FIGURE 1.2. Application of compensation theorem.

1.IV  EXACT SOLUTIONS FOR A LINE WITH
TERMINATION # Z,

Consider the load impedance Z, made up of two parts, one of which is the
surge impedance Z, and the other as Z, which may not be physically realizable.
Also, the sending end Z, can be replaced with Z, and Z; which may not be
physically realizable.

zZ =2,+ 2,

=7 + Z (1.21)
Then, using the compensation theorem, replace any impedance by a generator
of zero internal impedance and voltage equal to the total voltage drop across
that impedance.
This is shown from Figures 1.1 and 1.2.



Consider the voltage at any point on the line + E, where

E =E +F

E' = voltage wave traveling toward the + direction

E" = voltage wave traveling toward the — direction
E'isduetoE, + E,

E,is due to E, (1.22)
E' = Ae™™ (1.23)
E’ = Be™ (1.24)
E = Ae ™ + Be” (1.25)
A could be f,()

B could be £,(1)

Also
I = Ce ™ + De* (1.26)

as the current at any point on the line.
The general solution for Figure 1.1 in terms of line, generator and the load
constant can now be obtained: Let

I; = the component of the sending end current due to E, and E,
I’ = the component of the receiving end current due to E, and E,
I = the component of the sending end current due to E, (reflected wave)
I and I are the initial waves traveling from left to right

I’ and I' are due to the reflected wave traveling from right to left

I

Then

=I +1T (1.27)

I
Il
-l
+
~l

~
~
~

I ==« = =8 (1.28)

E, — (Z, - Z)I,
2Z

0
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- Z, - Z)
I =] e ¥ s /75— yx
ve 2z e
1,,_£b___1r_zi I(Zr‘Zo)
2Z, 27, 127,
IN=1Ie™

(1.29)

To determine the ratio of the currents in the initial and reflected waves at

the point of reflection we can proceed to write

r r -z Z

ror+r 2z, 2z

Then from the rule

a_b
b c
and
a  c
b — a d—c¢
now we can write
I_’,’_ Z - Z,
1; ZZO_(ZO_Zr)
_Z,-Z
Z, + Z

And for Z, = Z,, I' = 0 no reflection.

(1.30)

(1.31)

In the same way that the current is analyzed by the principle of superposition,
it is also possible to divide the voltage at any point into two components. (1)
Voltage in the initial wave set up by E, and E_; (2) voltage in the reflected wave

set up by E,.
E,=E +E

s

E =E +E

r

(1.32)

(1.33)



And
E. _E
JA
E E"
= - —==-—==1Z (1.34)
I I
E __1IL
E I
— ZI‘ - ZD
T Z+Z
= p the reflection factor (1.35)
Again

I=re™ I =rem

E = E™™ E, = El e (1.36)
For solving any problem, the following steps can be followed when E,, Z,
— Z, and the scheme of distribution of the line constants are specified.

1. Determine Z,, o and 3 for the line.

Assume an arbitrary voltage for E;, say | volt; let the subscript 1 refer to
all values obtained for this assumption.

Find E/ from the relation £/, = E/, e 7.

Find E7, from Equation (1.35).

Find E, from E}, = E/, e™™,.

Find I, I],, I, and I', from Equation (1.34).

FindE, E,,, I, and I, by adding their components according to Equations
(1.27), (1.28), (1.32) and (1.33).
8.  Determine the input impedance Z,, from the ratio of E,,/I,,. When Z,, is

known, the actual sending end voltage can be found from:

1

NS RWw

E, Z,
E —— (1.37)

* T Z ¥ Z,

9.  Multiply the values of E,, E,,, I, and I, obtained in #7 by the ratio of
EJE,, to obtain the actual values of current and voltage.
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Or by substituting Equation (1.29) into Equations (1.28) and (1.27) the
following relationships can be obtained:

L =1 +1T
E - (2 —2Z), - I(Z — Z)e ™
— £ r (2
7 (1.38)
L=1I+1I
E —(Z — Z))e ™ - I(Z — Z
_E, - @ — Z)L)e (2, - Z,) 139)

2Z

o

Then solving Equations (1.38) and (1.39) for /; and I.:

I = 2EZ, (1.40)
T @+ Z)Z, + Z)e + (2, — Z)Z, — Z)e ™ :

;= E, —(Z,—2Z)" + (Z, — Z)e ™
Y@+ 2Z)Z + Z)e + 2, - Z)NZ, - Z)e

(1.41)

The input impedance Z,, at any point x could be computed from the ratio of
E /1,,. However, it is written below in completed form for convenience:

7 - E.cos hyx + Z, 1, sin hyx

in

- (1.42)
I cos hyx + Z’ sin hyx

o

Also, it is useful to write down the general form for the solution of E(x)
and {(x) at any point x along the transmission line:

E(x) = E, cos hyx + Z, 1, sin hyx (1.43)

E
I(x) = I cos hyx + E’ sin hyx (1.44)

0

1.V SWITCHING SURGES

A. SHORT-CIRCUIT TO GROUND
Figure 1.3 shows systematic sequence for the sudden initiation of a short-
circuit to ground at point S. At ¢ < 0,
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| & —

__)I'v

|
'.—.._.

FIGURE 1.3. Short-circuit to ground.

I = 0 and (1.45)

voltage e = E volts

Attt > 10
er= ef: —E (146)
or
e e E
- L =" == 1.47
VA V4 YA ( )
and
o= — i —E (1.48)
i = i, Z .

where Z is the line surge impedance in ohms. The fault current i is expressed
by:

E
i =2li| =2li| =2 ~ (1.49)
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B. OSCILLATION OF SURGES

Surge developed at a place of sudden short-circuit will propagate instantly
over a short distance to an open-end of the line whereby the voltage pulse will
be reflected with a change in polarity accompanied by a reduction of current to
zero according to the boundary condition at the open-end:

e=¢ t+e, =0 (1.50)
implying,

e = 2e, (1.51)

i = —i, (1.52)

Consequently, the surges i, and e, will arrive back at the place of initial
short-circuit, i.e., at point s, at which there will be another reflection subject to
the boundary condition,

e=20
i=1, (1.53)
implying that
e, = — e, (1.54)
and
= —Z=2= 1.55
L, = Z - 7z =1, ( - )
I, = 2i, = 2i (1.56)

This sequential process of reflections at the open-end and at the point of
short-circuit will be repeated with a frequency expressed by

v (1.57)
€™ = — .
2a

where a is the distance between location of short-circuit and open-end of the
line and T is the time taken by the surge to travel a distance of 2a.

Consequently, an oscillatory wave form for the fault current i; is shown in
Figure 1.4. Of course, the author has to indicate that this analysis is applicable
only to a lossless line with the distance (@) considered small, i.c., less than 50
miles.
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FIGURE 1.4. Oscillatory waveform.

Indeed we check the state of oscillation of i; by returning to Equation (1.41)
and substituting the following:

Yy=J/8=jo (1.58)
From Equation (1.41),

E, —Z)e" + (£, — Z)e ™

I.=1 = —F
< Z, + Z)Z)e" + (2Z, — Z)(—Z)e ™
Z, Z,
(1 + —)e"’ + (— — 1>e‘W
z, zZ,
- F G )t (& )z
— e —_— — — a
Z o Z o)
]s = If = — _ewi_l
[ Z e +27, e

— Yya _ p,—va
Ee e
Z, e + e

E
=~z tan kya (1.59)

o
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For a lossless line,

Yy =JB =jo
E LW
I = —Ztankj;a
'Et )
= —j—tan—
Iz My
——'Etan t 1.60
= —j e (1.60)

(4

where V is the velocity of propagation. For a lossless line V = 1/\/LC ms.
Discharge through a resistance. Let the discharge take place at a termi-
nation where Z = R. Therefore,

E =1IR (1.61)

Voltage is felt at a line section far from the place of switching, i.e., x —

E(—x) = LR cos h(yx) — Z,_sin hyx
x more than 50 miles

Le™
- % R — Z,) (1.62)

From Equation (1.62), surge voltage felt at point x from the place of switching
depends upon the factor (R — Z,), whereby the surge could be intense if R >
Z,, and of course could be minimal if R is about the same order of Z,.

C. ABRUPT OPENING OF A LINE

At t < o, line voltage = E volt and line current = I amp. For ¢t > o, at
point of opening i = o, initiating current pulses in both directions each of (—1)
as shown in Figure 1.5.

Voltage surge propagating to the right of the place of opening is equal to
(—12,) and to the left is equal to (IZ,) volts. Voltage across the opening switches
V., = 2Z I for a current interruption of say 1 kiloamp in an overhead line where
Z, = 500.

V., =2 X 1000 X 500 = 1 mw

The development of 10° V across the opening switch will be accompanied by
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FIGURE 1.5. Opening of a line.

! |

e 1z, :‘—k —
: ﬁ/ L )——
| | e,

FIGURE 1.6. Spread of voltage surge across a switch.

an arc. Spread of voltage surge across the switch over a line length of K depends
upon the time (7) taken to interrupt a current of (J).

K= (1.63)

when v is the velocity of propagation (m/s).
K is known as the front rise length i meters. For 1 = 2 ms

K=2xXx10"2%%x3 x 10 = 60 km

However, K could be reduced by shortening T by force of the switch mechanism
such that T — 100 ms.

K =10 x 3 x 107 = 3km

Voltage surge propagating to the left represented by e, which is equal to (Z,
I + E) may develop into a damaging surge if the line section is an open-circuit
or a high impedance load. Even the forward surge of (E — IZ,) may cause about
the same damage build-up if the line is open to the right.
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a
Z,—— \E —Z,
b

€, «—— TE —— e,

J — |,

FIGURE 1.7. Interruption of a short-circuited line.

Hence, at the first reflection to the left, the voltage build-up will reach a
level of two times (Z, I + E) and to the left the level becomes 2(E — Z, I).
During the period of opening the switch, even in a duration of 100 ms, a process
of multi-reflections between the location of line interruption and the opening
end of the line may lead to development of a tremendous voltage upon which a
protective over-voltage must act to stop further damaging consequences.

D. THE PROCESS OF REIGNITION

This phenomenon may generate a higher voltage surge, especially in un-
derground cable systems where the line capacitance is a more significant portion
of the surge impedance than that of overhead line.

When the cable system is disconnected relatively slowly from the source
such as in the charging current i the system capacitance is interrupted at an
instant of zero current which corresponds to maximum voltage, and if the time
of interruption is of the order of a half cycle such that the voltage wave will
attain its maximum negative level, a double nominal voltage will build across
the switch such that reignition will start and hence a pulse of twice the nominal
voltage will propagate through the line. At the nearest open-end the voltage will
quadruple and for a sustained process of relections, levels of voltage build-up
will become dangerously prohibitive.

E. INTERRUPTION OF A SHORT-CIRCUIT CURRENT

Figure 1.7a illustrates the opening of a short-circuit across (a-b) of a trans-
mission line, where a current of 7 exists for ¢ < o.

Opening of joint (a-b) will develop a voltage pulse of E volts as shown in
Figure 1.7b as well as surge current of i, propagating to the right and i, traveling
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cable junction _
N overhead line
. \ N I'2
—_— ’1
Zio Zxo

FIGURE 1.8. Cable-overhead line junction.

to the left. However, the net pulse moving to the left is equal to (/ — i) as
shown in Figure 1.7.

1
i, = —i, = Eamp (1.64)
surge voltage upon interruption = E
= Y,IZ, (1.65)

The propagation of E in both directions and with incidence at a close open
end or at a far loaded terminal may generate doubling and then tripling and so
on of voltage build-up.

1.VI VOLTAGE BUILD-UP ALONG ASCENDING
SURGE IMPEDANCE

A. CABLE-OVERHEAD LINES
At junction J, boundary conditions are:

i, = i,

€ =6 (1.66)
From e, = e,, we write
e, + e, = e, (1.67)
And from i, = i,,
iy + i, =i, (1.68)
Also
e, = i, Z, _, (1.69)

ey = —i,Z;_, (1.70)
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From Equations (1.66) to (1.70), the results:

N
2 2170 + Zz_o 11

e = Zz—o — Zl—Oe
rl ZZ_O + ZI_O 1t

And similarly,

22170

= —

i2 11
! Zl*O + Z2—0

_ Zl—O - Zz~0i

il - 1
g Zl—O + ZZ—O

(1.71)

(1.72)

(1.73)

(1.74)

Since Z,_, > Z,_,, typical value for Z,_, = 150, and typical value for Z,_, =
150. The junction J acts as an almost open-circuit leading to almost doubling

of voltage and much smaller current than in region 1.

B. SINGLE LINE TO A GROUP OF LINES

Let (n + 1) lines connect at a common bus-bar J to a main line of surge
impedance Z,. Each line i the group of (n + 1) has similar and equal surge

impedance as shown in Figure 1.9.

Resultant surge impedance for the group of (n + 1) lines is expressed by:

where
Za = Zo—l = Zo—2 = Zo—3 = --- _Zofn
However,

2Z,

€,y — e

” Za + Z2 11
2e, 2

€n = = €y

(1.75)

(1.76)

1.77)
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junction
Zo4 1
Zo-z 2
Zys 3
Zo-4 4
Zys 5
Line O
Zo-e 6
Z,, 7
Zy, n
ZO—n+1 n+1
Loz n+2

FIGURE 1.9. Single line to a group of lines junction.

and

1 - 2)2,
1+2/z,°"

erl =

L—n (1.78)
= e .
1+n !

From Equation (1.77), we conclude the reverse, i.e.,

1+n

5 (1.79)

etl = et2

which implies that voltage level of an incident pulse on a line in a group of (n
+ 1) could be amplified several times by a factor of (1 + n)/2, when a single
line emerges from that group. This factor of voltage surge amplification is equal
to (1+n)/2.

1.VII SURGE IMPEDANCE OF TRANSFORMER

Figure 1.10 shows a front cross-section of a cylindrical transformer, illus-
trating the space distribution for the magnetic flux density B throughout the
internal insulating region as well as the outer insulating region. Also shown is
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FIGURE 1.10. Electromagnetic field inside transformer.

the space distribution for voltage across the internal and external insulating
regions. This is a single phase transformer having a height of &, while w represents
the length of one coil.

Now proceeding to write a simple solution for transformer surge impedance,
let:

winding voltage

length of one coil turn

h

axial length of winding

Total electric charge on the winding due to E:

0= (i 4 §> wh wl (1.80)

where V, is the velocity of light.
The capacitance

(1.81)

try 1O
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E wh <b+d

- 2T 4 10° Farad 1.82
4m V2 bd) ara (1.82)

where N = total number of coil turns.
Magnetic flux in either insulating region

4t wwNi b
= 1.83
h I + dib (1.83)

47 pw Ni
= ——— Web 1.84
Wb+ hd (1.84)
The inductance L is given by

NQ bd W
= — = 4mp——— N’ H 1.85
L= =dmy gy Ve (1.85)

Let also a represent the total length of wire = Nw; [, the self-inductance/unit
length; and ¢, the capacitance/unit length:

! = Lia
c = Cla (1.86)
and
V = IIVlc = a/LC
Also

V= V/Vue (1.87)

where p is the relative permeability

L
Z, = VLic = |
C
wN bd ~
=4nV, [—— 10-° 1.87
ﬂ"\/:hb+d (1.872)

For transformer ratings ranging from 5 to 50,000 kVa, the values of n/h
vary from 100 to 10 to 1 turn/cm for the high voltage side. However, for the
low side n/h varies from 1/5 to 1/10 of high voltage side values.
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FIGURE 1.11. Tapered line.

1.VIII TAPERED LINES

A transmission may go through a region of linear or exponential tapering
as a transition region as shown in Figure 1.11. Diameter tapering exponentially
may follow the rule:

dx) = die™™
where d, (x = 0) = D, and d, (x = p) = D,. From Equation (1.87)
d
o = In— 1.88
p = In- (1.88)

The surge impedance for an overhead line of diameter d with its center
above ground is given by:

L 4h 4h
Z, . 2vin . n 4 (1.89)

From Equation (1.88)

N
It

4h
= 60 ln[d—1 e's"‘]

4
60[ln7h + Sx] (1.90)

1
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—_ p— _). — —_

W = i = mx - n|

f |
h le—L——l—L,—

e=ax+b puw=mx+n

FIGURE 1.12. Line with variable p and €.

The increment in the regular line surge impedance could be seen from
Equation (1.90):

AZ

(4

60 dx

601ﬂ 1.91)
nd2 (1.

Therefore, we can conclude from Equation (1.91) that increasing the ratio
of d,/d, will implicitly hike the incremental surge impedance sharply and con-
sequently a propagating voltage surge incident on an adjacent regular untapered
line will increase as the same order of increase in Z,. It is useful to indicate that
voltage amplification ratio

A =VZ/Z, (1.92)

Voltage amplification ratio is given by:

4h 4h
A= il In — )
(ln 4. + Sx)/n 4 (1.93)

A. TAPERED LINE WITH VARIABLE p AND €

Figure 1.12 represents an overhead line joined to a tapered exponential line
and then to a cable untapered section. Magnetic permeability of the last two
sections as well as the dielectric constants are functions of position.

We shall proceed now to express the overall voltage amplification ratio for
a surge incident on line [1] and its propagation through lines [2] and [3].

Surge impedance Z, _, for line #2 is:

2 4h
Z,, = [% [60 n= 4 ax] (1.94)
€2 d,
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or
1 4h
= _— — 1‘9
Z,_, /( T byeo [60 In 4 + Sx] (1.95)
mx — n €o 4h
= — — 1.96
Z,_, T [60 In 4 + Sx] ( )

Hence the overall voltage amplification ratio could be expressed by:

. 4h
First Z,_, = 60 In —
d,

A!olal = go_ ? ;O_ ?
V 0—1 0—2

2073

V Zo-1

— 4h
mx —nfo [601,155’]/601”—

kn+op"op‘ d3 dl
mx —n 4h 4h

= n— /iln— 1.97
e aa/ g 9

At the same time we must recognize the surge amplification factor at the
second line which could be more severe due to its higher surge impedance, A,,
at any point x on line #2.

Zy_y
A, =
? Zy_,
1 4h 4h
= [——}|60ln— + d 60 In —
V eo(ax + b) [ " d, x]/ " d,
4
1 60 lnd—h + dx
2
= 1.98
Veolax + b) 60 In 4_h ( )
d,

A, and A, refer to a system of single conductor to ground. Suppose line
#1 is of two conductors with spacing s, whereby in this case

, o1
0—1_421 2S

2
v
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2s
= 120 In — .
i (1.99)
Similarly for line A4,,
zZ ! [1201 GO ] (1.100)
L= ——— n— X .
02 Veolax + b) d,

Then for line A,

LA 1201 = (1.101)
kx+.,p~ '

From Equations (1.99), (1.100), and (1.101), surge amplification factor of
\ZyAZ, , or \/'Z,,/Z, , could be computed as previously done.

The other case which would be useful to consider is that if lines 1, 2 and 3
are three-phase Y systems:

4h

Zy ., = 60— % (1.102)

A Ve

4h
Zo , g = ﬁ [60 In— + Sx] (1.103)

€ A,

and

w 4h

Zy sy = \/; 60 anB (1.104)

where A is known as the equivalent conductor diameter of the three conductors
system

= /4 d¢* (1.105)

where d is the diameter for a single conductor and s is the spacing between any
two conductors.

Again, the surge amplification factor could be computed by using the surge
impedances of the three-phase system expressed by Equations (1.102), (1.103),
and (1.104).

1.IX SWITCHING OF THREE-PHASE SYSTEMS

A. INTERRUPTION OF ONE PHASE IN A SHORT-CIRCUITED Y
SYSTEM
Figure 1.13(a,b) shows the interruption of a short-circuited three-phase Y
system. Let the surge impedance per phase = Z,.
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FIGURE 1.13. Three-phase switching.

Surge impedance to the left of junction n is:

Zew = 2, (1.106)
and
Zige = 2,2 (1.107)

Z,. and Z,,, are open-circuited (o.c.) ends.

2nil

Zooww=jZ ctnBL, = —jZ, ctn —1; ! (1.108)
. Z, Z, 2mL

Zocrign = J > ctn BL, = —j ot —= 2 (1.109)

From Figure 1.13:
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From Equations (1.108) and (1.109),

2wX 1 2w(l — x)

T Ty
or
21X (1 —
tan% - 2tan’"(—)\—-x—) (1.110)

27wl
if L is an odd-multiple of /4. % would be an odd multiple of 7/2; hence,

2m(l — x) [(2n - D 2mx
ctn —— = ctn| ——— - “]

A 2 A

27X
= tan —
A

2wl — x) 27x
n————— = tan T

2ct (1.111)

or

I
()

(1.112)

Therefore

I

tan~' 2 (1.113)
And since

|4
f=of=W
2mxflV = tan~! 2
or
_ (tan~! 2y
27x

11083V
27X

f

(1.114)
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since x = s, ..

v
f= 01769 = (1.115)

The general view to consider is that 1 may not be a sub-multiple of ©/4. In
this case, we can determine the frequency spectrum by using the criterion of
continuity for the input impedance at the junction (n).

At point n:
Zo.c.left = ZoAc.right or
1
ctn B1, = > ctn B1,
1
tan 1, = > tan B1,
since B = wiv (1.116)
wl, 1 w
s.tan = — = —tan— L 1.117
an v 7 an v ( )

expanding the tangent in Equation (1.117) and stopping at the second term of
the series expansion process:

(1.118)

W212 ,n.2

< R

2 4

Equation (1.118) could be written as:

1wl 1 1 w213
L, + = ==1,+-—
>3 wve 2 6w

21l 1 1

% [5 13- 11] =L -1 (1.119)
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Hence,
1
2 [2 " 12]V2 (1.120)
w= == .
TH-oh
6
and
w =
or
f= (1.121)

Equation (1.121) shows no harmonics.
A somewhat different form for the frequency (f) may result if the series
expansion of tan g could be extended to the third or higher order terms.

B. INTERRUPTION OF A GROUND FAULT

Figure 1.14 shows an interruption of short-circuit while the three-phase
system is grounded at one pole. Every ground connection acts as a short-circuit
of zero voltage.

Phase (a) is actually excluded from any action and remains dead because
no voltage can penetrate a short-circuit.

We can proceed now to obtain expression for the frequency of surge incidence
and reflection by using the criterion for the continuity of the input impedance
at junction (n).

. Z,
Zo.c.left = —.] I ctn Bll

¥4
Zo.c.righl = —., Ee ctn Blz (1122)
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FIGURE 1.14. Interruption of a ground fault.
where
I, =1Li2
L =L
1 1 1
thnBE = -z-ctnBI
or
1
ctn % = 2 ctn B1 (1.123)

Again, expanding the (ctn) on both sides in Equation (1.123) we shall now
include the third term in the series expansion process as shown below.



Equation (1.123) could be written as:

and

Hence

and

Obviously, harmonics exist in the frequency spectrum.

tan 31 = 2 tan BY,
1
2tanE—

2 Bl
——— = 2 tan —
l—tan2E 2

2
Bl
sotan? — =1
an® =
B1
tan’ — = + |
an’ =
™
B, = i[zn’lT'Fz]
2nf
= wV =—
B=w vV
nfL

v =_-t<2n'rr+g>

|4
f= t—<2n‘n+%)HZ

i
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(1.124)

(1.125)

C. INTERRUPTION OF Y CONNECTED SYSTEM WITH GROUND

FAULT

Figure 1.15 illustrates the opening of a short-circuited Y system at phase

(a).

Zo,c.left = _.] Zo ctn Bl

. Z,
ZoAc.n'ght = _.] E tan BIZ
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FIGURE 1.15. Interruption of Y system.

At junCtiOn (n) Zo,aleft = Zs,cright
1

ctn Bl = Etan p1
or

tan’ B1 = 2 (1.126)
or

tan Bl = *2
Bl = =Q2nm + 0.956) (1.127)

or

2
wal = +Qnmw % 0.956)
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and

1%

+ — (2nw + 0.956) (1.128)
27l

f:

Harmonics are present for (f) according to Equation (1.128).

1.X LIGHTNING STROKES

A. PROBABILITY OF BEING STRUCK

Lightning strikes the earth 100 times in each second with varying destructive
effects, depending on several parameters such as the height and area of the
structure and the geometry of its peak and the nature of material structure.
However, lightning strike is probabilistically expressed by empirical rule based
on field measurements. For example, the probability of lightning striking a
structure <600 feet is given by:

Poy = kih (1.129)

where 4 is the height in feet, and k, is a constant = 2.4 X 1072,
For a structure height between 600 and 1300 feet the probability equation
becomes:

P600_1300 —_ e4thO—2.l3 (1.130)

On a system of transmission of 60 to 100 feet high and on a group of 25 to
40 lines it had been reported that lightning strikes on the average of one stroke
per mile of line per year.

The results have shown also that the strokes will be drawn to the line,
because of its height from an effective lateral distance on each side of the line,
on the average of 3.5 times the height.

Assuming an average height for the structure of 80 feet, one stroke per mile
of line per year is equivalent to 9.5 strokes per year per square mile of sky area.

Other statistical data indicated that for a building of dimensions W, L and
H designating width, length and height (ranging from 60 to 100 ft), the total
number of strokes per year to the building is expressed approximately by:

(w + 2 X 3.5H}L + 2 X 3.5H)
(5280)°

Po_100 = K, (1.131)

where k, = 9.5 for heights between 25 and 100 feet with isokeraunic level of
25 to 40, and k, = 5.8 for heights between 25 and 100 feet with an isokeraunic
level of 20.

The isokeraunic level is defined as the number of days per year with thun-
derstorms occurring in a given region.
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TABLE 1.1
Height in feet Strokes to structure/year
50 0.12 (once every 8 yrs.)
100 0.24 (once every 4 yrs.)
200 0.49 (once every 2 yrs.)
400 0.97 (once every year)
600 1.45 (3 times every 2 yrs.)
800 3.00 (3 times per year)
1000 6.50 (6-7 times per year
1250 15.30 (15 times per year)
12
10}

Helgh+ in Km,

I e

“-Fositive rain “~-Megativerain
FIGURE 1.16. Electrically charged cloud.

Table 1.1 above represents the number of strokes per year with respect to
height.

B. PHYSICAL MODELING OF LIGHTNING

Electric charge distribution in thunderclouds is formed by spray electrifi-
cation, whereby the powerful upward air draft at the head of the storm cloud
carries with it moisture to the cool regions where it condenses into drops. The
size of water drops will increase up to the limit at which the weight of any drop
is in excess of the upward force produced by the surging air drafts, after which
the drops will fall. Increase in drop size above the critical size will lead to a
break-up associated with the release of negative ions into the air while the smaller
drops will retain positive charges. This is shown in Figure 1.16. The released
smaller drops now will grow in size to the critical limit, after which they will
break-up again, releasing more negative charges and smaller drops with positive
charge and so on. The cycle will repeat itself. It has been found that the rain at
the head of the storm carries positive ions while the back of the storm is ac-
companied by negative ions. Voltage build-up in storms varies from 1 MV to
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FIGURE 1.17. Formation of lightning surge.

1 BV. Consequently, the electric field at earth’s surface may range from 5 to
280 kV/meter. Potentials at transmission lines may rise to the order of 1.5 MV
by the effect of storms, then may propagate at the velocity of light if the process
of discharge is not instantaneous. Loeb indicated that charge build-up at trans-
mission lines is negative due to positive ion streamers that had left the trans-
mission structures and not due to the end of storm build-up of negative charge.

The successive growth of lightning stroke is shown in Figure 1.17 which
was obtained, according to Schonland, from high speed photography of actual
strokes. The first state of lightning stroke on a transmission line or any highly
conductive structure starts with the formation of catholyte negatively charged
layer on the line through electron avalanche called the pilot or leader stroke.
The speed of propagation of the leader stroke varies from 107 to 2 X 10® e/
s.

The streamer moves through an ionized bridge established by the processes
of ionization due to the intensive field existing at the head of the avalanche and
by photoionization of the gaseous medium surrounding streamer. At the back
of the streamer, the deionization process takes action by ion recombination and
diffusion resulting from the formation of distinct regions of concentration gra-
dients. Velocity of propagation of the leader stroke is relatively much less than
the velocity of light because its formation occurs in several steps of ionizations.
Another process of reionization usually occurs progressively down the leader
stroke by another avalanche known as the dart streamer which propagates at a
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speed of the order of 10'° cm/s. The dart streamers maintain a continuous ionizing
path at the back of the leader stroke creating a highly intensive electric field.

Rudenberg indicated that the electric current at the tip of the dart streamer
is given by:

;=2 (1.132)

where F is the field strength of the tip of radius r and v is the velocity of
propagation.

Electric current at the tip of the dart streamer may be of the order of 10k
amp. Usually before the leader stroke reaches the ground or line, a positive
streamer springs up due to time variation of bound charges on the transmission
line or the conducting object. The springing positive streamer is known as the
return stroke; it can ride up to 3/4 of the separation between the leader stroke
and ground. Current in the return on main stroke may approach the order of
500k amp.

Figure 1.17 illustrates formation of the leader stroke and the main or return
stroke.

Modeling of the main stroke current is based on the actual visualization of
a condenser system where the charged cloud having a diameter of D is separated
from an equivalent ground surface by a distance of a. The self-inductance of
the stroke current L is expressed by

D 1
L=2nln—- - .
[nd 2:| (1.133)

where d is the diameter of the stroke.
Amplitude of stroke current from Equations (1.132) and (1.133) is given
by:

L=y, g
L
or
Dv 10°
L= 4 (1.134)

4\/5 ac [ln— —

N =

where c¢ is the velocity of light, v is the potential difference between the two
condenser plates, namely the cloud and ground or line, and D is in kilometers.

For an average value of V/a of 1 kV/cm, the associated current stroke could
be of the order of 200k amp. Frequency of oscillation of an LC system for the
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FIGURE 1.18. Waveform of lightning surge.

main stroke is of the order of 45.8 kHz. However, due to resistances contained
in ground, the avalanche column and cloud, the system may not oscillate. Wave
front of the main discharge current exists from 2 to 10 ps and the entire duration
may approach 80 ps. Succession of return strokes may occur with high probability
to as much as 40 strokes. Time interval between strokes may range from 0.0006
to 0.53 s, while the entire series of strokes may last up to 1 s. General wave
form for lightning surge is shown in Figure 1.18.

We now return to the condenser system of the main stroke shown in Figure
1.19, where a cloud height (a), transmission line height of (k), electric field in
the region is (E) volt/m and hence voltage build-up on the line can be expressed
as below

V = hE (1.135)

The surge voltage V will propagate left and right of the place of incidence.
The time-space relation in the absence of any resistance is governed by:

oE oE
_— — = 4y —

(1.136)

+v
dat ox

Also, we have to indicate that change in voltage surge picked up from the
atmosphere is composed of two components, namely the propagating forward
and backward components, E, + E,.

— = L 4 1.137
a  a o (1.137)
%
v av,
—v— = 2v—* (1.138)
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FIGURE 1.19. Condenser system of lightning.

Voltage rise in the forward traveling surge is:

vV, 9V, 18V _ hav
ax  ox 2w ot 2v ot (1.139)

Also, during the time interval T of voltage rise, the surge front travels a
distance given by

a=vr (1.140)
where a is the height of cloud above ground or line.

1.XI SOLVED EXAMPLES

A. A 100-kV line has completely lumped total ductance and capacitance carrying
200 A, when suddenly the line interrupted in a time interval of 10~* s.

a.  Calculate the front-rise length of the interrupted voltage pulse.
Calculate magnitude of switching pulse.

c. If switching time is increased to, say, 0.1 s, comment on the nature of
front-rise length and pulse strength.

d.  Sketch the switching pulse in b and c.

Solution

A 100 kV line

i = 200 amp

7 = switching time
100 ps

I
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a) k as front rise length

T=V, 7

=3 x 10® x 10° X 107% = 30 km

b) magnitude of switching pulse

E = 2Z,

For overhead line Z = 500 ()

For cables Z = 50 (}

E =2 X 500 x 200 = 200 kV
This is overhead line

E, =2 x50 x 200 = 20kV
for underground cable

¥
_M

small 7

<& K >
/_-——
large T L////////
¢) if 7 is increased to 0.1 sec.
k=310 x01=3x10m
= 30,000 km which is a very extended front rise length.
For an ordinary steady-state system operating at 60 cps, A = 5000 km.

.. The above value of k is of the order of oA, and hence the pulse strength
will be extended over Ao, resulting in substantial weakening.

T is small

T is large
B. InFigure B find an expression for optimum value of R where the transmission
system to the right of the arrester is individual lines with increasing Z according

to an arithmetical progression.

e, = arrester limiting voltage

o
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Z
Z+ AZ

Z + 2AZ
Z

Z + 3AZ

o

my
=l

Z + 4AZ

Z + 5AZ

n lines

Solution
The system to the right of point 0 is n lines with gradual increase in individual
surge impedance with a total parallel equivalent of Z,.

Z, =
ER 1 + RN S
Z Z+AZ Z+207 7 Z+ nAZ
_ 1
Y,
v,=1,_1 TR -
Tz Z+ A7 Z + nAZ
-1 1+ L +—-1—— (B1)
Z + AZ AZ
1+n—'Z—

Practically, AZ is small if all the individual Z, are homogeneous transmission
overhead or cables, but if they are due to lines, cables, transformers, etc., AZ
could even be greater than Z.

However, as a specific case, consider all Z; are those of homogeneous lines
such that A Z < Z,
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zZ, = /Y, (B2)

1 1 1

_— = — 4+ —

RopL Z, ZZ
Zzl[n_A_Z(n—1)+1
S/ z 2 ]

[ o L1AZ) _nr2z - Az

~z[ 22]‘2[ 22]
Ro~1/[Ls 2 B3
/|7 * v ) ®

For a homogenous system of small increase in Z.
C. Inaninhomogeneous line where the inductance changes linearly with distance

and capacitance is constant, show that at very high frequency a solution of
voltage pulse can be represented in a circular function.

l)\

fe—ad—+—>X

Solution
For an inhomogeneous line, with linear increase in inductance and constant
lumped capacitance, d.e. of voltage pulse is:

d%e 1 e ,,. a4+ x
— + wetlo
x> a+ xox a

e=0 (CY)
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a = line length to double 1

a+x=E&
w\/@=8
a
d%e 1 de e
g " gar T PETO

whose solution:

e = ek (2pe7) + Kn(e782)]

For the argument 3 £ > 1

_ 2 [ Vv
—cos|Z — ——
nZ 2 4

JAZ)

nfloe)| -

And
NAZ) !;_m \/“:22 sin [z - VT’TE
Therefore
wa(5e0%)| = \/% sin 3 pe - 72
Therefore

e

I

sin (0 + K)

[ 2
g TngS/Z

[FSHN )
(SR

Z—>®
2 1 [2 ™
Z cos |2 BE? — = —
J; 2 B€3/2 3 4
3

[ 2 .
3 -TI'_BEE[KICOSG + K, sin 0]

(C2)

(C3)

(C4

(C5)

(Co)

(€7

(C8)

(C9)

(C10)

(C11)

(C12)



D. Given:

ke l >e A >
Fe\_\\ ’,,—":
i T~m— =

z a

> d,

i — - T ——— |
L——" ——-

withd, = d, e, € = 30, and p = 500, calculate:
a)  overall voltage transformation ratio

b)  velocity of propagation in section 2

¢}  total transition time in the transformation scheme.

a) dix) =d e ™
€ = 30, p. = 500

Z(xE
€

Za &’, Za Loz

(4

L ks
”Zl Eo l""o

K €
o —2 -2
’LO eo

r = 1 4+ M
In 4h/d,

with non-magnetic non-electric surrounding insulation
And with the specified insulation

rr — “1‘2 E] r
MO €0
indid
=500 X 30 [— 2
in 4h/d,

142 r
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(Y

(D2)

(D3)

(D4)

(D5)

(D6)

(D7)
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b)
po L __ 1
Ve, n Vi e,
R
T Ve, Vi
v, v,

¢) Total transition time

T=-2+2
v 2

S B

Yo Viee Vi e
v,

vV, =

l l
T = [7‘ V30 + ;} \/500] 50

(D8)

(D9)

(D10)

(D11)

(D12)

E. A transmission line of surge impedance Z is to be connected to the following
sections in separate individual cases. Comment in each case with respect to the
degree of reflection, velocity of pulse propagation, and voltage transformation

ratio:

1.  Another line whose Z is decreasing linearly,
2.  Transformer system

3.  Transmission line whose length is of the order of 400 km.

1
Z,




45

Solution
a)
Z, = Z, + Kx
0=2,+Kl (E1)
K
K= - —1"-—" (E2)
z
Z =2 - Px= zz(,(l - %) (E3)
7.1 — x1
r = VZjZ, = i’-(—z—x) (E4)
1

Also reflection is expected to be small if / is large
Z = VLIC

A decrease in Z can be attributed to either an increase in C or a decrease in L
and will be affected accordingly.
b)  Transformer system of Z,

Z, is expected to be of the order of 10 times that of an overhead line or 100
times that of cable. It represents a jump in ohmic value approaching an open-
circuit situation.

Therefore, as r increases very largely, reflection will almost double the
incident pulse without polarity change and hence velocity of propagation will
diminish greatly to a value of the order of 30 m/ps.
¢)  Velocity of propagation = V,

Reflection will be very small and the ratio of transformation is of the order:

VZ,Z,.
F. A line 1000 miles long has:

R = 10.4 {}/mile

L = 3.67 mHenri/mile
0.00835 wF/mile
= 0.8 pmho/mile

Qa0
I

The line is terminated in a Z, = 1500 L45° and connected to a generator at
the sending end having an emf of 100 volts and internal impedance of 300 2.
Consider w = 2000 rad/s. Calculate voltage, current and power at Z, using the
method of separate waves along the line and the principle of superposition.
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Solution
A I,
— "
|
Z[] | }
380| !
E. E.
E® 100 v | Z'= 1500 |45
| : ’ 0
; ‘

Z =R+ jwl = (104 + j7.35 = 12.7 L38°
Y =G + jwe = (0.8 + j 16.7) 10~° mho
= 16.75 L90° 107° mho

12.7 L38°
Z, =7 =\/

16.75 x 10 L90°
= 875 L —24°
al = 7.28 nepers/1000 miles
= .00728

B = .0126 rad/mile

Bl = 12.6 radians =~ 4 7w — 0

Assume E;; = 1 L0° volt

E,=E,e e/ = ¢ 78 =675mV
Z, — Z, o
E!, = E., Z—_:Z = 5.4160°mV
E,=E,e'=FE,e'=36L60C°V
I' — E’ /Z = 1;()0
st FarTe g5 L —24°

I

1.15 L24° mA

(F1)

(F2)

(F3)

(F4)

(F5)

(F6)



47

Er
I = =% = 7.65L24° pA (F7)
y E},
1” = — 7 = — 6.2 L840 MA (Fg)
y E;,
I, = - — == 4.1 X 1072 L84° amp (F9)

o

E, =E, + E,

51

= (1 + 3.6 X 1075 L60° volt (F10)
E,=E, +E,

= (6.75 X 107> L0° + 5.4 x 10~ L60°) volt (F11)
L, =1, +1I,

= (1.15 X 1073 124° — 6.2 x 10~¢ L84°) amp (F12)
L, =10, +1I,

= (7.65 X 10°51.24° — 6.2 X 107 L84°) amp (F13)

Z.
Actual E, = E, —— 4
ctual E, *7 + 7. (F14)
E
Z, =7 (F15)

Then multiply E,, E,,, I, and ,, by the ratio of

E— (F16)

sl

G. To find a solution for the induced voltage when current distribution i the
return stroke is an impulse i = (7).

Solution
For rectangular current in return stroke,

Vix,t) = [V, + Vi, + Vo + V,,JUG — to) (G1)

with V,,, V.5, V,,, and V,, each as a function of x,z.
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i(t)
T

t

>
>

T

According to Duhamel Theorem, if the current i the return stroke /’(¢) is of
exponential order and is a continuous function of t, and if its first derivative
with respect to & is sectionally continuous, the induced voltage caused by this
current is:

1

V(H) = (o) V() + J; a%I(l — T7)dr (G2)

where V_ () = induced voltage caused by unit step return current, i.e.,
ity =1,e

d
Vi) = - U_® (G3)

It can be concluded that the solution secured in Equation (I1) is the summation
of impulses according to Equation (G1) where V(x,7), due an impulse at 7 = 0,
is the total derivative with respect to 7 of Equation (G1) since I’ () as a rectangular
pulse =

LU + Lt —1)+1(—2t)+---+1(~—nt)
= i 1,8, — np (G4)
V(x,?) due to an impulse = % of Equation (G1) =
Vi, + Vi, + V3, + V3,8 — 1)) (GS)
. d 30Lp1 - B) (¢t — 0x — 3

Vo= G -+ [PET 0T \/ - (G6)
cr + @ + 1)

BZ



i
Via

K

d=30Lhr 1 _Bz]] 1
dt B [ 1 + & et — x

d 30 Lh(1 - B?)

Allfor<ir<r

(¢t + X)x + Y2

B(ct — x) +
+x)+ 7 12 -

dla+n+ L cr v By
5—3010;1[ 1 _Bz] LI

d B 1 + & L 2%

h, x2 + Y
7t =
Vi + ¥ c
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(G7)

(G8)

(G9)

(G10)

H. Calculate a set of natural frequencies generated when two sound phases are
interrupted in a three-phase Y system with ground fault.

Solution

B

C —r———"
T

L

Z
Y

a
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At junction (o), equating Z,, of the o.c. line with surge impedance Z/2 and

that of the s.c. line with surge impedance Z,
z
Z,(o.c.) = 3 tan hvya
Z.(s.c.) = Ztan hya

Z. cos hyl + Z, sin -yl

n = Lo Z, cos hl + Z sin yl

V4
Z, cos hyl + E" sin y1
= Z r

o

Z
Z,cos hyl + Z" sin y1

-

(HI)

(H2)

(H3)

(H4)

since no losses are considered y = jB and hyperbolic elements will be replaced

with Trignometrics.

1
EthnBa———ZtanBa
1
. tan? Ba = =
an’ Ba >
v
B=y
Therefore,
va 1
t 2 = =
an v 3
or
cosE— +;
1% - . 1
+_
2
2
= =+ —

(H5)

(H6)

(HT)

(H8)

(H9)
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Then,
2 = cosTi(x 23
v cos™H{x 2/3)
= 0.618, 2.53,3.70 ... (H10)
And
P
T 2m
.61 2.53 3.76V
_ 618 V, 5 V, H11)
27 2ma 2ma
1.XII PROBLEMS
1. A lossless transmission line has a length equal to 200 km. Calculate the

4.
5.

fundamental eigen frequency and the corresponding wave number for each
of the following cases:

a. the line is short-circuited at both ends

b.  the line is open-circuited at both ends

c.  the line is short-circuited at one end and open at the other.
Consider a bus-bar joining 6 lines, each with Z = 500, an incident voltage
pulse of 80 kV, with a limiting arrester voltage of 32 kV, and an arrester
resister p = 120 (). Calculate the transmitted voltage pulse and then current
in the arrester.

A series resistance is inserted in the transmission system shown. Calculate
maximum efficiency of protection provided by R and the value of R in
terms of Z,, Z, and n.

Z, each line

Repeat (3) but insert R between the junction and ground.
Derive an expression for amplitude V, frequency spectrum of a step pulse
applied at a location distant from ends of transmission line.



52

10.

High Voltage Engineering in Power Systems

Consider a dissipationless transmission line. An impulse voltage is sud-
denly applied at the sending end at ¢+ = o. The strength of the impulse is
(A). Calculate the current and voltage at point (x) and at time (f) with the
receiving end of the line open.

Repeat problem (4) when a d.c. voltage is suddenly switched at the sending
end and with the receiving end short-circuited.

In the figure shown, find an expression for the optimum value of R. To
the right of the arrester there are (n) lines with increasing surge impedance.

AZ<Z

e, = arrester limiting voltage

bus-bar
¥

72+ AZ
| 7+ 2AZ

I

| Z + nAZ

An atmospheric electric field of strength 150 kV/m having a time rise of
12 ps exists below a cloud of 20 km equivalent length. The line is 20 m
above ground. Calculate

a.  the voltage pulse releases

b.  pulse length

c.  the time rate of change of the pulse potential gradient.

A dissipationless transmission e(#) line is suddenly subjected to the surge-
time function shown. The surge shown is applied at the sending end at ¢
= o. Calculate the current and voltage at any time ¢ along the line, for
the receiving end open-circuited. Assume zero initial conditions, i.e., solve
for e(x,?) and i(x,?).
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e(z‘)4

o) + t >
T
11. A line of 750 miles long has the following distributed constants:
R = 5 QYmile
L = 2 mh/mile
C = 0.001 pfimile
G = 1.0 pv/mile

The line is terminated in Z, = 1000 L30°. Generator at the sending end
has an emf of 400 V and an internal impedance of 50 ). Consider the
angular velocity w — 800 rad/s, compute voltage, current and power at
Z, using the step-by-step-method.
12. Consider the following figure:
1) In the figure above there are three segmented lines:
d=d &, d <d<d,

€ —ax + b
p, = 1000 p,
Calculate

a.  the overall voltage transformation ratio
b.  velocity of propagation in each segment
c.  total transition time in /, and /,.

M2, €, d2
d1 61 ’I‘LO d1

Z

X
S——
Y
A
S

Y
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13.

14.

15.

16.

17.

18.

High Voltage Engineering in Power Systems

In the figure below, find an expression for optimum P where the trans-
mission system to the right of the arrester represents a pattern of decreasing
surge impedance.

e, = arrester limiting potential

4
7 -dZ
| Z - 2dZ

Z

Lo -
P% | Z— (n—1)dZ

a.  Explain the effect of voltage surges due to reignitions.
Explain the role of the front-rise length of a switching pulse.
c.  Explain the effect of the equivalent resistance of the non-linear arres-
ter with respect to the amplitude of any transmitted voltage surge.
d.  Explain the role of skin effect in broadening a step voltage surge
and hence reducing its strength.
a.  Calculate the velocity of propagation of a front-discharge where
breakdown field is 35 kV/cm, front dia. is 2 mm, carrying a current
of 20 A.
b.  Calculate the corresponding dielectric constant of the medium.
c.  Calculate the average time rise and also the average front-length.
A plane-parallel plate condenser has a plate separation of 0.9 cm in air
under standard conditions. Determine the spark breakdown voltage between
the plates. A plate of lead glass 0.3 cm thick, having a specific inductive
capacity of 7, is inserted between the plates and in perfect contact with
one plate. Calculate the voltage across the condenser required to break
down the air-gap under this condition.
Determine analytically an expression for the value of (Pd) corresponding
to the minimum sparking potential for plane-parallel copper electrodes.
Calculate the value of (Pd) for min. V_ for air by means of this relation
comment on the result.
A transmission system comprises an underground cable joined to an over-
head line and then to a cylindrical type transformer with both core and
tank grounded.
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20.

21.

22.
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a. Find an order of magnitude value of a pulse transformation ratio
initially released at some point on the cable.

b. A series resistance is placed at a junction between the line and
transformer; calculate the value of that resistance for optimum
protection.

c.  Repeat (a) if the transformer is without tank.

An atmospheric electric field of 110 kV/m having a time rise of 15 ps

exists below a cloud of 2 km equivalent length. The transmission line is

10 m above ground. Calculate:

a.  the amplitude of voltage pulse released

b.  the approximate length of the pulse

c. electric field due to the released pulse

Consider a 66-kV line having insulator breakdown voltage to ground of

400 kV and a line surge-impedance of Z = 500 (). A flashover occurred

through an erected pole.

a.  Calculate the amplitude of the released current pulses.

b.  Calculate the amplitude of current pulse in the discharge breakdown.

c.  Calculate the amplitude of the released voltage pulses.

d.  Considering the value found in (c), write an expression of probability
of flashover at any other tower in terms of frequency of occurrence.
Comment on that.

Analyze, in terms of order of magnitude with respect to velocity of prop-

agation, degree of reflection and voltage transformation ratio, a transmis-

sion line of surge impedance Z to be connected to the following sections,
one at a time:

a.  an underground cable three-phase system

b.  transformer with grounded tank and core

c.  tapered overhead line and terminated in open-circuit. The line is
surrounded by a magnetic insulator.

To protect a transformer winding whose surge impedance = 5.5k against

a delayed voltage pulse shown in the figure below. The surge impedance

of the connecting line is 500 ohms. Peak stress in the transformer ¢ = 26

kV. Design a protective series L or C, and a combination. The line lengths

are (0 — a) = 2km, and (@ — b) = 1.2 km.

eV‘]r
180 kV
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23. In the first figure shown, a reactor with hard magnetic core is used to
provide protection for region 2 against an incident pulse of strength E.
The second figure illustrates R and X in terms of current passing in the
reactor; obtain solution for:

eyss €, Ly, Iy, T,

Identify the time invariant voltage surge and min e,.

— &, Z1 R q)%\ Za

reactor with hard
magnetic core

A A

24, Repeat problem 23 for a shunt connection of the reactor as shown in the
figure below.

E
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E

Z _ Z

reactor with hard R -JI:C
magnetic core

X

25. Repeat problem 24 for 1V, a periodic pulse train. Find an optimum value

for C and investigate the case of resonance.

26. a.  Consider the case for the incidence of a sinusoidal train pulse in an
arbitrary location on a dissipationless line. Under what condition will
maximum power transfer occur on sides of pulse incidence, if one
of the lines is o.c. and the other is s.c.

b.  Write down the basic criterion for zero dissipation and then for no-
distortion transmission line.

27. Consider a dissipationless transmission line. A voltage surge shown is

suddenly applied at the sending end at + = o. Calculate the current and
voltage at any point (x) and time () for the receiving end as open-circuit.

A

4

e—at

v

O

28. An atmospheric electric field of strength 222 kV/m, having a time rise of
10 ps, exists below a cloud of 13 km equivalent length. The line is 20 m
above ground. Calculate:

a.  the voltage pulse released
b.  the length of the pulse formed
c.  the voltage gradient of the pulse.
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29. Refer to the transmission line configuration shown where E is a linear
function of position. Calculate:
a.  total voltage transformation ratio
b.  velocity of propagation in region 2
c.  total transition time in the transmission system

linear exponential
e =1 l ______ .€ :’ ggl"l

30. This figure shows a Y three-phase faulted system, where the grounded pole
of the circuit breaker opens last. Calculate the spectrum of natural fre-
quencies that may result from this operation.

Ground
A A VA

31. In the three-phase short-circuited system shown, interruption did occur at
switch (s). Calculate the spectrum of natural frequencies that may result
from this accidental process.




32.

33.

34.

3s.

36.
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Repeat problem 32, but with the interruption of switch (s) shown in this
figure.

| 2 A
F

Repeat problem 32, but with the interruption of switch (s) shown in this
figure.

— o—
C

<, A
B

Ground
s s s S 7SS S S ST 7~

An atmospheric electric field generated by a time varying magnetic field
density B(f) = a, A U (1) cos cut exists below a cloud of 10 km equivalent
length. There is a line of 20 m above ground. Calculate the amplitude of
the voltage pulse produced. ax is a unit vector along the x direction, V (?)
is an impulse and A is a constant.

Repeat problem 35 but with a time varying magnetic field expressed by

B = aA U_ (1) sin wt +
a K U () cos wt
where U_ (¢) is a step function, and A and K are constants.

An atmospheric breakdown surge generated a current density J vector
expressed by

J(@t) = AU (H)e™* ax

Calculate the vectorial level of the developed magnetic induction (B) in
the immediate vicinity.
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37.

38.

39.

40.

41.

42.

43.

High Voltage Engineering in Power Systems

From the expression obtained in problem 37 for the B vector, secure an
expression for the induced electric field vector and voltage surge build-up
at a transmission line 10 m above ground.

The actual pulse form for the magnitude of current density of lightning
surge is shown in this figure. Show that this pulse form is equivalent to
two linear functions.

h

A

]

1
i
i
1
)
!
[
1

>t

0T

Using the method of superposition of wave propagation (the step-by-step
method), obtain a solution for voltage and current at the terminal end of
a long line whose Z, # Z, due to the first function of the incident lightning
surge established in problem 39. The line has a and B constants.

Repeat problem 39 for the other functional part of the lightning surge.
Show that voltage and current at Z, obtained by adding the corresponding
solutions from problems 40 and 41 is the same that could be secured by
using final equations for calculating V, and 7,.

Consider a situation regarding the incidence of the lightning surge form
shown in problem 39. Express the terminal voltage and current in a system
comprising an overhead line connected to a much large surge impedance
transformer.

Repeat solution of problem 42 for a system comprising underground cable
connected to a tapered line with exponential function of increase (i.e.,
proportional to e*).

Repeat solution of problem 43 for a system comprising an overhead line
connected to a tapered line whose surge impedance increases linearly with
respect to distance.
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PRINCIPAL LIST OF SYMBOLS

electromagnetic flux
electrostatic flux

d/ot

velocity of propagation
wavelength

propagation constant
frequency

length of a line

surge impedance

front line length
equivalent diameter of a composite conductor
radius of surge streamer
height of a line
reflection coefficient
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Chapter 2

INDUCING AND INDUCED
EFFECTS OF LIGHTNING
SURGES

2.1 INTRODUCTION

This chapter undertakes as a first step the task of developing a comprehensive
analytical picture centered around dynamic modeling for the phenomenon of
inducing voltage, induced voltage and the corresponding associative function,
with respect to the impact area of field effect.

Generalized source distribution in the return channel stroke for the conductive
current and in ground surface for the convective current (which is a measure of
time varying bound charges) is central to the models developed at the fields
impact area. Prior to the establishment of final models, a closed-form solution
for the Helmholtz function of electromagnetic radiation is secured by mathe-
matical transformations. Mathematical models secured at the field area are broad
in their dependence on any time rate of development of sources, cloud height
and powerline height, velocity of propagation of the return stroke and space
location of field influence area. Inducing as well as induced voltages have been
calculated for the specific case of constant conductive and convective current
densities at the source.

Present information regarding various aspects of the phenomenon of inducing
and induced voltage surges produced by lightning points to factual effects of
special distribution for the electric current and constant parametric elements in
the return stroke. Those elements include velocity of propagation of the return
stroke channel, certain height levels for the cloud and conducting structure, and
dimensional domain of field effects with respect to the point of impact of the
return stroke.

The first phase of this chapter centers on developing procedural mathematical
models in three dimensional space for the inducing voltage, the corresponding
associative function and the induced voltage, first when current distribution in
the return stroke is in the form of step functions and then when it is of a steep
linear rise with declining tail.

63
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CYLINDRICAL DISTRIBUTION
OF ELECTRICAL CURRENT

IN RETURN STROKE
(CONDUCTIVE CURRENT J¢}

CYLINDRICAL
DISTRIBUTION

OF TIME VARYING
BOUND CHARGES
(CONVECTIVE
CURRENT Jv)\\

| | GROUND SPACE
Ry -z REGION AROUND
CURRENT SOURCE POWER LINE

DISTRIBUTION IN
THE RETURN STROKE

Je= felre,0,2)
Jy 21y (R,02)

FIGURE 2.1. Source distribution and field effects of lightning surge.

2.J1 MATHEMATICAL MODEL FOR INDUCING SURGES
DUE TO A CONSTANT STROKE

Detailed simulation for the lightning surge, together with a representation
for a tested object, will be presented in association with full analysis for the
various modes of lightning surge wave form.

Given the following basic facts:

1.  The inducing as well as the induced surges are the result of generalized
distribution of bound charges within the local ground terrain, as shown in
Figure 2.1.

2.  The source function f{(r,0,2) = f(r.0.z) + fir,,0,,2,), where f.(r..0_.z.),
f.(r..0,,z,) represents a step distribution function for an infinite number of
concentric cylindrical conductive current sheets.

3.  Any point in space (p,a,T) of position vector P; located on a physical
structure such as a power line with height h above ground.

The development of the following is required:

1. A generalized mathematical model for the inducing voltage at any point
(p,a,7) and the respective Legendre associative function.

2. A generalized mathematical model for the induced voltage established at
a physical structure with respect to ground.
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A. GENERALIZED CONDUCTIVE CURRENT DISTRIBUTION IN

THE RETURN STROKE

Refer to Figure 2.1 which shows a cylindrical shell distribution for conductive
electric current density in the return stroke with J = J (r.,0,z). LetZ and § =
impedivity and admitivity of surrounding space, respectively, where Z = Jou
and y = ®© + jwe.

This problem is treated similarly to that of field radiation from the source
at the coordinates (r.,0,z) to the point structure P, (p,a,T) and uses the differential
form of Maxwell’s Field equations, namely,

VXE= -3H (2.1a)
V x H=3E (2.1b)

Then, by taking the curl of Equations (2.1a) and (2.1b), and with an ap-
propriate vector identity, (2.1a) and (2.1b) become

VE + KE =0 (2.22)

V’H + K°H

0 (2.2b)

Equations (2.2a) and (2.2b) are vector wave equations and of the same form as
Helmbholtz scalar wave equation,

Vg + k¢ =0 2.3)
where
k=V-% (2.4)
In cylindrical coordinates Equation (2.3) becomes:

19/ o\ 13 &
A e O 2.5
ror (r Br) roer oz TP 23)

In order to secure a generalized solution for the function g(lp — r.|, (@ —
0), |v — z]) in three dimensions, the wave function ¢ must be Fourier transformed
with respect to the axial dimension z (¢ is the transformed function),

Blp — rlle — @)t - Z) = J: p.(P — rl(a — @)t — zDe " dz  (2.6)

and Equation (2.5) becomes a two-dimensional problem as below:

1 o a9 1 6%
— 2 (nEY+=-Z i mw=0 2.7
r. or, (rc ar) r. 862 " 2.7
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where
m =k — 2.8)

Solution of ¢ as a two-dimensional wave function in r, and ¢ at the space
point (p,a,T) is given in the following section.

B. SOLUTION OF THE TRANSFORMED FUNCTION g (r.,0)
Details for carrying out the solution for ¢ is left as a problem for the student
to solve. However, the final result is given below:

For r. < R,
o, = iAJn(klp = riere® (2.9)

and for . > R,
g; = iBanf)(Hp = rere® (2.10)

where J, = Bessel function of the first kind, and H® = Hankel function of the
second kind. The appropriate boundary conditions are

a.x H* —H) =J®

r

(Ef —E)xa,=0 (2.11)
where @, is a unit vector.

The field radiated from the multi-cylindrical current sheets is characterized
as TM?, independent of z and whose components are expressed below in terms
of the wave scalar complex function @, referring to a conductive current source
in the return stroke.

- 1 92 — 14
Er = T——& Hrl = ¢C
y or.dz r. 40
- 1 92 — J
E =—2% g =% (2.12)

yr, 009z “ ar

c

— 1 /92 —
E =~ <-— + k2)¢c, H, =0
¥y \oz?
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Then, from Equations (2.9) to (2.12), the following are obtained:

B, = CJ(kR)
A, = CHP(R) (2.12a)
g = Z CHPGR) (Kp — rl)ere=® (2.13)
g = iCJJkRL.)Hf)(klp = rere-® (2.14)
Hy = — Z CIARRIK H,P(klp — r.yer=® (2.15)
Hy = —2 CHPUR)K J,(Ip — rJyer=-o (2.16)

From Equations (2.11) through (2.16), the solution of the transformed field
radiation wave function ¢_ in two dimensions is expressed as

o7 = “2—;‘ > AJKp — rDHO®Kp — r.pen-v @.17)
where
1
A =5 f J.emina=9 dp (2.18)

J. = f(r.,8,2) is the Fourier transformed function of the total generalized con-
duction current volume distribution in the return channel stroke. J.(r.,9,z) is the
three-dimensional volume distribution function for the conductive currents.

In order to obtain the final form of the wave function g_, the inverse Fourier
transform of ¢, must be carried out,

1 *® .
¢c = —f 6c(|p - rll’ (a’e)’ (T - CD) e/"’z dz (2'19)
2w J-o

The corresponding electromagnetic field components at the point P, (p,a,7)
could be secured from the set of Equation (2.12).
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C. GENERALIZED CONVECTIVE CURRENT DUE TO BOUND

CHARGES

Electromagnetic field components produced at point P; by the effect of the
time variation of bound charges could follow the same procedure established in
part A, with these changes: (1) f.(r.,0,z) is replaced by fy(r,,8, —z) which is a
generalized function for the time variation of bound charges residing on the
ground surface; (2) radial separation between the point of field impact and the
bound charge source becomes [P, — P,|; (3) generalized solution for the resulting
transformed two-dimensional Helmholtz function ¢, for bound charge source
becomes

o7 = 57 L ALK = rDHWp — rheme0 220)
where
1 ("2
w= 5o ) T o an (2.21)

v

J, = f(r,,8,—x) is the Fourier transformed function of the total generalized
convection current distribution. That is 8 and r, dependent.
The final form for the wave equation ¢, is

1 " A
%= o f Ballp — rl(e8),(1 — @) dz (2.22)

Also the corresponding electromagnetic field components generated by the
convective current of the time varying bound charges could be secured from the
set of Equations (2.12).

D. SIGNIFICANCE OF J, and J,

J, represents the conductive current density generated by the return stroke,
while J, is the convective current density generated by the time variation of the
bound electric charges.

In this section the conductive current density J. as well as the convective
component J, are generalized functions in the three-dimensional cylindrical co-
ordinate system.

The important fact is that such dependence on r, 8 and z by the sources J.
and J, implies variable status for the cloud height as well as the velocity of
propagation for the return conducting stroke and the time rate for the development
of bound charges in depth and width.

These source functions could be any arbitrary form provided they are analytic
in order to be Fourier transformed.
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2.IIT1 PROCEDURAL CALCULATION OF THE INDUCING
VOLTAGE

Let the height of point P, above ground be k; the inducing voltage V, is
expressed as follows:

V, = —prdp (2.23)
where

E.=E +E, (2.24)
E. = inducing electric field due to conductive current distribution given by

Equation (2.12), and E, = inducing electric field due to convective current
distribution of time varying bound charges, which could be obtained in a similar
way to Equation (2.12).

A. THE ASSOCIATIVE FUNCTION
As a matter of fact, the electromagnetic effects produced at point P, are
retarded in time with respect to their occurrence at the sources, by
tlzt_lp_RNRu':t_ 3
C, t (2.25)

o

where it is practical to select the time ¢t = 0™ as the instant of start for the return
stroke and initial formation of bound charges. C,, is the velocity of light.

Also, because of the time retardation interval, the inducing voltage function
V. is a sectioned function, i.e.,

Vi=4llp — nNa = 0),r - DIUC — 1) (2.26)

U(t — t,) is a shifted step function. y(p,a,7,0,r,Z) is the associative function
for the entire lightning phenomenon.

2.IV THE INDUCED VOLTAGE V

Figure 2 represents the equivalent circuit of a transmission line, the induced
voltage of which is expressed through the following differential equation:

PV 1PV —1a%,
oV L1V _—1dV._ o, 2.27
o Cor O ap  F&D 2.27)
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I L dx Piid"

Cdx

v.

ov;
i (vi¢-a—xdx)

Ll Ll el il el il fiellllrlells
. u

L
FIGURE 2.2. Inducing voltage on power line.
where
C =INLC (2.28)

L’ and C’ = self-inductance and capacitance per unit length of the transmission
line, respectively

V is bounded as x —> *oo (2.29)
V(x,0) = V'(x,0) = 0 (2.30)

Of course the generalized V; modeled in this paper is in the three-dimensional
cylindrical system, which must be converted in terms of cartesian coordinates
upon planning to solve Equation (2.27) for v(x,y,z,1).

The best approach for solving Equation (2.30) is through the introduction
of Green’s function G(x,x").

b
V(x) =f G(x,x")F(x")dx' (2.31)

where (a - b) is the domain over which F(x') is continuous, x is a point on the
line, and x’ is a source point.
The G function has these properties:

1. Gx'*%) = Gxx'"% =0

2 dG(x,x' *°) _ dG(x,x' %)
dx dx

=0 (2.32)

3. G(x,x") is the voltage induced at point (x) due to a unit impulse at the
source point (x').

4. G(x,x") satisfies the boundary condition piecewise continuous in the domain
(a ... b)and is homogeneous everywhere except at x = x’.
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The solution for Green’s function from Equation (2.31) could be secured by
applying either Fourier or Laplace transformation, followed by taking the inverse
transform.

Substituting the generalized solution of the G function in Equation (2.31)
will establish the mathematical solution for the generalized induced voltage
function.

The method of Laplace transform and its inverse will be presented through
the application of Helmholtz field wave radiation function generated by constant
current source distribution function. The generalized form of V, is reflected in
the arbitrary function of J_ and J,.

Solutions of the inducing electromagnetic field components in generalized
cylindrical coordinate system cover detailed parametric information as for avail-
able velocity of propagation of the conductive current in the return stroke and
the time rate of developing the convective current in the layer of bound charges,
height of cloud and any physical structure subjected to the field effect and how
far from the source location.

2.V CALCULATION OF INDUCING FIELDS FOR
CONSTANT CURRENT SOURCE DISTRIBUTION

A specific case is considered for uniform constant densities for the electric
current in the return stroke as well as for the convective current produced by
time variations of bound charges. Reference is made to Figure 2.1 with both J,
and J, independent of r, 6 and z, i.e.,

J. = A_, constant density
J, = A,, constant density
Fourier transform with respect to Z for J, and J, is:

- A
J(r,0,0) = (2.33)
Jo
and
- A
J(r,0,w) = = (2.34)
Jw
Therefore,

2

1 - .
A, = Je7/ne® — g

e 2’1T o
Ce .
= where n is odd
mnw
=0 where n is even (2.35)
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Similarly,

Aem .
A, = where n is odd
mnw

=0 where n is even (2.36)

The radiation field wave function transformed in the frequency domain from
Equation (2.17) is expressed below for the conduction as well as for convective
current sources:

g~y e

—jna

emJ (klp — r.DH?Klp — r.) (2.37)
J20 5o
where n is odd.
rA, < e ’™
= 2.
7= e 2 (2.38)

Solution for the radiation field wave functions ¢, and ¢, can be obtained by
taking Fourier inverse transform with respect to «w:

A,
6. = > Ly wo - ROHEWD - R) (2.39)
j(l)z n—O
A,
9 == 3~ DHO(Kp — R,) (2.39b)
n=0
rTA
> ~ 1, — ROHPKp — R) (2.40)
n=0

Electromagnetic field components at a relatively far point from the source
generated by the conduction constant curent density J, are obtained through the
set of Equation 2.12.

L= A, \/p S e R&[_(p—Rc)"
cy ,.=o 2" n! R:

3
— R "o
(p S5

— — n—1 __ jzn(n _ l)'
( - R) T + 7 ] (2.41)
LT R’ i e — Ry (2.42)

¢ 29y \m(p — R) = 2"n!
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— AR k* 2 S j'p — R
E - CRLA T J D Jp o (2.43)
2y 7P — R). o 2"n!

g AT Y ek I R
= 2.44
H, 2 7(p — R,) 20 2% n! (2.44)
) [— Jn(p — R)H®(p — R)) —
-1 ( — R)"! 21
___H(Z) — R _‘—C‘l‘ (=) + =
"R, D(p o) 2 n — 1! 1T( b >
J(Z)( _R)l__f_—i%—_1+n+§ __2~__
P nR.p—-Ryn—1"7"2vywp - R)
_ 1
R ] (2.45)
where
1 (o - R
J(p — R) at large p ~ (ﬁz—) (2.46)
and
J2 o
H®( — R,) at large p =~ ————— jre /¢~ R (2.47)
m(p — R)
H =0 (2.48)

Next the electromagnetic field components generated by the time varying
bound charges and represented by the convective constant current density J, =
A, are exactly those of E, E, E_, H,, H, and H_ expressed in the set of Equations
(2.12) with replacement of A_ and A,, and the radius of the return stroke R_ with
the larger value of R,.

2.VI CALCULATION OF INDUCING VOLTAGE
At the field point (p,a,T), in cylindrical coordinates,

VV, = — [ 8—V+—1—‘i+—v"
e "Bp “p da 87]

a,E, + aE, + a.E, (2.49)
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oV,
—f—s—’ dp = Vi(‘ + Viv (2'50)

p

~
I
|
—
e
oV
Il

V., = (4)

ic,v

=

Jjl sy -
= — multiplied b
T RA Zo 2"”'/ p y

I:p'l+1/2e*j’lp _ n + l/2 jpn-l/ze_jnp dp +
jn Jn°R
j2"7(n = 1! .1 A=A, R = R, for conduction 2.51)
3V2 > and A = A, R = R, for convection )

Of course the integration process could be repeated to any limit on n.

Due to retardation of field effects being felt at p(p,a,T) the inducing voltage
V; will be delayed and hence it will take the wave shape of a sectioned function
in an associative form.

¥ = V{a,p,7,0U(t — 1) (2.52)
where
_ (P~ R)
t, = < (2.53)

and C, is the velocity of light.

2.VII SOLUTION OF THE INDUCED VOLTAGE ON A
POINT OF A TRANSMISSION LINE

Here the method of Laplace transform is used to obtain the solution of the
induced voltge function V(x) through the equation

FV1 PV 1V,

w Co Car @39
where x = p cos «

V. = Vip,a,DUE — t,)

aV;

— = V{p,a,1d(t — 1

% {p,o, M1 — 1,)
?V,

* = Vip,o, 8 (t — t,) (2.55)

or
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or in cartesian coordinates,

2

&PV,
g = VienDde - 1)

where 8(r — 1), 8'(t — t,) is the delayed impulse and its first derivative,
respectively.

*V(x,1) 1 3*V(x,0) 1 ,
o o = Vix,y,2)8'(t — t,) (2.56)

Taking the Laplace transform of the above equation with respect to time (7),
and treating V, at constant y and Z, V, becomes a function of x only,

?V(x,s) s?
2

_ Vix)sle™™

Vix,s) c (2.57)

Total solution of V(x,s) = V,(x,s) where V,(x,s) is the complementary solution
and V,(x,s) is the particular integral solution

Vi(xs) = ke — gx + kzeix (2.58)

e~ e
Vox,s) = kVi{x,s)s - " kiVi(x) o (2.59)

where Vi(x,s) = V,(x)/s.
k,, k, and k, are functions in terms of s and for convergent V(x,s), K, = 0

k
Vins) = ke Ex + 5 Ve (2.60)

Now taking the inverse Laplace transform of Equation

Vix,t) = £7! V(x,5) (2.61)

X k x
Vix,b) = klU_I(t - ;) + 632 V)U@e — ), = c (2.62)

o
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where

I

Vix) = Vix,y,2)| = V{p,a,T) with
y,X = constant
X = pcosa

p sin o

Z=nr - (2.63)

]
Il

The two constants could be determined from the following boundary con-
ditions: (1) V(0,r) = 0, i.e., no induced voltage at the source; and (2) V(L,?)
= 2 V,.... Condition 2 is based on the fact that for a long line (x = L), the
termination is approaching open-circuit, hence the voltage pulse is twice the
maximum of the incident voltage pulse.

Boundary condition (1) above implies k;, = O since the second term in
Equation (2.62) is zero.

Vix,1) = é_zvi(x)le(t - t)

Then from boundary (2)

k
2V, = Eivi(x =LWU_,t-t)

k, = 2C?V, /Vx = LU_,(t — 1) (2.64)

Hence, the complete and total solution of V(x,?) is

Vix,t) = 2C2V"m VU@ — t) (2.65)
D Z Ve = Due — 1) ° :
Vix,0) = V.(x,0) + Vo(x,0 (2.66)

Voh) = Ve L1

Vix = L)Ut — t) VT Ry .=

pn+1/2e—jnp n — 1/2 . .

[ jn*R B Jjn*R pr e dp
prle i _n-= 1
jn jn

j2’l+1(n — 1)
7 p3/2

J’p"‘ze‘f"p dp +

1 (2.67)
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where
X = p cos a, a is constant
A = A,, R = R, for conduction current
A = A,, R = R, for time variation of bound charges.

Summarizing, the preceding presentation is confined to procedural mathe-
matical modeling for the lightning phenomenon reflected in the arbitrary or
generalized distribution functions with respect to the conductive current i, the
return stroke and the convective current generated by the time varying bound
charges. However, the arbitrary forms of J. and J, specify the variable nature
with respect to cloud heights and velocity of propagation in the return channel
stroke as well as the rate of build-up in the layer of bound charges of all varieties.
The approach followed in solving for the generated Helmholtz wave function
by each source is well established through the principles of transform theory and
of radiation of electromagnetic fields from their sources to any point on an
overhead power line or any other physical structure.

The basic constraints to be placed on the functional forms of J, and J, are
that they are Fourier transformable along the Z dimension and the resulting
function of the inducing voltage V, has to be compatible with all the properties
of Green’s function indicated in Equation (2.32).

Now, it will be helpful to draw from the preceding presentation the following:

1.  Mathematical models for the inducing voltage and the corresponding as-
sociative function due to lightning phenomenon are based on generalized
functional distribution for the return stroke conductive current and the time
variation of the developed bound charges.

2. Principles of obtaining solution for the Helmholtz wave function of radiated
electromagnetic fields coupled to the applicability of transform theories on
the arbitrary source functions are powerful tools for securing feasible math-
ematical models for V, and V.

3. The well known sectioned nature in time of the inducing voltage function
identifies the corresponding associative function in its most general form,
namely in terms of any specific current sources established under the
charged clouds.

4.  Solutions of inducing voltages, induced voltages and the associative func-
tion obtained in this paper, mainly through Helmholtz radiation function,
add a new approach regarding the method of scalar and vector potentials
to analyzing and identifying the phenomenon of lightning.

5. Application of the principle involving the use of Helmholtz field wave
radiation function has been carried out successfully for calculating the
inducing as well as the induced voltages for an arbitrary point on a trans-
mission line. Electromagnetic fields are assumed to be generated by con-
stant current source distribution in cylindrical channel for the conductive
and convective currents. Laplace transform methods with appropriate
boundary conditions were used smoothly for solving the resulting differential.
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J = A(t-t)

FIGURE 2.3. Return stroke with constant tail.

2.VIII MATHEMATICAL MODELS OF PROPAGATING
INDUCING AND INDUCED POWER DUE TO ACTUAL
PULSE WAVE FORM OF LIGHTNING SURGE

This section presents the second phase of analytical work with respect to
mathematical modeling of lightning phenomenon. The first phase identified so-
lutions for all components of inducing electromagnetic fields as well as the
voltage induced on a transmission line generated by a step pulse of the conductive
and convective current densities in the return stroke.

In the following, solutions of electromagnetic inducing and induced effects
as well as the induced voltage have been established due to actual pulse wave
form for the current densities represented by a sharp linear rise in the pulse front
and as lower linear decline in the pulse tail. Also closed form solutions are
secured for the propagating real power of both the inducing and induced effects.

Phenomenological results presented here are considered the closest ever to
actual calculated realization of lightning effects due to the actual pulse shape of
the current densities produced by the return stroke.

Solutions for electromagnetic field components are secured at any point,
developed by the inducing surge as well as the associative function and the
induced voltage on a transmission line. Complete solutions will be established
for the inducing current and the total propagating real power delivered to the
power system by the actual lightning surge.

Refer to Figure 2.1 which shows configuration of source distribution and
field effects of lightning surge, and to Figure 2.3 which identifies the conductive
and convective current densities as sharp wave fronts with tails. Figure 2.2 shows
a section of transmission line for calculating the induced effects.
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Jy J= At

J=Alt-t)
FIGURE 2.4. Return stroke with dropping tail.

J=A@t~-1) A>A

J. = Az 0 <t < ¢, independent of r,0,Z
= At —1t) fort>1y

J, = At for0 <t <y

= At —1) fort>1 (2.68)

The preceding seven sections led to the development of a mathematical model
in space and time domains for the inducing as well as the induced voltages at a
point on a transmission line due to a lightning surge based on the combined
effects of conduction and convection, for the return stroke. That developed model
was established with the aid of Helmholtz field radiation function and with the
assumption of a sharp stepped function of the conductive and convective return
stroke current densities.

Now, the ongoing analysis expands further on the lightning phenomenon by
moving to consider the closest model of current densities for the return stroke,
namely a linear rise for the front pulse, followed by dropping tail.

A. INDUCING FIELDS DUE TO ACTUAL LIGHTNING SURGE
The actual lightning surge pulse is indeed very close to a sharp linear front
rise followed by a linear steep dropping as shown in Figure 2.4.

B. SOLUTION FOR THE FIELD RADIATION FUNCTION DUE TO
CONDUCTIVE AND CONVECTIVE EFFECTS
These have been derived in Equations (2.39) and (2.40) and rewritten below
for convenience:

e 21
5> S Ikp — RDHO(Kp — R,) (2.69)

AL‘
2 n=0 R

B, =
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8, =
nOn

(2.70)

C. SOLUTION OF ELECTROMAGNETIC FIELD COMPONENTS
These have been presented in Equations (2.41) and (2.48) and rewritten

below for convenience to the reader:

E =a [LXP EJe"" ’*f’[_(p—Rc)"
v

n=0 2’l n' R:.'
3
— R 7 e
—( — Ry — e o 2 + j2"(n — 1)!]
P ¢ \V2n V2
E oA | H e 2 JG@ — R)
* 29y V7w — R) n=0 2" n!
— A 2 i2 ® — R
E - cRikT J 3 Jp B
2y mp — R)ico 2"n!
& _ JAT 2 _ - Jp — R
H = JP—RY) AL A —— A
¢ 2 \mp -R) ¢ ,,20 2" n!

7 n=0

It (P—R)"1 2 ., 1
ok HP(p )2,, o \/;( ), +

e ® Rip—1 3
Jp —R)——— "7 4l —2
® )R(p—R)Zn—l J 2\/w(p—Rc)

_a _ ACT i [_ Jn(p _ R)H(Z)(p _ R)

e—iP—RD) 1 ]
nR,
where
— R n

J.p R)atlargep~—@_5;__).

and
H®( — R) at large p =~ 2 jrei®=RD
n 2 "n‘(p — RC)

H =0

T

2.71)

(2.72)

(2.73)

(2.74)

(2.75)

(2.76)

(2.77)

(2.78)
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Next the electromagnetic field components generated by the time varying
bound charges and represented by the convective constant current density J, =
A, are exactly those of E, E,, E, H,, H, and H_expressed in the set of Equations
(2.12) with replacement of A, and A,, and the radius of the return stroke R, with
the larger value of R,.

D. SOLUTION OF THE INDUCING VOLTAGE
At the field point (p,a,T), in cylindrical coordinates,

= _ Vv, 10V, _ 9V,
—VV,:—[p +d,-— +a—
ap p Jda ot
=ak, +aE, +ak (2.79)
— ov.
V,=—prdp=—J'a—pd—V +V (2.80)
_ i1 & .
View = () \/; T Z:O T multiplied by
n+1/2,—jnp + 1/ )
[p .e _ n. _ 2 fp,._l/ze~/np dp +
jn Jn*R
M” .— lfpn—Zevjnp dp +
Jn Jn
Jfm =D 1 J =J.,R = R, for conduction 2.81)
3\/5 P J = J,, R = R, for convection ’

Of course the integration process could be repeated to any limit on n, and
that total current density J = J. — J,.

E. SOLUTION OF THE INDUCED VOLTAGE V(x,¢)

Vs = 2c? J1A S S
YT Va = DU - VT |R. S 2

n+1/2 _,— jn, 1
[p 2e Jp_n-l; /zfpn Vg o +
Jn°R. Jjr°R,

prle™  n — 1

jn jn

2l — 1! 032 ii
3V2 R, 5,

N

Jpn 2 —jnp dp
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— Jpn\HZe—jnp dp +

I:pn+1/2e—jnp n + 1/2
J°R, Jn°R,

n—1,—jn —
pr e n . ljfpn—zeﬁnpip +

jn jn
j2n+1(n _ 1) 3/2]
—_ 2.82
32 P (2.82)
and
J,=A,t, 0 <t <t independentof r, 0, Z
= At — )t >t (2.83)

where J,. and J, are conductive and convective current densities in the return
stroke respectively. Restating the Helmholtz field radiation equation for the
inducing electric and magnetic components,

VZEKE = 0

V:HIEH = 0 (2.84)

Then the scalar form is expressed as

Vo + k¢ =0 (2.85)
where

k=V-% (2.86)

2 and = impedivity and admitivity of surrounding space, respectively.

By utilization of cylindrical coordinates in Equation (2.18) and identifying
p,a,T as the space coordinates at any point in space including a power line and
using the mechanism of Fourier transform as had been done in the author’s
previous work (J. Electrostat., 13: 55-69, 1982) which dealt with constant
lightning surge, the following solutions for ¢ and @, are expressed below:

Rm, 1
= —= — [Aft — + JALU_\(t — ¢t
¢c 2 ,go 2”11'[ c( tl) j c l( l)]

J.kp — RDHP*lp — R) (2.87)
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Z 5,;;; [A = 1) + jALU_\(t — 1)]

[J,,(klp — R)) + HP(kp — R)] (2.88)

E-M field components at a relatively far point from the source are generated by
the truncated time function for J (f):

E, = [A( — 1) + jALU_(t — t).OIVjim

P— R i j'e(p — R) [_ (P —R)
Rﬁ,v n=0 2" n! R:'

3
P —R)3

2 2% — 1)
- (- Rt - o +J("2 )] (2.89)

B oot | U er S @R
* By me — R) azo 2" n!
JJoRET [ e~ Ry

’ 29 w(p —R)= 2"n!

AU H L ero i e — R)

t

2y ymp — R) ico 2" n!

T

v

J
. (')E[ Jdp = RYHP( - R)

-1 ®-Ry' |2
@ — Ry P~ L z
pry Hn®(p o) > = D) + \/;

(=) n(p - R) —= S

n+ n J— —_— e

- P "R, —R) |

2 1
n + 372 ———  p—HP—R)
T N me - Ry ch] 290
where

1 (p-R

J(p — R)) at large P = ;("—2"—6) 2.91)
(2) ‘]2 ino—iAp—R.)

H"(p_Rc)z’lT_([-)———R)Je”, e (2.92)

N
I

0 (2.93)
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Electromagnetic field components produced by time varying bound charges,
and represented by the convective current density J,, are the same as those of
E,E, E,6 H, H, and H, expressed in Equations (2.22), (2.23) and (2.24) by
replacing A, by A, and R_ by R,.

F. INDUCING VOLTAGE V,

Vi - prdp
J 1 J
V.= [J() — J(t - An .
(= V0 -0 LS (2.94)
[P" + e+ Y, ffp"““ze‘f"*’ dpy.
jnR jn’R

"Tlemiv g — 1 , 2" (n — 1)!
2 T f pr=2e i dp + ]_3(\6_) p3'2] (2.95)

R = R, for conductive effect
= R, for convective effect
J. = A0 <<y

A — DU — (0t > ¢,
J, = A0 <<y

=AU_ Ot — ]t >¢ (2.96)

due to time retardation by t, = p — RJ/C, where C, = velocity of light.
The associative function

\'" = Vi(a’p,T’t)U(t - to) (297)
The induced voltage could be obtained by starting again with the following:

V. 18V 1%,
w2 CwCor (2.98)

V. = Via,p, 70U — t,) (2.99)
From Equations (2.29) and (2.32) and using the boundary conditions, namely

that V(0,r) = O at the source, V(L,f) = 2V, where L is very far from the
source. Solutions for V(x,#) at a point on the power line are as follows:
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Veor) =V, + V, + V, + V, (2.100)
Vi) = % 5,(IA, — A 2.101)
V) = Vi(xzizg‘g:;(xz 53— WlA - Al (2.102)
Vixt) = Vi(x_ Z:CZL‘;QZ:/"SC)II) 8,0, — KA, — AJe — 1) (2.103)
V(0 = Vi(xzizz';”g::;(xl SO~ U0, = A) 2104

2.IX INDUCED AND INDUCING PROPAGATED POWER

A. INDUCED ELECTROMAGNETIC POWER
Instantaneous power density per meter squared delivered at a point on a
transmission line could be expressed as

P, () = [V(x,HF p watts/m*> — m
where p = resistivity of the power line
PO =[V,+V,+V,+V]Pp (2.105)

Moving to calculate the average power delivered through induction (induced
power), an averaging process is conducted on Equation (2.37) resulting with the
following:

1 2C?%V_.V:
P, average-induced = - 2V arVilx)

o Vix = Doy e T A

20V,ViD) _
Vi(x — L) 80(t tl)(Av Ac)
VoV
- V,»(x - L) 80(’ tl)(t tl)(Av Ac)
2C%V 0 Vi(%)

Vi = ) o T WU — A (2.106)
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B. INDUCING ELECTROMAGNETIC POWER
Inducing current density vector is expressed as

J=J,+J, +J

J, = oE,

J, = pE, and

J. = oE, (2.107)

Turning from cylindrical to cartesian coordinate system, J is expressed as

J. = Jap cos a — J.ao sin a

J, = Joap sina + Jaa cos a
J, = Jar (2.108)
where
X =pcosa
y = psina
z =7 (2.109)

Solutions for E,, E, and E, are shown in Equation (2.22)

P = P

1 2
[; I+ I, + J,] (2.110)

To find P, average, an averaging process is conducted on E,, E, and E_ in
Equation (2.22). Averaging P,(¢) follows

1
P, average = %Ac(t — t)RjALU _,(t — 1)

p—R 2]"8 —Jjp— Rc)(p_R)n
= R

(p — Ry + j2"(n — P
2n 2

~ (- Ry -
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2j
‘ 2” w(p — R)
R n
iR Z J(P ) 2—16Ac(t — )
" n!

n=

+—A(t t)R

[Rckz T2 A Rc)]zz
‘L 29 =mp —R) =0 2" n! 2.111)
L 29 mlp — R) a0 2"n! ]
where R, = the real part of ( ).
Similarly, average convective power generated by the time varying propa-
gating bound charges is the same as the solution expressed by Equation (2.111)
with the replacement of R_ by R, and A_ by A,.

Work presented in Sections VIII, IX and X considered the surge lightning
pulse of the return stroke to be of sharp linear rise for the pulse front and a
decaying linear reduction for the pulse tail. Such a surge model is indeed very
close to the actual surge which is characterized as exponential in the rise period
as well as in the tail. But from field experimental measurements, the exponential
pattern is almost linear, due to infinitesimal time constant for the pulse front
and substantially longer time constant for the tail.

Conclusions drawn from results presented in this paper could be summarized
by securing closed mathematical solutions for the following:

1.  Electric magnetic inducing field components at an arbitrary location of
power system physical structure

2.  The inducing electric potential

The induced electric potential

4.  The propagating real power of the inducing fields through a section of
transmission line

5.  The propagating induced real power through a section of transmission line

w

The mathematical models secured in this work as mentioned above are based
on an almost actual pulse waveshape of the conductive and convective current
densities in the return stroke of the lightning surge.

2.X TEST SIMULATION OF LIGHTNING SURGE

R. Sobocki'® presented, in his paper, what he called basic impulse testing
circuit, shown in Figure 2.5 which represents lightning surge simulation and the
object to be tested. In the circuit: S is a direct current source for a loading
capacitance C,. R, is a loading resistance; L, is an impulse generator inductance;
L, is an external circuit inductance; R, and R -are front controlling resistances;
R, is a tail controlling resistance; C_ is-a tront controlling capacitance, D is the
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L
L

|

"

b,
I

FIGURE 2.5. Basic impulse testing circuit.

device being tested; C, is the equivalent capacitance of the tested device; L, is
the inductance of the tested device, J,, is a switching gap; J, is a chopping gap.

Sobocki indicated that the wave front of lightning surge could be analyzed,
treating the wavetail as having infinite duration on the basis that the capacitance
C, is much larger than the sum of C, and C,, and that the device inductance L,
and R, are very large. In such a circuit, the capacitance C, does not lose its
charge and after a long time interval the voltage across C, and C, will reach the
level at which C; was charged initially.

Then, for R, designated as a critical limit by the following,

(2.112)

However, R, is accurate when R, — . Different wave forms for the lightning
are realized under the following: (a) R., + R, < R, generating a front with
superimposed oscillations; (b) R, + R, = R generating a critically damped
front; (c) R,; + R., > R, generating an overdamped front.

Mathematical representation for cases (a), (b), and (c) mentioned above are
given below according to Sobocki:

Vo _ 1.
VV(t) = == [1 — e *(cosb a_t + 3 sinb amt)]
4

k, (2.113)
nelL v
for a front with superimposed oscillations;
V(i) = V, [1 — (A + a,de ]
for the critically damped front; and
VV(t) = V,,,[l — e*#(coshb ot + % sinhb (xq,t)] 2.114)
L v J

for an over-damped front, where V,, is the crest limit of the impulse, k_ is a
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constant, and a,,, o, @, and b are parameters characteristic of the front wave
form. The constant k. could be obtained at a time 7, in which the surge reaches
its peak.

By differentiating Equation (2.113) with respect to time and inserting ¢ =
T, and setting the result to zero, sinb a,, T,, = 0 is obtained. Hence,

nt
T, =— (2.115)
ba,,
Then for n = 1, substituting 7,, into Equation (2.113) will identify k, as
below:

k.=1+es (2.116)
or
=T 2.117)
ln(kc—l) '

For the critically damped front, instant values of (#) equal to 30 and 90%
of V,, have been secured from Equation (2.93), whereby

03 =1-(1+ a,T;y)e T,

and

09 =1-(010 + a,Tyz)e Ty,
Next, Sobocki introduced the wave front duration 7, and several character-
istic parameters as shown below:

T. = 1.61(Too — To.) (2.118)

where T, , and T, are the instants at which the impulse reaches 30% and 90%
of V,,, respectively. Now, multiplying both sides of Equation (2.126) by o, and
dividing by T, the following is obtained:
T —_
o, = 1.67[‘151: 0.9
T

c

T
Ko °'3] (2.119)

or in general

(2.120)
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where
Xy = 1.67(0, Ty — a,Ty5) (2.121)
For the critically damped case,

X, = 4.653 (2.122)

In general, it can be written that
o, = XJT, (2.123)
2.XI ANALYSIS OF THE CREST OF VOLTAGE SURGE

According to the design of the circuit shown in Figure 2.5, a flashover at
J,, will generate a voltage drop across the inductance L, that will charge the
capacitance C,, provided C, and C, are very small. After a long time duration,
the capacitance C, will be discharged completely whereby the voltage across L,
will fall, accompanied by a polarity change.

As for the case of wavetail, three conditions are going to be considered for
the wavefront depending on the values of R, with respect to the critical resistance
R,: (a) R, < R, generates a crest with superimposed oscillations; (b) R, = R,
generates a critically damped crest; (c) R, > R, generates an over-damped crest.
Mathematical representation for (a), (b) and (c¢) are given below:

V(i) = V(1 — ayle (2.124)

This corresponds to the critically damped case.

1
V() = V, e ' <cosh b, ot — b sinh b, agpt> (2.125)

g

Then, for a crest with superimposed oscillations,

1
V(t) = V e o' (cosh b, at — b sin b, agot> (2.126)

k-4
where T, is the time interval at which the crest has been diminished to 50%,
and it need be known only for the critically damped wave. For other cases, the
reverse polarity amplitude will be used as the other parameter that will take time
duration of T,,.
T, could be determined by differentiating any of Equations (2.107), (2.108)
and (2.109) with respect to time and equating the derivative to zero.
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For the critically damped crest, T, is given by:

T, .= 2o, (2.127)

P

From Equations (2.127) and (2.124), the reverse polarity amplitude is obtained
as the ratio to the peak V,,

L = ‘V(T)
£ V

m

=¢72=~0.135 (2.128)

Similarly, for the crest with superimposed oscillations, differentiating Equa-
tion (2.109) with respect to time and setting the derivative to zero results in

1 _
Ty = g tan 5 (2.129)

8780 13

Then substituting T, _,; into Equation (2.109) will lead to:

kg = e T,

p—os

From the product of a,, T,_,, and rearranging:

2b
tanh b,(1 = Ink) = 4 (2.130)
&

Equation (2.129) indicates that the coefficient b, is a function of the reverse
polarity amplitude.
Similarly for the over-damped case:

1

Ty g :

o pa (2.131)

k, = e u'r (2.132)
2b

and tan h b(1 — Ink) = ——%_ (2.133)

1+ b2

From Equation (2.130) b, is a function of k, only. Each value of k, corre-
sponds to two values of b,, one being >>1 and the other <1. E.x. for an inductive
load b, is <1. Also where the impulse front duration T, is infinitely short, the
impulse crest duration T, = T, 5 as shown in Figure 2.7.

Knowing the value of X, a value of a,, can be calculated for any limit of
impulse crest duration.
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In general:

|,3<

(2.134)

oq
>

.5

where X, = 0.3149 for the critically damped crest = f(k,) for both the over-
damped crest and the crest with superimposed oscillations.

Figure 2.6 (a, b and c) illustrates a full wave for the lightning surge, a
chopped wave and impulses with superimposed oscillations. Also for other cases,
X, is a function of the coefficient b. Numerical values for X, and b are given in
Figure 2.7 and Table 2.1

Numerical values for X, = f(k,) are given in Figure 2.8.

2.XII CHOPPING OF THE IMPULSE

In reference to Figure 2.5, after charging capacitors C_ and C, to a voltage
V,, a chopping gap sparks so the voltage will drop rapidly and will oscillate
around zero because of the inductance effect. The highest amplitude of oscil-
lations exceeds 5% of V, generally.

Chopping time is characterized by:

AT, = 1.61(Ty, — To,) (2.135)

Practically, in the case of the tested object is a transformer which usually presents
itself as a complex impedance; the chopping time and the highest amplitude after
chopping are the most important parameters.

Refer to Figure 2.7b where the moment of chopping is characterized as point
(0). The variations of choppings are given below:

1
V(t) = V,e *#(cos b, ot + b sin b, a,t) (2.136)

u

Time intervals for successive oscillations after chopping are given by:

T, =% n=123--
T, b, ,
b .

utn

(2.137)

Because of damping, the highest maximum value will occur when n = 1.
Now, with T,, where n = 1, substitution into Equation (2.136) results in:

ku=V(T‘”)=1—e
Vv —
vV

E]

(2.138)

=
o

&

u
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FIGURE 2.6. Wave shape. (a) Full wave; (b) chopping of the wave; (c) impulses with

superimposed oscillations.
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FIGURE 2.7. Plot of the coefficient x, of the impulse front x for the critically damped
front. Solid line represents the front with superimposed oscillations; broken line represents
the overdamped front.

TABLE 2.1
Parameter Values of the Wave Front

The front with

superimposed
oscillations
X 100% X._, 4518 4.150 3.656 3.158 2726 2.370 2.084
k. 0.0 0.0 0.1 0.5 1.5 3.0 5.0
Vo
Over-damped b 0.15 030 045 0.60 0.75 0.90 1.05
front X. 4797 5.275 6.270 8.282 13.019 32.432 —

* The highest amplitude of the oscillations near the impulse peak value, expressed as a percentage
of the impulse crest value.
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FIGURE 2.8. Plot of the coefficient x, of the impulse tail against the reverse polarity
maximum. (a) For the overdamped crest; (b) for the critically damped crest; (c) for the
crest with superimposed oscillation.

k, is a coefficient compared with a voltage value at a chopping moment. b, in
Equation (2.137) is a function of the highest amplitude of oscillation after chopping.
Similarly for the wavefront

(2.139)

R
I
:ﬂ |=x

in which

X

u

L.67[e, Ty, — aTo,] = fik) (2.140)

Parameters values of wave chopping are given in Figure 2.9 and Table 2.2.
Using the oscillation frequency, V(#) in Equation (2.136) is replaced by:

au

27f,

w

V() = Vue“""’<cos 2uf,t + sin 21wat> (2.141)
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FIGURE 2.9. Plot of the coefficient x, of the impulse chopping against the highest
amplitude after chopping.

TABLE 2.2
Parameter Values of the Wave Chopping
k,o0lo* 5.0 8.1 123 208 285 351 408 456
b, 1.05 125 150 200 250 300 350 4.00
X, 1.857 1.512  1.211 0.8325 0.6259 0.4978 0.4117 0.3503
bX, 1.950 1.890 1.816 1.665 1.565 1.493 1.441  1.401

* The highest amplitude of the oscillation after chopping expressed as a percentage of the voltage
at the chopping moment.

where f,, is the oscillation frequency. V(¢) from Equations (2.136) and (2.141)
become identical when b,a, = 2uf,.
Then, using Equation (2.123), we have

bX, = 2nf,T,

The coefficient X, is a function of k, and from Equation (2.122) is a function
of b,. For each value of k, and consequently b,, there will be one product of X,
b, which is connected with the oscillation frequency and chopping time through
Equation (2.141).



From Equation (2.141), Equations (2.137) and (2.138) become

r=2n
2,
and
k= 1=e -t
RT3
or
o
nk, = — —=
Ty,
The damping decrement is expressed by:
au
a=e—
fo
or
a
Ink, = — =
T
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(2.142)

(2.143)

(2.144)

(2.145)

And from Equations (2.138) and (2.143) a relationship between the damping

decrement § and the highest amplitude after chopping is expressed by:

a = k2

u

2.XIII SOLVED EXAMPLES

(2.146)

A. In reference to Equation (2.4), express the constant k in a free loss medium.

Solution
From Equation (2.4),

k=V-2

In a free loss medium o = 0

~

Z = jwe, also y = jop
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B. If the medium in which field effects due to lightning surge are being felt has
Z and y without loss, express time of retardation for field propagation at a point
in that medium.

Solution
Time of retardation for field effects from the place of its occurrence to a
mean location for field impact is given by Equation (2.25):

P — R, R
ar= P Ra R = d (B1)

where C, is the velocity of light.
However, if the medium has any Z and y with no loss, C, will be by a
particular velocity of propagation, where

c
V= —=2 B2
Vep. ®2)
— R, R,
At = [Ip_c___l] Ve (B3)

R, is the radial vector of medium point of impact.

C. Refer to Equation (2.62) for the solution of v(x,?). Identify the two constants
if the line termination is short-circuit.

Solution
Restating Equation (2.62)

x ks
Vio = k,U(t - ;) +ZULE 1)
=2 (1)
-

Boundary conditions become (1) V(0,1) = 0, and (2) V(L,©) = 0. Boundary
condition (1) implies k;, = 0. For boundary condition (2):

0= %Vi(x =LVt —t) (C3)

Termination with a short-circuit implies V)|, _, = 0
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Equation (C3) becomes

£3V(t—t)‘9 Cqe)
C <70
uation (C4) could be expressed in the form:
p
t LU@ — ¢ 0
&=—3 "(2 ")—»— (C35)
) C
. . 80
Conducting a limit process on =——
g P I
w_) k3Uo(t - to) (C6)
r'® 2C
Proceeding to another process of differentiation:
"(1) Ut — 1)
i (o)
1
ky = 5 v — ) (C8)

where U,(t+ — t,) is a delayed doublet singularity which gives meaningful ex-
pectation, since at the short-circuited end the transmitted and reflected voltage
waves will cancel each other.

During thunderstorm, atmospheric medium is mostly considered anisotropic
due to intensive ionization and strong existing electromagnetic field. In such a
situation the permitivity constant is a tensor of rank 2, designated as €, i, j =
1, 2, 3.

D. Write solutions for the electric charge density vector D at any point in space
(p,a,7) due to conductive and convective lightning stroke.

Solution
A tensor of rank 2 like ¢, is written below:

€: €32 €5
€ — |€1 € €y (DD

€; €3 €5
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Electronic field vector components established at any point in space from Equa-
tions (2.41), (2.42) and (2.43) are £, E, and E.

D, = ¢k, (D2)
D, =€, €, €3 Ep
D, =|€, €, €| E, (D3)
D, =|€;, €5, €i||E,

And then,

D, = €€, + €€, + €,F,

D, = €,€, T €,€, + €xE,

D, = €,€, + €€, + €;E, (D4)
The unit for D,, D, and D, is a coloumb/m’.

E. Obtain an expression for the total electric charge being built on a circular
layer of atmospheric cloud, using the D vector established in Example D.

Solution
Electric field vectors have been given in Equations (2.41), (2.42) and (2.43).

[ j VP — R, & jrei® R (p — R)"
Q - Ac - 2 -
P, Jo wm Ry

n=0 2" n! RZ
(P — R )"E
Ryt — PRI L 2 = D
(p C 2” 2 pdpda
P 21! ’ Rl
2 _ Je -
J(—R) _—&u El
ff 2y7r(p—R) 2o 2" n! (ED)

Let n = 1 to simplify computation

_ (e, [iVP—R.. —je-R)[( R
Q‘LJ;A‘\/; R 2 [ R

0 -R)™ _ 2
+ p—— - ]pdpdu

FT" % \/ﬂ(p _ 2 % b (E2)
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f”zr‘ JA. [(p = R ek, ZHP R
R. 2V2
Py 2'nA 2
+ jV2(p — R)e 0" ’”} PaPaa — f f AR oo \/j:
w

(P = R) P PP (E3)

Ar i ]. o
= - (L — R)*e—i0—R)
o R, \/; Jp >V%e

+ jp — R)Pe /R — j % f (p — R)e /%) dp
- 12R f(p — R)¥e~/*"R dp

pe JP=R) 4 g=ie—R) _ V2

J
+
2V2

[(p — Rc)3/2e—j(p—Rc) + R(p _ RC)I/Ze—j(p—Rp)

3 1 ‘
+5 J (b = R)e™ e %0 dp + 3 f (p — R)" e7/7F0 dp]

INE
B ACR;'rAre \/Jz [% ( — R)¥> — 2R(p — RC)VZ:I coloumbs (E4)
P T

F. From information secured in Example E, present a simple procedural expres-
sion for the energy stored in the medium between cloud layers, each acquiring
the amount of charge represented by Equation (E4).

Solution
The dielectric constant for the medium confined between the two clouds is
represented by €

€A
capacitance C = 7 Farad (F1)

where A is the surface area of each cloud, and d is the distance separating the
two clouds.

2

Energy stored W, = :ZQ_C joules (F2)



102 High Voltage Engineering in Power Systems

2

W, = % a joules (F3)

However, the (E) used is more likely to be a tensor of rank 2.

G. Identify the ratio of U(#) of the front lightning pulse with superimposed
oscillations when a ¢t = m/2 and w. Comment on the result.

Solution
From Equation (2.92)

1% 1
V(t) — ?’" [1 — efuro'(c()ssat + Z SlnbOLCDI):l (Gl)
For a.t = m/2
V., _
Von = 2211 = €] @2)
Then for ot = 7
1%
V, =211 = e (=) G3)
Vv
=—"(1 —e™™ (G4
k.
Therefore,
_ —w/2/b
Vap _ 177 (G5)
V. 1 +e ™
b — e~™3*(.208)
-2 __ &£ oMo G6
b1 +e ™ 0

The parameter (G2) is a function of the highest amplitude of oscillations. Equation
(G6) could be written as:

Vas _ b — 0.208
V.  1.043b
| _ 0208
b

U

1.043 G
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Since (G2) is a function of the highest amplitude of oscillations,

V.oV, — unity
2.X1V PROBLEMS

Using proper vector identity, show the derivation of Equations (2.2a) and
(2.2b).

Carrying out a process of Fourier transformation, show the conversion of
Equation (2.5) into Equation (2.6).

Show that the solution of the differential Equation (2.7) is that given in
Equation (2.9) for r. < R,. Use boundary conditions listed in Equation
(2.11).

Proceed from the last stage of work for problem 3 and, using Equations
(2.13) to (2.16), show the derivation of Equation (2.17).

Carry out the necessary research to show that electromagnetic field com-
ponents for a multicylindrical current sheet which is characterized as TM?
are those expressed by Equation (2.12).

Convert the set of Equations (2.41) to (2.45) to represent corresponding
vectors of the electric displacements. Let the medium be characterized first
as having scalar dielectric constant and then when the dielectric constant
is a tensor of rank 2.

Using the T component in cylindrical coordinates of the electric charge
density or electric displacement vector obtained in problem 6, compute
the total electric charge generated by the conductive and also the convective
effects on a cylindrical structure of height L.

Using the p and a components in cylindrical coordinates of the electric
displacement vectors identified in problem 6, obtain a solution for the total
conductive and convective total charge residing at the lower and upper
bases of the cylindrical structure described in problem 7.

Obtain an expression for the electric energy stored in a coaxial cylindrical
condenser carrying a total surface charge secured in problem 7. Consider
the dielectric constant a rank 2 tensor.

A tensor of rank 2 like € is written below:

€, €, €5
€; = |€ € €y (@)
€ €3 €33

To express €, in a principle coordinate system, the following procedure is
to be performed by taking the determinant of the following:
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€,-N € €3
€1 €N €y =0 (b)
€3 =7) €33-A

The solved values for \ are the components of €, in the new coordinate system
which could be written as:

“=| M ©

Solve A, \,, gnd A\, from Equation (b).

11.  Repeat the solution of problem 9 when the rank 2 tensor for € is represented
in the principle coordinate system.

12.  From the set of Equations (2.71) to (2.73), current density distribution in
the return stroke is a sharp linear front and a dropping tail. Obtain expres-
sions for the corresponding convective current densities.

13. Repeat problem 6 by using the set of Equations (2.71) to (2.73) for the
electric displacement vectors when the dielectric constant is a tensor of
rank 2.

14. Repeat problem 7 with respect to the set of Equations (2.71) to (2.73) and
the lightning pulse is a sharp linear front and a linear dropping tail.

15. Repeat problem 8 with respect to the set of Equations (2.71) to (2.73) and
the lightning pulse is a sharp linear front and a linear dropping tail.

16. Repeat problem 9 with respect to the set of Equations (2.71) to (2.73) and
the lightning pulse is a sharp linear front and a linear dropping tail.

17. Repeat problem 11 with respect to the set of Equations (2.71) to (2.73)
and the lightning pulse is a sharp linear front and a linear dropping tail.

18. Equations (2.74) to (2.78) represent the developed magnetic field com-
ponents at any point in space due to a sharp linear front and a linear
dropping tail for the current density in the return stroke. From those equa-
tions obtain solutions for the inducing current density vectors.

19. Using the set of Equations (2.71) to (2.73) for the inducing electric field
at any point in space, obtain solutions for the time variations of the magnetic
induction vectors (B field).

20. Equation (2.113) represents a solution for the induced time varying voltage
wave front component with superimposed oscillations. Establish a solution
for the inducing voltage on a transmission line with open end.

21. Repeat problem 20 with respect to Equation (2.114) for the critically
damped wave front. Assume the line has an open end.

22. Repeat problem 20 with respect to Equation (2.115) for the over-damped
wave front. Assume the line has an open end.
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24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
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Repeat problem 20 with respect to Equation (2.124) for the critically
damped wavetail. Assume the line end is a short-circuit.
Repeat problem 20 with respect to Equation (2.125) for the over-damped
wavetail. Assume the end is a short-circuit.
Repeat problem 20 with respect to Equation (2.126) for the wavetail with
superimposed oscillations. Assume the line end is a short-circuit.
Equation (2.141) represents the induced time variation chopping of the
lightning surge front. Obtain a solution for the induced voltage on a trans-
mission line with open-termination.
Refer to Figure 2.7 showing a plot for the lightning surge parameter X_ s
b. Express X, as a function of the parameter b for the critically damped,
over-damped as well as for the oscillatory case shown in the figure.
Refer to Figure 2.8 showing a plot for X, against k, known as the reverse
polarity maximum for the lightning impulse tail. Obtain empirical functions
of X, (k,) for the three cases shown in the figure.
Refer to Figure 2.9 showing parametric correlation between X, and k, for
the lightning impulse chopping. Obtain a plot as well as an empirical
equation for the parameter 8, against k,.
Refer to Table 2.2 showing numeration for lightning pulse chopping.
Obtain the following:

(a) empirical equation for b, against f,

(b) empirical equation for b, X, against time t

(c) empirical equation for & against f,
In reference to Figure 2.6 (a and b), express in terms of singularity functions
a chopped lightning surge as approximated by the following wave form:

Using the functional distribution for lightning pulse obtained in problem
31, secure solutions for electromagnetic field components in Equations
(2.71) to (2.78).

Using solutions of electromagnetic field components obtained in problem
32, express the corresponding solutions for the electric charge densities
and electric current densities as vectors in a medium having scalar values
for 8, € and .

Repeat problem 3 if both § and € and p are rank 2 tensors in a principle
coordinate system.
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PRINCIPAL LIST OF SYMBOLS

electric field vector
magnetic field vector
impedivity

admitivity

radius of conductive stroke
radius of convective stroke
retardation time

magnetic vector potential
associative function
velocity of light

Laplace transform variable
chopping time

wavefront length

REFERENCES

. Chowdhuri, P. and Gross, T. B., Proc. IEE, 114(12), 1899, 1967.
. Denno, K., J. Electrostat., 13, 55, 1982.
. Denno, K., Dynamic modeling for the process of inducing and induced voltage surges due

to lightning, J. Electrostat., 13, 55, 1982.

. Denno, K., Mathematical modelling of propagating inducing and induced power due to

actual pulse shape of lightning surge, J. Electrostat., 15, 43, 1984.

. Garbedian, P. R., Partial Differential Equations, John Wiley & Sons, 1964.

. Gallet, G. and Lerogy, G., [EEE Transactions on Power Apparatus and Systems, 1973.

. Harrington, R. F., Time-Harmonic Electromagnetic Fields, McGraw-Hill, 1961.

. Papadopoulos, D. P., Proceedings of Midwest Power Symposium, W. Virginia University,

Morgantown, 1977.

9. Rudenberg, R., Electrical Shock Waves in Power Systems, Harvard University Press, 1968.

1.
12.

. Sobecki, R., Function representation of lightning impulse wave, IEE Proc., 134A(9), 721,

1987.
Suzuki, T. and Miyake, K., IEEE Transactions on Power Apparatus and Systems, 1973.
Tripathy, S. C. and Yusuf Khan, M., Power Record., 1572-74, 1974.



Chapter 3

LIGHTNING SURGE ANALYSIS
BY MAGNETIC MOMENT

3.1 INTRODUCTION

Modeling of electromagnetic phenomena resulting from released lightning
voltage pulses at locations close to the return stroke as well as at any other space
point (impacted area) has taken a variety of modes in theoretical research. Re-
cently the author dealt in detail with such modeling where the conductive current
of the return stroke is visualized as a solid cylindrical distribution and the con-
vective current due to bound charges time variation is assumed to follow coaxial
cylindrical distribution. Conventional methods based on the retarded propagation
of inducing electromagnetic field effects at a space point had been used in the
process of theoretical results modeling.

In this paper, a new mode of calculating electromagnetic field effects at a
space point is presented using the concept of magnetic moments summation, to
arrive successfully at a unified mathematical model for all inducing electromag-
netic field components at a space point.

Principle element of moment integration at a space point is the availability
of magnetic vector potential taking into consideration time retardation from the
place of occurrence of the return stroke regarding conductive and convective
components. Concept of magnetic vector potential will be applied to secure
solutions in cylindrical three-dimensional systems of all electromagnetic field
components as ground base to identify solutions for the inducing and induced
voltages.

3.11 MAGNETIC MOMENT AND VECTOR POTENTIAL

Figure 3.1 shows a magnetic dipole represented by a circular current loop
of radius (a), carrying a constant current (/). Let p’,¢', and 8’ be the source
coordinates with p, ¢, and 0 as the field point coordinates.

107
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Y4
space point /
/

source

FIGURE 3.1. Magnetic dipole.

Magnetic vector potential A from a current source of random orientation
and location at a space point (X) is expressed by:

- J&' )dX' —JKX~X| gy
el e e

where X’ is the source generalized coordinate point, and X is the intrinsic wave
constant = \/ —2y

X and X' represent generalized field point and source point coordinates.
J(X') is the constant (independent of time) current density vector at a gen-
eralized source coordinate point.

X — X'| = p*> + p> — 2ppcos(p — ¢') + (Z — Z')? 3.2)
JX") = IBZ)dp' — a) (3.3)

and
dX' = p' dp' d¢' dZ' (3.4)

where & is the Delta-Dirac function. To move to cylindrical coordinates p = r
sin 0; therefore, from Equations (3.1) and (3.2) we can write

) ald(p’ — a)p’ dp' d¢' dZ' e~~~
A = f f f [p> + p — 2pp’ cos(p — @) + (Z — Z')*)"? (3-3)




“‘al 2m a d¢ eAjk[pzﬂ»az—Zpacoser-ZZ]”2
— @

4wt [pP + a'? — 2pacos ¢ + 722

Now let p = rsin g and Z = r cos g. Equation (3.6) becomes

e 7jk(rzsin20 +r+2cos?0+a?— 2rasin(9cos¢')”2
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(3.6)

_ a 21
Ag(r) = % a, f

where 4, is a unit vector. Then, since
a, = a,smmg + a,cos ¢

a,, a, are unit vectors in rectangular coordinates. Therefore,

- — jk(r? + a?® — 2rasinfcosg’)!?
Z:“’"’a[ ¢ cos ¢ dg’
4 4w Jo [r? + a*> — 2rasin 6']?
Let
e — jk(r® + a® — 2rasinBcosg’) 2
F = > Y] 12
[ + a®> — 2ra sin 6’ cos ¢']
Hence

= _ . Wa J’Z" gy
A =A|l=4— F d
y = Al=g T | Foos o'dp

3.1I1 SUMMATION OF MAGNETIC MOMENTS

A. CONDUCTIVE STROKE

[r?sin> 8 + r> cos? 0 + a*> — 2ra cos® 6 sin 6]

(3.7

(3.8)

(3.9)

(3.10)

(3.11)

Equation (3.11) identifies the y component of magnetic vector potential due
to a single moment of radius a. Consider now that in a cross-section of conductive
or convective lightning stroke, there are a number of finite radii represented by

a, a, a; ...a

n

The corresponding magnetic vector potentials are expressed by the following:

Ia 27

A, = “'"Z:-fo F, cos ¢’ dg¢'
Ia 2%

A, =, 4—;£ F, cos ¢' dg¢’
Ia 2w

A, =1, 4—;J; F, cos ¢’ d¢’'

Ia J’Z'n'
= m,— F,cos ¢' d¢’'
n Ho 41 Jo " g a9

>
|

(3.12)
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_Ma,p,
4qr

fz-" e — jk(r + a2 — 2r,sinfcosg’) 2
o

[r2 + @@ — 2r,sin 9’ cos ¢']'"? cos ¢" dp (3.13)

where
F, is a function of a,, r, = g(a,,r))

F, = g(a,r)

Fy = gs(as,rs)

F, = ga,r,) (3.14)

Therefore, total contributions from a set of magnetic moments for the mag-
netic vector potential at a space point is expressed by:

Me—oe /

27T
Kyc-l{ = &y}’l‘o Z ‘;’_a" f Fn cos ¢’ d¢’ (315)
n=1 T Jo

Equation (3.15) identifies the magnetic vector potential due to a conductive
circular sheet containing a finite number of magnetic moments with radii ranging
froma, > 0, a,,a, .. .a,

Now we shall express the counterpart of Equation (3.15) for the coaxial
convective current stroke which commences from just the outer boundary of the
conductive stroke. Let the outer radius of the conductive current stroke = R,

and ry, r,, ry . . . r, the radial vector of a space point. Therefore, from Equation
(3.13):

e —jkrE+ (an— R = 2r,sinBcosp

" d¢' 3.16
rr+ (a, — R — 2r, sin()cosq)coS o (3.16)

The next step is to compile vertically contributions for the magnetic vector
potential from all magnetic moments present in the conductive and convective
return strokes. This author prefers to follow the process of summation rather
than integration in expressing the space vector magnetic potential as shown
below.
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Let the discrete number of conductive and convective dipoles or moments
vertically be N, and N,, respectively; ..

27

7y < NC
Z}’C-H.V = _4% ;1 “ In,m An,mJ; Fn,m cos Qj, d¢, (317)

where n is the index of summation horizontally, m is the index of summation
vertically, and

ZywH.V = yu’o 2 EInm(anm - C)I:‘[’

n=1m=1

2m

e JRI72 4 (8 m— Ro)? — 2rpsinBcosg’]1?

d 3.18
2. + (@, — R): — 2r,, smBcosg]? 2% 3.18)

B. APPROXIMATION FOR A, , AND 4,,,

Conductive stroke. In reference to Equations (3.15) and (3.16), let
S§? = r2 + a®> — 2ar, sin 0 cos ¢’

2s ds = (2r, — 2a sin 0 cos ¢')dr, (3.19)

r, = asin 0 cos g’ * /,\/4a?sin’> 6 cos> ¢’ + a*+ 2 (3.20)

n

dr, = 2s ds/\/a@® sin® 0 cos> ¢’ — a*> + §° (3.21)

Therefore, from Equations (3.18) through (3.21),

_ 21 I d.
Ay = J4t f _e a5 (3.22)
k 2
1 + E
with the conditional orientation such that:
sin> 6 cos? ¢’ < 1... (3.23)

Equation (3.23) implies 6 = 2mm, where m is even space index and ¢’ — m
™ . .
E’ where m is odd source index.

Conducting a process of summation horizontally, i.e., at Z' = 0 on all
magnetic dipole moments due to conductive stroke with respect to Equation
(3.22),
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_ 2a, < [F . 15?
Ay _Xkc "EOJ;e U ds[l + Eﬁ]ds

a, M 1 {
_ Aa, 2 e ds + 7 fe‘”sz ds (3.24)

C

where the subscript (¢) refers to conductive stroke.
Carrying out the integration process in Equation (3.24) yields

_ N 2 s 2 Vse =I5 Pe—is
Auw =13 (Ferds + 2210
n=1 c

kK K K
or
- =12 52 2s 2 )
= —_—_ = —_ e — | jp s
A.n=1 ,,Zo [kc E + e ki:l_]e (3.25)
where
k2 = a’(sin” 0 cos> ¢’ — 1)

To account for an M, number of magnetic moments stacked vertically along the
cylindrical conductive stroke (M —), we conduct another summation process
on A, . as shown below:

& K L2
=Jl s 3.26
)’CHV JcmE:l n=l[ c ]k3 k3:| ( )
where
= \r2, + a* — 2ar,, sin 0 cos ¢’ (3.27)

A, v is the magnetic vector potential produced by all magnetic moments con-
tained in the cylindrical conductive return stroke.

To account for the magnetic vector potential generated by magnetic moments
contained in the convective return stroke produced by the time variation in bound
charges, we will proceed in a similar approach for that of the conductive stroke:

2s 2 .
Ay = I, Z[ t T %]e-ﬁ (3.28)

where A, , is the vector magnetic potential at the plane of Z' = 0 generated
by all magnetic moments produced by the convective return stroke. Also the
subscript (v) refers to convective stroke.
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The next step is to sum up all moments stacked vertically along the coaxial
convective stroke whose radius at the source is > R, (R, is the radius of the
conductive stroke).

_ L 2 2 25 2 .
Ay =L 2 2 [; e te ;z]e"’ (3.29)

A,y is the vector magnetic potential due to horizontal sum (H) and vertical
sum (V) on all magnetic moments contained in the coaxial convective stroke.
Factual consideration in the vertical and horizontal summation process:

N <€ Nc¢
M < Mc (3.30)

3.1V INDUCING VOLTAGE

From the following Maxwell field equation,

2|

’t” 3.31)

Vv, = —a,u
And with respect to our case,

Ayy = A, 4y (conductive) + A, , (convective) (3.32)

Equation (3.31) becomes:

- dA 0A
VvV, = —p.o[ gt'”'v + g't”'v] (3.33)
where V, is the inducing electric potential.
Now, since 0 <€ Z2 < r? and
n-Z :
k., = a = cos?g’ — 1 (3.34)

k., =~ a*Vcos’g' — 1 (3.35)

Also, since

S=VX+7Y —a — 2ar,cos ¢ (3.36)
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Therefore,
S=VX:+ Y (3.37)

Andasa— 0
k,— 3 (3.38)
From the above factual approximations which match the physical realities

of the situation, A, , and A, , expressed by Equations (3.28) and (3.29)
become:

||ME

N
Awy =204, 2, 2 e N+ T, (3.39)

where Q is a large numerical value involving value of the conductive current in
M amp. The subscript (n) refers to horizontal summation, while (m) refers to
vertical summation. Also, magnetic vector potential due to convective stroke is
similar to that of Equation (3.39), i.e.,

_ N
Ava-V = Z

X+ (3.39a)

) MS

Substituting Equations (3.28) and (3.29) into Equation (3.31) results in:

W, = 20,0, > > e Tyt — 1) (3.40)

m=1 n=1

Hence

B ‘L” - WQ.U - 1) X

n=1

e (X: . + Yo ,)"d X, dY, dZ (3.41)

where V,_ is the inducing potential due to conductive stroke.

From Equation (3.37) taking into consideration that X <€ Y and that V, = 0
at the source of conduction and conductive strokes (i.e., X,, Y,, Z, = 0), the
solutionof V., (X, Y., Z,, 1) is:

MM, NN, e—j(X,.,m)
Vew = = 200Ut = 1) 2 2 Voo~ (3.42)
m.=1, n.=1, n,m
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3.V THE INDUCED POTENTIAL

At the space point X,, Y,, Z, located on the transmission line having dis-
tributed inductance and capacitance, the correlation between the inducing and
the induced potential is expressed by the following:

&V, 1@V, _ 1V,
X e C or

(3.43)

C is the velocity of light. Equation (3.43) considers space variation in one
dimension only.

Taking Laplace transform of both sides of Equation (3.43) w.r.t. (¢) the
following results are obtained: let

5 e Y,
=m 2 E X ¢ U —t) (3.43a)
where
m = — j2p,Q (3.44)

2 ‘JXan
Vi=m > > —X—”'éﬂ Uit — 1) (3.45)
m=1 n=1 nm
L PR, A
Vi=m Y > e—X@ Ul — t) (3.46)
m=1 n=1 n,m
Therefore,
ER% VD = ey 7
— = C*— —"T RN — ¢, 3.47
= O [ DI ,,)] (3.47)

Taking Laplace transform w.r.t. (f) of Equation (3.43), the following is
obtained:

82V(x,s) S? o
— K .
i~ o V%S = KG) g g ra (3.48)
where
SZ
K(s) = 5 mY.Z,e s (3.49)

Equation (3.44) is a 2nd order differential equation in X. Solution for V(x,s) is
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left as a problem for the student to solve; however, the author is listing the final
form for V(x,s):

it e *'X"‘m
— 2w, 0YZ,S% _ D) e’ (3.50)

Veslis) = Cc* + & m
V. (x,1), the induced voltage due to conductive stroke (V) and convective
stroke (V,), could be obtained by taking the inverse Laplace transform of V(x,s).
This process is left as a problem for the student to solve.
The author is listing below the final form for the induced voltage V_ (x,?).

3y . .
Voo = = 2w S S

e Xnm 1 33(1) .
Z. .Y
[ X’l'm n,m n,m] [C C2
28'(¢ IS
- Cg) sin ¢t — EL sin c1 8"(t — 'r)d'r] 3.5D)

where U, (t — t,) is a delayed step function

V., = Vxon + V(0 (3.52)

Consequently from the preceding analysis centered on the utilization of the
concept of magnetic moment, the author demonstrated the useful solution for
the magnetic vector potential as an effective vehicle to secure solutions for the
inducing and induced voltage at any point in space rather than integration as has
been used to establish expressions for the total contributions of horizontal and
vertical spread of magnetic moments for the final field impact at a space point.

3.Vl THE INDUCED ELECTRIC FIELD

To calculate the induced electric field vector along the transmission line due
to conductive and convective strokes, we proceed taking the gradient of V,_ (x,?)
expressed by Equation (3.47):

- V. 1% V. (60
V . —_ A C,V + A C,V + Az C,V 3‘53
Vo) = 8oy + 8,5+ &7 (3-33)
Let
5?2 35(s 28'(¢
P = g cos ¢t + T(z) sin ¢t — C( ) sin ¢t —

l T
o f sin ¢t &"(t — 7)dT (3.54)
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Hence,
U@ -1t =S e Knm
Vot = —owe =S S L0y 2, 659)
m=1 n=1 n.m
Therefore,
av, 2 2 (e—fxm efjxn,m>
—5 = tin OupU( ¢ Yoo + 3.56
X, J G QupUNE ~ 1) mE:l "; Zonl —) 659
= &rEx = Elx
1% 2 - e~ nm
- = —j= Ut — t Z 3.57
= a)'Ey = E2y
a‘/c,v _ 2 Q U(I _ t) i i 7 e Xam
aZ" - ]C HPU Y o “ o~ n,m Xn,m
= &zEz = E2z (358)

It is clear from Equations (3.52) to (3.54) that the induced electric field converges
at a far point in space.

Next, we can proceed to express the electric displacement of charge density
vectors D from Equations (3.52), (3.53) and (3.54). If the dielectric constant is
scalar in a simple medium,

D=a,¢€E + a,¢€E, + aE, (3.59)

3.VII THE INDUCED MAGNETIC FIELD

We now move on to calculate the time varying magnetic field on a trans-
mission line whose induced electric potential has been expressed by Equation
(3.47).

From the following Maxwell field equation:

WE= -2 (3.60)
ot
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The E field was obtained in Section VI:

- . [ ] g <e—fxn,m .e—jx",m>
E = ap|— U@ —1t Y +
xp[c Qp“o l( a) ,,,Z[ ,.21 n,mZn,m Xi‘m J X"}m
- x> e~ Xnm
+ ap| =2 Qupv,t - AP
c m=1n=1 X,,y,,,
-2 > e Xnm
+ &zp[—cj— OupU, — to)] > > Y"-"‘x_ + . (3.60a)
m=1 n=1 nm
Let
j2
N ouplUt — 1) = v 3.61)
Therefore,
© @ e~ Xnm e~ Fnm
E=a Y +j
E=ayp mZZI ; ”Zm( . T x )
iod had e _jxn,m . ol g e 'an‘m
—aw 2 X Zum —ayp 2 2 Y. (3.62)
n=1m=1 Xn m=1 n=1 Xn,m
a, a, a,
oB 5 S 9 - —
— =y > ox ay 9z
at m=1 n=1
~Xpm e " Xnm e~ Xnm 2" Xnm
[ran(7 150 2 e

=Y < “\x, X 5| T\ Txe

nom

e Hnm g ‘fxn,m)

X

n.m
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or

0B =& e~ nm e Xum e~ Xom g unm
9 _ I - 827 +
P [“y y"""( x, 7 X,.,m> . """< x, X, >]
Therefore,

- i4 ad = e Xnm e Xnm

nm=1 mn=1 nm Xn,m
3%(r) 33(n) . 23(1) .
[ - cos ct dt + I sin ¢t dt — o sin ¢t dt
l " e
e 8"(t — 7)sin c7 d’r:l (3.63)

Again, the principle convergence of the B field is assured at a far space
point.

Regarding the integral processes involving the singularities 8,(r) and §(r),
we can proceed to use the sifting property, namely:

fw f0d(¢ — a)dr = fla) (3.64)
fw d(0)d(x — wydx = d(u) (3.65)
and
fa _+ fod(x — a)dx = — f'(a) (3.66)
Therefore,
j d()sinctdt = 0
fsin ct8(tdt = —cosct = —catt =0
Hence,

2
f 3*(H)cos ct dt = — &*(t)sin ¢t — P f sin ct &(f)dt

1
c

3*(1)sin ct (3.67)

1
c
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Also
ffsin et d'(t — 7)dv = szfcos ¢t dv = sin ¢t (3.68)
The B field from Equation (3.51) becomes:
- j4 = E o=Kam .e—jxn,m> o
= - + -
B.-Lou3 3 ( I )@ - w
1 2 1
I:EE d3%()sin ¢t + o a sin ct] (3.69)
or
S = = e Kum _e”"m) . .
=L + -
7= 3 ( )@ - )
2 1 1 .
[EE e sin ¢t + 2 82(t)'sin ct] (3.70)
3.VII INDUCED CURRENT DENSITY J
We can calculate the J vector from V x H = 7. Let
4 2 1 1 .
j: Q[E2 o sin ¢t + & d%(t)sin ct] = P, (3.71)
Therefore,
ki ind . e Xnm e Xam e Xnm J
H, = MZI MZI ”P‘<X5,m +j xn,m> a,Pl(Xim +j m) (3.72)
ax &)’ al
- - |8 i) 0
VXH, =P, >, > |ox dy 3z
nm=1 mn=1
e Ham e Ham\ fe Fam e~ Fum
o,( x, Xn,m)’( = )| e
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= oo —iXnm e Xnm e Xnm e Xnm
= (1 —_ a + - ]
P33 a0 -0+ a( X,  x, " x, ! Xz,m)
e Ham @ nm
-4 + 3.74
az( Xjn,m Xn,m >] ( )
Therefore,
_ had hd e_jxn,m e_jxn‘m
7= P ( + )(a - a) (3.75)
l( )n,m2=1 m,n231 X?.,m Xn.m i’

where P, is expressed by Equation (3.74).
Consider the condition of field breakdown which will occur when J — .
From Equation (3.63) J — = will take place where

1) e%-X3, —0
2) X, — 0

The observation from conditions 1 and 2 is that J — o will take place where
X,.—>0and X & — —oo,

3.IX EXPRESSION FOR ELECTRICAL
CONDUCTIVITY o

The electrical conductivity ¢ characteristic of the medium between conduc-
tive plus convective lightning strokes could now be expressed under two pre-
vailing conditions: (i) o is a scalar, and (ii) o is a tensor of rank 2, i.e., o, i,
j=12,3.

From the set of Equations (3.56), (3.57) and (3.58) o is a scalar in 2 medium
characterized simply as

ij

7 =oE (3.76)

Of course, J, in Equation (3.56) = 0 because o,, = 0. Then

_ 2 hd ind —iXpm
7= &y[—j—QPUl(t -S> Szt ] o
c nm=1 mn=1 Xn,,,,
2 hnd had —iXnm
val-iZroe -1 3 3 LS @a7)
nm=1 mn=1 nm

where p was given by Equation (3.54).
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From Equations (3.75) and (3.77), and for a scalar g, it can be expressed
by:

- jX,

e Xnm e S Xnm
nmzlnmzlP<Xz’m Xn,m >/

id hd X m
Lrvi-> S NEFZE, 6m

nm=1 mn=1 n,m

_ Py(Oc 1 i X2+ 1
T 200 Ut — 1) S L (2, + 22 )"

=Ms

(3.78a)

We observe from Equation (3.65) that the scalar o, is a function of X,, where
n=1,2,3,4 ... and time with the presence of singularity functions, their
derivatives and sinusoids.

The second case to consider is when o is a tensor of rank 2 in a medium
characterized as anisotropic when o is written below:

O Oy Op3
O, = 103 Oy 0Oy 3.79)
O3 O3 O3

o, can be expressed as a tensor in a much simplified form when referred to
the principle system of coordinates, where

g, = a5, (3.80)
The diagonal elements in Equation (3.70) can be solved for w from the
following equation:

oA Oy, (SF!
T, (o 29 NRs S9N =0 3.8D)
O3 O3 T35-A

The three values of N from Equation (3.81) are o;,, 03, and o},. Therefore,
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following the case of o a tensor of rank 2 in a principle coordinate system, again
referring to Equations (3.63) and (3.66), now we can write

J. = o, (3.82)
Therefore,
© @ 0 0
. e Xnm e Xnm Oy
= (@, — a)P, >, E( )z 0 o, O
m=1 n=1 inm Xn
m 0 0 9o,

>3, + z",n.)%—“ (3.83)

o = 0, and
P33
nm=1 mn=1 Xi‘m Xn,m

—iXx

SR n.m

_— 7 hnd hnd e
= o[ Zo0rva -0 3 S+ 205

n.m

] (3.84)

Also

= [ ’2QPU(:—:)Z Sy 7 j] (3.85)

n=1m=1 Xn,m

or from Equations (3.83), (3.84) and (3.85):

oy, = 0; then,
%, e~ Xnm
P " 4+
, ‘ [ X, X, ]
02 = > = &= Xnm
—_]ZQPU]([ - to) 2 2 (yn.m + Zm.n) X
nm=1 mn=1 n.m

o

E > —em 4 (3.86)

2QPU(t—t)nm | i lY",,,+Z
Then

cP, i s X, 2

T20PU (1 — 1) &, MEZI Y. +z_ LG8

’ —
O3 = —
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A similar procedure is used to calculate all nine elements of o, in the regular
coordinate system. This is left as a problem for the student to solve

3.X PROPAGATION OF SURGE POWER DUE TO
INDUCED FIELD

The next step in our analysis of inducing and induced field effects due to
lightning surge is the mode of power propagation along a transmission line of
any length. This mode of power transfer is in the form of the Poynting vector
propagation as shown below.

First refer to the set of Equations (3.56) to (3.58) expressing the induced
electric field vectors in rectangular coordinates, where

E=aE, + aF, + aE, (3.88)

The corresponding set of the induced magnetic field equations is that given by
Equation (3.58), where

H=aH, + aH, (3.89)

Power propagation in watts/m? is expressed by the Poynting vector P:

P = E x H watts/m
a, a, a
P = E, E E, (3.90)
0 H, H,
=a(EH, — EH) — a(EH,) + a(EH) (3.91)

Therefore,

afx=[—§Q2»oPul<t t)MEIMElz ]

e ~Enm 2 1
I:nmzlmnzl( Xn,m )]I:E _Ef!sul “t

nm

1 o 3 _
+E,—28(t)smct]—[C2Qp.ﬂPU1(t t)

£ oo

S 3 ns S )]

nm=1 mn=1 nm nm=1 mn=1 nm nm

1
[sz - Ci3 sin ¢t + Ve 3%(#)sin ct]W/m2 (3.92)
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Writing Equation (3.92) in simplified form:

8 2 1 1
apP, = &X[—C—Z Q*u PU,(t — t,,)] [Ez e sin ¢t + It d%(f)sin Ct]

IXpm e =X nm
[..2‘1 mgl <X2,,,,,, i >(Yn - Zn)]W/m2 (3.93)
Next P:
ap, = — aEH, (3.94)
Therefore,

ap, = [~ Zewrva-o|[ 2 SrnafEE f;]

nm=1 mn=1 n,m nm

2 1 ) )
[5 s sin ¢t + E d%(t)sin ct]W/m (3.95)
And then P,
apP, = aEH, (3.96)
® = e~ Xnm e~ Xim
= - =07 Y +

[ OPU (t :H:mZ=1 n§=:1 m-"Zn.m( in,m ] Xn,m )

(-2— — i t—1 3%(f)sin ct>W/m 3.97)
c P sin ¢ c? .

It is clear that P, = P,.
Also it is useful to remind the reader that:

X, =X,X, X, ...
Y, =Y,Y,, Y, ... and
Z,=2,7,,Z,. ..

C is the velocity of light
Q is an arbitrary large number
P is a time dependent function given by Equation (3.54).

3.XI INTRINSIC WAVE SURGE IMPEDANCES

It is time to move on to express representation in three dimensions for the
intrinsic surge impedances along the transmission line due to conductive and
convective strokes for the lightning surge.
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Let

E,

Z)r = =

HX

7 - E

H)’

and

;L

* T H

N

starting first with Z:

Z — osince H, = 0

- = d
Loupua 1) 3 3 7,0

nm=1 mn=1

e Fum e Hum\ 2 1 . |
1( X2 +j X )[62 s sin ¢t + Ve 3%(Hsin ct]

(3.98)

Zy=.4 — =
TRz

n=1m

or
Z,= — S PRUG - r)mE mZ Z.., "’Xxm /
2 . 2 1<e e eX;X" m) [EZQ - El,z sin ¢t + El 3(t)*sin ct] (3.99)
Next:
- 2 "mi l mnz 1( X "y J e;fr) [622 - Ela sin ¢t + —Clz 32(1)sin ct]

(3.100)

where P is expressed by Equation (3.54) and repeated below for convenience
to the reader:

() 3'(n) .
2 _— —
P(t) = 8 (H)cos ct + 3 sin ¢t — 2 == sin ct

1
o fsin Ct 8"t — 1dr (3.101)

3(?) could be given the symbol U ,(¢) as the impulse singularity function.
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3.XII SOLVED EXAMPLES

A. Express the wave number k and wave surge impedance for the most general
form.

Solution
The wave number &k = \/ — 39 (AD)
¥y =a+ wEkE' + jwE" (A2)
2= Wp' + jwp’ (A3)

Wave surge impedance Z,,

2 Wp' + Wi
Z = [f= Ad
w \A \/ a+ We + jwe (A4)

Also the wave number k is a complex number = k' + jk"

K+ K =\ —(a + We' + jWe\(Wp' + jWp") (A5)
where a, €', and p' are loss Y elements.

B. Express the electric displacement vector induced along the transmission line
medium characterized as linear to the first order of differentiation with respect
to E.

Solution

In a linear medium, the electric displacement vector, also known as the
electric charge density vector, is expressed to the first order in time differentiation
of the E vector.

- oF
ek + ¢, — Bl
€, ar (B1)

aE, + aF, + oE, (B2)

>/
It

t
It

E,, E, and E, are given in Equations (3.56), (3.57) and (3.58).
Time dependent parameters in E_, E, and E, are V,(t — t,) and P(¢) where

1 3
P(r) = C d3%(H)cos ct + 2 d(#)sin ct

2 1 1
o d'(Hsin ¢t + Poe sin ¢t 3'(8) + v sin ct (B3)
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Now, let the time independent parameters in Equations (3.52), (3.53) and
(3.54) be k,, k, and k., respectively

D, = €E + ¢
at

— = dE
D, EE-*-G,'(:)—I‘Z

D, = €E + ¢ —

z

ot

The terms E E,, E E, and E E, are those in Equations (3.56), (3.57) and (3.58)
multiplied by €. The term involving time differentiation:

a
Py U\t ~ t,)PQO)
25(z)

=USt — t)P@® + U,(t — to)[T cos ct

. 3 . 3
— 3%(»)sin ¢t + — d'(Hsin ct + — d(r)cos ct

C? C
1 " : 2 ! 1 ’

e d"(¢)sin ct — o d'(H)cos ¢t + e cos ct 8'(f)

+ cos ct] (B4)

— aUu,(t — t)P(s
B = ek, + e 2= PO

x X at
— aU,(t — t)P(
Dy — EEy + Elkz 1( o) ()
at
—_ aU(t — t)P(t
D, = €E, + €k, Wi — PO P 2P0 (BS)

C. Express the induced current density vector J in a medium characterized as
linear to the first differentiation in the E field.

Solution
For a medium characterized as linear:

- - oE
J=oF + o, 5 ChH
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In Equations (3.56), (3.57) and (3.58)
E=aFE, + ak, + aE, (C2)

Again, time dependent parameters in each E,, E and E, are V\(t — ¢,), P(¢)
and those time independents could be assigned respectively as k,, k, and k, as
in Example B. Therefore,

- oF
J. =0E, + o, —
ot

d
= ok, + o, Py Ut — t)P@k, (C3)

- oE
J, = oE, + o, th

d
= ok + o, a_t Ul(t - ta)P(t)kz (C4)

- oE
J.=0E, + o0,—
at

4
= oF, + o, P U,(t — t)P(t)k, (C5)

]
where Py U,(t — t,)P(t) was obtained in Example B.

D. Revise the expression for the induced voltage on a transmission line due to
conductive and convective effects of lightning stroke, whent = 2, andy = Z
— 10x.

Solution
Refer to Equation (3.47) and inserting ¢t = 2f,, y = Z = 10x. First convert

the term f sin ¢t 8”(t — dr in terms of ¢. Using the sifting property:

a+

JOR'(x — a)d, = — f(a) (D1)

a—€

Equation (D1) could represent the following case:

ate

. J@d'(x — a)d, = ?

a—
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Let u = f(x), 8"(x — a) = dv, du = f'(x), and = &'(x — a). Therefore,

f fR'(x = a)d, = fix)d'(x — a) - ff'(X)S'(x ~ a)dx
Using Equation (D1),
= f¥'(x — a) + f(a) (D2)

Now

t
jsin ctd'(t — 7)d =siner (v — )| — Asiner

o

= — sinct 8'(f) — C?sin ¢t (D3)

Now turning to Equation (3.47):

3 o

Ul 0.
Vown = - pu ) %S

mn=1 mn=1

e X 1
[ 100 x"] 7 cos2C1)B2C1,) +

X’l
35(2 25'(2
—ézi’) sin(2C1) — % sin(2C1,) +
é—a[sin(ZCto)S’Qto) - Czsin(2Ctg):| (D4)
U,

5 S 1
= - 2p,0 g”) > > 100e-fxn,m[5 cos(2Ct,)5%(2Ct,)
’lzl Vl=1

3 ) 1, .
~C—2 8(2Ct )sin(2Ct,) — —C—3 8'(2t,)sin(2Ct,)

- é sin(ZCto)] (D5)

E. Express representation for o as a tensor of rank 2 in a principle coordinate
systematt = Oand X, = ¥, = Z, = 0. Comment on the result.

Solution

o, =0 (El)
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From Equation (3.76):

[ CPl - - Xi.m
% =g |2 A T Tz (E2)

since U/t — 1) =0 (E3)

Similarly from Equation (3.77)

1
1+ —

CP, al— X2
S Dl S _ “Sam E4
T3 = 20PUG - 1) 22 Y. + 2, E4)

m=1 m=1
= o0

The physical meaning from the result that o}, = 0, 0}, = o3; = s that at

a location on the transmission line just under the lightning stroke. The surge is
facing a perfectly conductive plane perpendicular to the line itself, while con-
ductivity at an axis normal to that plane is zero, which means no conduction.

F. Equations (3.25) and (3.28) represent the y component for the horizontal sum
of all conductive and convective magnetic moments under prescribed conditions
of approximations, where the current flowing is stationary independent of time.
Show the necessary revision required when electric current in the dipole is a
chopped lightning impulse shown below.

Solution
Consider J(x') as a chopped pulse as indicated below:

I3

A
Jx'n = :t - AU - 1) (F1)

Equation (3.25) states:

LSR8 s 2
Ayc.,,zaym;:lk—refw;ﬁ;e'—;w (F2)

c c
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To have I(x’,t), the only thing to do is replacing it by the function:

!

1(t) = i:—,t - AUt — ) (F3)

Equation (F2) becomes:

_ A’ o0 .2 . Sz
Aoy = &y[;',‘t - AU — 'r’)] E I:j—k- eV ¢ — J;; +
nm=1

c

25, 2
< gmine — 1 _,s(] (Fa)

with respect to Equation (3.28)

. [A , Nl [2_ 8 28 27,
Apy = ay[; t— AU@ -7 )]MZ][% e TR E]je 5 (F5)

S = [(r,, — R) + & — 2a(r,, — R)sin 8 cos ¢']'? (F6)

where R_ is the radius of the conductive stroke.

3.XIII PROBLEMS

Show systematic derivation of Zy in Equation (3.9) starting from 4, in
Equation (3.5).

Refer to Equation (3.44) which represents a second order differential equa-
tion in V (x,s). Show that the solution for V(x,s) is that expressed in
Equation (3.46).

Show systematic steps that the inverse Laplace transform of V_ (x,s) is
that expressed by Equation (3.47).

Modify P(¢) given by Equation (3.50) if the velocity of surge propagation
is b which is less than ¢ (the velocity of light). Of course b is a function
of w and e of the surrounding medium.

Based on the modified solution for P(f) secured in problem (4), revise the
induced electric field vector expressed by Equation (3.54).

Based on the new electric field vector obtained in problem 5, present a
corresponding solution for the induced current density vector J on the
transmission line when the electrical conductivity (o) is a rank 2 tensor in
a principle coordinate system where



10.

11.

12.

13.

and

14.
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Repeat the solution of problem 6 when o is a tensor of rank 2 in the
regular Cartesian system, where:

O 02 Op5
O; = |02 Oy Oy
03 O3 O3

Modify Equation (3.55) representing the induced magnetic field H on a
transmission line when the velocity of surge propagation b is < c.
Recalculate the induced H, and H, induced on a transmission line under
breakdown conditions which implies that the current density vector J —
e o]

Regarding the solution of I7y and H, obtained in problem 9 under break-
down, indicate quantitatively the effect on o, E and as scalars.

In a linear medium, the current density vector J is expressed by:

- — oE 0’E
J =o0oF + (J'GE

Express the vector J up to and including the second order differential term
shown above; o, o, and o, all are scalars.

Based on the new solution for J obtained in problem 11, solve for the
condition of voltage breakdown.

Repeat the solution for J in problem 11 if o, o, and o, are tensors of rank
2 in a principle coordinate system where, say,

o 0
_ ’

g = [0 Y8
0 0
Ua—ll O

o, = (7]
0 0,33
Op_n1 0

a, = Op_22
0 Op_33

Following the new solution for J obtained in problem 13, obtain conditions
for voltage breakdown.
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15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
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Based on the solution for J obtained in problem 11, obtain a new solution
for the Poynting vector P.

Based on the solution for J obtained in problem 12, obtain a new solution
for the Poynting vector P.

Express the mathematical and physical implications if the intrinsic wave
surge impedances Z, = Z, according to Equations (3.99) and (3.101).
Modify the expression for Z, given by Equation (3.89) when the velocity
of surge propagation v < c.

Repeat solution of Example B when the D vector is linear to the second
order of differentiation with respect to E.

Based on the new solution for the D vector obtained in problem 19, solve
for the total conductive and convective electric charge residing on A square
miles in the ¥ — Z plane.

Based on the solution for the total electric charge residing on A square
miles obtained in problem 20, express the total electric energy stored in a
condenser system formed between the cloud’s and earth’s surfaces with a
separation of d meters. Assume the medium in between as simple implying
J =0oE,D = €E.

Repeat problem 21 for the total magnetic energy stored in an equivalent
inductive system. Also obtain a solution for the equivalent self-inductive
of the system.

Repeat the solution of Example D when¢ = 1000 ¢, and Y = Z = 10,000
X.

Repeat the solution of example F when the lightning surge is generated
by two chopped consecutive strokes as shown below:

J

of ~2r

Repeat problem 24 when the lightning surge is generated by three con-
secutive strokes as shown below:

J

0 72737
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27.

28.

29.

30.

31.

32.
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From the solution of the magnetic vector potential obtained in problem
24, solve for the inducing voltage on a transmission line.

From the solution of the magnetic vector potential in problem 24, obtain
a solution for the induced voltage on the transmission line.

From problem 26, obtain a solution for the inducing electric field vectors
at any point in space.

From problem 27, obtain a solution for the induced electric field vector
on a transmission line.

From the solution of the inducing electric field vector obtained in problem
25, obtain expression for the surface charge density vector (D) if the
medium is characterized as simple.

Repeat problem 30, if the medium is characterized as linear to the first
order in the differentiation of E with respect to time.

Repeat problem 30, if the medium is characterized as linear to the second
order of differentiation of E with respect to time.

PRINCIPAL LIST OF SYMBOLS

magnetic vector potential in the ¢ direction

radial distance space point

magnetic induction vector

delta dirac function = U (1)

element of a matrix in the principle coordinate system
Poynting vector

velocity of light

angular velocity in rad/s

the x oriented surface impedance

a large numerical containing strength of surge current
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Chapter 4

RELEASE OF IONS DUE TO
INDUCED AND INDUCING
FIELDS BY LIGHTNING
DISCHARGE

4.1 INTRODUCTION

The process of ionization preceding the occurrence of lightning surge is
basically intensive cycles accompanied by a powerful electric field, where both
electrons and positive ions and their clusters take cumulative roles in ionization
that will eventually release the electron and positive ion avalanche.

J.S. Townsend had indicated through established empirical and experimental
work that when the ratio of the number of new ions produced per unit length
by an accelerated electron under the influence of intensive electric field to the
prevailing pressure is a smooth and continuous function of the ratio of the
prevailing electric field to the same pressure, i.e.,

-4

Actually, the expression of y/P had been given by the following equation,
published in a book authored by J.D. Cobine.!

= Ae EP “4.2)

where v is the number of ionizing collisions produced or charge carriers released
by field accelerated electron per centimeter.

In Equation (4.2), P is the pressure, in millimeters, of Hg. A and B are
constants of the gaseous continuum. Figure 4.1 illustrates the functional rela-
tionship of y/P v, E/P for a number of gases.
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FIGURE 4.1. Coefficient for field-intensified ionization by electrons.

However, Townsend emphasized clearly that Equation (4.1) is only an ap-
proximate estimating criterion that could serve as a useful guide in identifying
the role of pressure on the process of field intensified ionization, either by
electrons or positive ions.

Table 4.1 lists constants A and B for a number of gases including air for
several ratios of E/P. The presence of impurities alters drastically the ratio of
/P, where such a situation exists in the air continuum in the atmospheric belt
during the period preceding voltage breakdown and after breakdown during
lightning phenomenon.

Townsend also indicated that errors in computing the ratio of y/P have been
attributed to the presence experimentally of traces of mercury vapor.

The preceding discussion centered on the role of pressure on the process of
field ionization by accelerated electrons and positive ions. However, the fact
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TABLE 4.1
Constants of the Equation

Range of E/P,

Gas A B v/em/mmHg
Air 14.6 365 150—600
A 13.6 235 100—600
CO, 20.0 466 500—1,000
H, 5.0 130 150—400
H,0 12.9 289 150—1,000
He 2.8 34 20—150

that y/P is a smooth and continuous function of E/P will be relied upon to
establish a new relationship for lightning phenomenon.

4.11 EFFECT OF PRESSURE ON LIGHTNING

Due to the huge complexity surrounding the process of cumulative ionization
preceding the release of the conductive and convective surges, the role of at-
mospheric pressure and temperature on lightning phenomenon in air could be
shown using the approximate criterion developed by Townsend as indicated by

Equation (4.1) where
Yo (E
»=<(7) @

As explained earlier, y represents the number of ionizations produced by an
accelerated electron or positive ion per meter and P is the pressure in Newtons/
m? or equivalent atmosphere.

To arrive at a functional form for the number of ionizations or, in effect,
the number of electrons released per ionizing agent which could be either electron
or positive ion, we will proceed according to the following argument.

Let

+ ap, 4.4

where P is the Poynting vector of propagating lightning surge power in watts/
m.

Also, it is known that
P = E X H j/sim? 4.5)

Then, V, is the inducing voltage in volts or joules/coulomb which has been

i

expressed by Equation (3.38) based on the method of magnetic moment. Also
the P vector had been expressed by Equations (3.83), (3.85) and (3.87).
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Now let us analyze the following dimensionally:

Joules Joules
P/V,
‘sec — m?/ 1 coulomb

Joules /1 coulomb

sec — m? Joules
1 coulom? 4.6)
sec — m

or number of charge carriers/m*/sec.

The number of electrons released per meter is

ltp
'y=fJ'th-dl 4.7)

where dl is a three-dimensional space differential vector, dt is the differential
time element, and P is the Poynting vector in watts/m?.

4.II1 RELEASE OF CHARGE CARRIERS DUE TO
INDUCED ELECTRIC FIELD

Consider first the case for the inducing and induced fields based on the
concept of the magnetic vector potential and constant current density in return
strokes.

Determination of vy,:

v, represents release of charge carriers/meter along the x-axis or in a plane
perpendicular to the x-axis.

x 't F
‘Yx-induced = J’f = dt ) dx (48)
oJo V,
where P is the Poynting vector in the x-axis. From Equations (3.51) and (3.93),
“['Tj4QP(r) /2 1 1
= J;J;[Z%')‘ <Ez - Es sin ¢t + —2 32(t)sin Ct>

e~ Hnm  o=Pnm
S St = 2 (S + )t “.9)

nm

charge carriers/m
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Determination of v :
v, represents release of charge carriers/m along the y-axis:

y 1P .
'Yy-induced = f —induces dt ) dy (4 10)

i induced

where ﬁy_mduced is the Poynting vector in the y-axis. From Equations (3.51) and
(3.95),

Y. 1 1
Yy-induced = L fo [14Q€(t)<—2" — —;sinct + ez d%(t)sin ct)

C C? C
hd 1 e Xnm e I Xnm
1 + + dt-d 4.11
mE=l né:l( X,,,,,.)( Xz, X, >] i ( )

charge carriers/m

Determination of vy,:
v, represents release of charge carriers/m along the z-axis. Since inducing
H, = —H
y z

‘Yz-induced = - ‘Yy-induced (4 12)

The number of charge carriers released due to the inducing electric and magnetic
fields in meter® per second or per meter could refer to either the conductive
return stroke or convective stroke (time variation of induced bound charges) and
of course their combination.

4.1V RELEASE OF CHARGE CARRIERS DUE TO
INDUCING FIELD

We proceed first with the case where induced and inducing fields have been
based on the concept of the magnetic vector potential and constant current in
return strokes.

x {1 F
yx-inducing = fJ; = dt : dx (413)

° i2

Y.-inducing 1S Measured in number of charge carriers/meter.

y [t Fx
Yy-inducing = L J; V_j dr - dx 4.14)
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and
o Fz2
‘YZAinducing = V— dt * dx (415)
ode Vi
where
Fz =aP, +aP, + ap, (4.16)

P, is the Poynting vector due to the inducing electric and magnetic fields.
P,=E, X H, 4.17)

E, is the inducing electric field which could be obtained from Equation (3.38)
and H, is the inducing magnetic field which could be obtained from the relationship

VXE,= - aa—Btz (4.18)

Solution for P, is left as a problem for the student to solve.

In Sections III and IV, analyses regarding the release of charge carriers due
to induced and inducing fields have been based on the magnetic vector potential
obtained through the procedure of summation of magnetic moments and where
wave shape of current density in the conductive and convective strokes has been
treated as a step function. Now, we shall analyze the concept of calculating the
release of charge carriers per meter® per second with respect to more factual
cases for the wave shape of the conductive and convective return strokes.

4.V RELEASE OF CHARGE CARRIERS WHEN
CURRENT DENSITY IS A SHARP LINEAR RISE AND A
LINEAR SLOW DECAYING TAIL

The set of Equations (2.89) through (2.94) indicates the inducing electro-
magnetic field at any point in space (p, o, T).
Therefore, inducing the Poynting vector in space is expressed as P

_ inducing =
P..

P, = E, X H, joules/sec/m? (4.19)
where

E, = aF, + a.E, + 0.E, (4.20)

H, = aH, + aH, + a.H, (4.21)
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3 a, a, a,
P,=|E, E, E (4.22)
H, H, H,
= alEH, — HE] — a|lEH, — HE ] +
alHE, — HE, (4.23)
Therefore,
P3pc = &p(EaH'r - HuE-r)
F3o¢c = —&a(EpH'r - HpE'r)
and
P}rc = &T(HuEp - HpEu) (4'24)
Now we can list the following:
_ JHr & 1
Poc = ~ [T 3 mde ~ RHDG6 — R) -
1 (p — R)"! 2 . 1
_H(Z) R P — o — n 4 —
LA A Ok e N e S
1 e /R 3 2
I - R)————— 403 |—=
R ok T Y\ —R)
e JP—R) ] [‘] (t)R“kz j2
*  n — R n
> e — R) ] (4.25)
=0 2"”'

where I_’3pc represents the p component of Poynting vector due to the conductive
stroke. To consider the convective stroke replace A, by A, and R_ by R,. Next,

P, = (HE, — EH)a, (4.26)
since H, = 0

Ps,. = (HEDa, (4.27)
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— <__ szﬁ(l)T)( 1 ) B i j(p. — R)
y (

2y P — R) n=o 2"n!

(i e — R > (4.28)

o 27n!

Then,

Py, = HE, — HE)a, (4.29)

Expression for P, could be secured by substituting H,, E,, H, and E, from
Equations (2.89) and (2.90).
Let v;.. represent the release of the number of charge carriers/m?sec.

Vi = ¢ (4.30)

where V,, is the inducing voltage along the « vectorial orientation.

2m
Vi = —f E, - pda 4.31)
Vi = f"/J O |2 somro 3 TR RSy
o 29 m(p — R) neo 2"n!
W [ Ry e = RY
= — pd 4.32
29 Vo —R)° nEo rar PO (43D

From Equations (4.28) and (4.30),

R KT (1) (p - R) 3 I ~ R)

4,
7wp(p — R) nmo 2"n! (4.33)

Yiae = —J

It is meaningful to examine the condition of field breakdown that will be
accompanied by the release of the ionizing avalanche which implies an infinite
limit for the inducing current density and also an infinite value for «,,, o, and
o,.. For v;,. — o, from Equation (4.33)

p(p — R, — zero
p=0
and

p = R, (4.34)
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However, looking back to Equation (4.33), we see that when p = R, the limiting
process has the form of —. This means that a special limiting process has to be
carried out to see whether breakdown will occur.

f 800 (o = R
im Yy, ——
or. 2% 3i3p plp — R.)

/dp (p — R)"™'?
a/dp P

Continuing the limiting process,

. , < 1) (p —_ Rc)n—3/2

lim vy;,,— (n — -} —————

R, 2 1 (4.35)
— Zero

The conclusion is that at p = R_, field breakdown will not take place.
Therefore, ;.. —  only when p = 0 which means at points within the column
of the conductive stroke. A similar argument applies regarding the convective
stroke.

To find out expression for the release of the number charge carriers per
meter, proceed from Equation (4.30), where

2 IF
Viac = f f VL‘“dt-da (4.36)

Yo 18 With respect to the conductive stroke, which could represent also the
convective stroke identified as vy,,.

It is important to recall that J.(¢) and J (r) follow the representation given
by Equations (2.95) and (2.96) which refers to a pulse wave shape characterized
by a sharp linear rise and a slow linear tail.

4.VI RELEASE OF INDUCED CHARGE CARRIERS
WHEN CURRENT DENSITY IS A SHARP LINEAR RISE
AND A SLOW DECAYING TAIL

The induced voltage on a transmission line is given by Equations (2.103)
to (2.106), where

Vx,) =V, +V, +V, +V, “4.37)
To find the induced electric magnetic fields, first we take the gradient of V(x,7).

VW, = Vv, + VV, + Vv, + Vv, (4.38)
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From Equations (2.104) to (2.107):

L vi _ 2C2Vmax80(t)[Ac — Av] kvi

Vix,t) = Vi = LoLD) VV.(x) 4.39)
= 20V, 0,0 — t)IA, - Al g

VW,(x,0) = Vo = Dokt ~ D TV, (x) (4.40)
VV3(x,t) — 2C Vmaxau(t — tl)[Av - Ac] VV,(X) (441)

Vix = L3, (t — t))
and

Lva — 2C2Vmax80(t - tl)[Av — A(] vl
VW.(x,0) = Vi = Dot - 1) VV(x) (4.42)

where V(x) is the inducing voltage given by Equation (2.95). However, V(x)
will give the inducing electric field vector given by Equation (2.89) and the
corresponding inducing magnetic vector is given by Equations (2.90a), (2.90b)
and (2.93).

Therefore, to express the induced electric field on a finite transmission line
generated by a linear but close to actual lightning pulse, we proceed to express
the components in VV,(x,1):

VW1 = :202“//,?(:6;(%?&(:) A”]][&pEp + aE, + a.E] (4.43)
TV, (1) = :2Cz“/,':‘(a;8"=(t L_)s;tg [/i” tl_) AC}][apEp + aE, + aE] (4.44)
VW) = :ZCZ‘;}“;S":(’ L;zszg[iv :) AC]:I[&pEp&uEu + a.E] (4.45)
and
S - [ =, ) s

To find the induced magnetic field vector on the finite transmission line,
we have to use the following Maxwell field equation:

VXE=-— (4.46a)
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where E is the induced electric field vector given by:

E = —[VV(s,) + VV,(5,0) + VVy(s5,0) + VV,(5,0)]

=(E, + E, +E, +E) 4.47)

V(V,, V,, V,, V,) are given by Equations (4.43) to (4.46). Also note that s
replaced x as generalized space vector.

VxE = Vi(E, + E, + E, + E,)

I

VxE, + VxE, + VxE, + VixE, (4.48)

From Equation (4.46a)

B=— f (VxE)dt (4.49)

- f [VxE, + VxE, + VxE, + VxE,ldt

= (B, + B, + B, + B)] (4.50)
where
B, = —foE, dt
B, = —foEz dt
5, = - [E, a
and
B, = —foE dt 4.51)

But in reference to Equations (4.43) through (4.46), the fields E|, F,, E;, and
E, are the same with respect to their space functions, i.e.,

vxEl(paa’T) = Vsz(p,a,T) =
VXE‘S(p’a’T) = VXEAt(p’a’T)
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Therefore,
VxE-a [1 JE, aE(,]
= a.l|-— -
"Lp 9, aT
[aEp 857]
a\— — —
liks ap
14 1 9E
SRENCAREE @5
ap p da

In Equation (4.52), E,, E, and E_ are given by Equations (2.89), (2.90a), (2.90b)
and (2.93).

= — tR k> [j2 1
ViE _ a J() m n— —)(p _ Rc)n—m]
T . 2"n' 2

induced
0 1 - ("_5>
JA i
+ a = M2 ie-Ry
“ \/;p [2 2'n!

n — R n—3/2
(@ — Ry~ + (1 + jp) Z ’—%-—] (4.53)

We can express the induced magnetic field B, according to Equation (4.50)

_ o200V
Bl—induced - VxE<‘/l(x — L))(Ac Av) A So(f)
- v E(lcz—)(A — AN — BOU_ (1) — 8,()] (4.54)
where VxE is given by Equation (4.53)
_ R o AN & YD
Braws = V(=) A, - )] i

. 2’6‘2‘/max _ 2 _ _
= _VXE<——V,.(x - L))(A” Ac)[So(t t)

6;(’ - tl)U—l(t - tl) - 80(t - tl)] (4‘55)
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—_ 2 ! —
2C Vmax>(A _ A ) Ba(t tl) dt

B3-induced = VXE<Vi(x = L) So(t - tl)

_ _ v _< 2(;2‘/max

A\ L)>(A” + AR — 1) ~

8:;(’ - tl)U—l(t - tl) - Bé(t - tl)] (4‘56)

and

_ /=20, ) f B,(t —
B induced = VXE<V(X =1 " Ao 5! ¢ - t)

— _ ©O.F _26.‘& 2 2(¢ —
= VxE[V.( = U-0d +Af)][80(t )

=3t —tpU_,(t — 1)) — 3,(t — 1,)] 4.57)

In Equations (4.54) to (4.57) VxE is the same as expressed in Equation (4.53).
Considering the atmospheric continuum as simple and isotropic, where B
= wH and of course . is a scalar, the induced H field becomes:

H = w[B, + B, + B, + B,] (4.58)

induced
Now let v’ represent the number of released charge carriers/m?*/sec.

Prosuces  Etuces X Flingues “59)
= Do _

‘Y induced = V

induced induced

_(E,+E, + E,+ E)x#H, +H,+H, +H)
vV, +V, +V, + V)

(4.60)

in terms of ions/m¥sec. E,, E,, E, and E, are given by Equations (4.43) to
(4.46); H,, H,, H, and H, are given by Equations (4.54) to (4.57); and V,, V,,
V, and V, are given by Equations (2.104) to (2.107).

To obtain an expression representing the released number of charge carriers
per meter, Equation (4.66) becomes:

f f —nduced gy oy 4.61)

|nduced

where x is along the transmission line orientation, taking into account coordinate
transformation from cylindrical to cartesian systems and c refers to the effect of
conductive stroke, while v refers to the convective stroke.
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Proceeding to expand Equation (4.60) to some extent,

‘ygnduced = El[ﬁl + TIZ + p} + 4] +
EJH, + H, + H, + H] +
EJH, + H, + H, + H] +
EJH, + H, + H, + H,) (4.62)
in terms of charge carriers/m?/sec O Yiyea = Yo
Yoo = Yiew T Yaew T View T View (4.63)
where
Yie, = E\[H, + H, + H, + H}] (4.64)
'Yéc,v = Ez[ﬁl + Hz + 1_13 + H,] (4.65)
Yieo = Es(H, + H, + H, + H,] (4.66)
and
Yi, = EJJH, + H, + H, + H] (4.67)

Also, v, , represents the release of induced charge carriers/meter where:

'YC,V = 'YIC,V + ch,v + ‘y3c,v + 'ch,v (468)

Each term is measured in the number of charge carriers/meter where

Yiew = ffﬁ dt - dx (4.69)
Vae = Uﬁz dt - dx (4.70)
View = ij;@ dt - dx 4.71)
Yaew = ff% de - dx 4.72)

Solutions for Equations (4.64) to (4.72) are left as problems for the student to
solve.
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4.VII ATMOSPHERIC CONDITIONS

The process of ionization within the clouds continuum is under the influence
of the electric field, while that occurring on the transmission line or any other
power system installation.

Equation (4.2), attributed to Townsend and repeated below, was based on
enclosed process of ionization where the pressure could be controlled and A and
B are constants with respect to a particular gaseous continuum.

B

= Ae &r 4.2)

However, in the case of lightning phenomenon, atmospheric pressure cannot be
controlled, but this relationship can provide a very approximate or, in effect,
guiding mode for the determination of atmospheric pressure as well as temper-
ature conditions.

Based on the principle that the mean free path in the ionization process is
inversely proportional to the pressure, and that the average number of mean free
paths per unit length is 1/L, where L is the mean free path, Equation (4.2) could
be written as:

AYe B

vy = APe Er = APe &r (4.73)

where E is the prevailing electric field vector in the region, V, represents an

effective ionization potential by electron collision, and vy is the number of ions

released per unit length in the analysis that has been carried out in this text.
Taking the natural logarithm of Equation (4.73),

AV
Iny = ln[APe - __e]

E/P
or
Iny = InAP — av.L
= A + mp - 2F
E
Therefore,
Y AV.pP
In~ =InP - —
n- - (4.74)
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Expanding the term In P, where P > 0

1nP—2[P_1+1(P_1>3—+1<P—15+ 4.75)
P41 3\P+ 1 5P+1> ] @.

To arrive, for the time being, at a simple expression easy for analysis and
guidance, only the first term of Equation (4.75) will be substituted in Equation
(4.74):

Y
h-—=2— - 4.76
"ATP-1 E (4.76)
Let
Y
In— =k
"4
Therefore,
AV
kkP+1)=2P -1+ (P + I)FPtImCS
EKP + KE = AV P> + AVP + (2P — 2)E
Therefore,
AV,P?> + P(AV, + 2E — KE) — 2E + KE) = 0 @.77)
Solving for the pressure P from Equation (4.77):
P= IV [(KE — 2E — AV.) = VAV, + 2E — KE? + 4AV,(2E + KE))
AV, 4.78)
newtons/m?
Therefore,
1§
P= [(KE — 2E — AV)) + \/(AV, + 2E — KE) + 4AV.2E + KE))
. 4.79)

newtons/m?
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P, = ZIV [(KE — 2E — AV)) — VAV, + 2E — KE)® + 4AV.QE + KE)] “.s0)

newtons/m?

P, and P, are two alternate solutions for the pressure in terms of effective
ionization potential by electron collision and the prevailing electric field in the
region. Of course, if more terms will be selected from Equation (4.75), quite
different solutions for P will result.

According to Equation (4.73), AV, = B, another constant given for several
gases is shown in Table 4.1. For air, A = 14.6 and B = 365 at a range E/P
of 150 to 600 measured in V/cm/mm of Hg.

Therefore, considering air as the dominant gas existing during lightning
stroke, Equations (4.79) and (4.80) become:

P, = 355 [(KE = 2E — 365) + V(365 + 2E — KEy + 1460QE + KE)] (4.81)
and

P, = % [(KE — 2E — 365) — V(365 + 2E — KE)* + 1460Q2E + KE)] (4.82)
where

k=In—— (4.83)

14.6

P, and P, are measured in mm of Hg.

Equations (4.81) and (4.82) indicate that the atmospheric pressure P, or P,
is a direct function of E, where E could be either the magnitude of the inducing
electric field or the magnitude of the induced electric field.

A. ATMOSPHERIC PRESSURE THROUGHOUT THE INDUCING
FIELD REGION
When the return conductive as well as convective strokes are of the form
characterized with a sharp linear rise and relatively slow linearly decreasing tail,
the inducing electric field vectors are given by Equation (2.89) where
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[Elow = VE; + E2 + E2

ip — R.
= 1A = 1) + jAU_(t - tl)ur)P(’(iﬂw;))

w . o~ o= R (p _ Rc) B B L (p - Rc)n—s/z j2"(n — e
[2 2n! ( R b~ R) NV )]

o

< JA(1) J >e'12(n 0 Z (0 — R)z,,:l
29> w(p — R) neo 2"n!

172

I)R2 o j i 7 — R)*>
[ (p - R) ,.2 p 27n! ]
(4.84)
Returning to Equation (4.73):

BP

'YIotal = APL’ -

total

Y:ora COUld be obtained from Equation (4.36) that represents the total release of
charge carriers/m, while E,,, is expressed by Equation (4.84). For A and B
usually known, there the pressure P could be computed from Equation (4.73).

Equation (4.73) can be used to find the prevailing atmospheric pressure by
considering the release of charge carriers/m along the p, a or 7 orientation.

E.X. v, represents released charge carriers/m along the p-axis, v, represents
release of charge carriers along the a-axis, and +y,, that along the T-axis.

Also release of charge carriers/fm?/sec could be in a transversal at plane or
along the p-axis, Tp transversal plane or along the o axis, and the pa transversal
plane or along the T-axis.

The next effect is the prevailing atmospheric pressure in the region of the
induced field, where the E in Equation (4.73) is the inducing total electric field
and v, refers to the total released charge carriers in the same region.

The E,,,, for the induced electric field in the region which is, in this case,
along the transmission line is given by the set of Equations (4.43) to (4.46).

Another alternative for information about atmospheric pressure in the induced
field region is to use the value of the induced electric field individually along
the p, o or 7 directions, and to substitute the corresponding released charges
along the same orientation.

4.Vvlll SOLVED EXAMPLES

A. In reference to Equation (4.11), carry out the integration process to arrive
at a final expression for v, qucca-
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Solution

s P -induce 3.
'Yy-induced = LJ; _df_d_‘l‘ * dy (Al)

induced

Equation (4.11) contains the function P(¢) given by Equation (3.50). Therefore,

d 1 | . 1 .
Vy-inducea = F(X,Y) fo P(t)"*’[E2 s sin ¢t + o 82(£)sin ct]dt (A2)

where

C2 m=1 n=1 Xn,m m
JA0Y, . < ~ < 1 )(e—fxn.m e—fxn,m>
= y 1 + + A3
c? mzl Zl X, X2, X, (A3)

Then, from Equation (A2),

! T2 1 1 2
f P(tydt = j [EZ e sin ¢t + Ez d2(f)sin ct] dt

‘T4 sinfct 1 4
= fo[a + 1C6 + o d4(H)sin? ¢t — Vo sin ct

4 2
+ — 82%sin ¢t — — 82(H)sin? ct]dt

ct c’
4 t 1 &3 3
=—t+ — ——sin2t + —= - — A4
't Taeth At e T X (A9
4 283(t
sin 2c¢t + Bcosct - —Cé)sinZdt +
8 | 1 .
E - E‘ 1B2(r) + 2_C5 8,(H)sin 2ct (AS)
Therefore,
‘ 4 1 1
2 = L I
foP (Hdt t(C“ 2C5> acs sin ¢t +
Uy = 3 s _4
Ya 830 Vel 82(9)sin 2ct co cos ct

8 1
+ o 132(1) (A6)
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From Equations (A1), (A2), (A3) and (A6):

i4 o 1
’Yy-induced = ]_Q Z z Y,.,,,I:(l + _>

n,m

<e_jxn.m + e—jX,.,m):II:—S_ e _4 _1

X . Xom c (C“ 2C5>
t

e

I . 1
3 — ace sin 2¢ct + 206 3@ —

3 4
i &82(Nsin 2ct + s cos ct (A7)

Yy-inducea TEPTEsents the number of charge carriers released in the (x — z) plane
per meter.
It is interesting to note the time function in -y, y..q atz = 0*:

8 1 4
f(t)=5+2—C6+8z8C75

B. In reference to Equation (4.10), carry out the integration process to express
Yrinducea 10 terms of ions/meter.

Solution

Equation (4.10) contains F(x,y,z) and f{r) where f{#) has been solved in
Example A. However, F(x,y,z) must be integrated with respect to x". Let F(x,y,z)
= G(x,y,2):

e Xam  p=nm
6wy = [t = 20( + Nk, BD

e Xam | e nm

- O = 20| - G -]
f e X
4 B2
J X n,,,.] (B2)
Therefore,
—iXn.m

Gyz) = Z,, - Y,,)° (B3)

n.m X

nm
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and

JjAaQ 1 8 4 1 t
Yrinducea = " [5 + f(@ - 2-C_5> e 3 —

1 3
L sin 2ct + —= 83(t) — — 82(¢)sin 2ct

4C* 2C¢ 4C’7
4 © > ~Pnm

+ — cos ct] [ z E Z,w — Y, ¢ ]wns/meter
C6 m=1 n=1 ' Xn.m

(B4)

C. Calculate the inducing electric field vector E, indicated by Equation (4.17)
and the associated H, field.

Solution

Equation (3.38) shows a solution for the inducing electric potential. The
inducing electric field in this case is of course equal to the negative of the
gradient of the inducing voltage.

However, the inducing electric field is given by Equation (3.31), where

0A -
W —= = - V‘/inducing (Cl)
ot
Also from Equation (3.36)
_vvinducing = &y2Qc,v'Loao(t - to) E E eAj\/X"'m - Yo
m=1 n=1
= 4, €2
To find the filed H, we proceed as follows:
- oB
VxE, = — —
ot
— — E E E E
ViE, = a,[ﬁ - —21] - ay[—” - —2"]
y z X z
E E
+ az[—zz - —2‘] (C3)
X y
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Therefore,
B[ i)
at 9z ox
a > > . 7] 9]
=& a‘[ch,vuSO(t — 1) 2 X eVt ,] (0
X n m
—/\/XZ,”. ¥ Y,
= (&) — 20, pd(t — t RS Cs
(az) .] Qc,v“‘ o( )mEI "El X sz + ( )
Then,
*J\/XZ,,.. + Vi,
5 23 2 S.(t — ¢ == (C6
o, —2 = (@)[—2Q..18,( >]n21mE]X oo (O
Therefore,
o w© */\/Xn.m + Yom
aH, = —20.U- 0= 1) 2 3 €D

X,..VX2, + 1,

D. Carry out the integration process in Equation (4.36) for the expression rep-
resenting the number of released charge carriers/meter due to the induced field.

Solution

Y34 Tepresents the number of released charge carriers/meter due to inducing
electric field when the return stroke pulse is in the form of a sharp linear rise
and the tail is a linear decaying mode.

(P, dt
YVaac =f f%—da (D1)
o o la
From Equation (4.33):
2w {1t
'Y3uc = J’ J’ (’Yf:ou: dt)da (D2)
] 27 t TRCk2 ,n.(p - R ) had n(p )
= - J(ndt
Yaac = 7J f U 0(p — R 2 20 IO ]

(D3)
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where

J@ =A O0<et<y

ct

At — 1) t>t

Therefore,

o

an dtt + f At — t)dt

If

1 1 1
EACt% + AC(E £ -+ 5[%)

=At2+lAt2—Att (D4)
c*1 2 ' c1

From Equations (D3) and (D4):
[ 2RK mp — R) S Fle — R
= - - =15 AL +
Yaue j[p(p - R) Vi Z’o 2"n! ][2 ¢
AL — AJJ:I ions/meter (D5)

Y1 refers to the conductive return stroke. To represent v, for the convective
stroke generated by the time varying bound charges, the parameter A, is to be
replaced by A, and R_by R,, where R, is the outer radius of the coaxial convective
stroke shown in Figure 2.1.

E. Consider the atmospheric case in the air dominated zone where the pressure
is 0 mm of Hg. From Equations (4.81) and (4.82), express the field E in volts/
cm and probable number for y.

Solution
From Equation (4.81), let P, = 0
(KE — 2E — 365)> = (365 + 2E — KE)* + 1460(2E + KE)
K’E? + 4F + (365)* — 4KE? — T30KE + 1460E =
K°E? + 4E* + (365)* + 1460E — 730KE — 4KE?
2920F + 146KE (E1)
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Therefore,
2910E + 1460KE = 0 (E2)
From Equation (2), E = 0 and K = —2 but K = In Tys; therefore,
Y
Inln = =2
n 146
or
¢ 14.6
and
14.6 .
Y = —~ = 2ions/cm (E3)
(4

at zero electric field implying the presence of one positive and one negative ion,
i.e., a neutral state.

4.IX PROBLEMS

Obtain expression for the release of charge carriers/m?sec due to the in-
ducing electric field by lightning discharge in the y-z plane. Fields cal-
culation has been based on the principle of magnetic moment.
Supplement problem 1 for the release of charge carriers/meter.

From the solution obtained in problem 2, solve for the atmospheric pressure
for air along the x direction of space continuum.

Repeat problem 1 for the release of ions in the x-z plane.

Repeat problem 2 for the release of ions in along the y-axis.

Repeat problem 3 for the atmospheric pressure along the y direction of
space continuum.

Repeat problem 1 for the release of ions in x-y plane.

Repeat problem 2 for the release of ions along the z-axis.

Repeat problem 3 for the atmospheric pressure along the z-axis.
Considering space continuum under lightning stroke as constant volume,
obtain expressions for the prevailing temperature in problems 3, 6 and 9.
Repeat the solution of Example D for the release of ions in the a-T plane.
Repeat problem 11 for the release of ions in the a-p plane.

Establish a solution for the prevailing atmospheric pressure and temper-
ature, based on information existing in Example D and its solution.
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15.

16.

17.
18.
19.
20.
21.
22.
23.
24.

25.

26.
27.
28.
29.
30.
31.

32.

33.

34.
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Establish a solution for the prevailing atmospheric pressure and temper-
ature, based on information existing in problem 11 and its solution.
Establish a solution for the prevailing atmospheric pressure and temper-
ature, based on information existing in problem 12 and its solution.
Using expressions for the induced electromagnetic fields on a transmission
line, based on a representation of lightning surge in the form of a sharp
linear rise and a slow linear tail, establish final expression for the release
of ions/m?sec in the y-z plane.

From the solution obtained in problem 16 proceed to establish a solution
for the release of ions/meter along the x-axis.

From the solution of problem 17, establish an expression for the prevailing
pressure and temperature in the region of the induced fields.

Repeat problem 16 for the release of charge carriers in the z-x plane.
Repeat problem 17 for the release of charge carriers along the y-axis.
Repeat problem 18 for the prevailing conditions of pressure and temperature
along the y direction of the induced fields region.

Repeat problem 16 for the release of charge carriers in the x-y plane.
Repeat problem 17 for the release of charge carriers in the x-axis.
Repeat problem 18 for the prevailing conditions of pressure and temperature
along the z direction of the induced fields region.

In a gaseous dominated zone of water vapor, establish a solution for the
atmospheric pressure and temperature when the induced electromagnetic
fields due to lightning pull were calculated on the basis of magnetic moment
method. Consider effect of total electric and total magnetic field.

Repeat problem 25 for a gaseous dominated zone of CO,.

Repeat problem 25 for a gaseous dominated zone of H,.

Repeat problem 25 for a gaseous dominated zone of He.

Repeat Example E when the gaseous dominated zone is water vapor under
normal atmospheric pressure in mm of Hg.

Repeat problem 29 when the gaseous dominated zone is CO, under 50%
atmospheric pressure.

Repeat problem 29 when the gaseous dominated zone is He under 25%
atmospheric pressure.

Present a qualitative analysis for the effect of ion bombardment due to
lightning surge on the phenomenon of corona on the transmission line.
Consider linear representation for the lightning surge.

Repeat problem 32 when lightning surge representation is based on the
method of magnetic moment.

Repeat problem 32 when lightning surge representation is a chopped pulse
with oscillations.
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PRINCIPAL LIST OF SYMBOLS

v rate of ionizing collisions/meter
P pressure in atmospheres
C velocity of light
v inducing voltage
a,, a,, a, unit vectors
t delayed time
IO Y0)
at
A, conductive magnetic vector potential
A, convective magnetic vector potential
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Chapter 5

INTERACTION OF GASEOUS
CONTINUA WITH LIGHTNING

5.1 STAGES OF IONIZATION AND VOLTAGE
BREAKDOWN AT THE GASEOUS CONTINUUM OF
HELIUM

Previous work carried out by this author and presented in Chapter 2 estab-
lished mathematical model sine time and space domains for the inducting and
induced electromagnetic effects at any physical point located on a transmission
point in free space due to lightning discharge at another place. Problem objectives
took into consideration the conductive current density in the return stroke and
the convective current density generated by the state of time variation of bound
charges distribution induced through ground surface.

Solutions of electromagnetic field components have been secured with an
actual functional form for the conductive and convective electric current densities
represented by a sharp linear rise in the pulse front and a lower linear decline
in the pulse tail. Also, solutions have been obtained for the propagating inducing
and induced power at a space point produced by the corresponding inducing and
induced electric magnetic field components.

This chapter presents research centering on investigation of the effects of
the propagating lightning electromagnetic phenomena on anisotropic gaseous
continua of helium located at some distance from the impact area of lightning
surge.

The gaseous continuum is assumed to be under ambient levels of pressure
and temperature, an initial neutral state of ionization and of cylindrical
configuration.

Calculations in cylindrical coordinates for the effects of electromagnetic
interaction between the propagated electromagnetic field generated by lightning
and the gaseous continuum resulted in solutions for the ionic as well as breakdown
conditions of the gaseous continuum. The analytical picture obtained identifies
the state of concentration for the doubly ionized continuum, the induction process
as well as microscopic velocities in three dimensions.

163
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Bases in the present analysis are centered on the following given states:

(i)  Doubly ionized cylindrical continuum of He* and H* * as well as neutrals
under standard pressure and temperature, provided with certain mechanism
for controlling the ions generation and neutrals

(ii) The gaseous continuum is anisotropic under the influence of electromag-
netic field radiation produced by a lightning surge.

Analytical goals in this section are:

1. Electrically induced current densities in the anisotropic gas continuum of
He* and H**

2. Conditions of electric voltage breakdown within the anisotropic gas con-
tinuum of He* and He* *

3. Microscopic velocity within the helium ionic continuum

Magnetically induced current densities

5.  Conditions of magnetic voltage breakdown.

>

A. DESCRIPTION OF He IONIC CONTINUUM
The gas continuum is assumed anisotropic and consists of a mixture of He*
and He* * and neutrals, where

n,, n, = concentration of ion generation for He* and He™ *, respectively
o,, a, = rate of ion generation for He* and He* *, respectively

B = rate of ion removal due to diffusion

€ = jon purity parameter

From previous work carried out by this author, it was established that:

a(a;, + o)

M B e = a)eB — 20, — @ + P20 — B~ P, P
and
a, + a, 20, — B — €B
" B - 20, —, + B B - 2a, —a, + P
ale, + @) 52

(€B — 2a, — o, + B) + (o, — o, + B) + 0,2, — B — €B)

The continuum is characterized as anisotropic and tensorial electrical conductivity.
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B. ELECTRICALLY INDUCED CURRENT DENSITIES
Interaction between the anisotropic dielectric of the gaseous He continuum
and the inducing electromagnetic fields will produce a current density vector,

J = oF (5.3)

Since the concentrations of He* and He * * are constants and macroscopically
independent of position as indicated in Equations (5.1) and (5.2), there will be
a magnetically induced current contributed only by the inducing electric fields
generated by lightning surge. In Equation (5.3) is a rank 2 tensor, in which J
and E are the induced current density and the inducing electric field vectors.

J, o, —oa, O||E,
J.| =10, or O}|E, (5.4)
J, 0 0 oll|E,

where J,, J, and J, are the three-dimensional components of the induced current
density in cylindrical coordinates.

J, = oE, — o,FE, (5.5)
J. = o4E, + oE, (5.6)
J. = oE, 6.7

Solutions for I_:"p, E, and E. have been given by Equations (2.71) through (2.78).

Also J,, J, and J, could be expressed in another form, in terms of concen-
tration of He* and He* * charge carriers and local ion motion, as shown in the
following equations:

7, = (nQ* + 2n,0%)V, (5.8)
7. = n,0* + 2n,0*)V, (5.9)
J. = (nQ" + 2n,0*)V, (5.10)

where l—/p, V, and V, are the local velocities along the respective coordinate axes,
and Q* is the total charge in coulombs carried by clusters in the gaseous cloud.

C. CONDITIONS OF ELECTRICALLY INDUCED VOLTAGE
BREAKDOWN
In the dielectric gaseous continuum, potential breakdown corresponds to an
infinite current density along any or more than one dimensional flow.
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Three criteria for voltage breakdown could be established, one from the set
of Equations (5.5), (5.6) and (5.7) and the other from the set of Equations (5.8),
(5.9) and (5.10) infinite current density along any orientation of the cylindrical
coordinate system.

1.  The Field Criterion
This could be obtained from the set of Equations (5.5), (5.6) and (5.7) and
expressed below:

loyE, + o.E, = 0 (5.11)
VoE, + cE, =0 (5.12)
l/gE, = 0 (5.13)

2. The Concentration Criterion

1V, (n,Q* + 2n,0*) = 0 (5.14)
1WnQ* + 2n,0*) =0 (5.15)
1V,nQ* + 2n,0%) =0 (5.16)

3. The Field-Concentration Criterion
This coupled criterion is expressed by equating the corresponding current
density vector from the concentration and field equations set as indicated below:

o‘,Ep - o,E, = V,,(n,Q+ + 2n,Q) (5.17)
0-HE‘p + UTEQ = Va(le+ + 2n2Q) (518)
oE, = V.(n,0* + 2n,0) (5.19)

D. LOCAL MICROSCOPIC VELOCITY OF CHARGE CARRIER

It is interesting to note that the coupled field concentration criterion for
voltage breakdown within the gaseous He continuum indicated in Equations
(5.17), (5.18) and (5.19) could be used to calculate the average velocity of
charge, i.e.,

_ E - o,F
v = O = ouka (5.20)
P nQ* + 20,07

_ _ oFE - o,k

V. = 5.21
* nQ* + 2n,0° ( )



167

v (5.22)
TR0 + 20" '

Indeed the average microscopic velocity vectors in Equations (5.20), (5.21)
and (5.22) for the doubly ionized mixture could be secured only through the
field-concentration criterion for voltage breakdown.

E. MAGNETICALLY INDUCED ELECTRIC FIELDS AND CURRENT
DENSITIES
From Equations (2.17) and (2.78), and (5.20), (5.21) and (5.22), the induced
electric fields, microscopically, are

EW" 1 &p &u &-r
E.l=—1|V, V. V. (5.23)
E,.| ™|H H, o0
- 1.
E,., = —a(-HV) (5.24)
M,
- 1
E,. = —a(-VH) (5.25)
Mo
- 1.
E, = : a(VH, - VH) (5.26)
And the induced current densities are:
from J = oFE 5.27
Jom = 0E,, — o E,, (5.28)
Jom = O4E,,, + 0 E,, (5.29)
‘7-rm = O-E-rm (5'30)
The conditions of field microscopic voltage breakdown are:
IN(e.E,, — oyE,,) =0 (5.31)
/(o.E,, + 0.E,) =0 (5.32)

1/(oE,) = 0 (5.33)
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Similar modes of microscopically magnetically induced voltage breakdown can
be developed for the mode of ion concentration and the coupled field-concen-
tration modes.

In the above equations, E om> E_ andE_, are the magnetically induced electric
fields along p, a and 7 cylindrical coordinates, respectively. 7pm J.,and J,, are
the magnetically induced current densities along the p, «, T cylindrical coordinate
system, respectively.

From the preceding sections, we can identify the following conclusions: For
an anisotropic gaseous continuum located at a considerable distance from the
source of lightning surge where radiation from conduction in the return stroke
and time variation in bound charges (convective effect) have been assumed to
exist, and with the knowledge that all electromagnetic radiation fields compo-
nents are known, the following solutions have been established:

1. Induced current density vectors within the gaseous continuum in a three-
dimensional coordinate system.

2. Criteria of voltage breakdown (induced electrically and magnetically) along
any orientation in the cylindrical coordinate system have been established
in three modes: (a) concentration mode; (b) field effect mode; and (c)
coupled field-concentration mode.

3.  Microscopic average velocities of the anisotropic gaseous double ionized
mixture have been secured through the field-concentration criterion of
voltage breakdown.

5.11 ACCELERATION OF CHARGE CARRIERS

In this section the spectral scope for the accelerating fields generated by the
convective current of lightning surge on an anisotropic gaseous continuum is
investigated. Charged particles will be time induced electrically and magnetically
with distinct velocity spectrum and acceleration.

At the anisotropic gaseous continuum, solutions have been secured for the
originated modes of acceleration imposed on the singly and doubly ionized
particles, electrons as well as neutrals in terms of their physical and chemical
properties and the tensorial elements of their electrical conductivities.

Convective current density by the convective return stroke is expressed by

oD dD ox
Z-=Z (5.34)
ot dx ot

where aD/ar as the convective current density D which is also the electric charge
density vector

- dD 9%
J=——= 5.35
v ax ot ( )
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then

9, #D ox D &%

— =-—'— + 5.36
ot x> ot ax ox* ( )

Treating the gaseous continuum as anisotropic, the current density J, is
written below in terms of the tensorial electrical conductivity and the inducing
electric field vector E:

o, -0, O||E, J,
J=leo, o Ol|E|=17. (5.37)
0 0 ol|E, J.
where
J, = oE, - o,E, (5.38)
J,, = o4E, + o,E, (5.39
7., = oE, (5.40)

Treating the current density wave in the convective stroke as a sharp impulse,

aJ,
% — 3,00 (5.41)

Equation (5.36) is rewritten below:

9?D ox D o%x

== =3,()— — 42
ax* ot o2) dx or (542)
9Dy 3, _ 5y s _ 4 (5.43)
a ot e, P )

let @, represent the p oriented acceleration vector,

D 3,
92 ot
a =0 - =2
2, = 3,0 D/,
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or
0*D /o2
= 8,(1) — — 5.44
AD — T, D3, (544
where u, = 9,/ot. _
The convective current density vector J, is written below:
- oD
J, = —"u,
dox
or
- aD
J, = ?9 ‘T, (5.45)
P
From Equations (5.44) and (5.45),
8°D,\ 2
G (52)
- ’ _ P
a, = 3,( -———< Fo) >2 (5.46)
ap
Similarly,
82D\ 2
v)(5)
a, = d,(n - —az-b-u—“z— (5.47)
(%)
and
82D\ 2
(Jw)<—a*>
a, =8 - . (5.48)

9’D \?
(%)
Returning to Equations (5.38), (5.39) and (5.40), and if the gaseous medium
is characterized as a simple continuum where

&

D =

then

SIS
TR
[



and

JF d’E
D ek + €, +€2?+---
— oF O’E
Dp:ng+qE'3+e2 P +---
- oF ’E
DazeEa-f- 1 u._+_€2_+___
ot 92
and
E 9°E
D, = €E, + Tt e — + - -
T T la 2 az
_ €h €2 €3
€ = |€ € €

ol
il

m|
el

I
m
=
m
N
[N
m
N
w
bry) Iy |
-3

A
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(5.49)

(5.50)

(5.51)

(5.52)

(5.53)

Also it is useful to remind the reader that E,, E, and E, have been expressed in

Equations (2.71), (2.72) and (2.73).

To express a,, d, and @, according to Equations (5.46), (5.47) and (5.48),

dE /3, and aZEp/aZ are given below:

_p _ A n+l vj(p—RV) [(p R ) n+_
1 i 2"n'R Wy R,

0 - Ry o-nt 1
- — 6~ R);

+ (- R)""
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1

"t ! 1 E
— | - Ry (n - 5)<p — R):
- i2"(n — 1)! 1
= Lo — Ry + ’iz—l 0 - R z] (5.54)

Also 9E /32 is given below:
1

o . n+2 (p — R)"2
FE, _ A Il > A e—j(p—Rv)[—v
22 e \m & rnRy R
I 2 = D 1
+—-R) 2+ >t (- Ry ——>—00-R) >
Ll
TG 1 % — 1! 3
- 4 (p —R)' 2+ ]———(nz )! (p — R) 2
n — D - 2) B ( 1)( 3) ,,_2]
- — — n . —_ - R — —_ R i
o (p — R) n=sN0\n 3 (p »o2| (5.55)

.. All the structural components to account for @ have been presented as indicated

in Equations (5.55), (5.54) and (5.45).
And from Equations (5.47) and (5.48), the reader can notice that

Of course mechanical expressing or solutions for @,, @, and @, identified in
Equations (5.46), (5.47) and (5.48) are valid if the gaseous continuum is simple

where

Another aspect of field acceleration is that which could be generated by
magnetic induction where, on lumped particle basis,

E, =VXxB

I E~Y
&
R
&
3

il
°

ol
R
=l

(5.56)
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W, W, and %, represent the gaseous charged carrier velocities in cylindrical
coordinates. B, B, and B, represent the induced magnetic induction components
within the gaseous continuum. Expressions for a,, 4, and &, were given in
Equations (2.74) to (2.78).

5.1 NITROGEN AND NITROGEN/FREON WITH CCLF,
MIXTURES

A. BREAKDOWN IN N,

To continue an upward trend in the application of high voltages in power
systems, it is necessary to resort to the use of attaching gases having high
dielectric strengths such as SF, and CCL,F, as insulators. However, because of
the high cost of these gases, and to increase breakdown level, the formation of
binary/ternary mixture with unitary gases such as N,, H,, CO, and air is aresearch
goal. This section focuses on the understanding of breakdown characteristics of
such mixtures under the impact of lightning and switching impulse voltages.
This section will analyze experimentally the response of a gaseous mixture of
N, with 1-20% of CCL,F, from pressure under a lightning surge (1.2/50 ps) and
switching impulse (200/2000 ps) duration, in a continuum gap formed by a rod/
plane configuration at pressure up to 5 bar and spacing up to 100 mm.

Results of this work have been obtained by T.V. Babu Rajendran, C. S.
Lakshminarasimha, and M.S. Baidu.

The experimental set-up used is shown in Figure 5.1, where electric currents
have been recorded in pre-breakdown and breakdown regions as well as time
lag for breakdown.

C, = generator capacitance (0.05, ulF)

&8
R, = generator resistance
R, = wavefront resistance
C, = load capacitance
R, = wavetail resistance
R, = divider resistance (1.25 )
R, = current shunt (0.25 mQ})

R = terminating resistance (75 (1)

The cylindrical steel chamber can withstand pressure of up to 14 bar. The
high voltage lead was taken in through a bushing that can stand impulse voltage
up to 400 kV; for the source of lightning impulse and switching impulse, a
Marx-type generator had been used. Measurements as breakdown voltage were
taken at gap spacing ranging from 5 to 100 mm, coupled with gradual reduction
of pressure.
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A,
o———
bushing
test gap
high pressure chamber
cable Z, = 75Q

to CRO

L)
i
—_
 —
<8
]
19]

Impulse voltage generator
FIGURE 5.1. Schematic diagram of experimental set-up.

Emphasis in measurement was given to a level of 50% voltage breakdown
using conventional probability criteria. Also, throughout all breakdown, rigorous
levels of current built have been recorded.

The experimental work conducted by Rajendra, Lakshminarashimha and
Naidu continued with N, where lightning surges of both polarities over a gap
spacing ranging from 5-100 mm, and for switching impulse (200/2000 mm) of
both polarities were applied. Breakdown voitage levels for negative polarities
were higher for both switching impulses and lightning surges. Results for voltage
breakdown characteristics in N, for lightning impulses are shown in Figure 5.2
and for switching impulse, in Figure 5.3.

B. BREAKDOWN IN N,-CCI,F, MIXTURE

Observation of voltage breakdown as conducted in the chamber in which a
mixture of N,-CCLF, has been injected under pressure conditions varying from
1.3 to 5 bar. Results are shown in Figures 5.4 through 5.9.

It can be seen from the characteristics curves shown in Figures 5.2 to 5.9
that injection of CCLF, into N, will improve markedly the level of voltage
breakdown, although a plateau of saturation is developing. Also, behavior of
time lag to breakdown is shown in Figure 5.10 for a gaseous continuum of N,-
CCLF,.

The presentation in Section III of this chapter identified extremely useful
information for the characteristics of voltage breakdown in pure N, gas and in
a mixture of N,-CCLF, subject to the inception of lightning surge and switching
impulse. Results indicate that the addition of impurities will enhance upward
the level of voltage breakdown especially for the case of negative polarities.
This study also indicates that the 50% of voltage breakdown is substantially
higher than the level of corona onset, and that saturation in voltage breakdown
will set at a certain percentage addition of CCLF, impurity.
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FIGURE 5.2. Impulse breakdown characteristics for positive rod/plane gaps in N,. (a)
Voltage/spacing characteristic. (b) Voltage/pressure characteristics.

3
y—: 200/2000 y—~ 200/2000
200 I/
4 l
5
150y
. 4
Vsor KV 2
1
100 p, bar
S( -
(S s B S { A IS R SN A 3 >
a CCLF,% b pressure, bar
FIGURE 5.3.
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FIGURE 5.4. Impulse breakdown voltages V,, for positive rod/plane gaps
in N,/CCLF, mixtures. (a) p = 1 bar; (b) p = 3 bar; (¢) p = 5 bar.
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FIGURE 5.5. Impulse breakdown voltages V, for negative rod/plane gaps in
N,/CClL,F, mixtures. (a) p = 1 bar; (b) p = 3 bar; (c) p = 5 bar.
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FIGURE 5.6. Impulse breakdown voltage Vs, against pressure for positive rod/
plane gaps in N,/CCL,F, mixtures. (a) 1% CCLF,; (b) 10% CCLF,; (c) 20% CCI,F,.

L \ 1
250 ; 80 L/__\
i 40 - \
200} I &0}
X /""‘”““* =
150k I 20 P/\u/
o~ 20
Vso, KV 20 = [ ,,//é
!
}00 '5 - / o o/o’—— /
/7 - ’ — —° 3
St / /S
(e 5 o ,
S50F et é/c/ ‘/""‘—\,
dmm | d, mm | o~ d, mm
Oy Ty e
a pressure, bar b pressure, bar ¢ pressure, bar

FIGURE 5.7. Impulse breakdown voltage V, against pressure for negative rod/
plane gaps in N,/CCLF, mixtures. (a) 1% CCLF,; (b) 10% CCLF,; (c) 20% CCLF,.
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FIGURE 5.8. Impulse breakdown voltage V., against pressure for positive
rod/plane gaps in N/CCLF, mixtures. (a) d = 10 mm; (b) d = 40 mm; (¢)
d = 80 mm.

5.IV VOLTAGE BREAKDOWN AND ARCING
CHARACTERISTICS OF SF,

Utilization of SF, gas dielectric in its pure state or through its mixture with
oil as an effective insulating medium in cables, transformers and other electric
power apparatus is finding increasing application due to various favorable ther-
mal, physical and dielectric properties.

Current research efforts pointed to SF, gas as having strong electronegative
characteristics and clear paternal behavior according to Henry’s law with dem-
onstrated linear variations between local conditions of pressure and temperature.
Voltage breakdown studies previously carried out showed a strong tendency for
the time rate of flow of pure SF, gas evolution under effective corona, potential
stress and specified local temperature coupled with increased acceleration of
evolution as the temperature rises without detectable decomposition.

In this section, the intention of the author is that for insulating medium in
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power apparatus involving SF, gas obeying the paternal behavior according to
Henry’s law the following analytical information will be established:

1.

(78

A. IONIZATION COEFFICIENT FOR SF,

Solutions for the coefficients of ionizations represented by the first and
second Townsend coefficients, the secondary ionization coefficient and
the coefficient of photoemission. All those parameters are to be expressed
in terms of variable conditions of pressure and temperature, and external
electric field.
Condition of optimum pressure for arcing and its numerical value.
Calculations of sparking potentials under all states of ionizations.

Frequency spectrum for the optimum pressure of arcing and the electrons
ionization coefficient.

From the work already carried out by Walsh and Kurz, the pressure vs.

temperature known as Henry’s criterion for SF, solution in an enclosed tank
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FIGURE 5.10. Time lag to breakdown for rod/plane gap in N,/CCLF, mix-
tures under switching surges.

with 10% head space and with a pressure of 1.14 atm is shown in Figure 5.1.

The linear graphical picture is expressed in the following equation:

1
P = 25 (r — 10) 5.57)

where P is in atm and T in °C.
For controlled ionization, the author would like to discuss the state of ion-

ization by electrons associated with a special list.
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The First Townsend Ionization Coefficient. This coefficient designated
as 7 represents the number of ionizing collisions per cm of path in SF in the
direction of an applied external electric field,

REL)
A

7 (5.58)

where L is the mean free path of electrons in SF; and E is the external electric
field, and that

BP

a, = APe E (5.59)

A and B are functional parameters of pressure, temperature and electric field and
the gas ionization potential V,. From above and Equation (5.57), and also ac-
cording to the Engel and Steenbeck equation, T is expressed below:

600aPV, ev,\ 2V
= — + —)e E 5.60
T N ( 2kTe> ¢ Vre(7) 5-60)
where V, = the ionization potential of the gas
f = fractional loss of energy on electron collision
a,, = mfp at 1 mm of Hg
e = electron charge

a = number of ions produced per second per electron
in SF¢ with respect to local electron temperature

]

T, = electron temperature. (5.61)
.. From Equations (5.58), (5.59) and (5.60) results

45P

ev, 600 aV, T-45-10
A=(1+—)e—-|—=—~=)e|d5PIn—— | -
( ) ¢ <\/2_f4\/§>e[ 8 T—45P-10]

(5.62)

Therefore, with B and A expressed in Equations (5.59) and (5.62), the
coefficient 7 for SF; is solved for explicitly.
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Generally the optimum pressure for ionization is dominated by electron
collision in SF, and hence P,, is expressed as

P, =EB (5.63)

where B is solved for in Equation (5.61). But with SF, following exactly the
rule of Henry’s law,

p - L T45P-10
™45  45P
In —
7-10
where p = i( 10) (5.64)
HPTRL '

The result of Equation (5.64) is extremely significant because the optimum
pressure for field intensified ionization by electrons in SF; is indeed independent
of the external electric E and temperature.

Ionization by Positive Ions (Second Townsend Coefficient, H). In gen-
eral, H is expressed as

n= Pg(%) (5.65)

The current density generated by electrons and positive ions is as below:

_ (1 e

J=j, P (5.66)
Under arcing, the denominator (5.66) is equal to zero.
Solutions for m are obtained as:
1
m = (5.67)
x
and
N =" (5.68)

where x is any point in the SF; container from the cathode, and 7 is the first
Townsend coefficient.
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The Secondary Coefficient of Ionization (y). This effect is attributed to
the phenomenon of ionization by positive ion bombardment of the cathode surface
resulting in the release of secondary electrons.

The current density contribution from primary and secondary electron ion-
ization collision is expressed as

e'rd

== ] e 5.69
R v (5.69)

Under arcing conditions, the denominator of Equation 12 will vanish, and hence,
v = le? -1

Solution for 7 is already obtained in terms of Equations 3, 4, and 6.

Ionization by pheto-emission due to the arrival at the cathode of photons
produced in SF; gas by electron ionization, represented by the coefficient a, is
expressed by the current density J:

T
J=J —2 (5.70)

‘1 — afgewd

where p is the average value of the absorption coefficient for photons in SF,
g is the geometrical parameter representing the proportion of photons that may
reach the cathode, and £ is the fraction of photons generating electrons at the
cathode capable of leaving the surface.

For arcing to occur, the denominator of 14 must vanish, and hence

o= — e (5.71)

&

and an explicit solution for a is expressed by inserting the value of 7 obtained
earlier.

B. SPARKING POTENTIAL U; IN SF,

Criteria for the enhancement of sparking and the value of sparking potential
are expressed below:
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a.

or

b.

and
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Due to electron emission by positive ion bombardment, or from Equation

(5.59), with

_BP 1%
7T =APe Eand E = =
d
BPd
APd
V,=1n -
In -
Y
Due to emission of positive ions, with
1 =~ e'rd
mn
AP(1 —
v, = pam AP0~ 72

A and B solutions for SF, were obtained earlier.

C.

Due to photoemission from cathode surface, with

o= —~d

le
&

(5.72)

(5.73)

(5.74)

(5.75)
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or
~ (1 - 1d) (5.76)
oa = — — T .
£
1
1 =+ B dadtg
.V, = ABdPYAP — > (5.77)

Again for SF, A and B solutions are solved for before as shown in Equations
(5.60) and (5.62). Now to look for the minimum value of V, as a function of
the product (Pd), differentiation of V, with respect to (Pd) could be carried out
for each case of those mentioned before and then setting

v,
d(Pd) 0

An example case is considered for ionization by electrons release from
positive ions bombardment, where

2.718 1
(Pd) for V,,,, = —— In— (5.78)
A Y

Also previous work indicated that the arcing behavior of SF, gas mixed with
saturated oil as insulating medium in transformers demonstrated clear maximi-
zation in arcing energy as well as surge in volume and gas pressure with respect
to pure SF, gas on one side and SF, gas mixed with saturated oil and with arcing
impurities on the other. Those analyses proved the occurrence of higher time
rate in the volume of SF, gas evolution compared to N, and C,F, gases under
the same arcing conditions.

The section presents another phase of analysis for the control of voltage
breakdown and arcing behavior for the dielectrics of SF,, SF, + oil and SF, +
oil + arcing impurities in cables, transformers and other power apparatus.

Calculations have been carried out to develop closed mathematical relation-
ships for the processes of multi-ionizations in the dielectrics, including solutions
for ions generation by electrons and positive ions as well as electron emission
by positive ion bombardment in terms of local pressure, temperature and intensity
of ionization fields. Results identified conditional criteria for optimum pressure
with respect to the level of voltage breakdown for each case of SF, purity. Plots
have been established for the various coefficients of field-intensified ionization
with respect to local pressure and temperature, pointing to clear identification
of breakdown conditions. Results also expressed local constraints for the min-
imum level of voltage breakdown with respect to pressure and temperature as
well as ionization field.
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For the arcing behavior, optimization study is required for the development
of a mathematical model for arcing energy spectra with respect to a wide range
of volume, pressure and temperature variations for the three cases mentioned
earlier, namely the dielectrics of pure SF,, SF, + oil, and SF, + oil + arcing
impurities. The developed energy spectrum represented a clear and reliable gen-
eralization of arcing energy distribution across the dielectric volume, local pres-
sure and temperature with identification of resonance for the peak arcing energy.

Conditions of arcing instabilities in SF; dielectric, dynamic model in the
frequency domain are established for arcing energy under different specified
local levels of pressure, temperature and the state of solubility in oil, as well as
the time rate of gas evolution in the case of SF, + oil for any defined period
of arcing time.

Voltage breakdown and arcing characteristics presented in this paper point
out two important reliable pieces of information for controlling the states of
ionization: the rate of absorption and/or gas evolution as well as local conditions
of pressure and minimizing the hot spot temperature in SF, gas insulated cables,
transformers and other electric power equipment.

Regarding Section 1V, the author would like to summarize the following
conclusions:

1.  With the previously proven fact that SF, obeys the pattern of Henry’s law,
where its local pressure follows a linear change with temperature, the
following mathematical solutions have been established in this paper:

a.  The ionization coefficient under an intensified external electric field
effect by primary electrons, known as the First Townsend Coefficient.

b.  The ionization coefficient under an intensified external electric field
effect, by primary positive ions, known as the Second Townsend
Coefficient (for arcing condition).

c.  The ionization coefficient for secondary electrons generated by po-
sitive ion bombardment at the cathode surface, under arcing conditions.

d.  The ionization coefficient by photoemission generated by electrons
and positive ion collisions under arcing conditions.

2. Numerical value for the optimum pressure under which field intensified
ionization by electrons will occur is established at 2.22% of 1 atm. The
value is very significant since it is independent of the field strength E and
temperature.

3. Solutions for the sparking potential are secured for SF; under the influence
of ionization by secondary electrons and photons, as well as by positive
ions.

4.  Dynamic solutions in the complex frequency domain are obtained for the
ionization process in SF,, gassed by primary electron collisions, and then
frequency spectrum is derived. The absolute value of the frequency spec-
trum is represented as an even function while the angular spectrum is an
odd function with respect to a singular value of 244 rad/s.
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5.  In reference to previous experimental work done by Walsh and Kurz,
pressure for arcing in SF, with saturated oil is '/; of the optimum pressure
in SF, gas alone.

5.V . BREAKDOWN IN PLASMA SHEATH

Time lag for gas-filled plasma breakdown varies systematically with respect
to increasing levels of over-voltage, an indication closely connected with the
plasma properties. Variation of ion densities near the cathode electrode will
generate adverse regions of space-charge effects that will alter the final level of
voltage breakdown. And with further increase of ionization densities due to space
charge effects, the gas-filled plasma will transform itself to a sheath. Research
carried out by R. M. Clements, Y. Oved and P. R. Smy identified two levels
of voltage breakdown. The first breakdown is sheath induced and can vary over
a wide range of bulk plasma conditions remaining as a glow discharge over the
whole area of the electrode. At higher voltage level, an arc discharge will
commence generated by field-intensified ionization. Lowke and Davies showed
that sheath ionization will lead to an increase in electrode current, coupled with
increase in sheath thickness for gradual step-up of applied voltage. The processes
of ionization preceding voltage breakdown encompass secondary emission in
addition to the effect of field-intensified ionization. At breakdown, the sheath
collapses and the current increases by a large factor.

Applications of voltage breakdown in plasma-filled gap with eventual for-
mation of high pressure sheath include that in a circuit breaker and other mech-
anisms of high density plasmas.

A. PLASMA SHEATH THEORY

Work carried out by Clements et al.? described the formation of a planar
sheath by a flow of current from a perfectly conducting plasma to a nonemitting
cathode. Prevailing pressure of such continuum practically existing in circuit-
breakers is of the order of multi-atmospheres, where ion movement in the form
of current density is controlled by their mobility i as expressed below:

9 peV?
J; 8 X (5.79)
where J; is the ion current density through the sheath, V is the voltage across
the sheath, €, is the permittivity of fee space, and X, is the sheath thickness.
In the absence of an applied electric field, J, will flow through the plasma
column on sheath by effects of diffusion and/or convection. Since the cathode
is at a state of depressed potential with respect to the rest of the plasma column,
the sheath will expand and the residual ion current J; will also increase. Recog-
nizing the effect of the secondary emission coefficient (o) which is of the order
of 1072, additional increment in electron current will result. Increase in potential
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across the sheath will enhance field-intensified ionization, eventually becoming
the dominant source for current flow. If the current density at the cathode is J,,
then the emitted electron current density will be j, and the resultant electron
current at the sheath edge will be vyj, e, where a is the number of ionizing
collisons/unitpath length along the field direction, known as the First Townsend
Coefficient.

Therefore, the combined current density involving ions and electrons within
the sheath will be equal to — ayp[exp(ax) — 1] which is approximately equal to
—vJe exp [axs]. Consequently,

J, = J 1 — ye] (5.80)

i
or

7
J, = —t— :
s (5.81)

If E is the electric field across the sheath thickness,

<<

(5.82)

]

s

However, at low values of (ax,), x, vaties with the level of the prevailing
electric field in the sheath according to the theory of mobility dominated sheath
model. As the strength of ionization increases with the field, the point will be

1
reached at which ye** — unity. Therefore, x, will approach the limit of — which
a

will be less than an order of magnitude greater than unity. At low electric fields,
x, will increase with £ and at some point (x,) — 1 will pass through a maximum,
and the further increase in the field will decrease according to the relation that

1 . .
ax, is varying as £n —. Plotting x, against E for Equation (5.83) could be patterned
Y

according to Equation (5.59) as shown in Figure 5.11.

An increase in the electric field will produce an increase in the sheath
thickness x, to a certain limit after which it starts to contract, the sheath voltage
falls off and, under constant voltage, the sheath will collapse immediately after
the maximum thickness has been reached. Practically, it is very difficult to
stabilize a constant voltage across the sheath, hence the state of equilibrium after
the sheath collapse will be determined by the external load.

If a low impedance source is available, the sheath theory predicts that the
planar sheath will collapse to zero and the electric current will surge to infinity.
Kikoshika and Smy had shown that cathode plasma arcs do occur when the
electric field is of the order of 3 X 10° V/m.
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FIGURE 5.11. Calculated sheath thickness x, against electric field E char-
acteristics for I = 10 A/m? and ionization density = 10** m~? (solid line), as
well as constant voltage curves for V. = 2.0, 2.3 and 2.6 kV (broken lines).

The preceding discussion points to two stages of voltage breakdown: the
first is accompanied by expansion of the sheath and then with multi-steps of
contractions associated with an increase in current, the equivalent of a glow-to-
arc transition with the possibility of another sharp increase in current. The second
breakdown is characterized by Mikoshiba and Smy to occur when the sheath
electric field will exceed 107-10® V/m. It should be noted that (g) and (o) are
functions of temperature and thus their values must correspond to the appropriate
temperature whether in the sheath itself or where the sheath is an integral part
of the thermal boundary layers.

B. EXPERIMENTAL PICTURE

The plasma used by Clements, Oved and Smy in their research was produced
by burning propane gas with air in a standard meker burner of 3.7 cm diameter.
Ionization density was in the range of 10'° to 10'°m?® and was controlled by
seeding the flame with a mist of potassium hydroxide.

Spherical platinum electrodes inserted in the flame were used as discharge
electrodes. Current-voltage characteristics were measured using the two spherical
electrodes inserted in the flame 2 cm above the burner. The separation (D)
between the two electrodes was varied, with one electrode charged to (—V)
volts, while the second electrode was grounded and the burner was allowed to
float. The negative voltage applied at the cathode was generated by a standard
(RX) circuit and triggered by a spark gap.
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As the applied voltage was increased, the first breakdown occurred accom-
panied by an increase in current from few pamp to several mamp, while the
voltage level of the first breakdown remained stable. Further increase in voltage
drew more current up to the inception of the second breakdown, where an arc
was initiated between the two electrodes with clear indication that plasma prop-
erties became immaterial. It was also noted that between the first and second
breakdowns, the plasma impedance was lower by 50% than at first breakdown.
Figure 5.12 shows (VI) characteristics of this prepared plasma. Also, Figure
5.13 illustrates variations of first and second voltage breakdowns with respect
to ionization density. A special cylindrical probe was used by Clement et al. to
sweep the horizontal plane containing the two electrodes to map the equipotential
lines for voltages above the first breakdown. The equipotential lines obtained in
this experiment are shown in Figure 5.14. Plasma conductivity after the first
breakdown could be secured from the measured equipotential curves on the basis
that it is constant in a plane normal to the axis joining the centers of the two
spheres. The researchers mentioned also identified the presence of electron heat-
ing in the plasma, since their findings indicate that the ratio of electron tem-
perature with current to that without current increased from one to a factor of
two as the current was increased from 5 to 20 m-amp.

This section summarizes research efforts conducted by Clements, Oved, and
Smy. Results permit observation of plasma sheath at high voltages and adverse
ionic densities. The outer layer of the sheath is seen as a virtual anode, and
precise values for sheath thickness and voltage at which sheath collapse takes
place cannot be obtained without much error. This study clearly presented a new
model for the transition of glow discharge throughout the plasma after the first
breakdown and then to arc discharge after the second breakdown. The model
also indicates a process of plasma expansion followed by contraction or collapse
to a thickness determined by the external load. Measurement of the impedance
of a plasma filled gap indicates that reduction by a factor of as much as 100
occurred due to the effect of external loading. The ionization process before and
after the first breakdown involved a field intensification effect by electron sec-
ondary emission due to electron bombardment as well as ionization by positive
ions and their secondary emission.

5.VI SOLVED EXAMPLES

A. Given a helium ionic cloud of total concentration with He* of cluster density
10 ions/cluster, express the e energy in joules carried out per cluster in terms
of radial vector acceleration, aD,/d, and aD,/o?.

Solution
Let the mass per cluster = Mkg, with W}t as the energy/cluster

—

= = M|a,|? joules (A1)

[\
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From Equation (5.44),

oD D/,
= @0 — @) =5 7D, (A2)
or since
oJA
3 = —
o(2) 3
aiv ~
u, = /82D (A3)
v - 2
| -
Wi, = 5 joules per cluster (A4)

/

It is of interest to find out some space points at which W, is maximum. From
Equation (A4) above, W, is maximum for

9622 -0 (AS)

If the gaseous continuum is simple, implying

D P eEp
OE
?E is given by Equation (5.54)
oE
for —2— 0 (A6)
aP
case points are:
R,—0 (A7)
e iP—R) 5 () (A8)

Condition (A7) indicates location just at the core of the released convective
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stroke. Condition (A8) implies a location at the outer cylindrical boundary of
the convective stroke.

B. A helium cloud exhausted from the diverter of a Tokamak fusion reactor has
the following parametric values:

a, = 10%s
a, = 0.1,
B=—la
e=0

Also given the induced electric field vector E,
E =@, + a, + )10 kV/em
o = 04 = o, = 1000 mho/meter

Calculate the local microscopic velocities of the charge carriers. Assume the
helium cloud contains ion clusters each carrying a charge of 10% coulombs.

Solution
Using Equations (5.1) and (5.2) to calculate n, and n,:

B 1.1 x 10
T TI0(—2 % 10° — 0.2 X 1092 x 102 x 10 — 0.1 x 10910°
= 0.277
1.1 x 10° 2.1 x 10°
—] — . X 10
= TI8 x 100 —1.8 x 108 &1 < 10

(2.2 X 1010° + 10°2.1 X 10%)
n, = —25.012/8 (B1)

From Equations (5.20), (5.21) and (5.22),

v, = 0
1000(2.10°)
v =
== 7.9 x 10-(0.277 — 50.024) x 10%
= 2.1 X 10° m/s
~ 1000 X 10°
“ T 19 x 49.947 x 10-° x 10®

1.05 x 10° m/s (B2)
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C. The set of Equations (5.20), (5.21) and (5.22) describes the velocities in
cylindrical coordinates of He* and He* * ions. Indicate the state of compress-
ibility of a He ionic cloud.

Solution
In hydrodynamics, compressibility or otherwise is based on the criterion

V - % = 0 incompressible (C1)

where ¥ is the local velocity vector of helium ionic cloud.

Also 111 Ecluations_(S .20) to (5.22), n, and n, are independent of position.
However E,, E, and E, are space dependent according to Equations (2.71) to
(2.73).

A PN KL A1 )
V==—(pv -— + =
25,0 T 0, T e,
_ [oE, UHEu:I
PVe p[nleJr + 2n,e” (€3)
p@) JjPVP — R & jre/o™P [P — R
pv = p L A L o-'r - A E -
P ne* + 2ne” T Ry nme 2! R"
3
P-R"2 pp—
-G -Rr' - NG )'] -
\2n V2
Jol Yy —j(p—R)M]
°”"[2y Vap - R ¢ 2! )
where
£0) = [Aut—1t) + jAc,utV,(t — t] (C5)

R is first R, for conduction stroke column radius and then R, for convective
coaxial cylindrical strip.

E +
u =ULL_O.-_"E_“ (C6)

¢ met + 2me”
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E,, however is independent of o, and E, is also dependent of « according to
Equation (2.72).

1 du,
=== (C7)
P 9,
__ PE
e net + 2n,e” (€8)
av.
T — O
3 (C9)

It appears now that compressibility will be determined by the process of Equation
(C2), where V-v = 0 or not,

= _ 19
Vv = Eg(pvp) (C10)

a,v =
The author had carried out the process of —3—9 and determined that V - v = 0.
]
Thus, the helium ionic gas as an anisotropic cloud is compressible.

D. Prove that optimum pressure of arcing for SF under controlled ionization
is as indicated in Equation (5.64) supplemented by Henry’s law that states P =

)
LIPS
2519

Solution
Since
B

t = APe’ & (D1)

and
45P
T
B = —
45— o (D2)

then for ionization dominated by electrons, optimum pressure is expressed by

P, = EIB (D3)
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From Equations (D1), (D2) and (D3)

P

1 [T — 45P - 10] (D4)

™~ 45 =
T — 10

but

1
P=—=—(T-10
25 ¢ )

T—T+10—1o]_1_
[ T - 10 45
"T 10

<9> i—> limit — 1 (DS)
0) a5~ "™ T s

According to limits theorem

In this case a limiting process has to be applied on the equation by taking the
differentiation of the numerator and denominator separately with respect to 7.
However, it had been determined that a successive limiting process resulted in
obtaining the fractional form of 0/0 which implies an undetermined situation.

In this case, where ionization is controlled mainly by electrons, the author
concludes that optimum pressure P,, is as expressed in Equation (D4) subject to
the condition that

L

P =
45

(T — 10)

E. Refer to Equation (5.79) expressing the ion current density through plasma
sheath of thickness x,. Obtain a relationship for the average velocity of ions
through the plasma sheath in terms of J; and other relevant plasma elements.

Solution
From Equation (5.79)

9 wie V?
J, = - —2 El
i (ED)
the mobility
. V4
= = E2
W=z (E2)
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where v, is the ion drift velocity, and

+

T MC

o
t~

Va

(E3)

where Q™ is the charge carried by the cluster of positive ions, L is the mean
free path, C is the average ions velocity, and M, is the mass of an ion cluster
provided that the plasma is a homogeneous continuum.

Therefore, from Equations (El) and (E2)

9 [VdeoW
J ==
8| EX ]

Q% o

s

where

=<

N

Then, from Equation (E3)

— 8JM.
c Mx,

T 9evioL™® (E5)

5.vil PROBLEMS

A helium cloud exhausted from the diverter of a Tokamak fusion reactor
has the following parametric values: a; = 20,,; a, = 10* ions/s; B =
—4.,; € = 0.5. Calculate the concentration of He* and He™* *.

The helium cloud specified in problem 1 is subjected to an electric field
generated by a lightning surge given by:

- 1
E = (ap— +a,a+ “-T>20 kV/em
p T

p, a and T are in cylindrical coordinates. Calculate the local microscopic
velocities of He* and He* *. Assume helium ion cluster for He™ carries
a charge of 10%° e¢* and for He** 2 X 10% ™.

A helium gas having He* and He** concentrations has values for the
following parameters: o, = 10%s; a, = 10%s; B = 0. Calculate a set for
n, and n, under these conditions, and plot each against € = 0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0.
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A helium gas having He* and He* * concentrations possesses values for
the following parameters: N, = 22.5; Ny/N, = 0.29; 3 = 0. Calculate
values for and «,, a, knowing that 0 < € < where € = 0 implies perfect
diverter function, and € = 1 no diverter role.

From data and solutions of problems 1 and 2, and given the gas electrical
conductivity as tensor of rank 2 given by

400 —300 0
o =|-300 400 0 [mho/M
0 0 500

solve for the induced current density vector in the helium gas.

Using the solution for the induced current density vector obtained in prob-
lem 5, solve for the induced magnetic field intensity vector H.

From the solution for the field H in problem 6 and considering that helium
gaseous media are linear, obtain a solution for the induced magnetic
induction.

A helium gas dominated by He* cluster ions carries a charge of 10 e*
and mass of 10'® m,. The convective current density is a step function of
magnitude 10 Mamp and if the induced electric field vector Ep is given

by p

- ~ 2.5 X 10¢
E,=k,——— V/m
pr + 1

where Iép is a unit vector. Calculate the acceleration vector &, in m/s if
the energy gained for each cluster = 10 joules.
Regarding problem 8, if the electric field vector is given by

=+ 3 x10° - o sinan - 3 X 10°

E—kpp+1wm+ka(3x10) - + k, 5
n=0,123...

calculate the acceleration vector if the energy carried by each cluster =

10 joules.

Referring to Equations (5.54) and (5.55), calculate the acceleration vector

a,at p = R, and if 8J/ot = 2 X 10° 8/(1). Consider the medium of

lightning impact as a simple continuum.

Repeat problem 10 if the medium of lightning impact area is linear, and

J=Atfor0<t<t orJ = A — 9, fort> 1, independent of r, 6

and z.

T
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12.

13.

14.

15.

16.

17.

18.

19.

20.
21.
22.
23.
24.
25.

26.
27.
28.
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Repeat problem 10 if the medium of lightning impact area is an anisotropic
reflecting tensorial mathematical form of € and ., the permittivity and
permeability parameters respectively, and J, = AU, ().

Refer to Example C where the value of Vv determines compressibility of
gaseous clouds under the impact of lightning stroke. Carry out systematic
calculation to determine the result of 3,v,/3,.

Refer to Example D and in particular Equation (D5). Examine the pos-
l
sibility that optimum pressure in SF, may approach in the limit 5 atm.

Referring to Figure 5.2a, make a plot for V,, in kV with respect to pressure
in bar for a separation of electrodes at 40, 60, 80 and 100 mm. Examine
the possibility of deriving an empirical equation for V,, v,, p at a certain
separation.

Referring to Figure 5.2b, obtain a plot for V, in kV with respect to
separation between the two electrodes in mm, when operation pressures
are at 2, 3, 4 and 5 bar. Examine equation for Vs, v,, d at a certain
pressure.

Referring to Figure 5.3a, obtain a plot for Vi kV with respect to pressure
(in bar) at CCL,F, concentrations of 5%, 10%, 15% and 20%. Examine
the possibility of deriving an empirical equation for V,, v, pressure at a
certain concentration for CCLF,.

Refer to Figure 5.3b, obtain a plot for V,, in kV with respect to a con-
centration of CCLF, at operating pressures of 1, 2, 3, 4 and 5 bar. Examine
the possibility of deriving an empirical equation for V,, v, concentration
at a certain pressure at parameter.

Referring to Figure 5.4a, obtain a plot for V, in kV with respect to electrode
separation (d) at CCLF, concentrations of 5%, 10%, 15%, and 20%.
Examine the possibility of deriving an empirical equation for V;,, v,, d at
a certain parametric concentration of CCLF,.

Repeat problem 19 with respect to Figure 5.4b.

Repeat problem 19 with respect to Figure 5.4c.

Repeat problem 19 with respect to Figure 5.5a.

Repeat problem 19 with respect to Figure 5.5b.

Repeat problem 19 with respect to Figure 5.5¢.

Referring to Figure 5.6a, obtain a plot for V; in kV with respect to electrode
separation (d) at gas pressures of 1, 2, 3, 4 and 5 bar. Examine the
possibility of deriving an empirical equation for Vs, d with gas pressure
as constant parameter.

Repeat problem 25 with respect to Figure 5.6b.

Repeat problem 25 with respect to Figure 5.6c.

Referring to Figure 5.7a, obtain a plot for V,, with respect to separation
(d) between electrodes with gaseous pressure as constant parameter at 1,
2, 3, 4 and 5 bar. Examine the possibility of deriving an empirical equation
for Vi, v,, d with percentage pressure as constant pressure.
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Repeat problem 28 with respect to Figure 5.7b.

Repeat problem 29 with respect to Figure 5.7c.

Referring to Figure 5.9b, obtain a plot for V,, with respect to percentage
concentration of CCL,F, with the gas pressure as constant parameter at 1,
2, 3, 4 and 5 bar. Examine the possibility of securing an empirical equation
for V,,, v, percentage concentration with time pressure as a constant
parameter.

Referring to Figure 5.10, obtain a plot for the time lag to breakdown with
respect to gas pressure with the percentage concentration of CCLF, as
constant parameter.

Equation (5.83) shows expression of the ion current J; as a function of
position with the cross-section of plasma sheath. Using the well known
Poisson’s equation, obtain a solution for the potential and the electrode
field as a function of X.

Referring to Figure 5.12a,b, obtain a plot for sheath current with respect
to separation between the two spheres, with sheath voltage as constant
parameter at V, = 20, 21, 24, 25, 30 and 35 kV. Examine the possibility
of establishing an empirical equation for (d) as sheath voltage for constant
parameter.

PRINCIPAL LIST OF SYMBOLS

current density vector
electrical conductivity tensor

electrical field intensity vector
magnetic permeability for free space
convective current density vector
conductive current density vector
electric displacement vector
acceleration vector

electric permittivity tensor
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Chapter 6

TRANSFORMER BEHAVIOR
UNDER LIGHTNING SURGE

6.1 ELECTROMAGNETIC FIELD MODEL

Electromagnetic characterizations for power transformers have been in con-
tinuous formulation for a long period of intensive research because of the ex-
tremely important role such static inductive devices occupy in a wide scope of
applications. Calculation of electromagnetic inductive phenomenon within the
multi-winding layers of the power transformer for the purpose of formulating
proper but approximate mechanisms of this machine’s operational parameters
was still centered on the assumption of two-dimensional field distribution on
projected front view plane, and differential separation among the multi-layers.

Consider also the fact that the two-dimensional calculations carried out pre-
viously ignored the state of field variations along the dimensional change per-
pendicular to the front view plane. As a result of forced two-dimensional cal-
culations of inductive electromagnetic field distribution, in many situations,
vague results for the sequential operational parameters led to inaccurate solutions
for the transformer response to the incidence and propagation of lightning as
well as switching surges inside the transformer windings.

The author undertakes the task of development of a mathematical model of
the power transformer in a cylindrical three-dimensional coordinate system.
Physical structure of the power transformer is visualized to consist of (M) multi-
winding layers spread between the inner ferromagnetic material core and the
outer grounded tank. Separating gaps among the (M) layers are sizable enough
to establish real and distinct changes of electromagnetic modes in each of them.

The objectives are:

1. Mathematical model in three-dimensional cylindrical coordinates for all
electromagnetic field components within regions of multi-gaps.

2.  Surface impedances and Poynting vector distribution

3. Spectrum of velocity of propagation and cut-off frequencies.

203
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FIGURE 6.1. Cross-section of multi-winding layer transformer.

A. MATHEMATICAL MODEL USING HELMHOLTZ RADIATION
FUNCTION
With the existence of (M) multi-winding layers, arranged in ascending order
from the central core, as shown in Figure 6.1 each layer is visualized as a
symmetrical current sheet in time variation as expressed below:

Jl = Jl(rl’e’z;t)
J, = L(r,,0,Z,n
!
!

J = 1(r.,0,Z,1) 6.1

where r,,, 6 and Z are the source coordinates of the mth winding layer, m = 1,
2,3,...M,d,d, ... d,and J,, J, ...J, represent the diameter and
current density for the first, second and mth winding layer, respectively, starting
from the tank toward the core.

Let ¢, b, represent the complex permittivity and permeability, respectively;
w is the frequency, and §,, and Z,, are the admitivity and impedivity of the spatial
gap, respectively

I = On + jo,é,and Z, = jof,
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where

k, =V -9.Z (6.2)

Then the solution for the Helmholtz scalar wave equation that was obtained in
previous work detailed in Chapter 3, in cylindrical coordinates at a point p,,,
valid for cylindrical current shell is presented below.

Amrm o
=50 2

Mk
S )=

T lbnlon = 1 DHD (Ko — 1.  (6.3)

1

m

The solution of the wave function ¢,, expressed in Equation (6.3) is valid for
the outward direction from the transformer core toward the tank, where r,
represents the mth radius of any layer p,, > r,,, A,, is the arbitrary current density
at the mth layer, J,_,, is the Bassel function of the first kind with respect to the
mth gap, and H® , is the Hankel function of the second kind with respect to
the mth gap.

Solution of all electromagnetic field components at any point p,,,, ,,, T,, in
a cylindrical system could be secured from the following set:

1 /82
E, =~ <_&>
Ym \0p,07

1 9>
e )
1 /8
E, =— (= + & 6.4
=5 (5 B)on (6.4
1 /0
b= L (2)
" Pm \OP,
d
=
" 0P
H =0

‘rm

From Equations (6.3) and (6.4):

o M . o — . —
.] pm — rm ]ne HOm =)
E, = A, [
Prm E 2=1 m f A Z"n!

TnYm

L 2 = D!

3 (6.5)
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Mk
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i

3

I
M s
Mz

3
Il
=}
-

2 TP, — T ¢ 2"n!

H, = ZO

Mg

o0

= [A,7, 1 .
H, = 2 2 gz JoPu = EHP(, — 1)
=1 o

n=0m 2

1 (O i
— H® — m e +
L Y vy

m

2 +l 1 e S Pm—rm)
(=" — —_

H =0

Tm

where at large p,,:

1 (Pm = 1)
TP = Fp) = — B
n(pm rm) n! on
HﬁZ)(pm — rm) == —jz_j"e —JPm—Tm)
TP = T

B. SURFACE IMPEDANCE SPECTRUM Z,

AnT 2 e JOn = )

(6.6)

6.7)

(6.8)

(6.9)

(6.9a)

(6.10)

Basically Z_,, could be secured from the ratio of E to H. At any space point
within the multi-gaps among the m layers, the spectrum of Z, is expressed

below.

(1) Impedance along the positive directions of the system coordinates:

z; =E,/H,
Z;D=E/I7

z; = E, /H,
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z: = E,/H,
z; =E,/H,_
z; =E.H, (6.11)

(2) Impedances along the negative direction of the system coordinates:

Z, =E,/H,

z, = E,H,

zZ, =E,H,

Z, = -EJH,

Z, = -E,/H,

z; =EH,, (6.12)

The two subspectra of Z,,, could be expressed completely by substituting the
respective electromagnetic field components as indicated above with the corre-
sponding values from Equations (6.6) to (6.10).

C. POYNTING VECTORS

Power transfer per unit area across the m multi-winding layers is expressed
below in terms of magnetic field components and the corresponding surface
impedances,

= 1
P, = S [ZLHHY + ZIHH.)

1
= = S [Z.HHY + Z HHY) (6.13)

vl
I

1
« = 5 [ZIHHE + ZIHH?)

1
3 (Z_HH} + Z, HHY] (6.14)

P, = [Z,HHE + Z;HHT)

N | =

1
= - E[Z;;Hﬁf + Z HHY] (6.15)

where the upper index * indicates conjugate.
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D. VELOCITY OF PROPAGATION SPECTRUM
Let s,, represent the longitudinal mth winding pitch where

% = -E. IE, (6.16)
v, represents the axial velocity, where
Yo S
T Ve, Vo3 4 5 @17
v, is the velocity of light.
6.18)

(1) For standing wave solution inside the multi-winding set, the frequency
spectrum w,, is expressed:

N,
" T Col  YnpnWINZ] ©.19)

(V]

where /, and C,, represent the self-inductance and capacitance to ground of the
mth winding, and A,, is the wave density = ,/v, . Subscript m is the inter-turn
capacitance of the mth winding.

W, = Vp: + §2 (6.20)
and the critical cut-off frequency v,,,
V, = UW, Vvl 6.21)

(2) For traveling wave solution spectrum

v, = \/l_l C C—'” wZw? (6.22)

Il

o, = 2wQv, /L (6.23)

where L is the winding length, and Q = 1, 3, . . .
From the preceding analytical presentation for the multi-layers transformer
using Helmholtz field radiation function, we can list the following conclusions.
For power transformer of m multi-layers of winding, the following solutions
have been expressed using the concept of Helmholtz field radiation function:



209

1.  All components of three-dimensional electric and magnetic fields through-
out multi-gap regions in the transformer structure

2. Spectrum of surface impedances in three dimensions along the outward as
well as the inward directions

3. Spectrum of Poynting vectors in three dimensions along the outward and
inward directions

4.  Spectrum of propagating velocities and cut-off frequencies.

6.] TRANSFORMER RESPONSE TO LIGHTNING
SURGE

Exact modeling of a multi-layer winding transformer has been developed by
this author in a three-dimensional system which took into consideration space
variations of electromagnetic components along a transverse axis with respect
to the two-dimensional plane used before as the approximate model for the
transformer in calculating the operational performance parameters.

The three-dimensional model established previously by this author secured
solutions for the transformer surface impedance, the Poynting vector, equivalent
ground distance and the operational frequency spectrum as well as the cut-off
range.

This author presented in Chapter 2 solutions for all electromagnetic com-
ponents generated by lightning surge at any field impact area in space. The
lightning surge was represented by an actual pulse waveform and included the
convective as well as the conductive effects.

In this section, an exact equivalent circuit model for the multi-layer winding
transformer is presented which took into consideration the three space dimen-
sional variations of all electromagnetic field components coupled with the fact
of sizable separation among the in-winding layers. The circuit model developed
is in terms of the m layers, their separation from the inner core structure and
the outer grounded tank, field frequency, the surface impedance, the equivalent
ground distance, and relevant geometrical parameters.

The second phase of results that will be secured in this section is the steady-
state and time varying models for the transformer response due to the incidence
and propagation of an actual lightning pulse wave shape. From the basic response
equations, a unified response model due to the incidence of lightning surge is
established, which identifies threshold boundaries of protection for sustained
operational performance for the transformer. The response model also identifies
parametric conditions of transformer operation in the domain under short-circuit
and open-circuit conditions, when subjected to the program of intense lightning
surge. Another aspect pointed out by the response model is the effect of the
discrete frequency spectrum of the lightning pulse on the peak expected impact
on the multi-winding layer structure.

In Chapters 2 and 3, solutions for the inducing voltage developed by ap-
proximate and lightning strokes have been established.
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In this section, a solution will be sought for the steady-state and time varying
form of the induced transmitting voltage in the transformer as well as represen-
tation for the surge impedance offered by the transformer to the incident voltage
surge due to lightning.

A. SOLUTION OF THE INDUCED VOLTAGE SURGE"’

The following four order differential represents the proper vehicle to solve
for the induced voltage surge, inflicted on a relatively tightly wound long multi-
layer transformer.

d%e %€ + de v
x> or X0 ar

(6.24)

where

= transformer inter-turn capacitance/unit length

= transformer external capacitance to ground/unit length of coil conductor
= transformer self-inductance/unit length

= one complete turn length of conductor

= the induced voltage surge

= the induced incident voltage surge

< ® g ~08 A

Taking the Laplace transform of Equation (6.24) with respect to &

OE &E
L IS + oSt 2 = o5V 6.25
ax: YO e T © (6.25)

where F is a function of S, X; V is a function of S, X; and S is Laplace transform
variable. The complementary solution of Equation (6.25) is

E(X,S) = Aye~* (6.26)

where

Svi
a= _\/_C— (6.27)
V1 + Slyw?

However since lc <€ T, o = inter-turn mutual inductance implying approxi-
mately that a — 0

E.(X,S) = A, (6.28)

where E_ (X,S) is the complementary solution part.
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However, from Equation (6.26):

-svic
EC(X,S) - A2 evi + Sz/'yl.oZ

EouX.5) = E. + E, (6.29)

where E, is the particular integral part of the total solution.
E . = Ae ™ + A,GX,S) (6.30)
G(X,S) = Lg(X,1) 6.31)

G(X,S), taking into consideration the actual pulse shape of lightning stroke,
presented in Chapter 2 is given by:

GX.S) = [AC ;2 A, @A ; A) e‘s"]f(P) (6.32)

where f(P) the associative space-dependent function expressed by:

1

: [p”i e i

> 2"n! Jjn*R
TR e
— p'ze i dp + ———
Jn°R jn
-1 ) i2p" '(n — 1)!
1z - f 0" 26 dpy + ’ig”z—)— p3’2]... (6.33)

Now referring to Equation (6.30), the solution for the induced electric po-
tential is given below:

__ sVix
E(X’S) = A2e V1 + $Tye? +

total
AL‘ - AV AC - AV — St

A3[ R s‘]”’% (6.34)
L o g J

The function {X) is replaced by F(P), since x = p cosa, and x is along the
extended opened full winding of the transformer, where a = 0; hence X = P,
where
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v = capacitance/unit length between adjacent pancake layers

¢ = external capacitance to ground unit length of conductor
vy>c (6.35)
! = self inductance/unit length of conductor

® = one complete turn length of conductor.
ooy b
Also, since — > —, which implies py > Ic, then
c B

A, A —A

c

EX,S) = A, + A{AC; - “e‘s‘l]F(X)

EX,5) = Ad(0) + AlA, — A — (A, — A)U( — DIfX), (6.36)

Of course ¢ in Equation (6.36) cannot exceed a few microseconds, where
fX) is the associative space function of V(X) which is fP). A, and A, represent
the conductive and the convective amplitude of the lightning current stroke. t,
is the time delay for the singularity function included for v(X,?).

To find A, and A;, the following initial and boundary conditions are used:

eX,t) OasX— »
eX,t) E att=0,X=0

E, is the nominal transformer terminal voltage. Values of A, and A, are
expressed below:

A, = E, 3 — Ut — 1) — Ut)le + ¢
3 — U@ —1) +¢

and
E

o

A, = —7 _
3T aA A

c v

(6.37)

v

where 8(¢) is the impulse Delta-Dirac function and U, (¢ — ¢,) is the delayed step
function by ¢,.

Therefore, the final solution for the induced voltage in time and space
variation E(X,?) is given by:

E(x,f) = [A28(t) + AA, — ANt — UC — )] o) (6.38)
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B. IMPACTS OF E(X,n)?

lim E(x,t) = limA,3(¢) + A,(A, — A )times
t— 0+ t— 0+
[t — Ut — t)1fx) (6.39)
lim A,3(1) = E,
lim A,(A, — A)[t — Ut — t))]

EO
A. — A) [0 — U(—1)]

¥ AV - AL‘
= UQt)E, (6.40)
lim E(X,0") = 2E, (6.41)
t— 0t
At X = 0" E(0*,0%) = E,
Any X and t = O", E(x,0) = 2E, (6.42)
At any
A,— E,
A, > E,
A - A,
E,
E(x,t) — [E,,S(t) + - t - Ut — 1) f (6.43)
E(x,t) = EB(Of(1) (6.44)

C. SOLUTION OF INDUCED SURGE CURRENT

From the solution of the induced voltage surge expressed in Equation (6.38)
and considering the transformer could be represented by a single lumped self-
inductance (L), the induced current surge could be obtained from the following:

iX,1) = % f edt (6.45)
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I:AZU(t) + A, — Av)[% ?— Ui — t,)]] times

=

V0 — J@0)] (!1;) w2 1 2 j". [_+_5_f_

"
2

1
Jjn’R fX"_E e dX +

n-—1
jn

(6.46)

fxn-ze—jﬂ dX + 12..——1(2__—1)y Xz/z]

32
where

R = R_ for conductive state

= R, for convective state
J.=At0<i<uy

=A@ —tpU,t — 1), fort > ¢,
J, = A0 <1<y

=A@ —t)U,t ~ 1), fort > ¢, (6.47)
D. DISTRIBUTION OF THE SURGE IMPEDANCE
Z(X,1) = eX,0/iX,0) (6.48)
From Equations (6.38) and (6.46)

A8() + A4 — A)lr — Uk — 1)l
AUD) + AA, — AP — UG ~ 1))

ZX,) = L (6.49)

Equation (6.49) demonstrates an important fact that the surge transformer imped-
ance due to lightning surge is time dependent as illustrated in Figure 6.2.

Z — L3(1)
and at t —>

Z —> zero (6.50)

Distribution of imposed surge impedance as a result of lightning voltage
incidence on a transformer could be represented as shown in Figure 6.2.
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L5(t)

time

FIGURE 6.2. Surge impedance distribution.

From the preceding Section II, mathematical models in the form of closed
form solutions have been secured successfully resulting from the incidence of
propagating inducing voltage produced by lightning conductive return stroke and
the convective time varying bound charges in the bound charges in the ground
terrain. The following have been secured:

1. Distribution of the induced voltage surge, taking into account effects of
the transformer self-inductance and the external capacitance to ground but
neglecting any resistive effects.

2. Distribution of the induced current transmitted surge.

3. Time pattern of the surge impedance imposed on the transformer structure.

It is established that at the instant of voltage surge incidence, the surge impedance
is an impulse, while the steady-state value approaches a vanishing inductance.

6.1I1 CONDITIONS OF INDUCED VOLTAGE
BREAKDOWN!-1

At breakdown, the induced current flow in the transformer structure will
approach an infinite level.
Breakdown could be described by:

i(x,t) = I%J'e(x,t)dt—> o0 (6.51)

or from Equation (6.38),

de(x,1)

— 0 (6.52)
ox
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Condition (6.52) implies that

?f(—x) =0 (6.53)
dx
ix,) >2if R—>0 (6.54)

Turning to Equation (6.53), and performing the differentiation with respect
to X,

@ - ! -2 - jnX — ime —inX *l]
X k[/_an n+ 1DX"2e + (—jn)e"*X""2

Ll
w1
2

L 1 .
- X' 2e7 + —[(n — DX""2e X 4
JjRn? jn

. n—1 .
(__jn)e'_mXXn—l] _ jn Xn—2e—JnX _+_

R
N2 2X (6.55)

where

k= Vi n (6.56)
/7Ry 2"n!

Therefore,

P _ k[, 1 [(n + l)e‘f"XX"_% - jne‘f"xX”%] +

). 4 iRn?
n+ -
JjRn? n
n—1 4 2" (n = 1! ]
_ Xn—2 —jnX 4+ —_ X”2 =0 6.57
. . 7 (6.57)

From Equation (6.57), adding similar terms, and letting X' = y, hence X
= y?, it follows that:



3
o+ =
R N e b
Y TR YT
2n + 3
n+ =
2 .1 2 -1,
—_—y 2 +—y2ne}ny — 1
R Rn 2
3
m +
"To oy i - 1y -
—_— T - y2n+2ejny — )’2
JRn? Rn 2
Using:
2
lim &™ | = cos ny* + jsinmy? = 1
n—0
y—>®
Therefore,
3
2n + =
2y 2 'm - D)
= - — 4 242n —
= R " Ra 2 Yyt =2
2n + 3
n+ 2
2 1 2~ 1)
y 2 + —yZn — 1
JRn? Rn 2
3
M+ 2
P2 Gl ", 1
2 R 2T TR
lety> = Z
Equation (6.61) becomes:
3
2 _
2=t 1+ "2
2 nR "~ jRn?

7 Z+ 22+ 22+ 72+ ...
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(6.58)

(6.59)

(6.60)

(6.61)

(6.62)
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and with
E Zn+l > Z
n=o (6.63)
n=20,1,2,3,4...»
2n + g
j2r i n — 1! 2
zZr+! .64
2 Jj2"  n — ! (6.64)
or
3
2n + —
71 = T2 V2 (6.65)
JRn? j2"tYn — ! )
Therefore,
3
- _ o 2n + '2—
n+t — —_—_—
27" =/ 2w (669
or
3
1 2n + E
it = —— | — .67
z 2R [nz(n — 1)!] (6.67)
and
2n + 3
n+ -
-1 2
2+ = — 6.68
Y 2R [nz(n - 1)!] (6.68)
Returning to y* = X
3
_1 2n + 5
Xn+l [ QN 6.69
2R [nz(n - 1)!] ( )

or
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= —— nH 6.70
X= 2k, e (.70

where R, in Equation (6.70) represents the radius of the conductive lightning
return stroke, or that for the convective stroke, i.e., the subscript (¢) is for
conduction and (v) for convection.

Table 6.1 shows correlations for a range of discrete locations of voltage
breakdown on a cylindrical transformer for a set of limits on the index n.

Values of X described in Equation (6.70) for voltage breakdown thresholds
on the transformer structure represent discrete locations with respect to the range
of the series index (n). However, after proceedings with the index (n), it is
recognized that X will approach almost zero value for n > 10.

Figure 6.3 illustrates the discrete spectrum of X with respect to the source
location of lightning surge. In the figure, R is the radius of the conductive or
convective surge and X represents the geometrical distance from source of light-
ning surge.

As for the breakdown condition identified by Equation (6.17), for R, — 0,
it is implied that the radius of the conductive stroke is infinitesimal and hence
the conductive current is an impulse, while the convective stroke current will
become a thin surface current sheet whose radius approaches infinite values as
shown in Figure 6.4.

Conditions of voltage breakdown threshold subjected on a cylindrical multi-
winding power transformer due to conductive and convective effects of lightning
stroke are established under the criterion that total current flow induced in the
transformer will approach infinite value.

Two conditions have been established:

1.  Geometrical location of the transformer with respect to the place of ini-
tiation of lightning surge. It is established, as shown in Figure 6.3, that
certain specific locations will subject the transformer with more certainty
of destructive breakdown than others. These locations are physically
identifiable.

2. Where the radius of the conductive lightning surge is extremely small, and
the corresponding convective part is very large, it is implied that the
conductive stroke becomes an impulse and the convective part a current
sheet of infinite radius. This situation will create an extremely destructive
breakdown effect.

6.1V REFLECTION OF INDUCED VOLTAGE

It is of special interest to see reflection of the transformer induced voltage
due to lightning surge on the other winding layers, in the form of the equivalent
circuit representation.
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TABLE 6.1

Series index Point along winding

(n) X)

1 7
+ 2 7R

5 L

R

3 4/15

N w
()
=

+

32R
4 L1 19
T 27V3V2R
5 Ll [ ?
2 V2V2R
6 ; 7
2160 2 R
7 [ 32
+
8 1762 2k
8 so |—2>
23040 2 R
9 [ 13
10,/ 120960 2
10 0.0043
+ —_—

1 004
23144 2 R

Let the induced voltage effect first the load winding side of a multi-phase
transformer, expressed by Equation (6.38), with a turns ratio of (a) with respect
to the supply side. Therefore, the induced voltage on the supply side E(x,?)
becomes aE(x,t), while the current flow is equal to i(x,f)/a. Also, all ohmic
elements including R, and jx, representing the load winding side series resistance
and leakage reactance will be multiplied by (a?) in their reflection to the supply
winding side.

The equivalent circuit for the transformer under the effect of lightning surge
is shown in Figure 6.5 in terms of one phase, where the basic structural elements
are the induced voltage surge, the induced current surge and the appropriate
surge impedance.



X x = f(n,R)

1|‘l llll n

FIGURE 6.3. Discrete distribution of voltage breakdown on transformer
due to lightning.

z
X(p,a,7)
J. — Impulsel|||R. — 0
R, — J,—> @
) . X

FIGURE 6.4. Extreme condition of voltage breakdown.

az i(x,t)
— PIRIIIIIIIZZA
supply E, (x.t)
E (0,07) load

FIGURE 6.5. Transformer circuit under lightning surge.
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6.V EXAMINATION OF SURFACE SURGE
IMPEDANCES

Referring back to Equation (6.11), we shall proceed to inspect some of the
vectorial surface surge impedances in a multi-layer transformer.
Let us consider:

Z,, = —EJ/H,
From Equation (6.5):
$ se 2
21 ¥, VT, — 1, 2"n!
Zopom = — "2 .AlTy (p_ ) _ (6.71)
> E JArTm J2 oo P — Tw)
n=0 m=1 2 ’Tl'(pm el rm) 2nn!
Then from Equation (6.71)
. 1
AR (6.72)
yme
S S— (6.73)
0, + j0,L,) '
where as indicated in Equation (6.2)
Therefore, Z,, ,, could be written also as:

Tnl0n + @.E7)

It can be easily seen that Z; and Z; are infinity since H,, = 0. Now
consider Z:

AN
o oo P P — )
S S Al s 2 e Som—rmd (p
— n=0 m=1 2Am Tr(pm - rm) 2nn!
S S A 2 g IO = )
n=om=1 2 TP =~ T 2"n!
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2

M
=S Tk - (6.75)
m=1

A

T m

While we notice that Z7_,, = E,,,,/ITIW — ® (an open-circuit); hence H,, = 0.
Inspection of Z,_,, which is in terms of complex quantities &, and €, can
be written as follows:

6, = a, * jb, (6.76)

m

= Klm + jK2m (677)

m>

jW(k!m * jkom) = (@ jbp)

_ 6.78
Zap‘”' ’T,,,(a,,, * jbm)z + (Dz(klm * ijm)2 ( )

Clearly, Z,, ., is a complex impedance which involves a resistive component
and either an inductive or capacitive reactance. Similarly, looking at Z_, , with
k. = V3, 7 also indicates a complex form.

Regarding Z;, ., = E_/H,,, we’ll consider this ratio for a relatively large

argument for J,(x) and H? (x), where, as indicated in Equation (6.10),

1o ~~%
D= A

2 )
HPW =~ |2 pen
.

First proceeding to write H for a large argument,

£ M _ n .
H, = Z 2 Amfm 21 2 —1 (e Iz 72 e S rm)
n=0 m=1 P n pm n! 2" Tr(pm - rm)
; _ n—1
= 2 Jre i em=rm Pn = T
nr, N wp, = r,) 27" (n — 1)!
2 il 1 (p, — )" 1 e Jonm
= (=)= = — L+
™ n! 2 nr, P, — Tm)
2 2 .
+ j e S Pn—rm (6.79)

T(Pm = ') nr,
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E,,, from Equation (6.5)

ﬁ

VP, — Iy jre o [(pm — )
7 2n! re

— P — ) (6.80)

3
(P — 1) 2 L2 - 1)!]
2n 2

Z,, ., wWhich is the ratio of E_, to H,, forms a somewhat involved expression

of unclear picture. The author would prefer to examine the form of Z, _,, for
pm = r"l'
imE,, — 0
as
pm = rm
limH,, — *
as
P = T (6.81)

Consequently Equation (6.81) indicates tht Z,, _,, — 0 is a short circuit condition.
The last surface surge impedance to examine is Z

Toe—m*

Zig-m = (6.82)
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Also, it is clear that for p,, = r,,,

E _,—0

r—

since H,_,,— @ (6.83)

Z.._..— 0 is a short-circuit condition.
Other conditions of interest to examine include a point at a grounded tank
surrounding the mth layer where P,, — % and a point at the central axis of the

transformer where P,, = 0.

6.Vl THE SURGE IMPEDANCE IN COMPLEX FORM

Examination of transformer surge impedance derived in Section II of this
chapter shows that it could be a pure inductance reactance, dependent on time,
having its maximum value initially then decaying to zero afterwards. Analysis
carried out in Section V indicates that vectorial surface surge impedance, when
in a finite form, is a complex number.

In other published works, from the text by Reinhold Rudenberg entitled:
Electrical Shock Waves in Power Systems, it was indicated that the steady state
form and its nature are totally resistive and is of the order of 5000.

In this section, we shall discover whether a complex form of a lumped surge
impedance could be identified which includes resistance and inductive effects.
Refer to Equation (6.43), where the induced voltage as a function of space along
the transformer winding length has been expressed, and rewritten below.

E, _ _
E(x,t) = EB(1) + AA [t — U@t — t)F(x)

v

R represents the total resistive part of the transformer surge impedance, and L
is the total self-inductance for the transformer. Hence,

dl(x,t)
dt

E(x,5) = R(x,0)l(x,0) + L(x,0) (6.84)

The problem is to solve for I(x,?) using a combination of circuit theory and field
theory concepts, after which the lumped surge impedance could be secured from
the ratio of E(x,)/l(c,).
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In Equation (6.84), E(x,?) is the induced surge voltage, I(x,¢) is the induced
surge current, L(x,?) is the transformer self-inductance at very high frequency,
and R(x,?) is the transformer resistance at very high frequency.

The intent now is to solve for I(x,t) from Equation (6.84) as shown below.
Let I (x,7) = the complementary solution, where

R
I(x,) = Ax)e L' (6.85)
while the particular integral /,(x,?) is:
1,x,0) = A,(0¥(x,1) (6.86)

where, from Equation (6.84),

_ E(xp
Lo = 70 (6.87)
Equation (6.84) could be rewritten as:
dal(x,r) R(x,t) E@,1)
U b I ) s =
a IO T T
= U(x,1) (6.88)
Total solution for I(x,t) becomes
R
I(x,t) = A,(x)e I’ + A,(0)(x,2) (6.89)

Upon substitution of I(x,#) and dI(x,t)/dt into Equation (6.88), the following are
obtained:

dbs(x, R(x,
A = 4z / [—“’%’—) + U0 %]
A =20 (6.90)
Therefore,
i(x, R(x,
I(x,t) = \1:2(x,t)/[(%tt2 + %3 (x,t)] 6.91)
or

I(x,5) = E*(x,0/[E(x,0DR(x,7) + Lx,0E(x,t) — E(x,0)L'(x,0)] (6.92)
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The surge impedance Z(x,f) becomes:

Z(x,t) = Ex,0)/I(x,1)

= [R&D) — L'(x0] + L'(6.0) I;;((xt’)) (6.93)

E(x,?) has been given by Equation (6.43) and

E
E'(x) = E®'(1) + a —DA U0 — 8¢ — tIfix (6.94)
Therefore, from Equation (6.93),

Z(x,f) = R(x,0) + dL((i U + L(x,t)

E@W) + = [U,() = 8t = 1)]
< > (6.95)

E
Ed@®) + T—— It — Uit = 1)

A

v

Looking at Z(x,?) from Equation (6.95), we can see that at t — o

Z(x,f) = R(u.t) + dL(’; 0 (6.96)

6.VII SWITCHING AND LIGHTNING IMPULSE
STRENGTH FOR POWER TRANSFORMERS

This section refers to a study carried out by H. Studinger and K. H. Weck.

External clearances for components of the three-phase power transformer
such as bushing terminals and oil compensation tank are determined by the
switching impulse withstand voltage and lightning impulse withstand voltage
levels. For transformers with rated voltages in kilovolts > 245, air clearances
are determined by the rated SI and L1, phase-to-neutral and phase-phase voltages,
with the positive polarity as the determining base. The SI and LI withstand
voltages depend largely on the gap geometry and the application of the minimum
air clearances to the clearances of power transformers using controlled-potential
bushings. Figure 6.6 shows the main dimensions of air clearance for a power
transformer including the transformer tank, the oil compensating tank and bush-
ings, intended for a phase-to-earth clearance and phase-phase clearance, while
Figure 6.7 shows a plot for U, with respect to gap(s). To obtain the measured
strength of transformer air clearances between phases involving controlled-po-
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FIGURE 6.6. Test set up for the test of the phase-to-earth clearance.
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FIGURE 6.7.  Switching impulse withstand voltage V,; dependent on the gap clearance
between bushing and oil compensation tank, positive polarity. x, lowest test results, dry;
QO lowest test results, wet; 1, calculated with gap factor model; 2, calculated with leader
inception model.
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FIGURE 6.8. 50% SI flashover voltage phase-to-phase, positive component against
negative component. 2- capacitor stacks, dry.

tential bushings with normal air clearances, tests had been conducted by Studinger
and Weck replacing the bushings by post-insulator stacks. Controlled potential
bushings used in the experimental tests included two-capacitor stacks (500 PF)
and three-capacitor stacks (330 PF). Transformer clearances have to be divided
into two main groups: (1) clearances within the transformer, and (2) clearances
between live parts of the transformer and surrounding objects, such as structures,
buildings, etc. Three categories of clearances must be dealt with: (1) clearances
between high voltage terminals of the bushing and the transformer tank, (2)
clearances between the high voltage terminal of the bushing and earthed structures
installed on the tank such as oil compensation tank, and (3) clearances between
the high voltage terminals of the bushing.

A. CLEARANCE BETWEEN LIVE PARTS AND EARTH-DRY

The study conducted by Studinger and Weck pointed to the conclusion that
the application of positive voltage stress at one bushing and earthing of the other
as actual representation for the actual voltage stress in practice created a situation
of dielectric strength that has direct dependence on the clearance between phases
with a limiting condition that H/D <€ unity. This practically means that distances
between phases must be at least equal to the separation between bushing terminals
and the transformer tank, as indicated in Figures 6.8 and 6.9. Also Figure 6.10
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FIGURE 6.9. 50% SI flashover voltage phase-to-phase, positive component against negative
component. 3-capacitor stacks, dry.

shows phase-to-earth clearance (H) with respect to SI withstand voltage for dry
condition. An empirical equation derived by Studinger and Weck is expressed
below:

Uy = 530 H° °kV (6.97)

where the factor (6.30) corresponds to the gap factor of 1.15, and U,, is 10%
of SI or LI limits.

B. CLEARANCE BETWEEN LIVE PARTS AND EARTH-WET

The wet condition refers to the case of rain which results in a reduction of
the dielectric strength. The study of Studinger and Weck indicated that the
minimum clearance H_,, follows the expression below (also shown in Figure
6.10):

H U ] 6.98
min = [490] meters (6.98)
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FIGURE 6.10.  Phase-to-earth clearance H between bushing terminal and transformer
tank dependent on the SI withstand voltage, positive. 1, Capacitor stacks, dry; x,
single capacitor; O, 2-capacitor stack; +, 3-capacitor stack; 2, bushing type 2, wet.

Numbers in circles in Figure 6.10 give the percentage of flashovers occurring
from the positive center capacitor to the earthed bank. This applies also to Figure
6.9 where U,, = rated SI withstand phase-earth voltage.

C. CLEARANCE TO EARTHED OBJECTS ON TRANSFORMER

TANK

This refers to clearance between the bushing terminal and earthed object on
the transformer tank, such as the oil compensation tank. The study by Stundinger
and Weck emphasized that for such objects to be treated differently, they must
be of small dimensions compared with the transformer tank. Figure 6.10 illus-
trates clearances (S) with respect to the required withstand voltage U, for two
conditions, namely # < H < 0.5 and #/H < 1. Expression for § is given below:

Ug — Uy

S =AH — -2 7 (6.99)
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where U, is the withstand voltage bushing to transformer tank without structure.
A and E are constants given by

A =084,FE = 112 kV/m, forI% =0.5
h
A =0.90, F = 130 kV/m, for[—i =1

Also a minimum S is given by

s Um 1.67 6.100
min = [540] meter (6.100)
D. MINIMUM PHASE-PHASE CLEARANCES

The minimum clearance between phases according to the work of Studinger
and Weck is given by

_%,2 1.67 6.101
D.. = [810] meters 6.101)
where U,,,, = rated SI withstand phase-phase voltage.

D, ., expressed above has a gap factor of 1.75 to account for the application
of positive and negative components of equal levels. It has been mentioned that
D_,, is practically independent of the height of the bushing terminal above the
transformer tank.

As a matter of interest, for sinusoidal time variation, 9/t = jW; then

Z(x,t) = R(x,5) + jWL(x,1) (6.102)

The result indicated in Equation (6.102) affirms the soundness of the present
approach of analysis.

6.VIII SOLVED EXAMPLES

A. Equation (6.36) shows a solution for the induced voltage in a cylindrical
multi-winding transformer due to incident lightning surge. Identify E(x,0) and
E(x,T), where T is the end of lightning stroke duration.

Solution
From Equation (6.36) at¢z = 0

E(,0) = A,3(0) (Al)

an impulse A, is given by Equation (6.37).
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A,atr = 0O
30)
° 30) (A2)
E(x,0) = E_3(0) (A3)
Then

E —LA—A)T—(A—A)U(T—t) )

(x’t) - AC _ Av [( c V. c v. 1 1 lf(x
= E t,fx) (A4)

B. Calculate the total transformer surge impedance that an induced Poynting
vector can face in the 1 — p plane.

Solution
From Equation (6.75),

M _
Zyom = 2 M e/Pm=m (Ym?
m=1 Tm.))m
dA = dp,, dT,, (B1)
Po (To
Z;'pfm = f ZTp—mddpm (Bz)
m [ Tm — 7§ 2
- .rf ZJTr e/on=rdp d
o o T’rym " m
where Z'__,, is the total surge impedance in 7Yy plane.
Pm — imr k2
= j ST efon=rwinT, d. .
2
- - % einPm=) () (B3)
Ym
k2InT .
= — T [eos(p,, — 1)+ sin(p, = 7,)] (B4)
Yom

C. Obtain solution for the transformer surge impedance under lightning pulse.
Consider effects of power loss and capacitive domination.
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Solution

An approach for the calculation of a transformer surge impedance containing
resistive and capacitive effects is based on the visualization of a lumped resistance
across a lumped capacitance, subjected as a shunt combination to the induced
lightning surge voltage E(x,).

E(x,1) dE(x,1)

Ix,n) = 2 +C " (C1)
From Equation (6.94),
dEx) _ oo _ £k ~ s —
a ER'(1) + A - A) (U,@ — 3¢ — t)Ifx) (C2)
Therefore,

E E
I(x,t) = EDS(I) + R(A——O-—Z—) [t — Uft — )] +

EC

CER®) + o (U@ — 3t — )] (C3)

< v

Z(x,0) = EQc,0/(x,)

1 E’
_1, B
R E(x,0)

1
= R + C ln E(x,0)

1 E, _ _
i Cln[E,,S(t) + - UG tl)]]

D. Given U,, = 540 kV, find H required in the design of minimum clearance
between bushing terminal and an earthed object on a transformer tank. Consider
a case where WH = 1.

Solution
From Equation (6.100),

1.6

N N
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Equation (6.99)

Ug — Up

= AH — £ D2
S E (D2)
From Figure 6.10 for § = 1m — U, = 800 kV, and U, = 1140 kV
1140 — 800
=09H - ——— D3
1=0% 130 (D3)

Therefore, H = 4m.

w2

10.

6.IX PROBLEMS

Using electromagnetic field components of the induced field in a cylindrical
transformer of M multi-winding layers expressed by Equations (6.5) through
(6.10), obtain an expression for the Poynting vector P, according to Equa-
tion (6.13).

Repeat problem 1 for the Poynting vector P,,.

Repeat problem 1 for the Poynting vector P._.

Using Equation (6.17), secure a solution for V,, (the axial velocity of
propagation) in a cylindrical transformer.

Using winding pitch information and appropriate induced electromagnetic
components, secure an expression for the radial velocity of propagation in
a cylindrical transformer.

Repeat problem 5 to secure an expression for the component of the velocity
of propagation.

Refer to Equation (6.34) expressing E(x,s). Obtain a solution for E(x,?)
when the condition p > Ic is not valid.

Voltage breakdown conditions due to lightning surge could be guided by
the criterion:

dE(x,1) 50
ot

From the solution of E(x,?) secured in problem 7, establish the new con-
dition of breakdown.

A multi-layer cylindrical transformer subjected to the incidence of lightning
surge with an induced voltage secured in problem 7 has a lumped repre-
sentation of a self-inductance L. Obtain a solution for the induced surge
current and the resulting surge impedance.

Repeat problem 9 if the transformer has a lumped representation of L(x,?)
and the R(x,?) in series.
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11.

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.

23.

24,

25.

26.

27.
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Repeat problem 9 if the cylindrical transformer has a lumped representation
of R(x,t) in shunt with C[c,?].

Repeat problem 9 if the cylindrical transformer has a lumped representation
of R(x,1), L(x,t) and C[x,?] in a shunt combination.

From solution data secured in problem 9, establish conditions for induced
voltage breakdown due to lightning surge using the criteria i(x,7) — % and
dE(x,)/0X—0.

With respect to solution data secured in problem 10, establish conditions
for induced voltage breakdown due to lightning surge using the criteria
i(x,t) = and 9E(x,£)/0X—0.

With respect to solution data secured in problem 11, establish conditions
for induced voltage breakdown due to lightning surge using the criteria
i(x,ty— and E(x,1)/dX—0.

With respect to solution data secured in problem 12, establish conditions
for induced voltage breakdown due to lightning surge using the criteria
i(x,ty> and 9E(x,1)/dX—0.

Using the solution of voltage breakdown obtained in problem 13, estab-
lished a table similar to Table (6.1) showing a range for discrete locations
along the transformer windings in terms of the power series index (n).
Also make a plot for X = F(n,R)U(n).

Repeat problem 17 regarding solution information obtained in problem 15.
Repeat problem 17 regarding solution information obtained in problem 16.
Establish expression for the vector surface surge impedance Z,,, _,, for all
ranges of argument. Reduce the expression toward a possible simplest
form.

Calculate the total transformer surge impedance that an induced Poynting
vector faces in the a-p plane.

Repeat problem 21 for the total transformer surge impedance in the p —
a plane.

Modify the total surface surge impedances calculated in problems 20, 21
and 22 to take into account a grounded tank.

Given the nature of the induced lightning surge voltage as a chopped pulse,
obtain an expression for the induced current through a cylindrical trans-
former. Consider that the transformer has a lumped representation of only
a unified self-inductance. Also secure a solution for the time and space
varying surge impedance.

Repeat problem 24 if the transformer has lumped representation of self-
inductance in series with a resistance.

Repeat problem 24 if the inducing lightning voltage surge is an oscillatory
waveform having a sharp rising wave front and decaying tail.

Using information established in problem 26 obtain a solution for the
induced current and the time-space varying surge impedance, if the trans-
former has a lumped representation of self-inductance and resistance.
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Repeat problem 24 if the inducing lightning voltage surge is an over-
damped wave shape.

Repeat problem 24 if the inducing lightning voltage surge is a critically
damped wave shape.

Repeat example D if W/H = 0.3.

Referring to Figure 6.9, derive an empirical relationship for U, with
respect to D at U— = 1000 kV; consider H = 2.5 m instead of 3.9 m
indicated on Figure 6.9.

Referring to Figure 6. 10, derive an empirical relationship for D with respect
to U,,, for the case of bushing type 1, wet, and then for bushing type 1,

dry.
PRINCIPAL LIST OF SYMBOLS

impedivity of mth layer

admitivity of mth layer

surface surge impedance in p — a plane
cut-off frequency at the mth layer
induced surge current

max. value of conductive current surge
max. value of convective current surge
rated (SI) withstand phase voltage

rated (SI) withstand line-line voltage
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Chapter 7

EFFECTS OF LIGHTNING
SURGES ON TOWERS

This chapter discusses the effects of incident lightning scores on transmission
line towers or ground wire, relying on experimental and theoretical research
carried out by Gary, Garabedian, Zhang, Cristescu, and Enache. Results of their
research indicated that when a lightning surge impacts a tower or ground wire,
the resulting overvoltage is identified in its having a considerably shorter fail
than the induction lightning surge. Their study also indicated that the back flash-
over voltage regarding the withstand level of insulator strings is much higher
than that expected from conventional limit resulting from the standard impulse
of lightning test surge characterized by durations of 1.2/50 ps.

The problem of improvement in insulation coordination along a transmission
line system has direct dependence on the withstand voltage level of insulation
string, lightning-induced voltages on line conductors, and the combined effect
on line-line as well as line-ground. The Gary et al. study also presented ways
to minimize the shielding failure flash-over rate and the proper location of ground
wire to allow passage of nondangerous current surges while safeguarding against
back flash-over that may occur due to the unification of the descending negative
lightning stroke and the positive streamer from towers and ground wires. Table
7.1 shows data for the number of ground wires, and the rate of lightning strokes
on towers and at a point on a span between towers taken during several years
of measurements. ‘

7.1 SHIELDING FAILURE

Shielding failure due to insulation breakdown stress has been associated with
the calculation of induced voltage at the strike point of lightning surge using a
simple circuit model involving the lightning current channel surge impedance
and the line surge impedance, which may change due to corona effect. This
circuit model uses either a time varying current generator [;(f) with a characteristic
impedance for the lightning channel Z,, or a voltage generator e (#) in connection
with the characteristic impedances for the line and light

Z,
e = 1) 3 (7.1)

239
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TABLE 7.1
Stroke Number Distribution

Ground wire number

Impact point 0 1 2 3
Tower, 0/0 55 35 20 10
Span, 0/0 45 65 80 90
or
ZchZO

e () = L (7.2)

2Z, + Z,

where Z, is the characteristic impedance of the phase conductor.

The improvement made in the effectiveness of the impedance circuit model
mentioned above was in the introduction of variable surge impedance of the
transmission line due to the propagation of an incident wave whose amplitude
exceeds the corona threshold limit U;. Consequently, in the study conducted by
Gary et al.,

zZ, = L 7.3
= VC (7.3)
where
_de®
Ca= av(y

which depends on line geometry and stroke polarity; Q is the conductor charge
at time (), and the instantaneous impedance Z, is given by

v dv
Z,.—V/J;Z 1.4

The over-voltage level calculated in this way takes into account the clearance
between line conductor and ground for a wave shape that is identical to the
lightning impulse characterized as of 1.2/50 ps (front rise and tail). Such a line-
ground over-voltage will be subjected across the insulator string of the trans-
mission line tower. Calculation of over-voltage stress can be secured from

Vi) = (1 = K)) = V(0 (7.5)
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where K, represents the dynamic coupling coefficient and V (f) is the over-
voltage stress on the line conductor. Also,

K,=K, (7.6)

NN

i

where K, is the geometric coupling coefficient and Z, is the geometric charac-
teristic impedance; and

C V. C
= — _ Zg) O —d
K. () Kg[l (1 /Cd) V(t)] / c. 7.7

where V, is the voltage from the bottom of the insulation string to the ground
and V(z) is the over-voltage induced at the top of the tower. It is reported in the
study by Gary et al.! that an increase in the coupling coefficient due to corona
within the dynamic impedance model will lead to a decrease in the probability
of flash-over by about 7% for positive polarity and 5.5% for negative polarity
when shielding failure does occur. Their observation indicated that impulse
corona will lengthen the duration of over-voltage front wave, but will not affect
the tail duration.

7.11 STRESS DUE TO LIGHTNING IMPULSE AT
TOWERS AND GROUND WIRES

In order to reduce the rate of shielding failure and the rate of transmission
line outages, an effective design of ground wire has to be implemented coupled
with detailed analysis for amplitude and wave shape for the expected over-voltage
wave in order to avoid a back flash-over.

Calculations for the inducing electromagnetic field effects, including induced
current densities in towers and ground wires, involve complicated mathematical
problems that take into consideration the coupling among neighboring towers,
their spans and the assembly of ground wire, besides transmission lines placed
at the joints of insulator strings. Such complications had been shown in preceding
chapters for cases of transmission lines, power transformer, and gaseous con-
tinua. However, the study conducted by Gary et al. presented the following
approach for the present situation.

For a cylindrical tower, its characteristic impedance, Z(#), is given by:

Z,_ () = 60ln ¢ (7.8)

t

where C is the velocity of light and r, is the effective tower radius, and for
conical tower,

\V?2
Z oon=In— (7.9)
sina
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FIGURE 7.1 Equivalent diagram of a tower, used for the calculation of the overvoltages across
the insulator string.

where « is half the cone peak angle; the tower self-inductance, L, is given by:
L=2T=2-> (7.10)

where T is the travel time through the tower while Z, is the tower characteristic
impedance and 4, is the tower height.

It is relevant to mention according to this study that the net voltage that will
be subjected on the insulator string is the difference between the induced voltage

the tower due to lightning voltage impact at the top of the tower or at any
point on the line span and the line voltage due to normal electromagnetic coupling
in the transmission line system.

A lumped circuit clement representation with the basic concept of traveling
wave theory had been used to account for acceptable results as shown in Figure
7.1, in which R and L represent the lumped foot resistance and self-inductance
of the tower, where the principle of linearity could be used. Therefore,

Parm (7.11)
h .

Udrm = Ut

t

Induced voltage on the ground wire will lead to a corresponding voltage on
the line of X, V, due to electromagnetic coupling between any two line conductors
which takes into account corona effect.
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In the Gary et al. study the principle of field superposition involving the
scalar electric potential due to electric charge carried out by the ascending light-
ning stroke and the magnetic vector potential produced by the released stroke
electric current were used to calculate the total voltage stress subjected on the
insulator string whereby

VP) = 471% J;ZO[Q<X,t - ‘—C’)/r]dx (7.12)

and

AP) = 4:f0 Lo[1<x,t -~ E)/r]dx (1.13)

where P is a point distant (r) from lightning channel element (dx)
I
QO = - coulombs (7.14)
14

v is the return stroke velocity in m/s.
According to work that was carried out at Saint Privat d’Allier, the over-
voltage on insulator string is given by:

h
U = == Utt - Uinduced ?é U

: 7.15

ns ht ac ( )
harm

= =2 Up = KU, + Up = UJ + 05U, (7.16)

where V__is the conventional power system voltage.

The expression in Equation (7.16) includes effects of electromagnetic cou-
pling such as between the line conductor and ground wire (K_,) and between the
stroke channel and line conductor identified by K, and X,,,. It also includes

U —ML't 7.17)
Im — dr (

where M is the mutual inductance between the tower as a vertical conductor and
the transmission line as the horizontal conductor, and i(?) is the current through
the tower.
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The tower self-inductance L is expressed by:

_ 2
L=2 (7.18)

where Q, is the total magnetic flux through the tower structural surface and
ground.
The specific inductance per meter L, of tower height 4, is given by

L =1L, (7.19)

The study by Gary and associates also observed that the magnetic flux Q,.
passing through a surface containing the tower axis, tower arm, line conductor,
and the tower vertical axis is half that of Q,, and the mutual coupling between
the tower vertical axis and transmission line conductor is expressed by

h
M = 0.5L _hﬁ (7.20)

where A, is the arm height of the insulation suspension point. Therefore, from
Equations (7.17) and (7.20):

dl' ¢
U,, = 0.5[L,h,] A (7.21)

Consequently, expression for the insulation string voltage becomes:

U,(H = %’ v — [K“,(t)U,(t) + 0.5 LohediT(:) U, - O.SUUC] (7.22)

t

7.1I1 OVER-VOLTAGE AT TOWER OR GROUND WIRE
STROKE

The study conducted by Gary et al. relied on parametric representation
through digital and analog simulation for the problem of predetermination of
induced over-voltage due to a lightning stroke on a tower span between towers
and ground wire. Simplifying assumptions had been used including discarding
of the parameter (M) and accounting for the effects of neighboring towers, their
spans, and ground wire by an empirical correcting factor of 10 {2 in the parametric
circuit representation as shown in Figure 7.2. Table 7.2 shows values of all
parameters used in the study.
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10Q2 100
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FIGURE 7.2 Equivalent diagram of a line used for the computation of overvoltages U,,,. L, R =
inductance and footing resistance of the struck tower and of adjacent towers; Z, T = surge impedance
and propagation time related to a span of the ground wire.

The study carried out by Gary et al. reported the solution for the induced
voltage at the tower as:

v = e Akl{i 7(0,ki2

i=2

8 {"""E[ac - » - m)k]

ez‘l—k‘l e~ ™ e 8
X + — — -
G—k—10  k,—m (k- l)"l}

+ > T(ez)kf;ﬂ{e—kﬂz
j=2

2[(k -k —1 m)’] G _9’5;'__1 D!

e~ e~
fE T T T 729

z
kl — C}'IZz ied

2L2Z, + Z,,)

Z., + 2R
= Zew — (7.24)

? 2L
d
0, =1t- 20 — N2
c

9, =1—2G — 1) @1 (1.25)
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where A, I, and m are parameters of the incident impulse i(¢):

i) = Ale™™ — e™) (7.26)
A = l efln/m/(m/l——l) Imax (727)
m l-m
0r=6
(t — 0) = {1 1> (7.28)

R and L are the footing resistance and the tower inductance, /., is the
lightning current magnitude, d is the span — length,

a is the position of the point of impact on the span [ = O for tower and
a = | for midspan], Z,, is the ground wire characteristic impedance and T
(1 — 0) is the Heariside function.

Results have been expressed in terms of magnitude and wave shape of
induced over-voltage at the point of impact which include the top first, and end
of a tower, adjacent towers, and the span between towers.

Tables 7.3 to 7.7 show ratios of V/I as well as other system parameters.

Figures 7.3 through 7.6 show plots for relative over-voltage with respect to
a nondimensional time element or ratio. This ratio is that of the tower time
constant L/R and T, known as the front conventional duration of the incident
wave (0.5 to 5.0 us). The tower time constant L/R is in the range 0.5 to 6.6
s,

Figure 7.7 shows correlation between the ratio of over-voltage tail duration
and incident lightning stroke duration tail with respect to L/R T,. This study
reported a very useful conclusion: for a lightning stroke on the tower or ground
wire, the back flash over-voltage may occur when tail duration is within the
range of 2 to 15 ps.

Figures 7.8 through 7.12 show lightning over-voltage oscillograms secured
by digital results. This study ends with the conclusion that reliable determination
of over-voltage and its timing will lead to accurate predetermination of the rate
of lines, rate of outage, and consequently to smooth coordination of insulation
systems on the tower, ground wire, and at a point on a tower span.

7.1V SOLVED EXAMPLES

A. Given the inducing lightning over-voltage on a transmission line tower ex-
pressed by Equation (2.70), and given Z, = 500 — z, obtain expression for the
lightning characteristic impedance. Use the lumped circuit model given by Equa-
tion (7.2).



Type of wave, ps/ps

Surge impedance, ®

Lightning channel impedance, ®
Tower footing resistance, w
Tower inductance, pH

Span length, m
Z, Q
R, Q

L, nH

0.5

T, 1.0

us 2.5

5.0

260

5

15
36.35
24.47
13.19
7.62

30

53.20
38.13
21.90
13.16

0.5/80
260;450
o

5;20
15;30
450

TABLE 7.2
Input Data for Parametric Study

0.53/26.2 1.0/80
330 260;450
330 00
9;18;27 5;20

25 15;30

100;200;300 450

7.3

1.03/117 2.22/219
330 330

330 330

9,18;27 9;18;27

25 25
100;200;300  100;200;300

Tower Lightning Stroke, U/I of the Tower

20
15
39.92
28.02
17.57
15.87

TABLE
330
9

30 23
54.96 52.5
40.21 505
24.63 265
17.50

18
24
57.6
54.0
29.5

27

25.8
67.5
58.5
33.7

450

5

15
43.27
28.53
14.33
7.96

30

68.02
45.63
24.82
14.25

2.5/80
260450
el

5;20
15;30
450

20
15
46.99
31.39
18.61
16.85

5.0/80
260;450
[=e]

5;20
15;30
450

30

71.31
48.19
27.70
18.57

e



wH
0.5
1.0
2.5
5.0

wH
0.5
1.0
2.5
5.0

260

15

12.01
8.18
4.11
2.17

260

15
130.0
129.1
107.6

75.5

30

26.23

18.09
8.82
4.84

30
130.0
129.1
107.6

76.1

Tower Lightning Stroke, U/I Second Tower

20

15

14.47

10.20
5.05
4.24

30

28.49

19.50
9.97
5.45

27

25.8
21.2
18.2
10.0

450

5

15
10.53
6.48
3.07
1.64

Midspan Lightning Stroke, U/l Midspan

20

15
130.0
129.1
107.6

75.6

30
130.0
129.1
107.6

76.1

TABLE 7.4
330
9 18
23 24
140 165
120 145
65 8.0
TABLE 7.5
330
9 18
23 24
183.5  183.5
172 172
1425 1425

27

25.8
183.5
172
142.5

450

5

15
225.0
223.5
186.3
129.8

30

23.69

16.59
8.29
4.37

30
225.0
223.5
186.3
130.8

20

15

12.41
7.98
4.06
4.04

20
15
225.0
223.5
186.3
129.9

30

26.22

18.57
9.21
4.84

30
225.0
223.5
186.3
130.9
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wH
0.5
1.0
2.5
5.0

wH
0.5
1.0
2.5
5.0

260

15
34.84
24.32
13.09
7.62

260

15

14.9

10.0
5.27
2.88

TABLE 7.6
Midspan Lightning Stroke, U/I First Tower

330 450
20 9 18 27 5
30 15 30 23 24 25.8 15

51.55 37.98  54.04 37.0 384 43.5 42.38
37.52 2755 40.19 32.5 345 37.0 27.23
21.72 17.49  24.62 18.5 21.0 24.25 14.12
13.13 13.04 16.75 7.95

TABLE 7.7
Midspan Lightning Stroke, U/I Second Tower

330 450
20 9 18 27 5
30 15 30 23 24 25.8 15
29.29 17.39  30.84 9.20 105 14.4 12.96
20.82 11.0 19.72 7.8 10.2 12.2 6.8
11.55 5.68 10.47 425 537 6.72 4.87
6.48 3.86 6.10 2.68

30

64.54
45.60
24.60
14.21

30
29.80
20.04
11.33
6.04

20
15
46.32
31.68
18.55
13.89

20

15

15.0
9.68
5.34
3.75

30

67.05
48.41
27.59
17.88

30
32.14
20.34
10.60
5.98

6vT
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FIGURE 7.3 Lightning on a tower: relative overvoltage U/Ri as a function of the parameter L/
TR () Z. = 450 Q; (i) Z, = 260 Q; (A) Z, = 330, d = 100 m; (®) Z. = 450 (3, d = 450
m®Z =3300,d=200m;QZ, = 2600,d = 450m; (x)Z, = 3300, 4 = 300 m.
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FIGURE 7.4 Lightning on an adjacent tower: relative overvoltage U/Ri as a function of the
parameter L/TR. (i) Z, = 450 Q; (i) Z, = 260 Q; (A) Z. = 330 Q, d = 100 m; (®) Z, = 450

Q0,d=

450m; (@) Z, = 3300,d = 200m; ® Z, = 260Q, d = 450 m; (x) Z, = 330 Q, d

= 300 m.
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FIGURE 7.5 Lightning at midspan of the ground wire: relative overvoltage U/Ri on the adjacent
towers, as a function of the parameter L/T;R. (i) Z, = 450 ; (ii) Z, = 260 Q; (A) Z, = 330 Q,
d=100m; (® Z = 4500,d = 450 m; (® Z, = 330 Q,d = 200m; ® Z, = 260 Q,d =
450 m; (X) Z, = 330 Q, d = 300 m.

o LR,

FIGURE 7.6 Lightning at midspan of the ground wire: relative overvoltage U/Ri on the second
tower, as a function of the parameter L/TR. (i) Z, = 450 Q; (i) Z, = 260 ); (A) Z, = 330 Q), d
=100m; (8 Z =450€0Q,d =450m; (® Z, = 330Q,d =200m; ® Z, = 260 Q, d = 450
m; (X)Z, = 3304, d = 300 m.
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(ii)

Y

3 3 3
L
TR

FIGURE 7.7 Lightning on a tower: ratio T,,/T,; as a function of the parameter L/T;R. (i) Z, = 450
Q; (i) Z. = 260 £; T, = time to half-value of the tower response; T,; = time to half-value of the
incident lightning current.

Solution
The inducing voltage is given by

S
U, = U0 — 1.0 \/% 7 2

! 1
p"*2 aXP(—jnp) T + 2] 1
— 5 — 3 d
R, R, )P 2 exp(— jnp)dp
“~lexp(—jnp) n — 1 .
P R - f p"~2exp(~ jnp)dp

27 1(n — 1)1
B | = 0 (A1)

I = J(nA (A2)
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FIGURE 7.8 Tower lightning stroke, U/l tower—digital results: (a) 0.5 ps, 30 pH, 5 0, Z_ =
450 Q; (b) 1 ps, 30 pH, 5 Q, Z, = 450 Q; (c) 2.5 ps, 30 pH, 5 Q, Z, = 450 Q; (d) 5 ps, 30
pH, 5Q,Z, = 450 Q; (¢) 0.5 ps, 15 pH, 20 Q, Z, = 260 ; () 1 ps, 15 uH, 20 Q, Z, = 260
Q;(2) 2.5 ps, 15 uH, 200, Z = 260 ; (h) 5 ps, 15 pH, 20 Q, Z, = 260 Q.
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FIGURE 7.9 Tower lightning stroke, U/I first tower—digital results. (a) 0.5 ps, 30 pH, 5 Q, Z,
=450 ; (b) 5 ps, 15 pH, 20 Q, Z, = 450 Q.

where A is the tower plane containing the arm and vertical axis.

JO =J =A@ —1)U_ (1) fort>1,
= Ag forO0<tr<y (A3)
J O =J@ = A0t - )U_,(1) fort>1

=Ar forO <<y (Ad)
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FIGURE 7.10 Midspan lightning stroke, U/I first tower—digital results. (a) 0.5 ps, 30 pH, 5 Q,
Z. = 450 Q; (b) 5 ps, 15 pH, 20 Q, Z, = 450 ().

Therefore, using Equation (7.2) in conjunction with Equations (A1), (A2),

(A3), and (A4)

20

ZchZO

Y
1o 2z, +z, X0

2K0OZ.,, + Z,K(D) = Z,Z,

Z,2K(10) — Z,) = —ZK(®)

(AS)
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FIGURE 7.11 Tower lightning stroke, U/l tower—analogue results.

Hence,
Z, = —Z,KW/2K(t) — Z)] (A6)

B. Using Equation (7.5), obtain an expression for the over-voltage V. (f) across
an insulation string at the arm of a transmission line tower, for C, — <.

Solution
U (9 in Equation (7.5) represents the induced lightning voltage surge on a
transmission line. Selecting the induced voltage developed by a lightning current
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FIGURE 7.12 Midspan lightning stroke, U/I first tower—analogue results.

surge represented by a sharp rising linear front and a slow declining linear tail,
U (?) is given by Equation (2.70).

If U(?) [the over-voltage induced on the line conductor]

= U(r) [the over-voltage induced on the top of tower],

Therefore, from Equations (7.5) and (7.7):

VC U C
_ 11 —-11 _ g 0 d _
U, =1 ‘[ . ( (1 —Cd ) Ua(t):l _C U,y (B1)

4

where U _(¢) is expressed by Equation (2.70).
From Equation (B1),

I R ¥/ el 20
U, =1 U0 v =1 U0 (B2)

C. Consider a transmission line tower is subjected to a lightning over-voltage
breakdown with current flow through the entire cylindrical tower continuum. If
U, is negligible and U, = U, .4, Obtain simplified expression for the insulator
string voltage after a duration as to U,. = K, volts.

Solution
From Equation (7.5) with U, = U,,4,..s becomes,

h
U = = t Uinduced - U + U

s h induced ac
(4

(&2))



258 High Voltage Engineering in Power Systems

Since lightning surge breakdown is occurring right through the tower itself,
Equation (3.38) represents solution for the induced tower over-voltage, whereby

e Xnm

X

n,m

Uniwes = —72008s = [0 — Q1 S S (Yn.mzm

m.=1 n.=1

) €2)

my=1 ny=1

Unaucea 10 Equation (C2) above was derived in Chapter 3 on the basis of
summation of magnetic moments.
Therefore, with U, 4...q given by Equation (C2)

harm
U = Ve 221 = 1] + K, ©
At t=1,00 — 1) =1
. e " Xnm
Untuces = =120Q0 = Q)2 2 Yordm — (C4)
7.V PROBLEMS
1.  Lightning surge impacted an overhead transmission tower with an oscil-

latory induced over-voltage. Obtain an expression for the current surge
through the tower using the basis of Equation (7.2).

2. Repeat problem 1 if the surge-induced voltage is an over-damped wave.

3. With the definition of tower self-inductance L = dQ/di, obtain solution
for (L) when the voltage induced at the top of the tower U(r) is the same
as that induced at a transmission line (lightning stroke is a step time function
with cochlear tail).

4, For the same situation described in problem 3, obtain solution for the
dynamic capacitance C,, in accordance with the definition, ¢, = dQ(¢)/dU(t).

5.  From results and conditions of problems 3 and 4, obtain expression for
the dynamic impedance of the tower Z, in accordance with the definition
given by Equation (7.3).

6.  From results obtained in problem 5, secure solution for the tower instan-
taneous impedance Z(?) in accordance with the definition given by Equation
(7.4).

7.  Consider lumped representation of a transmission line tower in terms of
(L) and (R). Using solution for an inducing lightning voltage surge secured
by summation of magnetic moments, obtain an expression for the tower-
induced over-voltage U(?).

8.  Using results from problem 7 and with U (¢) in Equation (7.5) representing
the voltage induced on a transmission line, solve for K_,(¢). Consider U,(¢)
is due to an actual lightning surge with a sharp voltage and solve decaying
linear rail.
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Refer to Figure 7.2 for an actual lightning surge characterized as a sharp
linear rise and slow linearly decreasing tail, and obtain an expression for
the over-voltage induced at a span of ground wire.

From results secured in problem 9, obtain expression for the insulator
string over-voltage U, .

Using Equations (7.23) to (7.28), refer to the calculation of the tower-
induced over-voltage U(r). Obtain expression for the tower system time
varying surge impedance Z(f).

Using U(?) given by Equation (7.23) and the tower lumped representation
in terms of L and R, obtain solution for tower current /(¢); one can assume
zero initial and universal normal conditions.

From the result of problem 12 obtain expression for the tower time varying
surge impedance Z(?).

Referring to Figure 7.4, secure empirical mathematical representation for
the relative over-voltage ratio with respect to L/T R. Deviation of the
desired relationship could be based on taking the mean curve between case
(i) and case (ii).

Repeat problem 14 regarding the two curves shown in Figure 7.6.
Repeat problem 14 regarding the two curves shown in Figure 7.7.

PRINCIPAL LIST OF SYMBOLS

Surge impedance of lightning channel
Surge impedance of conductor
Voltage generator

Conductor charge

Dynamic coupling

Voltage of string insulation to ground
Effective tower radius

Induced voltage at tower

Tower surge impedance

AC conventional voltage

Mutual inductance
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Chapter 8
CORONA EFFECTS

8.1 INTRODUCTION

Chapter | presented conventional transmission line equations for propagation
of incident waves with consideration of longitudinal inductance and resistance
as well as transverse conductance and capacitance. However, the conventional
set of equations for analysis of wave propagation cannot be used for symmetrical
operating conditions involving a return path through Earth, a voltage level beyond
the corona threshold, and conditions at high frequencies. As an example, Fourier
integral expansion of lightning overvoltage surge will contain broad spectrum
of high frequencies in the MHE range.

MHE frequencies of voltage or current surge introduce the concept of skin
effect in line conductors and Earth, while corona phenomenon alters conventional
values of line dynamic capacitance as well as the dynamic conductance, changing
the velocity of propagation for lightning surge wave front, and increasing the
transversal line Josses.

Modification for the conventional equations of wave propagation presented
in Chapter 1, therefore, is essential in accounting for skin effect and corona,
especially under the incidence of lightning over-voltage surges as well as switch-
ing impulses.

Analytical modification is centered on Maxwell’s field equations listed below:

oD

DxH=17 + .1

v 3.1

- - oB

DXE=-— 8.2)
3t

Equations (8.1) and (8.2) must be subjected to the general, nonlinear con-
stituent relationships:

- i)
D=e,E+ez-—?+e3—+... (8.3)
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oH 9*H

B=pH+p,— + p, + ... 8.4)
]

ot o

€(W) and p(W) could be complex.

Based on an earlier study conducted by Radulet, Timotin, and Tugulea, a
new set of wave propagation of a transmission line obtained by means of ana-
lytical approximation through a study conducted by C. Gary, A. Timotin, and
D. Cristescu that includes Earth as a return path, using the concept of transient
line parameters, has been developed that will take care of skin effect and corona.
The new set of equations is in the form of integro-differential equations and
convolutions that require nonclassical method of solution and eventually nu-
merical approach to achieve reasonable, quick results.

8.I1 MODELING OF TRANSMISSION LINE
PROPAGATION EQUATIONS

Modeling is based on the use of transient parameters and nonlinear capac-
itance, which implies that

q = qU,dU/ds,Uld?. ..) (8.5)

where ¢ is the line charge in coulombs and U is the induced over-voltage which
may exceed corona threshold.

The new set of propagation equations in terms of the transient line parameters
developed by Réadulet, Timotin, and Tugulea is expressed as:

di au
—_— = —_— + .
ax = Com " G,U (8.6)
au di j ' e

X l, o Or(t — ti(x,t')dt 8.7

where X is any point on the line from point of impact, U(x,?), i(x,?) is the voltage
and current at any position and time at the transmission line.
The dynamic capacitance c,, is given as:

aq du a*Uu
Com = == = Coul Uy, —,—= ... ) > ¢ 8.8
A1/ "Y< dtdﬂ) 0 ©-8)
where ¢, is the conventional transverse capacitance for the transmission line.

0
rix,n = — v

X dti(ty = U_,(® (8.9)
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where r(7) is known as the transient line resistance. Let T, be known as the wire
penetration time and T, the Earth penetration time,

T, = poo? (8.10)

I

I

T, = noh’ = woh* = vi, (8.11)

where h is the height of the line.
Introducing the relative time variables,

6, =tT,and 0, = t/T, = 0 (8.12)
Define p,(0,) as the relative transient resistance of the line,

p(6) = @ =1+ i exp(— X3 - 0) (8.13)

0

and p,(8,) as the relative transient resistance of Earth

p(6) = r;f:) = 2\/1;6; + :1‘ [exp(&)erfc(\/le_) — 1] (8.14)

p; and p, are represented in Figure 8.1, where X,, n = 1, 2,3, ... are the
zeros of the Bessel function J,(X) of the first kind and order, and erfc(X) is the
complementary error function.

1
ro=

os T "lTth = Rl (815)

Known as the reference line resistance for Earth, r(¢) is the line resistance

=r{ + r(D (8.16)
and
p(0) = @ = p(vh) + Kop,(0) 8.17)

r, is the line DC (direct current) resistance

U

i

I

T
F‘ is the order of 1073

1 _
K, = e is the order of 103
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FIGURE 8.1 Relative transient resistances of the cylindrical wire p;, and the homogenous earth
p,, as functions of the associated relative time variables 6, and 0,. 7, = poa* 7, = poh% 6, =
t7; 8, = th; r,; = r, = Umogt r, = Unoh?.

For computing purposes, let
0 = ¢/T,and & = X/v,T, (8.18)
U = U(e,9) and a(e,0) as the normalized current defined by
a(€,0) = Z;i(x,?) (8.19)

where
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Hence, the normalized line equations become

d oU

- _a‘; =Ko +vU (8.20)
oU  da a [° , o

- a—g = % = V,% A p(0 — 0"a(€,0")do (8.21)

The relative dynamic capacitance occurs as

8.22)

dU d*U
K = c,/c, = K(U, )

-‘};’711‘_2

v, is the longitudinal loss coefficient and v, is the transverse loss coefficient,
wherein

v, = rol/p, <1 (8.23)

v, = G,TJ/C, < 1 (8.24)

4

8.III CORONA MODEL

Systematic laboratory studies of the impulsive corona discharge conducted
by Gary, Timotin and Cristescu led to the following characterization of the
voltage-charge cycle ¢ = g(v) as shown in Figure 8.2a, where U,, = corona
inception voltage when ¢ = g, = ¢,U_,; no corona appears and the capacitance
is the geometrical value c,. As the voltage increases, the dynamic capacitance
Ca4, Will increase from ¢, to c,,, corresponding to a voltage level of U,, where
q = q,. As the voltage U surges to a higher level on the order of three to four
times U,,, the dynamic capacitance c,,, will approach the limit of c_,,. Then,
when U reaches the limit U, and begins to decrease monotonously, the dynamic
capacitance c,,, approaches the original limit of c,.

Regarding the wave front where U < U,,., and dU/dt > 0, the two straight
lines ¢ = ¢,U and ¢ = ¢, + ¢, (U — U,,) intersect at point P, where the
voltage U has a value equal to the dynamic corona threshold U.,.

Also, regarding the model shown in Figure 8.2a,

qg = qU) = c,U + (¢, — U,y — U)g(m) (8.25)

where

U = U )U, = Uy,)0,1)m (8.26)

3
i
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FIGURE 8.2 Simplified description of the corona model. (a) The (q,4) and (C,,, 1) curves; (b)
time constants of the input (x = 0) and propagated (x > 0) wave shapes.
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and
g0) = 0,9(1) = 1 (8.27)
Also,
de
Cd_vn = KCO = E—l} = [CO + Ccor - COlf(T]) (828)
where
dae _
fltw) = il Gl (8.29)
M

F, is shown implicitly in the following:

U, —-U
—= < 8.30
U, - U., ®-30

cl

F, =

In addition, the study conducted by C. Gary, A. Timotin, and D. Cristescu
identified

1.1
. = co[l + O.6ch(ﬁa—-l> ] (8.31)
and
P, U
£ + —= t0.75 —_max .
U.=U, Va " ( ; ) (8.32)

4

where a is the line radius in millimeters and ¢, is the normalized visetime in ps.

The formula of U, is convenient only for the wave shape of laboratory tests
as shown in Figure 8.2b, where the biexponential representation is given by

U@ UmaxK[exp<:—dt) - exp(— i)] (8.33)

i

with

K= (RE%)/(R -1 (8.34)

R = tt, (8.35)
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where ¢, is the tail time constant and ¢,, is the front time constant.
In the case of nonexponential form, we have:

U,=U +L<g—”> (8.36)
cl co _\/2 TO -
where
P = Py}” (8.37)
Also,
K = c,,/c
dlU
= 1if0<[U|sUw,M>0
dt
. d|U|
=1+ K, - 1 ifU,<[U[<U, - ~>0 (839
where
- dU
Kcor = CLO lf Ucl = |U| = Umax’ M > 0 (839)
Co dt
.. d|\U|
Koo = S U] < U D < 0 (8.40)
Co dr

Figures 8.3, 8.4, and 8.5 show characteristic behavior for the propagation
of normalized impulse at distances up to 10 km. These curves show that as the
Earth conductivity becomes less, more attenuation for the wave peak E, . results
at a certain point; however the retardation is greater due to the increase of the
transient line inductance, which is due to deeper penetration of the field into the
Earth.

Figure 8.6 shows the time of the wave maximum ¢, = 1,(x) as a function
of distance (x) on the line for various Earth qualities and input waveforms.

The Gary et al. study included useful information for the duration of the tail
wave. Figure 8.7 shows distance dependence of the peak attenuation U,,./E,...
for the reference Earth (0.01 § m™!) and for various tail duration. It was shown
that the smaller the front rise time ¢,, the greater the influence of the Earth on
the peak voltage U,,,.. For truncation of impulse wave the study showed a direct
effect on the attenuation of its peak. Figure 8.8 shows the time dependence of
a normalized impulse wave to be 1.2/50 s, abruptly truncated at 2 s at various
distances from the origin. Peak attenuation is observed at 43% at X = 3 km,
whereas it is 90% for untruncated wave.
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FIGURE 8.3 Propagation of normalized impulse with and without corona. Time dependence of
U(Xk, t) at indicated Xk (km). Dotted line, with corona; solid line, without corona. (a) o, = 0.01
SmY (b)o, = 0.001 Sm~'. E,,, = 1.120 kV, 1.2/10 ps.

For skin effect, it is reported in the Gary and co-workers study that line
conductor effect has little influence compared to Earth return path, where its
transient resistance could be 1000 times greater than the corresponding wire
resistance. The situation is different, however, for a ground conductor made of
steel in which the penetration time is directly proportional to its permeability.
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FIGURE 8.4 Propagation of normalized impulse with and without corona. Time dependence of
U(Xk, 1) at indicated Xk (km). Dotted line, with corona; solid line, without corona. (a) o, = 0.01
Sm'(b)o, = 0.001 Sm™". £, = 1.120 kV, 1.2/50 ps.

This led to a reduction in the relative time values and an increase in the
relative transient resistance values of the wire on the front wave. Figure 8.9
illustrates wave shapes at short distances from the point of impact, before re-
flection at the masts. It is observed that Earth electrical conductivity has little
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FIGURE 8.5 Propagation of normalized impulse with and without corona in the case of a very
badly conducting ground. Time dependence of U(Xk, f) at indicated Xk (km). Dotted line, with
corona; solid line, without corona. o, = 0.0001 Sm~'. E,,, = 1.120 kV, 1.2/10 ps.

effect on the wave distortion. The study also indicated that skin effect losses
can influence the wave peak attenuation via a short rise time. Figure 8.10 shows
a staged attenuation of 0.2/6 ws wave at short distances.

8.IV CORONA AT HIGH DIRECT VOLTAGES

A. INTRODUCTION

For small gaps under an applied high DC voltage, Jhawar and Chalmers
confirmed the generally accepted square-law dependence of corona current with
respect to region voltage. The formula also can be applied to corona formation
from trees during the passing of thunderstorms. The square-law formula

i=A[U — U,)JU (8.41)

where U, is corona threshold voltage.

Work carried out by T. E. Allibone and J. C. Saunderson indicated that
corona current from Earth-bound points of varying curvatures placed between
two DC charged parallel plates confirmed the validity of the square-law rule for
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FIGURE 8.6 Distance dependence of the peak time z,,. 1.2/10 ps at x = 0; 1.2/50 at x = 0. o,
=001Sm 520, =0005Sm 30, =0001Sm™'; o, = 0.0001 S m~!. Positive polarity:
2a = D = 26.4 mm.

a DC voltage up to 400 kV, where a corona developed at the current edges of
the upper plane.

Knudsen and Iliceto also conducted work on corona using a DC voltage
close to 1.4 MV using a point-plane geometry; however in the scope of current
measurement at a very large plane electrode, they were not able to observe the
well-known sharp peaks in current pulse that were observed by Trichel and
others. Those peaks were identified as developing from negatively charged point
electrodes in small gaps.

Allibone and Saunderson indicated by their work that by careful selection
of the measuring parameters they have been able to record corona pulses that
form at a negatively charged point several meters above a plane electrode. The
current at the plane is the displacement convective current corresponding to
Trichel corona pulses.

B. EXPERIMENTAL WORK

Investigations carried out by Allibone and Saunderson secured voltage mea-
surement by a shielded resistance potentiometer, adjusted by a 2-m spark gap
to 0.5% adjustment, with an applied DC voltage up to IMV on both polarities.
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FIGURE 8.7 U,,, E.. as function of the distance x. (a) 1.2/10 ps at x = 0; (b) 1.2/50 ps at x
= 0;(c) 1.2/80 ws at x = 0; (d) 0.2/6 us at x = 0.

In measuring the corona between a sphere and a point, the earthen electrode was
placed vertically below the suspended sphere and was connected to an oscillo-
scope using a 4-m length of Tektronix resistive probe having a band width of 4
MHE. The needle electrode had a radius of curvature of 0.05 mm; other electrodes
were used such as a 1.9-cm diameter rod tapered to a cone with a 2-mm radius,
a 1.9-cm rod-ended hemispherical, and a 1.2 X 1.2 cm square-sectioned rod
cut square perpendicular to its length and left with sharp edges and corners.

Figure 8.11 shows corona currents between the needle and the 2-m sphere
for an applied positive polarity voltage up to 950 kV. It was observed that no
current streamers developed below 1000 kV. Figure 8.12 represents current-
voltage characteristics for corona for other, less sharp electrodes, while Figure
8.13 illustrates the same curves for various plane-needle gaps.

C. OSCILLOGRAPHIC MEASUREMENTS

Trichell showed that corona pulsing currents from sharp electrodes charged
negatively took the form of short bursts with time duration on the order of 1
ws. In a reliable observation of corona pulses, the needle was comnected to
ground a resistance (R) ranging from 1 to 10 km, as well as to the resistive probe
leading to the oscilloscope. It is observed that the number of pulses released due
to corona increases linearly with the increase of current value. Oscillograms of
corona currents are shown in Figure 8.14.
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FIGURE 8.8 Propagation of a truncated 1.2/50 impulse. Time dependence of U(Xk, ¢) at indicated
1.2/50 impulse.

Figure 8.15 shows measured frequency for the release of corona pulses with
respect to total current. The pair of curves indicate corona current of 1 pamp
of a frequency of 10* pulses per second and 40 pamp for a frequency of 10°
pulses per second, while another pair of curves shows corona current of 1.9 s
of a frequency of 1.3 X 10° pulses per second at 200 kV; a corona current of
10 pamp had a frequency of 3 X 10° pulses per second at 350 kV.

The study carried out by Allibone and Saunderson concluded that the square-
law formula for corona current with respect to stressing voltage was verified
with reliable precision for a variety of rod-plane gaps with stressing voltage up
to 1 MV of both polarities. Figure 8.16 shows correlations between corona
current and plane-needle gap for both polarities. From Figure 8.16 it is observed
that corona current varies inversely with respect to gap spacing, however as the
spacing increases, the inverse power of the spacing (d) becomes 2.5. Measure-
ment of corona current with respect to spacing was based on inverted geometry;
the sphere point which gave the surprising result that sparkover voltage from
200 to 100 kV of this gap on positive polarity was 15% higher than that for the
point-plane geometry on negative polarity.
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conductor (h = 22 m, a = 8§ mm) of steel with u, = 200, o, = 7.10° Q"' m~', 150 mm?, with
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FIGURE 8.10 Progressive skin effect attenuation of the 0.2/6 ps wave at distances x = 0.5, 1,
1.5,2,25and 3 km. At = 833 ns, 0, = 0.01 Sm~', 1, = 1.81 ps, 0.2/6 ps.
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FIGURE 8.11 Corona current/voltage relationships for a 2 m sphere-needle gap of various spacings
from 40 to 400 cm. (@ - @), 40 cm; (+ — +), 70 cm; (X - X), 100 cm; (O — 0), 150 c¢m; (O
- 0), 200 cm; (O — ©), 250 cm; (O - O), 300 cm; (Il — W), 400 cm.



277

-1000-
x
/
’
/
/
-100 |-
-0t
<
a
10|
01 L -
10 1000

FIGURE 8.12 Corona current/voltage relationship for various electrodes with gap = 1 m. (X --
%), needle r = 0.05 mm; (O — (), square cut 1.2 cm x 1.2 cm; (O — O) conical r = 2 mm;
(+---+), hemispherical r = 0.95 cm.



278 High Voltage Engineering in Power Systems

$

-00f

e ¥ 3

<

=3

G0k

-01 . | .
10 100 500

kV

FIGURE 8.13 Corona current/voltage relationships for various plane-needle gaps. (@—@), 24
om; (%X—X), 36 em; (O—O), 50 cmy; {(+-~+), 7§ em; (L), 100 cm.



279

T

04

03
>

021

il

I d L L 1 1 A ] 1

10 20 30 40 S0 60 70 80 90 100
HS

T

03k

>

02}%

01

0 1 L 1 1 1 ! 1 )

0O 5 10 15 20 25 30 35 40 45 SO
b ps

FIGURE 8.14 Oscillograms of corona pulses from negatively charged needle in a 2.5 m sphere-
needle gap (R = k(). (a) Average of 50 pulses/ms; (b) average of 250 pulses/ms.

8.V HUMIDITY EFFECTS*

Indications are that voltage breakdown in a nonuniform field gap depends
on the inception and formation of corona, which in turn depends on electrode
profile, length of gap, and the rate of rise and duration of the voltage. It is also
observed that the addition of 1 g of water per cubic meter of air will lead to an
increase of voltage breakdown by 1%. A gap with a positively stressed electrode
of small radius representing diverging field shows substantial dependence on
humidity, while in a negatively charged electrode for converging field, the
humidity effect was observed to be much less. The Allen study pointed to the
fact that humidity has significant impact on sparkover voltage whether the applied
voltage is steady, time varying, or a unidirectional train of impulses in a diverging
field. Allen’s study was directed on the rod-plane electrode system.

Breakdown strength in a rod-plane and a rod-rod gap system showed a decline
as the time to crest 7, increases and starts to increase again, with a minimum
occurring in the range 100 < T,, < 1000 ws, illustrating the well-known pattern
of U curves identified by Waters. The applied voltage could be a switching
impulse or lightning pulse. In applying a switching impulse of relatively long

* The work in this Section is based on and extracted from a paper by N. L. Allen.!
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FIGURE 8.15 Corona currents and corona pulse frequencies. Sphere-needle gap of 2.5 m: (0—0),
current from 1 to 100 pA; (X--X), pulses from 10° to 10° pulses/s. Sphere-(hemispherically-ended)
rod gap of 2.5 m: ((3—{1J), current from 0.1 to 2.0 pA; (+--+), pulses from 10° to 3 X 10* pulses/
s.

duration, a significant role in the prebreakdown corona is the formation of the
ionization leader. Gallimberi and Rea indicated in their work that lightning pulse
characterized as 0.9/23 us; the leader formation had been identified, but that
the corona activity that precedes the final stage of breakdown is dominated by
ionizing streamers.

A. ON BREAKDOWN
The effects of humidity on the 50% flash-over voltage breakdown form the
subject of this subsection. Uy, depends upon the gap length, pulse wave shape,
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and humidity. The discussion will not touch on the effect of relative air density
or profile of the rod electrode.

The study of N. L. Allen indicated that for a gap of a given length, relation
between flash-over voltage and absolute humidity is given by

K
U, = Us,d[l 4k (h - hm»] (8.42)

where U, U,,, are the 50% flash-over voltages at humidity 4 and h,,,, respectively;
h,, is equal to 11 g/m® adopted by the IEC in the U.K.; K, is a humidity
coefficient, so if K, is a constant, then U, varies linearly with h. According to
the IEC recommendation,

K, = K, (8.43)

where K is a coefficient that varies almost linearly with 2, and A has a value of
unity when £ = 11 g/m? and W is an exponent that varies with gap length.
Over a limited humidity [5<h<<20 g/m’]

h—h
K=1+ ~——100”" (8.44)
and
h— h, v
K, = [ 1+ 100"“] (8.45)

Figure 8.17 shows variation between K, with gap length and humidity. For gap
length (d) meter, K, is independent of electrode separation and it has an order
of 1%/g/m®. For all gaps and variations a range of humidities exists between
2.5 and 20 g/m*. Also Figure 8.18 illustrates the pattern of 50% flash-over
voltage with respect to absolute humidity and gap length for 2/40 ws.

Allen indicated that studies conducted since 1970 pointed to an important
observation that K, also depends on the time to crest T, of the straight lines for
the flash-over voltage V., against gap separation (d) at different humidities under
the occurrence of lightning surge. On the other hand, for switching impulse, the
set of curves rises less rapidly than linearly, and humidity correction factors vary
among wave fronts. Consequently, Equation (8.42) is applicable mainly where
lightning impulses are associated with K, as a constant for all gap lengths. Allen
referred to Aihara et al., who identified that a similarity relationship existed
between impulse wave front and flash-over voltage for different gap spacings.
Therefore, at a give humidity, a plot of V/M against T,,/d generated a unique
curve for all wave fronts.

4
d+ 3

M = 284 — (8.46)
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FIGURE 8.17 Values of K, derived from the JEC recommended values of K and W for positive
impulse voltages. (a) Gaps of 0.5 m and 1 m, w = 1; (b) gap of 2m, w = 0.88; (c) gap of 5 m,

w

= 0.52; (d) gap of 10 m, w = 0.1. The variation of w with gap adopted by the JEC.

A new humidity correction factor X, is found to be related to K, by an

empirical relationship

K, = oK, 8.47)
and
a = 0.56¢ 97 + (.44 (8.48)
B. SPECIAL CONCERNS
1. Calculation of K, is not always assured to correspond to a standard humidity.
2 Some doubt exists about precision measurement of humidity.
3 Some doubt exists as to whether measurement over-voltages or humidity
have been corrected for standard air or density.
4.  An increase in the number of shots to measure the U,, level indicates
variations of X,,.
5.  For gaps <1.5 m length, the electrode profile has significance under

conditions of breakdown, while for long gaps, breakdown is determined
by the predominately streamer nature of the preceding corona.
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FIGURE 8.18 50% flashover voltages as a function of humidity for 2/40 ps impulses. (a) 0.5-m
gap; (b) 1-m gap; (c) 2-m gap; (d) 3-m gap; (¢) humidity = 0 g/m? (f) humidity = 11 g/m?; (g)
humidity = 25 g/m®.

6.  Tests carried out under ventilated and unventilated conditions led to dif-
ferences in the densities of residual negative ions, which by detachment
provide an initial release of electrons for the inception of corona and
subsequent flashover. Therefore, ventilation conditions will have an in-
direct effect on the parameter K,,.

7.  Irradiation of electrode gaps after each experimental phase has a direct
effect on spark flash-over and other parameters. The supply of ions due
to proximity of an radioactive source will also enhance conditions for
corona inception.
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Pigini proposed for the case of lightning impulse a simple relation between
the average potential gradient in the rod-plane gap of length (d) at V, and the
average gradient E;, which is required for the propagation of a streamer.

A = (VJdIE* (8.49)

and
VSOStd)/Eﬁ(std) _ %M/Ej(s,h) - A (8.50)

where E7 (std) — 500 kV/m for a relative air density of 6 = 1 and standard
humidity of 11 g/m’.

Thus, if V,, is measured at any condition of air density 6 and absolute
humidity &, application of the humidity correction factor yields the value of
E7(8,h), and hence the constant, so that the value of V, (std) can be secured.

C. HUMIDITY U CURVE
The study conducted by Allen indicated that minimum level for V, observed
in the well-known U curves occurs at all humidities and is normally in the range
100 < T., < 1000 ps; however, if for 7, << 100 s there is a rapid decrease
in V, with increasing T ,, then the increase beyond the minimum is much slower.
To conclude this section, various important conclusions can be drawn:

1.  The rate of increase for the potential gradient sought for the travel of a
streamer in corona phenomenon is on the order of 1% for each gram per
cubic meter in moisture content, and is independent of electrode gap length.
Such a rate is about the same as the rate of change for V, with respect to
humidity in the case of lightning impulse.

2.  The effect on voltage breakdown and corona is to be an involved corre-
lation. The humidity correction factor is found to demonstrate a minimum
at some instant toward time duration to 7',. This is an indication of tran-
sition from streamer ions domination to leader ionization control, i.e.,
from a situation of relatively high potential gradient to a low potential
gradient, especially in the case of a larger humidity correction factor for
a relatively large T,,, where the intrinsic humidity has direct dependence
on the leader potential gradient.

3. Humidity effects in short electrode gaps of a few centimeters are found to
be different than those in longer gaps, due to different field configurations
between electrodes in the two situations.
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8.VI CORONA AT SUSTAINED HIGH DIRECT
VOLTAGES

Consider a coaxial cylindrical transmission line with inner central wire and
the surrounding surface. When the wire is negatively charged serving the role
of cathode, the positive ions formed nearby will bombard the cathode with intense
energy, thereby releasing more electrons sufficient to establish a self-sustained
discharge for corona. Those electrons will travel toward the cylindrical anode
forming a path current flow external to the region of ionization. In the case of
the central wire being positively charged, electrons in close proximity to the
cathode move toward the anode, and as they attain a high field, an electron
avalanche will be formed due to multi-ionization activities of electrons. Positive
ions generated by electron avalanche will travel to the cylindrical cathode, and
upon bombardment, electrons will be released, but with the possession of rel-
atively small energies.

Upon reaching the critical potential between the cathode and anode, corona
discharge commences whereby current flow will increase with voltage with some
slight deviation between positive and negative corona.

Equation (3.60a) provided a solution for the induced electric field on a
transmission line in rectangular coordinates. A method of converting those field
components to cylindrical system is shown below:

E

E, cosd + E, sind
—E_ sing + E, cosd (8.5

=g
It

Therefore,

L ..
E, =Pl ouvie- 0| 3 3.z,

e_jx"-"' e IX
+j cosa
[ xan X ]

n,m

+ P[_sz oVt — ] sina (8.52)

E =

-3

= [JZQMO Vi — to)]

e iXn, e Xam
[ oo +J X ]cosa
+ P[—’%’ Vit - to)]
C

nm

cosa (8.53)

'l,m
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E, = P[icQEE Vi - r,)] > 2 Y (8.54)

Of course, the space coordinates indicated above are from the place of
occurrence of the lightning conductive and convective strokes. Also, the param-
eter Q is a direct representation of the conductive and convective electric current
stroke. Here, we can consider the outer cylindrical line surface as the cathode
and the inner conductor wire as the anode.

The movement of ions from the cathode to the anode depends upon the field
strength available in the region and their mobility,

i = 2wrpv, (8.55)
where v, is the ion’s velocity, p is the charge density, and vy is the radius of the
cathode and measured from the central wire.

Taking e, as the prevailing electric field and K as the ion’s mobility, therefore,

i = 2mpKE, (8.56)

Resorting to Poisson’s equation for radial space variation only,
14
-— (Er) = 4mp (8.57)
ror

where p is the charge density. Then, by Equation (8.45)

l i (Er) = 2 (8.58
ror T rKE, >8)
Therefore,
2ir?
(Erp = ’7 +C (8.59)

As indicated in the book by J. D. Cobine, Gaseous Conductors (Dover
Publications, 1941), the constant of integration C can be obtained by assuming
that v >> +,, at which the prevailing electric field strength is equal to the
sparking condition. In other words, forr >> r,

2ir#

C = (r; Esunriy® — A (8.60)
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And consequently

- 1 [2ir? 2ir2i 2
E=a-|=—+GE)-— :
r=a4 [ % (rE. X ] (8.61)

However, €, is the field in the coaxial space from the central wire located
at its own coordinate. Therefore, to account for the location of the place at which
lightning stroke occurred, Equation (8.46) becomes:

1 2ir2 2ir2i 12
E_,=——|— + (E)y - — .62
p—r p —r [ K (rzEn) K ] (8 6 )
E, is the local field in the coaxial region at the sparking potential which is

on the order of 32 kV/cm at atmospheric pressure and uniform field.

8.VII CORONA UNDER A SHARP RISE AND SLOW
DECAYING TAIL OF LIGHTNING STROKE

The induced electric field on a point on a transmission line was given in
Equation (4.43) through (4.46) where

E, = o[ 2CVmB0A - )
? ? Ui(X:L)BIO(t)
+ 2CU, 8.t — 1)IA, — A]
Ui(X=L)8/o(t - tl)

+ 2C?U .0t — t)[A. — A,
Ui(X=L)8”o(t - tl)

2C?U 0. (t — A, ~
+ C max o(t tl)v—l[ v Ac]] (863)

Ui(X=L)8'o(t - tl)

a T (3

E — A [2C2Umax80(t)[Ac — Av]
Uix=1,8"(2)
+ 2C2Umax80(t - tl)[Av - Ac]
Ui(X=L)8,o(t - t1)

4 202U, 8"t — 1)[A, — A)]
Ui(x=1_)8”0(t - t1)

, B _
L 20U Dt = t)v_[A, AJ] (8.64)

Ui(X=L)8,o(t - tl)
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and

E =

T

_a |:2’C2Umax80(t)[Ac - Av]
§ Ui(X=L)SID(t)

2C2Umax80(t - tl)[Av - Ac]
Ui(X=L)8,a(t - t1)

+ 2C7U d — 1A, — A
Ui(X=L)8”o(t - tl)

CU,..,0,(t — t)v_|[A, — A
+ 2 max o(t l)v 1[ v c]] (865)

Uix=p,®°Ct — 1)

where U, (X = L) is the inducing voltage at X = L given by Equation (2.96).
The solution for the induced voltage at a point on a transmission line is
given by the set of equations (2.100) through (2.104).
As indicated in Section IV the electric field at the initiation of corona could
be written by:

B, = [P omp - 200 s
where [, v(t) is represented as indicated in Chapter 2:
J.=Ap 0<r<y
=A(t—1) t>1
J,=Ar 0<r<y
=A@t —1) t>¢ (8.67)

Condition of field breakdown at the transmission line could be secured from
the field equations of (8.55) whereby at + = ¢, (where ¢, is the time of rise of
lightning urge) breakdown will commence due to lightning surge.

Corona may commence at these conditional singularity times:

() =8t — 1) =8"(t — 1) (8.68)

Representation for the EQ_Q and E, _, could be obtained by solving Poisson’s
equation in three dimensions:

1o - 1 9E JE
S—ED+S 2+ 2L =4 8.6
rar('r) r oQ oz P (8.69)
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Again, p is the charge density in interspace of the coaxial transmission line.
Solutions for EQ and E, in conjunction with that of E, are left as problems for
the student. The reader may also determine the appropriate boundary conditions
based on treating the line conductor as perfect and the interspatial region as
perfect dielectric.

The vectorial radial corona field expressed by Equation (8.16) would match
the sparking potential that has the direct linkage between Equation (8.70) from
the Cobine book Gaseous Conductors and Equation (2.66), the equation for the
sparking voltage:

APd
In(1/r)

U, = BPd/In (8.70)

where P is the pressure in millimeters of mercury, d is the separation between
the advancing electron avalanche and the transmission line, and A and B are
constants. However, this author must indicate that Equation (8.60) is valid when
the ionization process is dominated by secondary electrons, as Cobine expressed
in his book.

For convenience to the reader, Equation (2.66) is rewritten below:

2C?U
(X — L)U (t _ t) Uinducing(x!t)U—l(t - to) (871)
-1 0.

Uinduced(x’ t) = U

inducing
and
Uinducing®: 1) = Ux,t) + U(x,0) (8.72)
Or, as Cobine expressed, the sparking potential at atmospheric pressure and
in uniform field is given by
U, = 30d + 1.35 kV/cm (8.73)
where d is in centimeters. Therefore, from Equations (8.19) and (8.21):

2C%U,
30d + 1.35 = max U. ' y 874
Uinducing(X = L)]} _ ’(t — to) mducmg(x ) ( )

The average distance at which corona will commence could be expressed
by:

d — [ 2C2 Umax Uinducing(x' t)

- 0.0 -
30Uinducing(X = L)U_,(t —_ ta) 45]Cm (8 75)
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Then the average uniform corona field can be expressed by

E — 2C2Umainnducing(xv l)

o Uinducing(X = L)UAl(t - to)d

V/m (8.76)

A similar expression to Equation (8.24) could be obtained when the corona
sparking voltage is a sustained high direct voltage.

8.VIII CORONA AT LINE TOWER

The Gary et al. solution for the induced voltage on a transmission line tower
in Chapter 7 is given by Equation (7.23), while the incident current impulse is
given by Equation (7.26).

One condition for sparking and, of course, the commencement of corona
could be observed when the impulse parameter m = p, which could be seen
from Equation (7.27). Another case that may initiate sparking is for the parameter
m = 0. A third possibility that also depends on the current parameter is for m
= 0 and a very large 1. However, another, more informative criterion for corona
commencement at the tower is when the voltage induced given by Equation
(7.23) approaches in terms of order of magnitude the approximate representation
of sparking voltage given by

U, = (30d + 1.35kV/cm (8.77)

that case every parameter and variable in Equation (7.27) will be involved.

8.IX CORONA IN GASEOUS CONTINUUM

A. CORONA IN He GAS

Spontaneous field breakdown in helium gas containing He* and He?" is
reviewed in Chapter 5 wherein breakdown could occur under field and concen-
tration criteria and due to combined effects of field and concentration. Those
presentations were contained in Section I.C of Chapter 5. In addition Section
I.D presented the concept of magnetically induced electric field and current
densities, and sequentially, condition of microscopic voltage breakdown has
been presented in the set of Equations (6.31) to (6.33) whereby the gaseous
continuum was treated as anisotropic gaseous mixture.

B. CORONA IN N, GAS

Section S.III, discusses breakdown characteristics with respect to unitary
gases such as N,, H,, CO, and air, and specifically on the response of N, with
1 to 20% CCL,F, by pressure under lightning impact and switching impuises. It
was indicated that breakdown leading to corona occurs at a higher level for
negative polarity pulses under both lightning and switching. Detailed breakdown
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voltage level with respect to rod/plane gap for nitrogen is shown in Figure 5.2
and for a mixture of N,/CCLF, is shown in Figures 5.3 through 5.10.

C. CORONA IN SF, GAS

Chapter 5 presents a fairly detailed discussion on the ionization behavior
under intensified fields. This involves the roles of electrons, positive ions, pho-
tons, and secondary processes of ionizations. SF, is being used increasingly as
an effector insulator in cables and transformers, and demonstrates corona re-
sponse whenever the prevailing field exceeds the effective ionization potential
of SF, at the existing pressure and temperature.

8.X SOLVED EXAMPLES

A. State the conventional set of transmission line wave propagation equations
and the new transient line parameters equations. Show quantitative differences
between the two sets.

Solution
The conventional set is given below:

- = Co_ét_ + G, U (A1)
oV oi

—— == + ry
X 05 roi (A2)

The new transient parameters set is

oi aU
— = — +
% = Can gy + GoU (A3)
aUu di 9 [’
_—_—= —_ + R —_ (AW ’ ’
X Iy 5 T 9t r(t — t)i(x,t)dt (A4)

It is seen by looking at Equations (A1) and (A3) that c,,, has replaced the
geometrical capacitance c,, where
dUu &#U  dU
= U,—, —...—
Cam cdy"( dt’ dr dt") (A3)
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Also, from Equations (A2) and (A4), U, is replaced by the transient line
resistance r(t), where

t

d
rix,t) = — | r(t — t)i(x,t')dt’
dat Jo

v
= = x| = Va0 (A6)

The behavior of relative transient resistances for a cylindrical wire and
homogeneous Earth is shown in Figure 8.1, while changes in c,,,,, can be observed
in Figure 8.2a. c,, depends on ¢, beyond the threshold corona limit, and up to
a level is set by the charge ¢(r) = ¢, + ¢, [U — U] followed by monotonously
to ¢,.

B. Using Equations (8.20) and (8.21), derive second order differential equations
describing the transient normalized voltage and current to include corona effect.

Solution
Differentiate Equation (8.20) with respect to 6 and Equation (8.2) with
respect to &.

9E00 007 % 40
*V  Fa o f"
222 2| p@ — 0')a(£,0')do’
o8 = 300t T 00t Jo P© — ©)aE0)a0 ®2)

Therefore, from Equations (B1) and (B2),

LU U @

o€ I T IR TYY: fo p(6 — 07)a(£,0)d0’ (B3)

Then differentiate Equation (8.20) with respect to £ and Equation (8.21)
with respect to 0:

d%a oU U B4)
_9a _ , Y
og? 300t ¢ ot
U o 3 [
_ =24, .,z 8 — 0')a(£,0')do’ B
300 a6° V36t b p( )a(€,0") (BS)
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From Equations (B4) and (B5) we obtain

_¥a  Sa ﬂ]_kvizfe ® — 0a(,0)d0’  (B6
o8 " Tl ag T aerl P a(£.89 (B6)

C. Figure 8.13 shows a set of curves correlating corona current with respect to
stress voltage for a plane-needle gap. Set up a table and plot voltage v, spacing
when corona current is —1.0 and — 10 p.amp.
Solution

From Figure 8.13, draw a horizontal line at 1.0 wamp and then at 10 pamp.
The data for voltage v, spacing is written below:

Ati = 1.0 pamp

Voltage (kV) 33 50 69 83 99
Spacing (cm) 24 36 50 75 100

Ati = 10 pamp

Voltage (kV) 66 83 99 127 143
Spacing (cm) 24 36 50 75 100

D. Using Figure 8.18, derive an equation correlating 50% lightning impulse
flash-over voltage with respect to humidity (h), A, and V., at a gap length
of 1 m.
Solution
Atd=1m,h = h,, = 11 g/m?, V., = 500kV and K, = 1.06%. For
line b, Figure 8.18,
Vo = kih + k, (D1)
K, and K, are constants. Therefore, at h = 0, V;, = 450 kV.
450 = k, (D2)
and ath = h_,, Vs, = 500 kV
500 = kh,, + k, (D3)
From Equations (D2) and (D3)

K, = 50/h,,
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Therefore,

50
Vi = ~— h + 450 (D4)

std
but Vs, ... = 500 kV, and Equation (D4) becomes

50
Voo + 50 = —h + Vi (D5)

std

Equation (D5) is valid for K, = 1.06% and d = 1 m.
Equation (8.27), which correlates (U,) with respect to (%), is valid when K,
is constant for all values of gap lengths (d).

8.XI PROBLEMS

1. Two planes carrying electric surface charge density D coulomb/m?. If the
dielectric continuum is simple but characterized in terms of dynamic ca-
pacitance expressed by Equation (8.8), derive generalized expression for
the energy stored in this condenser.

Let 0 = Q(V,V',V",...V") where
V' = oViot, V' = o*V/iar
and V" = 9"V/or

2. Repeat the solution of problem 1 for a dielectric medium characterized as
linear.

3. Repeat solution of problem 1 for a dielectric medium characterized as
anisotropic, making € a rank two tensor.

4. Obtain expression for the time varying power in problems 1, 2, and 3.

5. If one plane in the condenser system described in problem 1 is movable,
then using the concept of energy density stored, obtain expression for the
electric force in Newtons.

6. Obtain expression for the transient resistance r(x, t) based on the data and
results in problems 1, 2, and 3.

7. Given:

p() = pUi(0), K = KDdo(t)
a(e,8) = AD( — 1)
=V =10"3

&

1%

r

Solve for U(€,0) between a line conductor and Earth return.
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Obtain empirical equation for p = p, + p, from Figure 8.1, then using
p(xi,0) repeat the solution of problem 7.

Referring to Figure 8.2a, obtain empirical phased solution for ¢(U), de-
scribing various phases before corona, at corona, and beyond.

Repeat problem 9 for the dynamic capacitance c,,,.

Referring to the lower group of curves shown in Figure 8.4, obtain expres-
sion for the normalized impulse with and without corona with respect to
point (x) at ¢ = 5 ps.

Repeat problem 11 for Figure 8.5 atr = 1 and 5 ps.

Referring to Figure 8.10, derive an empirical equation relating peak im-
pulse voltage against distance (x) and time (¢). Then establish a new re-
lationship for U(x, 1).

A gap of 1 m separating a needle of 0.1 m from a metallic plane of infinite
extent is shown below. If a source of electric charge exists between the
needle and surface plane it is expressed by: '

K, + K t
p(xp(x,y,z,t) = (ﬁz)e‘ T Coulombs/m?

_ 0

Using Poisson’s equation, solve for the electric potential in the region
between the needle and surface plane as a function of (x, y, z, f). The
needle could be assumed as a perfect line conductor, while the plane surface
is a perfect conductor.

Repeat problem 14, if the line conductor is perfect, while the plane con-
ductor is imperfect having a finite scaler 6.

Repeat problem 14, if the needle is replaced by a cylindrical rod of perfect
conductor and its tip is facing the surface conductor is a hemisphere with
a certain radius.

Repeat problem 14, if the needle position is horizontal, parallel to the
plane conductor, at a height of d, meters, as shown below. The needle
could be assumed as a perfect line conductor.

Repeat problem 17, if the needle is replaced by a cylindrical rod conductor
of length (L) and radius r. Assume the two ends of the needle as flat
circular surfaces.

Repeat problem 14, if the gap between the bottom needle and the lower
plane (d) is variable according to the expression: d(Z) = (d, d,Z).
Repeat problem 19, if the needle line conductor is perfect while the plane
surface conductor has a finite electrical conductivity (o).

Repeat problem 16, if d(Z) = d, + d,e*.

Repeat problem 17, if d(Z) = d, + d,Z.

Repeat problem 18, if d(Z) = d, + d\/a + Z.

Using Figure 8.11, tabulate and plot the stressing gap voltage U, in kilovolts
v, separation between the sphere and needle gap, then derive an empirical
formula for U, v(Z). Take corona current at 10 pamp.
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Repeat problem 24 for corona current at 1, 100, and 1000 pamp.

In a piecewise manner derive a functional relationship for corona pulsing
frequency and current with respect to gap stressing voltage for the needle-
sphere gap according to Figure 8.15.

Referring to Figure 8.16, tabulate and plot stressing voltage with respect
to spacing between sphere and needle gap when corona current is 10, 50,
100, and 200 pamp.

Establish a mathematical relationship correlating the 50% lightning flash-
over voltage against absolute humidity (#), Vs, and h,, at K, = 0.90%
ford = 2 m and d = 3 m. Use Figure 8.18.

Repeat problem 28 ford = 0.5 m and K, = 1.06%.

Repeat problem 28 for K, = 0.84%.

Referring to Figure 8.18, express a relationship between V, against ab-
solute humidity (K,) ford = 1, 2, and 3 m.

Referring to Figures 8.19 and 8.20, express the 50% of switching impulse
flash-over voltage against T, ford = 1 m.

Repeat problem 32 for d = 2 and 4 m.

Using Figure 8.20, express the humidity correction factor K, against elec-
trode gap separation (d) for T,, = 1, 10, and 100 ps.

Using Figures 8.17, 8.18, and 8.20 with Equations (8.31) and (8.33),
show a plot of V,/M against T_,/d.

With reference to Equation (7.23), identify all possibilities for U(X,?) to
attain the level of sparking voltage to initiate corona at the top of trans-
mission tower.

With reference to Equation (8.17), solve Poisson’s equation to express E,,
E,, and E, for the coaxial cable with the inner conductor or infinitesmal
wire.

From solutions of E,, E,,, and E, obtained in problem 37, establish solutions
for a corona commencing field in three dimensions.

REFERENCES

. Allen, N. L., Breakdown and humidity in the rod-plane gap, IEEE Proc., 133(Part A, No.
8), 562, 1986.

. Allibone, T. E. and Saunderson, J. C., Observation of corona phenomena at very high
direct voltages, IEEE Proc., 133 (Part A, No. 8), 569, 1986.

. Gary, C., Timeotin, A., and Cristescu, D., Prediction of surge propagation influenced by
corona and skin effect, IEEE Proc., 130 (Part A, No. 5), 264, 1983.

. Harada, T., Aihara, Y., and Aoshima, Y., Influence of humidity on lightning and switching
impulse flashover voltages, IEEE Trans. Power Apparatus Systems, PAS 90 (No. 4), 1433,
1971.

. Harrington, R. F., Time-Harmonic Electromagnetic Fields, McGraw-Hill, New York, 1961.

. Rédulet, R., Timotin, A., and Tugulea, A., General theory of the transient parameters of
electric lossy lines in presence of the ground, Stud. Cercet. Energ. Electroteh., 16(3), 417-
449, 1966.

. Cobine, J. D., Gaseous Conductors, Dover Publications, New York, 1941-1958.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com

Chapter 9

FREQUENCY SPECTRUM OF
SURGE IMPEDANCES DUE TO
LIGHTNING

Quantitative evaluation is carried out in this chapter for the effect of lightning
surges on the surface impedances of power system installations such as trans-
mission lines, transformers, line towers, etc. Since time duration up to the peak
of lightning surge front is on the order of 1 s and for most of the surge tail it is
on the order of 100 s, an increase in the characteristic impedances for transmission
lines and transformers (even the ungrounded) is confined to only a very short
time, about 100 s. Consequently, analysis regarding the concept of skin effect
is substituted by examination for the behavior of the surface impedances across
the frequency spectrum as reliable basis for skin effects calculations.

9.1 SURFACE IMPEDANCE OF TRANSMISSION LINES

With reference to Section 3.VII, Equation (3.60a) present the solution for
the induced electric field on an overhead transmission line, where

E = ay(08,X) + a,y(08:(X) + a,y(1)g,(X) O.1)

where y(z), g,(X), and g,(X) relate to the common time function and the asso-
ciative functions of X indicated in Equation (3.60a). Also,

2 L)) 38(1) .
y@® = [; Qv (t — to)][ = cosct + ——sinct
' 1 T
— 28 3(t) sinct — — f sin ¢cd"(t — T)‘h] 9.2)
c ¢ Jo

where Q, = J_ (D).

In Equation (3.72), the corresponding induced magnetic field vector H, was
given. Subsequently, the induced current density vector J was given by Equation
(3.75). Expressions for the intrinsic surge impedance were given by Equations
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(3.100) and (3.101), while Z, = 0, Z, and Z, in the frequency domain could be
secured by obtaining the Fourier integral for both surface impedances:

= il G (X,..) 9.3)
f P(t)dt
P() :
Z, = — G)\X,,) 9.4
J P(t)d:t

To obtain Z (W) and Z(W), a Fourier integral ought to be taken for the

function:
F@ = [P(t) / f P(t)dt]

2 1 1
S = J' P(ndt = - — —sinct + — 8%(2) sin ct
c c c
and the Fourier transform of S(z) = S(w):

S(w) = % [8((») + J—lu—)] + g B(w — ¢) — 3w + )]

+ [8(c — @) — &(c + w)]jm

2

2 = 3] 9.5)

[

Next,
P(w) = f: P(t)e 7" dt (9.6)

However, since S(w) = Fourier transform of [ P(f) dt. Therefore,
P(w) = joS(w) 9.7

The author has to point out that taking the Fourier transform of P(f) and the
J P(t) dt separately is valid since the surface impedgnce expression came from
the separate division of E/H, where P(¢) is associated with the E vector and [
P(¢) dt is associated with the H vector. Therefore,

Z(w) = joG,(X,,)
Z(0) = joG,(X,,) 9.8)
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Equation (9.8) illustrates that throughout time duration of lightning surge to
its frontal peak, transmission surface impedance will be extremely high such
that induced current will reside almost at the surface of the overhead transmission
line. The author must point out also that Z(w) indicated in Equation (9.8) is due
to a lightning return stroke current density taken as a step function as an instant
peak and then followed by an infinite time decaying tail.

Solution for Z (w) and Z (w) for an actual lightning return stroke as shown
by Equation (2.68) is to be left as a problem for students to solve.

9.11 SURGE IMPEDANCE OF MULTILAYERS
TRANSFORMER

In space unidimensional spread of any layer for the multilayer winding
transformer, the surface surge impedance Z(x,t) has been secured as in Equation
(5.49), where

AR + AsA, — A)lr — v — )]
A + AA, — Av)[% e T (A tl)]

Z(x,ty = L 9.9

As it has been observed for the frequency spectrum for the transmission line
surface surge impedance, the corresponding form of Z(w, x) according to Equation
(9.9) can be expressed by

Z(x,0) = jwL (9.10)

where L is the transformer lumped self-inductance.

In Section 5.V, vectorial presentation for the transformer surface impedances
in three dimensions and in the steady-state were established according to Z_p
given by Equation (5.72), Z,, given by Equation (5.75), and Z,, given by
Equation (5.83).

9.11I1 SURGE IMPEDANCE OF TRANSMISSION LINE
TOWER

Expression for the voltage induced on tower from work carried out by Gary
et al.? given in Equation (7.23), whereby expression for the tower surge imped-
ance is given by:

Z AK =
— T _ 7771 0 Ki72< —ki® fi-2
a0 =5 " {,-S;Z TOUK 7K

g[k -1k —1 m)"] (i —eil_ck_—l 1!
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T e—mm) T (k 6_1)) + E T(0,)k, 2

(eAkzez ng [(k2 i ) (&, _1 m),] T _elé;ril D1

e ) o1
B %Zg - :T) 9.12)

where H is the entire expression multiplied by 1/i(r) in Equation (9.11), for

l(t) = A[eﬂm’ - e_h] (913)
1 H
20 =520 = g 9.14
() 2 gw A(e—«mt _ e—[x) ( )
1 H
T
+ gm0 4L + elrm—(n—Dar (9.15)

The Fourier integral of Equation (9.15) will identify Z(w); therefore,

Z(w) =Zﬂ[8(m) +.i] —5[,. !
2 Jjo

Aljo — m

1 1
+ + +
jo + (1 —2m) jo + (2t — 3m)

i
+ jo + [(n — Dt — nm]] ©.16)

The observation from Equation (9.16) is that at a very high value of ®, say
w—> ®

Z(w) —> % Z,.8(0)|, e 9.17)

Considering the extreme case where i(t) = F § (), Z(w) becomes:

1 1 H 1
Z(w) = Ezgw[a(w) + j;] - ©.18)
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The Fourier integral of

1 © e
3 Lc 0 a

= f (8] ‘e 7 dt
= - f 3(e 7 dt = —1

Therefore,

1 1 HF
Z(w) = EZgw[S(u)) + —'] + — 9.19)
Jjo A

9.1V SOLVED EXAMPLES

A. Express the surface impedance of a multilayer transformer in three dimen-
sions at w — .

Solution
Equation (9.9) gives Z(x,t) which is independent of x, therefore Z(y,t) =
Z(x,t) = Z(z,1)

Z=27Z +Z, +1Z (A1)
= azZ(x,0) + aZ(y,n + afz1) (A2)
Then,
Z() = [ajo + a,jo + &jolL (A3)
Z(w)| = joVie (A4)
lim [Z(@)] = — (AS)

B. Obtain expression for the surge impedance of transmission line tower where
i(#) is a sneaking representation of a step function.

Solution

() = %Zgw -2 (B1)
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A sneak representation for a step function is given by:

i) = L ™™ (B2)
and
l(w) = e B3
jo + a (B3)
Therefore,
Z(w) = lZ 1 + 8((»)] + BT (B4)
® =3 g‘”[/'w T jo + a

9.V PROBLEMS

1.  Obtain solution for the frequency spectrum of the surge surface impedance
of the overhead transmission line when the conductive current in the return
stroke is expressed by Equation (2.68).

2.  Repeat problem 9.1, then the conductive current in the return stroke is
given by:

1) = Ale™™ — e

3. Obtain expression for the frequency spectrum of the three-dimensional
surge surface impedance of a cylindrical transformer when the conductive
current in the return stroke is that given by Equation (2.68).

4.  Repeat problem 9.3 when the conductive current in the return stroke is
given by:

J(t) = I, sin wte™*

5. Obtain expression for the frequency spectrum of the line tower surface
impedance when the conductive current in the return stroke is expressed
by:

J(O = I,,, cos we ™

6.  Repeat problem 9.5 when the conductive current in the return lightning
stroke J () is a step function with absolute value of /..

7. At a point on a transmission line, establish an expression for the surface
surge impedance for a region containing the line over a long length ter-
minated to an ungrounded transformer. The overall surge impedance sought
is in the frequency domain and in a direction to ground-assume-conductive
lightning stroke as a step function.
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At a point at the top of a transmission line tower for a power system
containing the transmission line and to an ungrounded transformer, obtain
an expression for the overall surface surge impedance in the frequency
domain with respect to ground-assume-conductive current lightning stroke
as a step function.

Repeat problem 7 for the overall surface surge impedance for a point in
space within a plane parallel to ground surface.

Repeat problem 8 for the overall surface surge impedance for a point in
space within a plane parallel to ground surface.

Repeat problem 7 when the conductive current lightning stroke is an actual
time-dependent function, according to Equation (2.68).

Repeat problem 8 when the conductive current lightning stroke is an actual
time-dependent function, according to Equation (2.68).

Repeat problem 7 when the conductive current lightning stroke is a time-
dependent function expressed by:

J0) = Lyle™ — 1]

Repeat problem 7 when the conductive current lightning stroke is a time-
dependent function expressed by:

J( = I, sin wte ™'

Repeat problem 8 when the conductive current lightning stroke is a time-
dependent function expressed by:

IO = Lyl = e ]

Repeat problem 8 when the conductive current lightning stroke is a time-
dependent function expressed by:

J(@ =1, sin wee™™"

Repeat problem 14 when the conductive current lightning stroke is a pe-
riodic time function.

Repeat problem 16 when the time-dependent function for the conductive
current lightning stroke is periodic.

Repeat problem 7 when the conductive current lightning stroke is a trun-
cated step function at t = T ps.

Repeat problem 8 when the conductive current lightning stroke is a trun-
cated step function at ¢ = ¢ ps.
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PRINCIPAL LIST OF SYMBOLS

Y, &, and g,  Associative functions

Z, The y oriented surface surge impedance
P@) Special time function given in Chapter 3
Z(w) Surge impedance in the w domain

a, m, m, Constants
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Chapter 10

TESTING EQUIPMENT AND
LIGHTNING FLASH COUNTERS

10.I SIMULATION OF H.V. TESTING CIRCUIT

In this section, a simulation system is described that enables computations
on high impulse voltage measuring systems to be carried out effectively. For a
given excitation, the system response as well as the response time parameters
can be computed. The measuring system is composed of a chain of concentrated
and distributed parameters, each represented by a quadripole. Total response at
the output will be secured by sequential summation of the response at each
quadripole beginning at the entry of the first unit. The input voltage is given
either by its analytical or digital form which is usually recorded by means of a
fast A/D transient digitizer. On the other hand, given the output response that
has been distorted by the measuring system, the input function could be retracted
and secured by deconvolution procedures based on the same simulation system.
The simulation system described in this section is the work of Profs. P. N.
Nikolopoulos and F. V. Topalis, and is described in IEEE Proceedings. This
system can also be used in computer-aided design of high voltage systems and
for the correction of errors introduced by these systems.

The simulation shown in Figure 10.1 describes generation, measuring, and
other concentrated distributed components. Response at the output usually is
distorted due to stray elements such as capacitances, inductances, and resistances,
as well as effects of reflections and retractions of traveling waves. Such distortion
increases with the system dimensions. As the surge level of the tested high
voltage increases, dimensions of the testing simulation system also increase,
compounding the state of distortion. The simulation system of Nikolopoulos and
Topalis requires that only geometric and electric characteristics of the system
be known.

Simulation system computation is to be carried out by taking into account
all system parameters, including all processes of differentials and integrals of
voltages and currents. The system model is divided into elements, each repre-
sented by two concentrated parts and one distributed part. The concentrated parts
of the nth element represent its resistive, capacitive, and inductive components.
The equivalent circuit of the element is generally a series complex impedance
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FIGURE 10.1 Typical impulse-voltage test arrangement. (a) Generation of impulse voltage; (b)
measurement of impulse voltage. 1, Impulse-voltage generator; 2, front capacitor; 3, test object; 4,
damping resistor; 5, high-voltage lead; 6, voltage divider; 7, measuring cable; 8, oscilloscope or
digital recorder; 9, screened chamber; 10, grounding system.

Z(s) or a complex admittance Y(s) or a combination of both. The distributed
part represents the stray inductance L, , and stray capacitance C,, for the nth
element, which is simulated by a wave impedance, Z,,. This wave impedance
is considered to be constant along each element and is calculated by means of
the total stray capacitance of the nth element to ground:

LS," 1
Z, = = c (10.1)

s.n n>s,n

where v, is the velocity of voltage wave propagation in the nth element.

A typical example of the representation of the high voltage arm of the divider
is given in Figure 10.2, where the resistive and capacitive elements are equally
distributed at each element. The quantities (C,) and (R/N) corresponding to an
element are subdivided into parts of C.2n and R/2n, placed at both ends of the
element. These parts are concentrated, whereas the distributed part is the wave
impedance Z,, substituting L, , and C, .

A. MEASURING CIRCUIT

Design elements for the circuit in Figure 10.1 indicated by Nikolopoulos
and Topalis consists of a 1.6-MV impulse-voltage generator and a 1.2-MV
damped capacitive-voltage divider with a capacitance C,, = 1156.5 PF, and
damping resistor R, = 96 at the top of the divider. The 4 m high divider is
connected to the impulse generator through a 4.2-m lead of 2.5 mm? cross-
section. A 20-m coaxial cable, with a 75 matching resistance at its input, connects
the low voltage arm of the divider with an 8-bit fast A/D converter (transient
digitizer) placed in a screened chamber.

For step-response measurements, the impulse voltage generator was replaced
by a step with a pulse amplitude of up to 50 V and a rise time of <1 ns.
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FIGURE 10.2 Representation of the nth element of a damped capacitive divider. R = high-voltage
arm resistance; C = high-voltage arm capacitance; L, = stray inductance; C,, = stray capacitance.

For the generation of low voltage impulses, a surge generator was used
which could produce full or chopped impulses of up to 500 V. The addition of
a vertical lead was inevitable in low voltage tests. The response of the system
as well as its response time parameters were measured, and the recorded output
voltage was constructed by means of the same equivalent circuit.

B. RECONSTRUCTION OF RESPONSE CHARACTERISTICS

Reconstruction was found necessary for various surge voltages due to stray
inductive and lead effects. Figure 10.3 shows reconstruction for a high impulse
lightning surge of 1.2/50 ps, and results were quite satisfactory for all the
recorded voltages of different levels. In Figure 10.3 the front time of the recorded
output of the oscillatory system was found to be 1.01 s and that of the calculated
input equals 1.13 ps. The corresponding front times of the damped system were
1.46 and 1.37 ps, respectively.

Figure 10.4 shows reconstruction of a lightning impulse voltage chopped in
the front. The measured peak values of the recorded output voltages were found
to be 54.4 and 54.2 kV, respectively, and the corresponding peak values of the
calculated inputs were 56.4 and 56.6 kV, respectively.

10.1I LIGHTNING FLASH COUNTER (LFC) AND
CALIBRATION CIRCUIT

This section discusses a low power LFC using active circuit elements working
within a narrow band filter centered at 10 kHz resulting in better discrimination
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FIGURE 10.3 Reconstruction of standard 1.2/50 full lightning-impulse voltages. v, = recorded
output; v; = calculated input. a = oscillating system; b = damped system.

between cloud and ground discharges. Liable operational circuits to generate a
double exponential pulse with variable rise time coupled to a testing circuit that
ensures reliability and stability aspects for the circuit battery and calibration for
various LFC networks have been devised. The design of the CIGRE-LFC network
shows more reliable discrimination for the pulse signal than for the sine wave
signal and for ground from cloud discharges than can be identified by conven-
tional LFC networks. The work in this section is based upon that of E. O.
Oladiran, E. Pisler, and S. Israelsson (IEEE Proc., 135(Part A, No. 1), 22,
1988).
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FIGURE 10.4 Reconstruction of lightning-impulse voltages chopped in the front, v, = recorded
output; v; = calculated input. a = oscillating system; b = damped system.

A. PROPERTIES OF AN IDEAL LIGHTNING FLASH COUNTER
NETWORK
An ideal LFC network is characterized by the consumption of a minimum
amount of power during the quiescent state, such that consumption of power
will occur only at counting time. Quiescent current is usually on the order of
10 to 20 wA with regular battery voltage of 9 to 12 V and an Ah capacity of
around 0.50.
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CaeCi L,

FIGURE 10.5 Narrowband active filter for use in lightning flash counters. C, = 58 pF; C, = 60
pF; C, = 243 pF; C, = 119 pF; C, = 246 pF; C; = 40 pF; R, = 78 k(}; R, = 320 k{}; R, =
110.5 k€); R, = 67 k}; Ry = 209 k). C, = cable capacitance, and the components are of 1%
tolerance.

For effective discrimination between cloud and ground charges, researchers
have suggested that reduction is the range of band filter and the resonant fre-
quency should be shifted to a higher level. Active circuit design has not been
much emphasized due to the magnitude of change in voltage during lightning
and the current required to keep the active elements in the quiescent operative
state, although the current technology has made the latter point less of a problem.
In the IEEE Proc. article Oladiran et al. presented experimental and theoretical
behavior for a micropower characterized by a highly stable, active network circuit
to replace the present wideband RC-LFC networks.

B. NARROW-BAND NETWORK FOR GROUND FLASH COUNTER

Since LFCs do not reliably distinguish between cloud flashes and positive
ground discharges, an improved network for LFC was proposed by Oladiran and
co-workers, shown in Figure 10.5, which used such active elements as the LS
776 operational amplifier and RC elements. This network is characterized by
quiescent current = 15 pA; frequency = 9 kHz, Af, for 3 dB attenuation: 25
— 5 kHz band instead of the 50 — 2 kHz band of the RSA-10 network; the
gain at the resonant frequency is 0 to 96, which is about —0.4 dB. This is a
considerable improvement over the RSA-10 network which has a gain of —29.1
dB at resonance. Sinusoidal response characteristics of this filter are shown in
Figure 10.6 and the calculated responses are shown in Figures 10.7A and 10.7B,
both for relative and absolute attenuation.

C. PULSE CALIBRATION OF THE LIGHTNING FLASH COUNTERS
The distinguishing characteristic element of various types of lightning flashes
is the duration of time rise of the pulse front. Negative surges are characterized
by a fast rise time, while positive flashes are characterized by a slow rise and
hence a longer duration. Lightning surges are, as indicated repeatedly, not pe-
riodic and the closest representation is the double exponential wave form

v(e) = Ale~r — oo (10.2)



313

v, = recorded output
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FIGURE 10.6 Experimental frequency characteristics of the active filter. (a) With gain — I; (b)
With gain — 2.

To determine the response of any LFC network to changing rise time, dif-
ferent rise times were subjected to corresponding peak voltages, as shown in
Figures 10.8 and 10.9. Table 10.1 shows the peak responses and the corre-
sponding rise times T, for various LFC counters and the damping factors.

Figure 10.9 was obtained according to Oladiran et al. by normalizing the
simulated output with respect to the observed maximum (see Table 10.1). It was
also observed that although passive filters exhibit large damping, they demon-
strated a reliable measure of discrimination in their responses to surges of different
rise times. The graph in Figure 10.9 shows a reliable measure for the behavior
of LFC that can be obtained by the use of voltage pulse, rather than sinusoidal
voltages, a calibration which should be used to fix the threshold point for triggering.
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D. RESPONSE CHECKING OF THE COUNTER

The main concern regarding reliable operation of the LFC is that its continuity
be assured after a long lapse. One measure to ensure reliability of the LFC is
the installment of a shunting element by which the supply voltage is entirely
applied across the counter by pressing a switch. It is believed that if the me-
chanical counter is activated, the battery is still in good condition. However,
two points must be satisfied to ensure compliance:

I.  Upon a flash by the counter, the remaining circuit components must retain
integrated continuity.
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FIGURE 10.7A Calculated frequency characteristics of active filter.
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FIGURE 10.7B Calculated attenuation characteristics of the 10 kHz active filter.

To ensure that the counter is current as well as voltage dependent, this
character will block trigger a large current pulse upon the imposition of
relatively small voltage across the LFC. When the battery became weak,
the relay could be activated by a lightning flash while the mechanicat
counter would not.
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FIGURE 10.8 Output voltages of CIGRE and active filter when double exponential pulses of
amplitude of 3 V were applied at the inputs. Note the change of scale: X, active; @, CIGRE.

TABLE 10.1
Damping Factors of the Various Filters for Double-
Exponential Impulse

RSA-10 Vs Vie Varo Active  Active
Tur 5 us 5 us 5 ps S ps 10 ps 10 ps
A, 0.039 0.028 0.053 0.052 0.052 1.0

Oladiran and associates have proposed a calibration system whereby the
pulses are applied to the system and the count rate of the counter checked using
a stable multivibrator as shown in Figure 10.10. The current will not flow until
switch K is depressed, S, and S, are the contacts for the relay, and the system
is completely isolated from the LFC until a calibration check is made. Thus,
operation of the counter and any shift in the threshold value for triggering are
assured reliability in system calibration.

10.II1 THEORETICAL ASPECTS

With reference to Figure 10.5, the transfer function of the two-stage active
filter (see Oladiran et al.) is given by:

HAS?
= 10-
GO) = B 1 Cs + )OS + ES + ) (10.3)
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FIGURE 10.9A Relative damping by an active filter of double exponential pulses of various rise
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FIGURE 10.9B Relative damping by CIGRE filter of double exponential pulses of various rise
times. X, experimental values; A, calculated values.

For a double exponential input, the response h(?) is given by:

h(t) = 2e*'[Pp, cos W,t — Qp, sin W,t]
+ 2e[P,, cos Wyt — Qp, sin Woa] + Ky~ — Ke=®  (10.4)

Py, Ppy, Opys Ops, Ks, and K, are functions of a,, a,, W,, W,, a, and B.
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FIGURE 10.10 Schematic diagram for in situ calibration check of the LFC.
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FIGURE 10.11 Calibration of counters using double-exponential pulses.

Figure 10.11 compares the response of passive filters to active filters, while
Figure 10.12 compares three passive filters of different sinusoidal resonant fre-
quencies of 10, 25, and 50 kHz.

Based on the above discussion and analysis presented in Section II Oladiran
et al. made the following observations:

1. The response of filters due to field changes generated by lightning flashes
depends on the rise time of field variations.
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FIGURE 10.12 Response of modified CIGRE filter to double-exponential pulses (C, = 20 kHz,
C, = 50 kHz) compared to response of 10 kHz CIGRE networks.

2. Response is also dependent upon the resonant or center frequency as well
as its bandwidth. For a narrow range of pulse rise time, clear discrimination
can be secured.

3.  Figure 10.11 indicates that shifting the center or resonant frequency to
higher values for the purpose of securing maximum sinusoidal response
does not produce reliable discrimination by the LFC network unless com-
bined with a very narrow band network response.

4.  The rise time response of the 500 Hz LFC network in the range 0.1 to 20
ps is the same as the response of the 10 kHz LFC network in the range
20 to 100 ps. Therefore, discrimination of flashes by the two networks is
only dependent on the threshold value for triggering voltage set for each
network.

10.1V FIELD EVALUATION OF LIGHTNING EARTH
FLASH COUNTERS (LEFC)!

Material to be presented in this section is entirely extracted from a paper
authored by R. B. Anderson, H. R. Van Niekerk, H. Kroninger and D. V. Meal,
published in IEE Proceedings, Vol. 131, Pt. A, No. 2, pp. 118-124, March
1984.

Statistical research on LEFCs has emphasized reliable calibration and ef-
fective discrimination from cloud flashes. The 10 kHz counter has shown re-
markable reliability in responding to earth flashes in subtropical areas where
cloud flashes dominate. Interest is high for measurement of flash density as well
as the isokeraunic level based on thunderstorm vs. nonthunderstorm days. This
measurement is taken so that an approximate equivalence can be arrived at and
an acceptable estimate of the earth’s flash density can be obtained in cases where
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only the keraunic level is available. Research conducted in South Africa is at
an advantage because informational data for earth flash density are known and
can be applied to lightning protection projects.

Malan'>* designed the first earth flash counter based upon the ratio of 5:100
kHz radiation that he had previously measured. However, research started in
about 1965 by the Council for Scientific and Industrial Research Organization
(CSIRO) in South Africa found that the ratio of 5:1 for the level of radiation
could not be applied at the same time for the two components occurring during
earth flash. Since the 5:10 kHz radiation was dominant for earth flashes, it was
decided that experimental counters be designed to respond to this frequency
band, and this later proved to more accurately identify discrimination against
cloud flashes. Transistorized counters were designed for these frequencies and
tested in the field with the immediate promise of high-level discrimination against
cloud flashes.

A. LIGHTNING MEASURING SYSTEM

The effective range of LFC is defined as the radius within which the actual
number of flashes occurring over a long period of time is equal to the number
registered by the counter. Such a radius could be applied in the case of earth or
cloud flashes. On the assumption of uniform distribution of flashes over the
recording area, the effective counter range R, is given by:

R, = [2 L wP(r)rdr]m km (10.5)

However, if the variable (r) is replaced by nondimensional I?r’ the unit for

4
R, in Equation (10.5) becomes per unit (p.u.), where P(r) is the probability that
the counter will count a flash to earth at a range (r) in kilometers from the
counter. Figure 10.13 illustrates plots for P,, with respect to the ratio of the

. . r
distance to an earth flash to the counter effective range (IT) for the three

g
counters.

The CIGRE 500 Hz and 10 kHz LFCs are described in Reference 3. The
RSA-5 was an original transistorized 500 Hz counter fitted with a vertical aerial
but without altering the sensitivity to suit.

Recordings for P(r) function with respect to (r) were carried out over a
period of 12 to 13 years. The results for some individual counters are shown in
Table 10.2 and Figure 10.13.

B. DISCRIMINATION AGAINST CLOUD FLASHES
Let N, equal earth flash density given by:

N, = KY JxR? (10.6)
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FIGURE 10.13 Probability of counting as a function of the ratio of the distance to an earth flash
to the counter effective range. (@—@), RSA 10 (10 kHz); ( X --- X), CIGRE 500 Hz; (O—-—0),
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where K = total registration of a counter, Y, = correction factor <1, accounting
for a proportion of earth flashes recorded by the counter, and R, = effective
range of counter to earth flashes.

In the literature Y, has been described as a function of N, N, R,, and R,
where R, is the effective range of counter to cloud flashes. It was also indicated
that in order to calculate Y, it would be necessary to know not only the ratio
of R_:R,, but also the respective densities of N, and N, as well as their ratio. A
reliable measure of R could not be easily secured because the flash itself extends
over a large distance that frequently exceeds 10 km, which is also on the same
order as the expected value of the effective range. Similar questionable accuracy
is voiced regarding the ratio of N_:N,, except in a situation where all flashes
have been observed with reasonable reliability. This could occur only when R,
<10 km.

Because of this reliability problem, attention has been directed to measuring
Y, directly, as shown below:

EF
Y, = —— 10.
¢ EF + CF (10.7)
where EF = number of identified earth flashes that operated the counter over
a long period, and CF = number of identified cloud flashes that operated the
counter observed over the same period.
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TABLE 10.2
Effective Range R, of Counters for Earth Flashes

CIGRE
CIGRE (10 kHz); RSA-5
(500 Hz, RSA-10 (500 Hz),

Season R,, km) (R,, km) R,, km)

1971/72 35.3 — —

1972/73 36.8 — 16.8
1973/74 36.9 19.6 15.9
1974/75 - 17.4 15.8
1975/76 — 17.8 15.3
1976/77 — 23.4 15.8
1977/78 — 21.8 16.8
1978/79 37.9 20.7 14.0
1979/80 — 20.5 16.0
1980/81 — 19.9 14.8
Weighted mean 36.8 19.9 15.5
Total no. of observations 4972 6797 7097

TABLE 10.3
Observed Earth Flash Correction Factor (Y,) for the CIGRE 10 kHz
Counter

No. of identified flashes Y, = proportion of

Season No. of storms CF Cloud EF Earth Total earth flashes
1972/73 4 45 514 559 0.92
1973/74 4 17 702 719 0.98
1974/75 1 83 517 600 0.86
1975/76 1 13 276 289 0.96
1976/77 2 6 377 383 0.99
1977/78 7 4 531 535 0.99
1978/79 8 96 931 1027 0.91
1979/80 6 79 638 717 0.89
1980/81 4 2 79 81 0.97
Total 37 345 4565 4910 0.93

Anderson et al. reported that cloud flashes that operated the counter were
easily identified because they occurred at distances close to the counter. On the
other hand, only the earth flashes actually observed were recorded, but some
that occurred outside the range of the recording equipment and were not seen
were omitted even though they operated the counter. Therefore, it can be said
that had the latter flashes also been observed they would have increased the
value of the correction factor Y, toward unity. The results, accumulated over 9
years, are given in Table 10.3.

In Table 10.3 only 345 cloud flashes in 4910 observations were observed
to operate the counter, giving an overall weighted correction factor of ¥, =
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TABLE 10.4
Resultant Cloud and Earth Flash Density and Their Ratio for Pretoria

Calculated Flash Density

NS
RSA-5 counter CIGRE Apparent ratio
Season K 10 kHz N, (R, = 7.9 km) N:N,
1972/73 10,492 9.2 21.4 2.3
1973/74 7,496 5.8 15.3 2.6
1974/75 9,899 6.4 20.2 32
1975/76 6,866 5.5 14.0 2.5
1976/77 7,825 7.0 16.0 2.5
1977/78 5,788 5.5 11.8 2.1
1978/79 7,091 6.5 14.8 22
1979/80 7,637 59 15.6 2.6
1980/81 7,406 6.3 15.1 2.4
Total 7,833 6.4 16.0 2.5

0.93. Accuracy was cited because the cloud flashes that operated the counter
were within range of the counter, while earth flashes that were too far away to
be observed but nevertheless operated the counter were excluded; their addition
to the records would have increased Y, toward unity. Therefore, the conclusion
was that the 10 kHz counter could be used reliably for earth flashes within an
accuracy of 10% if cloud flashes were ignored. Better accuracy could be secured
if a corrected Y, was applied to the result, as it was in the conditions in South
Africa, with R, = 19.9 km and ¥, = 0.93:

N, = K/1340 earth flashes/km? (10.8)

Also, using the value of earth flash density from the 10 kHz counter as a
base, the resultant cloud flash density for Pretoria was calculated as indicated
in Table 10.4. The mean ratio of N:N, of 2.5 appears low for a subtropical
area, but it is consistent with the annual measurement of the earth flash range
and corrected Y,.

From Equation (10.6), the ratio of the registration of two different counters
operating in the same area is given by:

K R\2 /Y
=t = (—‘) /—‘ (10.9)
K, R, Y,
C. APPLICATIONS OF COUNTERS
In situations where only earth flashes occur, Figure 10.14 is a representation
of the corresponding characteristic function. In cases where cloud flashes are

partially counted, a unique curve could be established, provided that both R_:R,
and NN, are known. However, it was shown by calculation that the differences
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FIGURE 10.14 Ratio of simultaneous counts to total counts as a function of the ratio of station
separation distance to the effective earth-flash range.

in values of d/R, that could be obtained for values of Y, varying between 0.9
and unity would be <10% if the counters were placed a distance (d) apart and
are approximately equal to the expected value of the effective range R,, i.e.,
d/R, = 1. Therefore, if the number of simultaneous counts can be secured by
relaying the number of counts from one counter to another, through either land-
line or radio dispatch, and it occurs over a long period of time, Figure 10.14
can be used to estimate the ratio of d/R, and thus check the value of R,. This
is especially possible for the 10 kHz counter, wherein the expected value of R,
= 20 km, and the expected value of Y, lies between 0.9 and unity for more

temperate parts of the globe. For tropical areas, Y, for the 10 kHz counter lies
between 0.8 and 0.9.

10.V THEORETICAL CRITERION FOR LIGHTNING
FLASH COUNTERS

Current research in the literature is focused on the design of reliable networks
to measure LFCs as effectively as possible, seeking to differentiate between

cloud and ground flashes as well as between positive and negative polarities of
the flashes.
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In Chapters 1, 2, and 3, the discussion centered on (1) calculating the
inducing electric field generated by a sustained lightning impulse, a pulse char-
acterized with a sharp rising front and decaying tail and (2) the work of Sobocki,
which presented functional forms of the inducing voltage for a pulse with su-
perimposed oscillations, a critically damped front, and an overdamped front. In
this section, this author felt it important to outline analytical criteria to determine
a base or expectation for the LFC.

A. SUSTAINED DIRECT CURRENT STEP PULSE

Solutions for the inducing electric field strength due to a sustained lightning
step were established in the set of Equations (2.41) through (2.44). Consider
the gaseous atmospheric continuum in which the thunderstorm’s range is ani-
sotropic, implying that the medium electrical conductivity is a rank two tensor.
Therefore,

Zp O O3 Oy Z':p
{u 0,1 O Oy Eu (10.10)
T 0y Oy Oy | E,
or
J, = ouE, + 0,E, + ok, (10.11)
J, = 0,E, + 0,E, + 0,E, (10.12)
J. = 03,E, + 0,E, + 03E, (10.13)

The occurrence of flash is identified by having any or all J,, J,, and J, to
approach the value of breakdown, i.e., infinity.

Inspection of Equations (2.4) to (2.43) identifies the following conditions
for a flash:

1. J, — o which could happen when E, — =, E, — o and/or or E, — ®

E, > E —® andlor E —

R.=p,R.—>0,y—>0 and p =R (10.14)

= g, + jwe, =0
=0, t joe, =0

Y, = 0,5 + jwe, =0 (10.15)
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or in terms of the flashing frequency:

T
w = —j—
€
.02
w = —j
€52
g
o = ——j—” (10.16)
€3

Equations (10.16) indicate the frequency at which a flash may occur, and
the commencing of the flash is clearly associated with the anisotropic
characteristics of the atmospheric medium.

2. J,— o which could happen when

P = _Ea = T —> ® s
. =0,and R, = p (10.17)
and f/u = 0, implying:
A(x‘ =0y + jog, =0
f’a2 = g, + jwe,, =0
Y, = 0, + jwe,y = 0 (10.18)
or in terms of o:
0, = —Jwe,
Op = —JjWey
O3 = —jwey (10.19)
3. J,— = which could happen when
—p = E(x = E-r_) o 9]

R.=0, and R, =p
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and, of course, when ¥, — 0 which implies

= 0y t+ jwey, =0

= g5, + jwe;, =0

= 03 + jwe;; = 0 (10.20)

or if we desire condition (10.20) in terms of W, the flashing frequency:

= =2 (10.21)

B. ACTUAL LIGHTNING PULSE

This refers to a lightning pulse where the front has a sharp linear rise and
a linear decay. Solutions for the inducing electric field were presented in Equa-
tions (2.89). Again, commencement of flashing and its multiplicity could occur
when the vectorial current density in an anisotropic continuum becomes theo-
retically %, implying satisfaction of the set of Equations (10.11), (10.12), and
(10.13),1.e.,J, = J, = J, > o with E,, E_, and E, given by Equation (2.89).

1. J,— o could occur when:

R,=0=7Y

c,v

implying that E, = E, = E, = ®. E, — % could be achieved according
to the same criteria listed by Equations (10.15). However, inspection of
Equation (2.89) describing E, indicates that an infinite value for E, could
occur when:

A,—> o at =
R.— 0

Flashing frequencies are similar to those expressed by Equations (10.16).
2. J,— o, implying:
A —>x
E,=E,=E >

R.=0, and R.=0p
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Flashing frequency from a set similar to Equations (10.9),

(10.22)

&|..

3. J,— o, implying:

and, of course,

E:E =ET—)OO

implying that a set of flashing frequencies could be expressed in the same
manner as those in Equation (10.22).

C. FRONT WITH OSCILLATIONS

According to Equation (2.113), a lightning pulse front with superimposed
oscillations identifies ., and b as parameters characterizing the wave front that
was expressed by Sobocki. This author feels that o, is a function of position
with respect to the location of lightning stroke initiation and the point at which
breakdown occurs. It is also this author’s opinion that o, is a function of the

space admitivity ¥, which is equal to T + JjoE . Therefore,

aco = gl(p9a’T9fI) (1023)

According to J. D. Cobine, expression for the sparking or flashing voltage
is given by:

In(1/r)
= —Bpd/ln ——— 10.24
U, pd/In Apd (10.24)

where P is the pressure in millimeters of mercury, r is the ratio of positive
ionization coefficient to the electron ionization coefficient, and d is the separation
between effective cathode and anode in centimeters.
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Turning to Equation (2.113), at the moment of sparking or flashing, we may
equate the sparking voltage given by (2.113) att = T,,, which is equal to nm/ba.,,
to the sparking voltage U, given by Equation (10.24). Therefore,

1
Un [1 — e %Tn(cos ba,,T, + < sin bawT,,,)]
K. b
In(1l/r)
= —Bpd/ln ——— 10.25
pdin = = (10.25)

A and B are constants for gases such as air (as gaseous mixture), argon,
helium, mercury, or under flashing in air or at atmospheric pressure,

1
[1 — e~ *Tn(cos ba T, + b sin bame)]

K.
U

m

= (30d + 1.35) (10.26)

Obviously, the product b o, in effect represents the atmospheric continuum
admitivity during lightning, whereby inserting o, b = (¥) in Equation (10.26)
will lead to the solution for (a + jwE), where ¥ = o + jwe (isotropic con-
tinuum). Therefore,

1
e‘f37m<cos T, + b sin f3T,,,>

- [1 - g (30d + 1.35)] (10.27)

m

b, as explained earlier, is equal to w/In(k, — 1).

The solution for () from Equation (10.27) can be obtained to some degree
of approximation by expanding the exponential and the trigonometric factors in
terms of power series. Such a process is left as a problem for students to solve.
SinceY = o + jwe, the flashing frequency w can be secured.

D. CRITICALLY DAMPED FRONT
For the critically damped front of lightning voltage surge that is given by
Equation (2.113A), let

7y

o, =Y =0 + jwe (10.28)
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Therefore, at the moment of flashing ¢+ = T,, and at atmospheric pressure, we
can proceed as:

U,[1 — (1 + 3T,)e "]
~ 30d + 1.35

or

) 30d + 1.35
el + 5T,) = 1 = === (10.29)

m

The solution for ¥ from Equation (10.29) is left as a problem for students to
solve.

E. OVERDAMPED FRONT
For an overdamped front of lightning voltage surge as given by Equation
(2.114), the same procedure for calculating the flashing frequency W is used as
in Sections C and D. Let
bacp = 5} (1030)
Therefore, at the moment of flashing in air and at atmospheric pressure, we can
proceed by letting ¢t = T,

. 1
Um[l - &To(cos hyT, + 5 sin h}”lTo)]

30d + 1.35 (10.31)
where, as before
y =0 + jwe
Therefore,
1 30d + 1.35
e“’Tv<cos T, + ;sin h)‘)To> =1 - — U (10.32)

m

The solution for § from Equation (10.31) is left as a problem to solve, after
which the flashing frequency  will be established.

F. FREQUENCY OF FLASHING BASED ON MOMENTS METHOD
In Chapter 3, the solution for the inducing voltage U, , caused by lightning
conductive and convective strokes was derived and expressed by Equation (3.42).
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That solution was established by the process of summation of an infinite number
of magnetic moments.

. |
Uy = —2p0vgt — 1) S S Yoo i (3.49)

m.=1 n.=1 X ,

my=1 ny=1

At atmospheric pressure, the flashing or sparking voltage U, =~ 30d + 1.35.
Now let

Xom = Ct (10.33)
where C, is the velocity of light along X direction
= oVY2, + 72,1 (10.34)
where w = frequency of flashing in rads/s. Therefore,

N
o il 4 mZ e‘]‘"‘\/yn,m+zn,m
U., = —J2pn,0v,(t — 1, L
J2Qvo ) ,,,Zl ,,Zl BVY:, + 72,

=~ 30d + 1.35 at atmospheric pressure (10.35)

d in Equation (10.35) could be expressed by:

d=VX: +7Y, +27%2, (10.36)

From Equations (10.35) and (10.36), we can observe that at any time ¢ and

at any point in space, the frequency of flashing could be implied theoretically.
The solution for W is left as a problem for students to solve.

10.VI SOLVED EXAMPLES

A. With reference to Figure 10.13, derive a matching function that may fit the
probability function P(r) with respect to r/R,, for CIGRE counter.

Solution
First try the well-known probability function given by:

fw) = Ae¢ = p(u) (A1)

where u = r/R, and A, a are constants. Examine several points (= 7) along the
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curve as shown below:

riR, P(r) riR, P(r)
0.0 1.0 1.0 0.35
0.2 0.94 1.2 0.25
0.4 0.84 1.4 0.15
0.6 0.74 1.6 0.08
0.8 0.55 2.2 0
Of course, A = 1.
r/R, > 1 has a great influence on P(r)
()
P(r) = e ‘% (A2)

To ensure acceptable representation of P(r) by Equation (A2), substitute
respective values for (r/R,) and P(r) such that the constant (@) remains within a
small deviation. Therefore:

0.96 = eV = 0% g = |

0.84 = @ = 016 g = —0.93

0.72 = %@ = 036a 5 = —0.96

0.52 = £9O®" = 064 g = —1.02

0.38 = e* = ¢, a= —0.97

0.23 = 12" = gl#a 4 = —(.98

0.15 = e09* = 1% 4 = —]102

0.08 = w16 = 2562 g = —1.02 (A3)

To minimize error in securing a close, accurate number for the exponential
parameter (@), an averaging process is conducted on all values of (a) calculated
resulting in a mean value of —0.985. Taking into account personal errors in-

volved in reading the points for P(r) and the respective r/R,, this author feels
that —0.985 is very close to unity. Therefore,

7
P(r) = e (A4)

B. Using the expression of P(r) for the CIGRE 10 kHz counter obtained in
Example A, establish a numerical solution for the effective range R,.
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Solution
From Equation (10.4):

R, = [2 fo i P(r)rdr:l " km (B1)

and from Example A

re

P(r) = e (B2)
Therefore, from Equations (B1) and (B2), R, in p.u. becomes:
P e AT AN
R, [2 J; e 3 d(Rg)] p-u. (B3)
Since

* 1
f xe 2 dx = = (B4)
o 2

therefore, from Equation (B3): R, = 1 p.u. or = 36.8 km, which is the effective
range given in Table 10.2.

C. The simulation mode] for measurements in high voltage system involves the
element of voltage divider which contains two concentrated elements and one
distribution element. The distributed element is represented by the stray imped-
ance Z,,, where

z, ==~ (CH

Show representation for Z,,, if the surrounding medium is simple and then
if it is linear.

Solution
For the simple medium

_ e L,
in € C

r s,.n

N
|

(C2)

where w, €, is the relative magnetic permittivity and electric permittivity,
respectively.
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For the linear medium, where the magnetic induction vector B,

B = uH + a—[—_1+ EI+ C3

and D is the electric displacement vector:

D = ¢ + 2 + 32E+ (C4)
= €, — € —
' ot 2 dr
Therefore,
B = 17[ rwmlemE oy _a:] (C5)
R o Y IR iy
and
D=E +ea+eaz+ + a"] (C6)
= — — € —
[e Yar o "o

Hence, Z,, is given by:

Ls,n M, 2
= . E—[p, + wP + pPr+ ..+ P

[e + &,P + eP* + ... + ¢P7] ((oF))}

where L, and C,, are the stray inductance and stray capacitance in normal
atmosphere, and

;]
P =
or
62
P? = —
o
an
Pr=— (C8)

at"
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D. Given the induced electric field across the distributed element of voltage
divider in the simulation model for H. V., the measurement shown in Figure
10.2 = a, A 8(»)/(1 + y*). Obtain expression for the energy density stored
magnetically and electrically.

Solution
E = aAS@)/(1 + ) (D1)
Then, since
- oB
VXE=-—
at (D2)
o a, a, a, 9B
V X E = |(d/x) 0/dy) (9/9z) | = — —
E 0 0 ot

x

N [ aEx] + 2 [ ai]
—al - al =&
4 0Z : dy

- —azAa(t)<"—2y)

1+ yy
o (D3)
Therefore,
— 2y
aB = — [A(t) ————
aB j ® T+ 7 dt
= AU () —2 tesl D4
1 a7 esla (D4)

where U_ (?) is a step function and d(¢) is a unit impulse. Since the system is
simple,

>

aD = aeE
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Therefore, energy density stored magnetically W, :

B? 1 2y 2
W,=—=—|AU_() —— | Jm? D6
-3 T A0 T e 09
and energy density stored electrically W,
W= Llep =€ [AS(I); * Y3 (D7)
<729 T2 (1+y2)2] m

10.VII PROBLEMS

Refer to the high voltage arm of the divider shown in Figure 10.2. Replace
the concentrated capacitive element with an inductive concentrated com-
ponent having a hard core ferromagnet. Hard magnetic material is char-
acterized as having its inductance linearly proportional to frequency, and
at an impulse current surge the inductance acts as a short circuit. Magnetic
permeability of such material is on the order of 2 to 3 wm. Through an
appropriate mathematical model of differential equations, and if the induced
voltage lightning surge wave form front has a sharp linear rise toward its
peak, followed by a slow linearly decaying tail, obtain expression for
voltage distribution to be divided on each arm of the newly developed
voltage divider.

Repeat problem 1 if the induced voltage lightning surge wave form is an
exponentially decaying sinusoid represented by A e~ sin Bt.

Repeat problem 1 if the induced voltage lightning surge wave form is a
single exponential pulse expressed by A e~

Refer to Figure 10.1, which represents a block diagram for typical impulse
voltage test arrangement. Transform this diagram into circuit and network
elements as well as any feasible active component.

Repeat problem 4, replacing the front capacitor with an ideal inductor,
obeying the criterion of constant flux linkage theorem, i.e., di/dt = 0.
Using Figures 10.9A and 10.9B, plot the ratio of relative damping for an
active filter with respect to CIGRE against rise times. Obtain an empirical
mathematical equation for the developed curve.

With reference to Figure 10.8, plot a curve for (V,—V,) with respect to
T, and derive a feasible empirical mathematical equation for the developed
curve.

Show that h(f) given by Equation (10.4) is the inverse Laplace transform
of G(s) expressed by Equation (10.3).

Using Equation (10.4), obtain expression for the probability function P(r)
with respect to an LFC effective range R,, and with respect to 1/R,.
Compare the developed relationship with respect to the curve shown in
Figure 10.13 for the RSA-5 counter.
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Derive an empirical relationship for P(r) in terms of the ratio of distance
at flash counter effective range (+/R,) for the RSA-10 kHz counter shown
in Figure 10.13. Then, obtain expression for R,.

Repeat problem 10 for the RSA-5 counter shown in Figure 10.13.

Using Equation (10.6) for the density of ground flashes in terms of ¥, and
R,, obtain expression for N, in terms of probability function P(r). The role
of Y, can be extracted from data given in Table 10.3.

Using Equation (10.6), obtain expression for N, in terms of R, representing
only the performance of RSA-5 counter. Use the data in Table 10.3 to
account for the role of ¥,.

Using Equation (10.9), develop expression for K,/K, for RSA-10 counter
with respect to CIGRE counter; may apply data from Figure 10.13 and
Table 10.2 in the process as well as any other pertinent resource.

With reference to Figure 10.14, obtain plots for K /K, with respect to Y,
for the following values of /R, = 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, 1.7, and
1.9. d is the separation station and R, is the effective counter range.
Solve Example C (Section 10.VI) if the atmospheric medium at lightning
medium will render all electromagnetic field components tensors. This will
also associate tensorial character to p and e as being of rank two.
Obtain approximate solution for the flashing frequency W when the light-
ning front of voltage surge is associated with superimposed oscillations.
Obtain approximate solution for the flashing frequency W when the light-
ning front of voltage surge is critically damped.

Obtain approximate solution for the flashing frequency W when the light-
ning front of voltage surge is overdamped.

Obtain solution for the flashing frequency W from Equation (10.35) at a
point 200 mi from the direct place of lightning stroke.

Repeat problem 4 to obtain solution for the flashing frequency omega by
using Equation (10.35) at a point 100 mi and then 1000 mi from the direct
place of lightning stroke.

Express the current density vector in Equations (10.11 to 10.13) in the
principle system of coordinates and solve for the frequencies of flashing.
The set of Equations (10.16) represents the flashing frequency omega when

J,— . Revise Equations (10.16) for E to be represented in the principle
coordinate system.

Repeat problem 6 for J, — .

Repeat problem 6 for J, — .

Equation (10.24) represents the sparking voltage at lightning breakdown
at a separation of (d). If d = P(p, a, 7), a point in space with respect to
the place of stroke initiation P(0, 0, 0). Obtain solution for the potential
gradient vector.

Using the solution of the potential gradient obtained in problem 9, express
the developed current density vector with the medium electrical conduc-
tivity as a rank two tensor in the principle coordinate system.
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Chapter 11

PRINCIPLE OF PROTECTION
FROM H.V. SURGES

11.1 GAPLESS ARRESTERS

A conventional arrester made of SCI alone is called ‘‘varistor’” for variable
resistor and the sudden change in resistance is characterized as nonlinear. Gapped
arresters offer significant protection, but with certain limitations, especially that
their response to many lightning surges is not fast enough. Sometimes even
during the first microseconds of lightning stroke, the system to be protected may
suffer potentially damaging over-voltage.

Another problem resulting from the use of gapped arrester is the erosion
with time of the electrodes due to melting produced by the huge flow of electrons
by lightning or switching impulse. The electrodes eventually become unreliable.
Also, moisture in arrester housing produces deterioration in the structure of the
electrodes, which adds another element to unreliable operation of the gapped
arrester.

Because of this problem that may be encountered during the protective
function of the gapped arrester, a change has been made to solid state gapless
arresters over the last 25 years. During the mid 1970s, manufacturers initiated
the utilization of metal oxide devices to protect sensitive equipment such as
televisions, stereos, and other electronic devices. Electric utilities turned their
attention to the use of the metal oxides varistor (MOV) in the design of gapless
arresters after research indicated their reliability, adequate sensitivity, and quick
response to over-voltages. However, metal oxides have not yet been designed
in the form of large blocks for utility applications.

To proceed toward possible adoption of MOV in power system protection,
the Electric Power Research Institute (EPRI)’ selected two power equipment
manufacturers, McGraw-Edison and Westinghouse Electric to conduct a research
project targeting the operational design of the largest MOV in power system
installations.

Currently almost all electric utilities use gapless arresters in their systems,
and in fact, gapped arresters are no longer installed for high voltage system >69
kV; however, gapped arresters are still being used for distribution systems to

339
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retain the aspect of compatibility with existing power installations in smooth
coordination.

Solid state gapless arresters made use of zinc-oxide (ZnO) which is ground
up with small amounts of bismuth, antimony, chromium, nickel, and aluminum
combination.

Cylindrical molds of MOV materials are subjected to kiln firing at 1200°C,
followed by cooling. The metal oxides transform into millions of tiny grains,
primarily ZnO surrounded by insulating layers from other metals. The insulating
layers respond to the flow of surge current through the ZnO grains just above
the threshold limit.

In 1976, General Electric introduced a new series of gapped arresters in
which the varistor element was ZnO instead of SIC. In 1981, EPRI sponsored
the research that developed gapless arresters using ZnO grain and ceramic as
insulating layers in the MOV. Bonneville Power Administration and the Ten-
nessee Valley Authority carried out evaluations of MOV gapless arresters for
1200 and 550 kV system with very satisfactory and encouraging results.

Acceptance of gapless surge arresters by the utilities and various industries
continues to grow, and concomitantly with the increase in production, their cost
is more competitive; they are also smaller in size and of lighter weight. They
react more quickly to surges than gapped arresters, especially with no sparkover.
The insulating layers in the MOV ‘‘sense’’ the rise in the surge wavefront
immediately, and more rapidly alter the conductive state at a lower voltage level
than conventional arresters.

MOV arresters start conduction at about 1.25 to 1.30 times normal voltage,
while gapped arresters begin conduction at 1.50 to 2.00 times normal voltage.
Consequently, protected equipment from over-voltage will be subjected in less
time duration in MOV arresters than in the case of conventional arresters. There-
fore, the basic insulation level (BIL) for equipment and systems to be protected
will be relatively less by using MOV arresters, and this is also less costly.

Freeman’ characterized the MOV arresters with reliable nonlinearity, where
the leakage current is negligible at normal voltage, while current flow surges to
a multi-kiloampere level at a predetermined voltage threshold. Their response
to over-voltages is always consistent with every discharge. Also the nature of
MOV material and design feature of arresters eliminates the problem of erosion
and degradation that usually exists in gapped arresters. In addition, gapless
arresters do not depend on spark; only an extreme amount of water leakage can
disrupt their response to discharge.

In underground substations, MOV arresters provide significant economic
benefits via their epoxy insulation and carbon-painted exteriors safely installed
directly to the terminals of the protected device. Gapped arresters, on the other
hand, require a separate pad and enclosure for isolation and shielding.

Electric utilities are beginning to employ metal oxide semiconductors in
other applications such as series capacitor protection equipment, vacuum inter-
rupter switch gear, and capacitor voltage transformers. Vasu Tahiliani, EPRIs
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project manager for metal oxide technology, predicts future large-scale produc-
tion of transient energy absorption devices as well as MOV arresters using metal
oxide semiconductors.

11.11 INCIDENCE OF H.V. SURGES ON
FERROMAGNETS

The problem of normal and effective operation of electronic and electro-
mechanical control devices and local circuits in every power system is a major
concern. The penetration of surge voltages and high current pulses into those
regions leads to damaging effects in most cases unless an adequate and secure
protective scheme is provided. Current and voltage surges are random and de-
structive, usually of short time rise and with high velocity of propagation. Surges
enter relaying systems and other control devices through capacitive coupling,
inductive coupling of cables with high power equipment, instrument trans-
formers, difference of potential at various points along the transmission system,
direct strikes of lightning stroke, and switching operations of lines and cables.

Present protective schemes, although numerous, do not completely provide
optimum security against current surges, especially in transmission systems.
These schemes include shielding of cables, diverse routing of lines, selective
location of control lines and cables, insertion of series inductance and shunt
capacitance to flatten the strength of voltage and current surges, and occasionally
the connection of linear and nonlinear resistive elements in the power system.

A major point in high voltage system protection is in connection with the
primary current transformer, in which the circuit phase angle approaches 90°
and the moment of maximum current corresponds to zero voltage. In the case
of failure of the insulation impulse level the occurrence of the surge current may
be destructive to the local and neighboring circuits. Also, switching operation
in the primary circuit of the current transformer may occur at the moment of
zero voltage leading to the generation of high current pulses. High current surges
may enter a neighboring line with different surge impedance, resulting in a series
of reflections that may amplify the strength of the current pulse severalfold.

This section presents calculations of surge fields and the positive role a new
protective element may serve in protecting against high current surges in high
voltage transmission systems. This protective element is called the saturable
resistor, which is of the same construction as the closed core reactor, but with
a hard magnetic material core. The saturable-resistor is characterized by the
following properties:

1. The ohmic values rise sharply as the current passes the pick-up value up
to saturation. The maximum current will be more than twice the pick-up
value.

2. The resistive component is due to eddy current plus hysteresis losses and
is a function of the time varying current flowing in the device and frequency
variations.
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FIGURE 11.1 Ideal displaced magnetization curve of saturable-resistor.

FIGURE 11.2 Incidence of electromagnetic field at the surface of an ALNICO block.

3. It has an almost constant power factor.

It has a displaced B-H curve.

5. Its permeability is only a few times that of nonmagnetic material, matching
the expected value offered by most magnetic materials.

&

Figure 11.1 illustrates a displaced magnetization curve, while Figure 11.2
shows the incidence of field components at the surface of the core and its
propagation toward the center. The intention of the author is to present solutions
for:

1.  The induced surge electric field
2. The surface surge impedance
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3.  The surge propagating separating plane movement
4.  The surging Poynting vector

A. SOLUTION OF THE PENETRATING PLANE AND THE
ELECTRIC FIELD
Let ¢ = electrical conductivity of the core, ¢ = electric field polarized in
the x direction, and 4, b = magnetic field intensity and induction surges in the
y direction. Maxwell’s integral equations are expressed below:

3 d —
line € < —
J’ .d = - —J;uraceb'd 111
e-as a1 S a (1L.1)
ﬁ":"hﬁ-df = fJEZ"da (11.2)

Equations (11.1) and (11.2) become:

f&yh-ds Gfe°da (11.3)

f ae*ds

where ¢ = magnetic flux = b(f) [Area] and &,, a4, = unit vectors in the x and
y directions

?
——fb-da=—ﬂ’ (11.4)
ot ot

h(ty = H,d()a, (11.5)
b(t) = B3, (t — t)a, (11.6)
The rate of change of flux/unit length in the x direction is given by:
do
— = 2vb(t 11.7
& vb(1) (11.7)

where v = velocity of propagation of the separating plane toward the interior
of the core.

Refer to Figure 11.3 and consider the loop |,,... Since no change of magnetic
flux occurs there, no induced field exists beyond the separating plane vy. Also
consider loop mkcd enclosing the plane vy:

d
e, + e, = 2vB, = 2b(t) 7? (11.8)
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FIGURE 11.3. (X-Z) section of Alnico block.
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FIGURE 11.4. (Y-Z) section of Alnico block.

Since e¢,,, = O,
d
e, = 2b(1) % =E (11.9)

< represents the advance of the separating plane in the z direction.
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Now, referring to Figure 11.4 to calculate the value of the integral in Equation
(11.3), take the loop nmkl: h = H, at the start of the separating plane

b Uh+-ds =H — H. = oyE (11.10)
nmkl
or
H —_
%:—I{C=0’E (11.11)
0z Y

where H = the value of the field 4 at z = 0. Therefore, the field /4 linearly
drops from its initial value at z = O to a point inward where A will again regain
the value of H_ at which the separating plane terminates with r = O at ¢ = ¢.
The solution for r is

—ﬂim+(t—t81 . 11.12
”—‘/y"f’ﬂo[sa—tc) e = 180 | (11.12)

Then, from Equation (11.9), the electric field becomes

d
e(r) = 2b(r) Fj
e ra¢ — 1)30) = 3¢ = 1)) — 1]
= 2B3(t — t(\/vcl‘?zol_[ 3 — 1)
+ ()8 — tc)] [%)__31 +owe - tc)a(tc)]“m (11.13)

One can also write that at ¢t = 7,

e(t) = 2B, /g;n [B¢) — vi(e) + 1vi () — 1 + 8@~ (11.14)

B. SURFACE SURGE IMPEDANCE, DEPTH OF PENETRATION,
AND POYNTING VECTOR
In general, the complex form for the surge impedance Z; can be expressed
by:

Z, = e()/h(t)S¥m? (11.15)
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where
h(t) = H,5(1) (11.16)

and e(#) is given by Equation (11.13). However, att = ¢,

_ B, _vn 1 qe) — 1+ 8@)Y -
Z*”)"'2V<ﬂﬁn[} TR ) BNURT

The depth of penetration (s) can be secured from Equation (11.12) by setting

t = t., where
H
S= =) — 1+ 811" (11.18)
oB,

The Poynting vector W is expressed by:

— 1
W = 2 ek watts/m? (11.19)

where h* is the conjugate of the magnetic field surge vector.
From Equations (11.13) and (11.5)

1
2

W= [2b(t) %][Hm?)(t)]

BH, St — 1) % 0) (11.20)

C. CONCLUSIONS

The ohmic values of the saturable resistor increase automatically with respect
to the magnitude of surge current and harmonic content, and offer an excellent
mechanism of protection against in rush high current pulses in power systems,
and especially in high voltage transmission systems subjected to surge incidence.
For example, upon connection of the saturable resistor in series with the primary
circuit of current transformers where the phase angle is on the order of 90°, a
moment of zero voltage will result in a maximum current; however, this current
surge will damp substantially with the help of the saturable resistor. Switching
operations that coincide with a moment of zero voltage will also lead to a high
current surge and the saturable resistor is able to substantially reduce such a
surge.

The results presented in this section outline one area of calculation concerning
this damping device connected with the induced electric field, propagation of
the advancing plane, the induced impulsive field, and the surface surge imped-
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ance. However, more analytical and experimental work is needed to generate
additional theorems of this surge damper and its transient behavior in a variety
of high voltage and current surges.

11.11II1 SOLVED EXAMPLES

A. It is mentioned in the literature that the sparking voltage is almost a linear
function of gap separation. Find a relationship for the sparking voltage (Vv
(d), and then with respect to (pd) and implicit relationship v, P (pressure) for
T. = 1.2 ps, which is the time lag element for the peak in lightning surge,
based on the specified information below.

Solution
Considering a gap arrester with 7, = 1.2 us and given:

V,=10(50) = 500kV
V, = 10(100) = 1000 kV
V, = 10(150) = 1500 kV
V, = 11.25 (200) = 2250 kV

where (0.5), (1), (1.5), and (2) are the total gap measures in meters for every
case. The linear relationship for (V,) against (d) is generally expressed by:

V.=ad + b (AD)
500 = 50a + b (A2)
1000 = 100a + b (A3)

Therefore, from (A2) and (A3), 500 = 50a, a = 10, and b = 0. Next,

1000 = 100a + b (A3)

1500 = 150a + b (Ad)
Also, from (A3) and (A4) one can obtain a = 10, b = 0, then

1500

150a + b (A4)

2250 = 200a + b (AS)
2250 — 3000 = —750.

Therefore, 750 = 50a; a = 15, b
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The trend as indicated is that (V) is directly linear with respect to gap
separation (d) up to d = 50 cm, after which the model of linear changes into a
negative slope graph. Therefore, up to d = 150 cm,

V, = 10d (A6)

s

And d = 200 cm,

1% (15d — 750) (A7)

s

It is the author’s guess that V, is in a transition mode between Equations (A6)
and (A7) as d changes from 150 to 200 cm.
Now, derive empirically a relationship for (V,) with respect to [Pd], or

actually, K[Pd] = T. for gap arrester.
The following function describes a curve (for the sparking voltage with

respect to time lag) to a fair degree of approximation.

1007,

V, = I_W (A8)
However, as mentioned above,
T. = K(Pd)
Therefore, Equation (A8) becomes:
100kPd (A9)

V. =
* 1+ 2KPd + 4kP*d*

The next desired result is to derive an implicit empirical relationship between
the sparking over-voltage V and the prevailing pressure P. From Equation (A7),

V.
==+ 50
1= 15

Therefore, substituting into

IOOP[IKSS + SO]K
(A10)

5

1+ 2P| Y= 4 s0] + 4KP2[35-+ 50|
[15 ] 15 ]

Equation (A10) represents an implicit relationship between the sparking
potential V, and the prevailing pressure (P).
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11.IV PROBLEMS

From Equation (A9), secure condition on (Pd) and then on the pressure
(P) for optimum expectation for V..

Obtain solution for the induced electric field in a hard ferromagnet char-
acterized with a displaced B-H curve if the incident magnetic field intensity
surge () = a, H,, 8,(1) e™*.

From solution of the induced electric field obtained in problem 2, secure
solution for the rate of movement of the plane of magnetization r and the
surge surface impedance; also obtain solution for the depth of penetration.
Repeat solution of problem 10 if the incident magnetic field intensity surge
h(t) = a,d,(t) [e™= — e .

From solution obtained in problem 4, obtain solution for the rate of move-
ment for the plane of magnetization r, the surface surge impedance, and
the depth of penetration through a hard ferromagnetic thin material.
From data and solutions obtained in problems 2 to 5, obtain solutions for
the corresponding Poynting vectors in every case.

Repeat solution of problem 2 if the incident magnetic field intensity surge
h(t) = &, 8,(¢) sin wt e™ .

From solution of e(f) secured in problem 7, obtain solutions for the rate
of movement for the plane of magnetization and the surface surge impedance.
Supplement solutions obtained in problems 7 and 8 to obtain solutions for
the Poynting vector and the depth of penetration of the plane of magnet-
ization through a hard ferromagnetic material.

With reference to the statement of problem 2, obtain solution for the
induced electric field if the material for incidence is a soft ferromagnet
characterized by undisplaced B-H curve as shown below.

From solutions and base information secured in problem 10, obtain solution
for the rate of movement for the plane of magnetization, the surface surge
impedance, and the Poynting vector.

Repeat problem 10 if the incident magnetic field surge intensity h(f) =
a, d,(t) [e== — e™].

From solutions obtained in problem 12 with relevant base information,
secure solutions for the rate of movement for the plane of magnetization,
the surface surge impedance, and the Poynting vector.

PRINCIPAL LIST OF SYMBOLS

Sparkover voltage

Magnetic field intensity and magnetic induction vectors, respectively
Magnetic flux in Webers

Advance of the separating plane in meters

Amplitude of magnetic field in A-T/meters

Depth of penetration of magnetizing

Separating plane in meters

Poynting vector in W/m? amplitude to applied magnetic inducting
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Chapter 12

ENERGY EXTRACTION AND
STORAGE FROM LIGHTNING

12.1 INTRODUCTION

The process of sustained ionization in the atmosphere preceding the occur-
rence of lightning breakdown involves the release of ion clusters of positive and
negative polarities and the unleashing of an ionization avalanche at the moment
of breakdown. The voltage of potential energy among multiple layers of charged
clouds is at a multimegavolt level, and the released ionic avalanche carries a
multikiloampere electric current. Surface charge distribution, which accumulates
at the top and bottom of clouds also maintains huge loads of electric charge on
the order of kilo- or even megacoulombs. It is obvious that a vast amount of
energy is involved before, during and after lightning in the atmosphere. The
question is whether it is feasible or even possible to bring down such tremendous
amounts of energy for useful applicability on Earth. The generation of ions is
characterized as time varying, amounting to a flow of local electric current before
breakdown and to the release of lightning strokes upon breakdown. Before
breakdown, the potential difference between clouds and builds up, depending
upon atmospheric storm conditions, and hence energy density distribution in the
ionizing atmosphere is the electrostatic or the potential density that can be ex-
pressed by pV/2 J/m?, where p is the volume charge density in coulombs/m? and
V is the potential at any point. The other form of energy is the magnetic or
kinetic energy expressed by JA/2 J/m?, where 3 is the inducing current density
in amperes/m?* and A is the magnetic vector potential at any point. Therefore,

1
W, = Eij/m3 (12.1)
and
1
W, = EJA J/m3 (12.2)
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where W, is the potential energy density in J/m® and W,, is the kinetic energy
density in J/m?.

12.11 SCALAR ELECTRIC POTENTIAL AND VECTOR
MAGNETIC POTENTIAL

A. SCALAR ELECTRIC POTENTIAL
The following is a summary presentation for the basic laws concerning the
scalar electric potential V:

1. Due to a linear charge
d
V= Kf P 2P (12.3)
L R

where R is a distance from any point on L to the point at which the potential
is required; p, is the linear charge density; K is the dielectric constant =
1/4 re; and e is the medium permissivity.

2. Due to a surface charge distribution p,

ds
V= KJ;‘)’T (12.4)

where p, is the surface charge density.
3.  Due to a volume charge distribution

d
V = Kf—p“Rv (12.5)

where p, is the volume charge density.

B. MAGNETIC VECTOR POTENTIAL
The following is a summary of relevant laws concerning the vector magnetic
potential A.

1. Due to a line current distribution
— I' dt'
A=p JL IR Weber/m (12.6)

where I’ is the linear current flow and dr’ is the linear differential current
element.
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2. Due to a surface current distribution

— J' ds'
A= f 12.7

where ds’ is the surface differential area and J| is the surface current density
vector.
3. Due to volume current distribution

— J dv' .
A= j 12.8
H v 4R ( )

where J, is the volume current density and dv’ is the differential volume
current.

An important and relevant relationship in our analysis for the electromag-
netic phenomenon involved in lightning is

— = A
E= [—VV —_ %] V/m (12.9)

where E is the total induced electric field vector produced by potential and
kinetic field effects.

12.]II ENERGY STORED IN CLOUD-CLOUD SYSTEM

This representation is the same as cloud-earth, where in both cases it is
modeling or simulation of a condenser system. Before breakdown, to initiate
the occurrence of lightning, surface charge accumulation builds at the inner
surfaces of the upper and lower cloud layers or between a cloud and the ground.

The dielectric medium between the lightning condenser system is to char-
acterize it as an anisotropic rank two tensor, where

€ =€, i+j=123

y

= DJE, (12.10)
D, is the electric displacement vector or numerically, the surface charge density
in coulombs/m? residing on the opposing surfaces.

Potential energy density stored in the two cloud layers’ condenser, W,, is
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expressed by:

=~1l€, €, €3]||e]|I/m? (12.11)

Equation (12.11) may be expressed in a simpler form by identifying the
tensor €, into the principle axes system as shown below

€, 0 0 €,
0 € 0 ||el|im (12.12)
0 0 €€

where €},, €,, and €3, are elements of A which can be obtained by the process
of diagonalization of the following determinant:

€1 — A €, €13
€, €, — N €, =0 (12.13)
€3 €3 €3 — N

Upon the threshold limit of field breakdown, the ionic avalanche will bridge
the two layer clouds accompanied by the surge of the return lightning conductive
stroke and the time varying current due to bound charges in the lower cloud or
earth surface. However, in terms of electric potential V and charge density, W,
becomes:

1
W, = eV im’ (12.14)

Upon field breakdown and the onset of lightning, the return stroke and its
companion, the convective stroke, establish the magnetic or kinetic energy sys-
tem represented by the flow of (J.), the cylindrical column conductive current,
and J,, the convective current generated by aD/dt in the lower cloud or Earth
layer. With W, as the magnetic or kinetic energy density stored by the system
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self-inductance and current flows, we now write:

W, = ’i_A_ba_r| V/m?
2
| QR -
=5 WA+ JA)] (12.15)

where J_, A_ are the conductive current density vector and its associative magnetic
vector potential, due to the conductive stroke, and .7,,,Zv are the convective current
density vector produced by the time varying bound charges and its associative
magnetic vector potential, respectively.

The configuration showing J. and J, is given by Figure 2.1. In Chapter 3,
analysis of the calculation of inducing voltage was carried out by the method of
summation of magnetic moments. Equation (3.1) represents the expression of
the magnetic vector potential AQ, while Equation (3.9) gives representation for
the Zy component of the magnetic potential. Equation (3.12) identifies the total
magnetic vector potential for the entire conductive stroke and for the total con-
vective stroke. Then, from relation (3.31), wherein the gradient of the inducing
electric potential is expressed in terms of time variation of the magnetic vector
potential, the solution for the inducing electric potential is given by Equation
(3.38).

W, may now be expressed as:

W:

m

LSS e in I (12.16)

where J_, represents either the conductive or convective current density vector.

The solutions that emerged in Chapter 3 for A, and A, identified J. and J,
as having a large amplitude step function.

Let us now consider the potential energy stored in a multicondenser system
before and after breakdown. Let M be the number of condensers extending from
a certain — elevation within the atmospheric belt and close to the Earth’s surface
as shown in Figure 12.1. Each condenser has a separation between the two cloud
layers equal to S and the area is equal to A.
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__________ condenser #
SyF

+ F F ¥ + ¥ F 4+ ¥ M

__________ condenser #

+ T+ + + + + o+ M_1

__________ condenser #

FEF O+ % F F F F % M-2

condenser #

FIGURE 12.1 Multi-condenser system of lightning phenomenon.

Total potential energy density stored in the multicondenser system shown
can be expressed by

W, ot = M[—l- 27 Joul 12.17
e—rotal -~ 2 C] oules ( . )
or the potential energy density is given by:
1
= M[E p:V,,,] J/m? (12.18)

where V,, is the electric potential at the mth condenser, Q is the total charge
residing on a surface cloud layer in coulombs per unit length,

Q = A|D| coulombs/meter (12.19)

and C is the capacitance per condenser

—
"
622
€33

[e,1 + €5, + €;,] farads (12.20)

U:IB>
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In Equation (12.18), V,, is the inducing electric potential developed in Equa-
tion (2.51) when lightning current stroke is a large step function, while Equation
(2.95) is valid when the lightning current stroke is represented by a sharp rising
front and a relatively slow decaying tail. The inducing potential calculated by
the method of magnetic moments is given by Equation (3.38), where lightning
current stroke was taken as a large step function. The inducing voltage is given
by:

x = —Xnm
Vieos = =22 Jort = 1) 2 3 ¥oZo( ) volis (1221

12.1V FEASIBILITY OF ENERGY EXTRACTION

Throughout the discussion of energy storage in the ionized atmosphere during
thunderstorms, the author indicated that in the period of time preceding field
breakdown, i.e., lightning, the nature of energy storage is potential, while during
lightning it is kinetic. Potential energy density is given by (Y, p, V) J/m® and
the kinetic energy density is given by ('/, J + A) J/m®.

In this section an exploratory approach is presented regarding the feasibility
of extracting the huge amount of potential and kinetic energy available in the
ionized charged atmosphere before and during the phenomenon of lightning.

Figure 12.2 shows the feasibility diagram for an energy extraction system
comprising a set of thin conducting plates, large in area, suspended from a high
elevation in the atmospheric belt in a descending pattern with a separation of 5
between each plate. The area of each plate equals (A) m?. The author visualizes
that this multisurface conducting system could be erected by a reliable suspending
system that can withstand severe weather conditions. The collecting plates are
assumed to be highly conducting, receiving surface charges in prelightning pe-
riods, which could be transformed throughout the descending conducting plates
system down to the final collecting plate located above ground by an elevation
of (h) meters.

During atmospheric discharge, i.e., the occurrence of lightning, conductive
as well as convective currents with their associative magnetic vector potential
descend through the multiconductive system up to the final collective layer as
shown in Figure 12.3.

A. VOLTAGE-CHARGE COLLECTION STATION

In the conceptual process of energy extraction in the period preceding light-
ning, a system of suspended multiconducting surfaces is expected to descend
surface charge accumulation to an elevated charge collection station, which will
perform the equivalent or conceptual static voltage generator energy output from
the static voltage collector. This could be expressed according to:
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FIGURE 12.2 Energy extraction system preceding lightning.
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FIGURE 12.3 Energy extraction during lightning.

Inducing voltage derived by conventional means, and with constant current
in the return stroke and time varying bound charges:

1
W, = M[E va,bl,vl] Im? (12.22)

where V., is the inducing electric potential per one condenser given by
Equation (2.51), and M is the number of condensers for collection and
transportation to Earth voltage-charge collector.
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2. Inducing voltage derived by conventional means, but where lightning surge
is a sharp linear rise in the wave front and a slow decaying tail:

1
W, = M[E psv,.cﬂ] ym? (12.23)

where V,, — v, is the inducing electric potential per one condenser given
by Equation (2.81).
3. Inducing voltage derived by the method of moments:

1
W, = M[E psVicg,,,3:| Vm? (12.24)

where V.. — v, is the inducing electrical potential per one condenser given
by Equation (3.38).

B. MAGNETIC POTENTIAL-CURRENT COLLECTION STATION

Magnetic vector potential A has been derived only for the case of a step
function for lightning surge and is given by Equation (3.38). It was solved
through the method of magnetic moments:

W, = MB 7., Zm] J/m? (12.25)

where A_, is the magnetic vector potential expressed by Equation (3.35), and
J., = Q shown in Equation (3.35) and it represents the amplitude of either the
conductor or convective current density vector. The expressions for the vector
A produced by a sharp, linearly rising wave front and a slow decaying tail are
left as problems for students.

The author wishes to emphasize that modes involving the collection of
electric charge associated with the buildup of voltage across any condenser, and
the other mode involving receipt of electric current with its associative magnetic
vector potential, are only based on conceptual, exploratory and feasibility anal-
yses. The other feasible mode of energy extraction from the charged atmosphere
mentioned in the literature involves the propagation of electromagnetic energy
to a receiving Earth station to be transmitted from a floating collection station.

12.V MHD — MODE FOR ENERGY STORAGE AND
EXTRACTION

A. THE MHD PHENOMENON
MHD is the abbreviation for Magnetohydrodynamics, which is based on the
interaction of moving conducting fluids and a transverse component of stationary
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FIGURE 12.4 MHD phenomenon.

or time varying magnetic fields. The cross-interaction will result in having electric
field intensity vector E expressed by:

B = E Volts/m
or |E| = |v] |B] sin o (12.26)

where a is the angle between the ¥ and 8 vectors, ¥ is the velocity of conducting
fluid in m/s, and B is the prevailing magnetic induction vector in tesla.

Figure 12.4a illustrates the MHD interaction process in dimensional terms,
while Figure 12.4b shows the interaction between the B field from a line con-
ductor and a flowing conducting fluid.

In cases in which the B and ¥ components are uniform, the buildup of electric
potential difference (e) across (d):

e = |7 |B| sin a(d) Volts (12.27)
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B. MHD EQUATIONS
1. Flow field equations:

a.  Continuity equation

Dp _

— 4+ pV:7 =0 2.28

D TPV (12.28)
where

D 9 -

—=—+35-V 12.29

Dt ot v ( )

b.  Momentum equation:
p(@ Vo = —Vp + JxB (12.30)

¢.  Energy equation:
_ =01 P - -
p( - V)[E h? + ; + CvT] =E-J (12.31)

where p is the mass density in kg/m?, p is the hydrodynamic pressure, v
is the velocity of the conducting fluid, E is the existing electric field vector,
C, is the fluid specific heat at constant volume, and T is the fluid tem-
perature in degrees Kelvin. Equations (12.28) to (12.31) are valid for an
inviscid and incompressible fluid.

2. Electromagnetic field equations:

a.  Charge continuity equation

— - 9
V-7 + a—": =0 (12.32)

b.  Ampere’s law

V-B=0 (12.33)
c.  Faraday’s equation

= = B
VxE = — — .34
X Iy (12.34)
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d. Ohm’s law

~
I
3
t
+
<
X
&

(12.35)

e.  Energy equation

_p
Z (12.36)
g

here J, = J. + J, is the total current density vector

w
J. is the conductive current density vector

c

< - . . oD
J, is the convective current density v

D is the electric displacement vector
E, is an applied electric field vector
p. is the electric charge density in coulombs/m®.

C. MHD PHENOMENON IN CHARGED ATMOSPHERE

MHD phenomenon commences immediately after the initiation of voltage
breakdown and the release of current surge. The current surge in the conductive
and in the convective strokes generates a very powerful magnetic flux density
vector. The interaction of the resulting magnetic field with the flow of conducting
atmospheric cloud is indeed an MHD phenomenon leading to the induction of
an intensive electric field and a further contribution to voltage buildup among
atmospheric charged layers. Consequently, the author sees a significant contri-
bution of MHD phenomenon to the concept of energy storage and possible
extraction at earth stations, as indicated by Figure 12.2. Therefore, W,,,,,, as the
energy density generated by a single parallel surface-cloud system is expressed
by:

1= _
Wanp M[E Jia 'Al‘z] (12.37)
where
J, = ©lv x B (12.38)
J, = o[v X B)) (12.39)

where J, is the MHD-induced current density produced by the interaction of the
moving charged cloud and the B field generated by the conductive lightning
stroke identified as B,; J, is the MHD-induced current density produced by the
interaction of the charged moving cloud with the B field generated by the con-
vective stroke identified as B,; and A, , represents the magnetic vector potential
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produced by J, or J, described above. W,,,, expressed by Equation (12.37) is
indeed another form of kinetic energy that can be extracted on a conceptual basis
only.

12.VI SOLVED EXAMPLES

A. This involves obtaining a solution for the magnetic vector potential resulting
from knowledge of the inducing voltage at a point in the atmospheric belt given
by Equation (2.51).

Solution
From the following:

— oA
We, = —pn— A
Viw = =07, (A1)
or
_ 1 { =
A= —— IV‘” dt (A2)
p., 1

- V19V 1%
VWe,=a,—+a-——+a,
ap pa dy

= a,k, (A3)

apEp is given by Equation (2.41), where

: j VP =R & e
a,E, = J, (0 \/; %5 S

n=0 n!2"

3
[_ @R g P ey

- B e

where R = R_or = R,. Therefore from Equation (12.26)
— 1
A = — —J_ .t (the rest of right-hand-side of Equation (A4)) (AS)
B

However, (¢) in Equation (12.26) is limited to the time at which the surge
current practically diminishes, usually ¢ < 15 ps. The duration of 15 ps represents
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a little more than the time span of the decaying surge tail, usually about 12.5
LS.

B. Consider the conductive current stroke as a line conductor carrying a current
1. 3,(t). The conducting fluid has a velocity vector in axial direction between
parallel cloud layers. Express J, if o is a scalar.

Solurion
The B field due to a conducting line current /, d.(f) is given x-y plane by:

I AXO
Bo = "0 X1 y? (BD)
13
g = 00Ky (B2)

= 2m X2 + y?

J, = oapX[aB,, + aB,)
= 0la,uB,. — 4,uB,] (B3)
12.VII PROBLEMS

1.  Obtain solution for the kinetic energy that could be extracted from lightning
cycles, considering the breakdown surge as a sharp, linearly rising wave-
front to its peak followed by a slow decaying tail. Assume the possibility
of building (M) suspended collecting energy condensers.

2. Repeat problem if the surge current breakdown is a decaying sinusoid
given by K e~ cos wt. K and o are constants.

3. Repeat problem if the surge current breakdown is a double exponential
pulse given by K[e~** — e~ *¥]. K, «,, and a, are constants.

4. With reference to Equation (12.22), convert the functional elements p_ and

Vic,—v, in terms of the electric displacement vector (D) and the electric
field intensity E. Consider the surrounding medium as totally anisotropic,
i.e., € is a rank two tensor.

S. Repeat problem 4 with respect to Equation (12.23).

6. With reference to Equation (12.25), convert the functional elements .—IC,v
and A, and their representation in terms of the corresponding B and H
fields. Consider the surrounding medium as linear material.

7. Repeat problem 6 if the surrounding medium is totally anisotropic.

Repeat problem 4 if the surrounding medium is a linear material.

9.  With reference to Figure 2.1 showing the configuration for the conductive
return stroke and the convective coaxial current, calculate and sketch the

e}
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magnetic flux density distribution for J, and J,. Express the corresponding
magnetic vector potentials associated with J, and J,.

10. From solutions for A. and A,, present solutions for the stored kinetic energy
per unit volume.

11.  From solutions for B, and B, secured in problem 9, and given the velocity
vector for the charged cloud to be entirely transverse to the plane containing
B, and B,, solve for the MHD-induced current densities. Assume the
medium as anisotropic such that o is a rank two tensor.

12. From solutions for the MHD-induced .7C and .7V, solve for the associated
magnetic vector potentials. Also obtain expressions for the developed en-
ergy density per unit volume.

PRINCIPAL LIST OF SYMBOLS

Electric energy density

Magnetic energy density

Electric charge density

Magnetic vector potential

Linear charge density

r Linear current flow — amp
Surface current density — amp/m?
MHD Magnetohydrodynamic

® > S

~
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Chapter 13

EFFECTS OF
ELECTROMAGNETIC FIELDS
ON HEALTH

13.1 CONTROVERSY OVER IMPACT OF
ELECTROMAGNETIC FIELDS (EMFs) ON HUMAN
HEALTH!

The article! that forms the basis of discussion in this section pointed out the
increasing drive to utilize electric power generation and transmission centered
on the design of high voltage alternators and transmission systems, coupled with
continuous concern about the effects of emitted EMFs on human health.

Temptation for high voltage system is based on economic and engineering
motivations. For example, a single 765-kV line can carry as much power as 30
138-kV lines at '/, the construction cost and with only /,, the amount of right-
of-way land required per kilowatt. EMFs produced by the 765 kV line are much
more intense than those in the 138 kV line, and this begs the question about
field effects on public health, such as subtle biologic effects. Some experiments
indicated that even low level fields may influence the biochemical activity of
some body tissue. Because of increasing concern regarding the effects of EMFs
on the public health, ERPI sponsored several research projects with Battelle,
Pacific Northwest Laboratories, Enertech Consultants, and Electric Research and
Management, Inc. EPRI also cooperated with the Department of Energy (DOE)
to secure reliable meaningful information on biological effects that can be used
to present quantitative risk assessments.

Assessing field effects on humans requires a consistent pattern of measure-
ments regarding exposure to EMFs over continuous or interrupted duration, close
proximity of conducting objects to standing or sitting person, and whether the
person is moving or stationary. The Douglas' article, for example, reported that
a man standing under a 765-kV line will experience a field of 10 kV/m, while
another person a few hundred feet away will experience a field of 2 kV/m.

EPRI sponsored research projects with other electric utilities as well as other
research centers are for the ultimate goal of securing reliable information for the
Electric and Magnetic Fields (EMF).

367
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Previous researchers developed what is known as the activity system model,
which focuses on an activity factor, defined as the ratio between the exposure
measured during some activity (e.g., riding a tractor) and the exposure that
would have been experienced by the same person standing erect on wet grass
with wet shoes (thus maximizing field distortion). The activity factors measured
were for horseback riding, 82%; working bent over in knee-high grass, 52%;
and sitting on an open top tractor surrounded by waist-high (1 m) vegetation,
30%.

Using data obtained from values of activity factors coupled with total ex-
posure to EMF per year, an annual time exposure for that particular activity is
established. Information gathered from activities covering 18 farms that were
criss-crossed by H.V. transmission lines indicated in one case with exposure to
345 kV that cumulative exposure averaged 60 kV/m/h/year or equivalent to a
10-kV/m field for 6 h/year, or a 1-kV/m field for 60 h/year. However, this report
indicated that 90 to 98% of the field exposure in farm activities came from
contact with low level fields having the same intensity as those prevailing in
residential housing.

Another environment for exposure to EMF is the electric utility works area.
A pilot research program was conducted by the utilities in which the workers
wore a device developed by the Bonneville Power Administration called Electric
field exposure meter (EFEM), which can be placed in a shirt pocket or on a
hard hat. Data collected for time exposure using this device indicated that utility
workers received much less field exposure than anticipated.

Approximately 15 years ago Soviet workers operating in utility in switch
yards complained about adverse reactions due to exposure to high voltage fields.
They indicated that they experienced a loss in appetite and energy, and diminished
sex drive after a long-term occupational exposure to high voltage fields. The
Soviets responded by setting time limits for exposure to electric fields to >5
kV/m. Research work conducted in other European countries, however, disputed
the Soviet findings and indicated that other factors that exist in the switch yard
may have contributed to complaints such as noise, oil fumes, and exposure to
a variety of chemicals by the Soviet utility workers.

A paper published in 1979 in the American Journal of Epidemiology,
authored by Nancy Wertheimer and Ed Leeper, indicated that the number of
children who died from cancer was around 24% higher because they lived in
homes subjected to high current configuration, as opposed to the control group.
However, when a group of researchers from Brown University attempted a similar
study, they found no evidence to support the report by Wertheimer and Leeper.
The methodology was analyzed for EPRI by H. Daniel Roth Associates, Inc.,
which indicated that Wertheimer and Leeper failed to consider other potential
causes of cancer such as pollution, genetics, and diet; that the selection of controls
may have been biased; the researchers did not consider other environmental
variables such as neighborhood and traffic; and no adjustment was made for the
effect of family cancer pattern. The Roth analysis also pointed to the drawback
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FIGURE 13.1 Field due to 765 kV line.

of the work by researchers at Brown University, in that they failed to consider
other potential causes of cancer in their results.

Another study that centered on research in cell biology using tissue cultures
exposed to EMFs provided useful information on the effects of EMF on living
organisms. The primary interaction between EMF and a biological cell appears
to occur mainly at the cell membrane rather than inside the cell. The function
of the membrane is the control of ion transport and its interaction with EMF
may disrupt that function. Some studies indicated that while noticeable effects
on biological cells have been observed, no effect was found for the whole
organism. Research was conducted on animals subjected to EMFs over a sus-
tained period of time under a source of 30 kV/m whose surface effect on the
head of female swine is the same as 10 kV/m at the head of a human. Currents
induced internally were, of course, different — the swine felt the EMF effect
while the human could not.

Figure 13.1 shows the electric field distribution across a distance around the
centerline under a transmission line, while Figure 13.2a shows the percentage
of time spent under an electric field in homes only and for farmers subjected to
EMFs from domestic appliances and high voltage power lines. Figure 13.2b
shows a trend for the time spent under an electric field for farmworkers and rats
with respect to induced current density in A/cm? X 107,

Douglas and colleagues' discussed the controversy over the economy and
the impact of EMFs on HV transmission lines. The article indicated that by the
year 2000 the U.S. will require between 108,000 to 209,200 mi of new trans-
mission lines. Disallowing the installation of the 765 kV system in order to avoid
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FIGURE 13.2 Electric effects on farm workers and rats.

the public protests and concern over EMF impacts will result in 21% more lines,
22% more right-of-way land, and 16% more peak energy loss at an additional
cost of about $3 billion.

During the construction of a =400 kV DC line between Minnesota and
North Dakota in 1977, public opposition was intense, and after the line was
completed in 1978, residents complained of health problems (nosebleeds, fatigue,
miscarriages, skin irritations, and stress) they believed resulted from the EMFs,
In response to public complaints, the Minnesota Environmental Quality Board
(MEQB) launched an inquiry into the complaints, and a scientific advisory panel
concluded that there was no foundation for any adverse impact resulting from
EMFs. They investigated revised records from the Dairy Herd Improvement
Association of the University of Minnesota and reported that no adverse effects
had been detected from line-EMF on milk production and herd reproduction.

It is clear to the author of this book as well as to the people at EPRI that
more extensive research based on definitive, sustained data is needed to arrive
at a satisfactory and meaningful conclusion about the problem of EMF impact
from HYV lines above 765 kV.
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13.11 CONNECTION BETWEEN ELECTROMAGNETIC
FIELDS AND CHILDHOOD CANCER?

Subsequent to the Wertheimer-Leeper report, a similar study begun in 1980
affirmed the concept of a very loose connection between EMFs from HV lines
and cancer occurrence among children living in close proximity to the system.
However, in 1986, the call for a more conclusive connection between childhood
cancer and EMF from HV transmission lines led to a study in Denver conducted
by Savitz, Wachtel, and Barnes funded by the utility. This study group carried
out point measurements of EMFs from HV lines on children living in homes
under HV lines or in the vicinity, and concluded that a modest connection exists
between EMF effect from HV lines and childhood cancer, but found that the
effect is much weaker than from the EMFs of domestic appliances.

Leonard Sagan, manager of EPRIs research into field effects, said that no
direct or strong correlation exists between EMF effects from HV lines and
children’s cancer, but that a stronger correlation does exist between the pattern
of power lines outside the homes and cancer. Sagan indicated that crowded lines
and layout configuration usually results in a densely populated neighborhood,
which brings with it many sources of air and water contamination. All add to
the cancer potential, especially for children, and that due to the complexity of
this problem, Sagan sees more need to continue research in this area.

Figure 13.3 presents a useful picture of the sources of exposure to EMF by
measuring v, magnetic field strength in milligauss. Figure 13.4 shows the dis-
tribution of risk ratios for magnetic flux density produced by turning appliances
on and off as well as by heavy current configuration.

SOURCES OF EXPOSURE

Exposure to electric and magnetic fields is an inevitable consequence of living in a society
that uses electricity. The relative contribution of different sources to overall exposure is not
well documented, but it appears that household and workplace appliances and equipment
provide at least as much exposure as power lines. EPRI has several projects under way to
measure and analyze public and occupational exposure patterns.?

It is indicated in the Sagan article that EPRI is currently funding research
projects based on epidemiologic sustained data that may identify a reliable con-
clusion for the linkage between EMF impact on telephone workers, electric utility
workers, and laboratory research animals and cancer. EPRIs other projects focus
on the mechanisms of interaction between organisms and EMFs, for example,
how EMFs affect biological materials at the cellular level, the effects on mem-
brane behavior, and macromolecular activities, all subjects which lead to mean-
ingful findings concerning the possible disease processes in animals.
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13.1I1 FURTHER RESEARCH ON ELECTROMAGNETIC
FIELDS?

Moore et al.? indicated that EPRI, with other funding agencies, such as the
(U.S.) National Cancer Institute, Sweden’s National Institute of Occupational
Health, France’s Electricité de France, several Canadian utilities, and the World
Health Organization, continues to sponsor research projects to obtain conclusive
results about EMF adverse impacts on humans as well as animals, and that an
estimated $15 million/year is spent on this research in approximately 12 countries.

According to a paper issued in June 1989 by the U.S. Congress’ Office of
Technology Assessment and prepared by Indira Nair, Granger Morgan, and Keith
Florig of the Department of Engineering and Public Policy at Carnegie-Mellon
University, recent epidemiologic studies indicate an increasing reflection on the
role of risky exposure under EMF and the linkage to serious diseases such as
cancer and the alteration of circadian rhythms. EPRIs Leonard Sagan emphasized
that research is progressing on a broad scale that encompasses epidemiology,
basic science, and exposure assessment.

Figure 13.5 illustrates the distribution of magnetic flux density in milligauss
over a spectrum of durations at indoor as well as outdoor locations. Figure 13.6
illustrates the distribution of magnetic flux density in milligauss from appliances,
distribution lines, and an HV line of 500 kV. The graph indicates that magnetic
flux densities from electrical appliances can exceed those experienced directly
under utility power lines; however, the field emanating from appliances is only
generated when the devices are turned on, whereas the effects of fields from
power lines are constant for a person remaining in that place over an extended
period of time.

The discussion in this chapter has thus far centered on informational as-
sessment about the adverse impact of EMFs on humans and animals possibly
produced by indoor domestic electrical appliances and outdoor fields generated
by low voltage distribution and HV transmission lines. The results of these
studies demand more intensive work that may establish a definitive and consistent
role for EMFs in producing adverse effects on humans and animals.

In the next section this author proceeds to present quantitative as well as
qualitative information for the EMF generated by lightning on people and other
species. It is a statistical fact that electrical fields due to lightning that are usually
measured in the vicinity of thunderstorms range from 5 to 300 kV/m. It is also
known in terms of order of magnitude that lightning discharge usually occurs at
atmospheric pressure at a breakdown field of 32 kV/cm. A 5 kV/m field created
by lightning is considered to be about the same field that can be produced from
a 765.5 kV transmission line, and in the opinion of this author, may create
adverse health problems. In this section, quantitative analysis is presented for
the impact of EMFs from charged cloud layers shortly after field breakdown or
the occurrence of lightning. This author agrees with EPRI Journal presentations
that more extensive and broad research is required to arrive at more definitive
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data on the impact of EMF on health and ways in which their adverse effects
may be reduced.

13.IV EMF FROM LIGHTNING DISCHARGE

In Chapter 2, the author presented solutions for the EMF intensities generated
by the conductive and time varying bound charges induced in the earth or in
another cloud layer. Solutions obtained were based on a constant magnitude of
discharge current and an actual surge waveform represented by a sharp linear
rise and a slow decaying linear tail.

However, EMFs produced by the linear but closely representing lightning
surge is the set of Equations (2.74). Expressions E,, E_, and E, as well as H,,
H,, and H, at any point in space influenced by the inducing EMF are given in
the equations below. Exact representation for the inducing EMF developed by
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(13.1)

(13.2)

(13.3)

(13.4)

(13.5)

(13.6)

For points relatively close to the location of lightning discharge, where p is
small, E,,H ,E,, H,, E_, and H, can be simplified by substituting the following
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limiting processes:
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R_ is on the order of centimeters, while R, may extend to order of kilometers.
Also, peak J.(7) A, could be on the order of kiloamperes or even megamperes,
while A_J, is on the order of kiloamperes.

Observations on EMF calculations indicate relatively immense EMFs that
are far above the 10 kV/m that may be experienced by a person standing under
a 765-kV transmission line. However, EMFs from lightning discharge are of
short duration, and aside from the severe damage that could be inflicted by direct
stroke, are of little adverse effect.

13.V PROBLEMS

From the set of Equations (13.1) to (13.8), solve the following problems:

—

Simplify solutions of E,, E,, and E, under a relatively small value for p.
2. Simplify solutions of H,, H,, and H, under a relatively small value for p.
3. From simplified solutions for E fields established in problem 1, obtain
numerical values for E,, E,, and E, for:

p2km, R, = 2cm, AJ. = AJ, = 1 Mamp
Z = jop,, y = jwe,

A is the discharge column cross-section.
4.  From simplified solutions for H fields established in problem 2, obtain
numerical values for H,, H,, and H_ for

p = 4km
R.,=1lcm
AJ,. = AJ, = 1 Mamp
Z = jWn, V=)W,
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From simplified solutions of E and H fields obtained in problems 1 and
2, obtain numerical values of all possible Poynting vectors.

From results secured in problem 5, obtain numerical values of all Poynting
vectors for:

p = 2km
R.,=2cm
AJl. = AJ, = 1 M-amp

A

Z = jWp,, ¥ =W,
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INDEX

A

Abrupt line opening, 14-16

Absolute humidity, 282

Acceleration of charge carriers, 168-173

Acceleration vector, 169

Active filter, lightning flash counter, 315,
316

Actual lightning pulse, 327-328

ALNICO block, 342, 343

o (ionization by photoemission), 183

Anisotropic and tensorial electrical conduc-
tivity, 164

Anisotropy, gaseous continuum, 169

Arresters, 339-340

Ascending surge impedance, voltage buildup
along, 17-19

Associative function, 69

Associative space-dependent function, 211

Atmospheric conditions, and ionization,
151-153

Atmospheric continuum, 149

Atmospheric pressure

and ionization, 153-154
sparking potential at, 290

Average convective power, 87

Averaging power, 86

Axis, tower, 244

B

Biexponential representation, corona model,
267

Biological effects of EMF, 371

Bound charges, 68

Breakdown, humidity effects on corona,
280-283

Breakdown regions, 173, see also Voltage
breakdown

Breakdown threshold, 219

Bushings, controlled potential, 229

Bushing terminal, 231

C

Cable-overhead lines, voltage buildup along
ascending surge impedance, 17-18
Cables, propagation constants in, 5

Calibration, lightning flash counters, 312-313
Capacitance
dynamic, 262
stray, 334
Capacitive divider, damped, 309
Cell biology, EMF and, 371
Characteristic behavior, 268
Charge carrier release, 140-141
current density and, 142150
due to induced electric field, 140-141
due to inducing electric field, 141-142
Charge carriers, gaseous continua
acceleration of, 168-173
local microscopic velocity of, 166-167
Charge density vector, 168-169
Childhood cancer, 371-374
Chopping of impulse, 92-97
Clearances
to earthed objects on transformer tank,
231-232
between live parts and earth-dry, 229-230
between live parts and earth-wet, 230-231
minimum phase-phase, 232
Cloud-cloud system, energy storage in,
353-357
Cloud flash density, 323
Cloud flash discrimination, 320-323
Coaxial cylindrical transmission line, 286
Coaxial transmission line, 290
Collection station, magnetic potential-current,
359
Collection station, voltage-charge, 357-359
Compensation theorem, 6
Complex form, surface impedance in,
225-227
Concentration criterion, 166
Condenser system, 353
Conductive current density, §2
cloud storage system, 355
significance of, 68
Conductive current distribution in return
stroke, 65-66
Conductive strokes, 109-112, 114
Conductivity expression, 121-124
Constant current source distribution, inducing
field calculation for, 71-73
Controlled ionization, 180
Controlled potential bushings, 229
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Convective current, cloud storage system,
354-355
Convective current density, 82
charge carrier acceleration, 168
significance of, 68
Convective current density vector, 170
Convective stroke, magnetic vector potential,
112-113
Corona, 261-297
in gaseous continuum, 291-292
at high direct voltages, 271-279
experimental work, 272-273
oscillograph measurements, 273-275
humidity effects, 279-285
on breakdown, 280-283
special concerns, 283-285
U curve, 285
under lightning stroke with sharp rise and
slow decaying t, 288-291
at line tower, 291
model of, 265-271
modeling of transmission line propagation
equations, 262-265
at sustained high direct voltages, 286-288
Corona effect, 242
Counters
earth flash, 323-324
lightning, see Lightning flash counters
Coupling, electromagnetic, 241, 243
Crest of voltage surge, 90-92
Critically damped front, 329-330
Current density
and charge carrier release, 142—-150
cloud storage system, 354-355
conductive and convective, 82
convective, 170
charge carrier acceleration, 168-169
gaseous continuum of helium, 165,
167-168
induced, 120-121
Current/gap spacing curves, corona, 281
Currents
corona, 280
induced, transformer behavior under
lightning conditions, 213, 214
normalized, 264
Current surges, MOV arresters, 340

Current-voltage relationship, corona, 276-278

Cylindrical tower, 241

D

Damped capacitive divider, 309

Damped lightning front, 329-330

Damping device, 346

Decaying tail of lightning stroke, 288-291

Delta-Dirac function, 108, 212

Discharge through resistance, 14

Discrete locations of voltage breakdown,
219221

Discrimination of earth and cloud flashes,
320-321

Displaced B-H curve, 341-342

Displaced magnetization curve of saturable
resistor, 341, 342

Double exponential pulses, lightning flash
counter, 316-319

Doubly ionized cylindrical continuum, 164

Dynamic capacitance, 262

Dynamic coupling, 241

Dynamic impedance model, 241

Dynamic solutions, 186

E

Earth flash counters, lightning (LEFC),
319-324
Earth flash density, 323
Earth qualities, 268
Electrical conductivity expression, 121-124
Electric field, induced, 116-117
Electric potential, scalar, 352
Electric utility works area, 368
Electrode gap irradiation, 284
Electromagnetic coupling, 241, 243
Electromagnetic field effects on health, see
Health effects
Electromagnetic power
induced, 85
inducing, 86-87
Electron emission, and sparking potential,
184
Electrons released, 140
Empirical studies, ionization, 137
Energy extraction from lightning, see
Extraction
Energy extraction system, 357
Energy storage systems, 353-357
Experimental studies, ionization, 137
Extraction, 351-365
energy stored in cloud-cloud system,
353-357
feasibility of, 357-359
magnetic vector potential, 352-353
magnetohydrodynamics, 359-363
scalar electric potential, 352



F

Ferromagnets, surge incidence, 341-342

Field acceleration, 172

Field-concentration criterion, 166

Field criterion, 166

Field effects of lightning surge, 64

Field-intensified ionization, 138

Filter, lightning flash counter, 315, 316

Flash counter, see Lightning flash counters

Flash density, 323

Flashover, 229

Flashover voltages, 282, 284

Fourier transform, surface impedance of
lines, 300

Frequency spectrum of surge impedances, see
Surge impedance frequency spectrum

G

Y (secondary coefficient of ionization), 183
Gapless arresters, 339, 340
Gapped arresters, 339
Gaseous continua
breakdown in plasma sheath, 187-192
charge carrier acceleration, 168—173
corona effects in, 291-292
helium, ionization stages and voltage
breakdown, 163—168
description of helium continuum, 164
electrically induced current densities, 165
electrically induced voltage breakdown,
165-166
local microscopic velocity of charge
carrier, 166-167
magnetically induced fields and current
densities, 167168
nitrogen and nitrogen/freon with CCLF,
mixtures, 173-178
breakdown in Nz’ 173174
breakdown in NZ—CCllF2 mixture,
174-178
voltage breakdown and arcing characteris-
tics of SF, 178187
ionization coefficients, 189183
sparking potential, Ug in SF, 184-187
Generalized conductive current, distribution
in return stroke, 65-66
Generalized convective current, due to bound
charges, 68
Geometrical location of transformer, 219
Geometric coupling, 241
Green’s function, 70
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Ground, short circuit to, 10-11
Ground fault
interruption of, 29-31
interruption of Y connected system with,
31-33
Ground flash counter, narrow-band network
for, 312
Groundwire, tower
lightning impulse at, 241-244
overvoltage at, 244-246

H

Health effects, 367-379
childhood cancer, 371-374
lightning discharges, 376-378
research projects, 374-376
research studies and controversy, 367-370
Helmbholtz field radiation function, 208
Helmbholtz field wave radiation function, 77
Helmbholtz radiation function, 63, 204-206
High direct voltages, corona at, 271-279
H (second Townsend ionization coefficient),
182-183
Humidity, and corona effects, 279-285
Humidity correction factor, 283
Hydrodynamic pressure, magnetohydrody-
namics equations, 361

I

Impedance
intrinsic surge wave, 125-126
surge, see Surge impedance
Impulse testing circuit, 88
Impulse voltage generator, 308-309
Impulse voltage test arrangement, 308
Induced current transmitted surge, 215
Induced electric field, 116-117
and charge carrier release, 140141
propagation of surge power due to,
124-125
Induced magnetic field, 117-120, 148
Induced magnetic vector, 146147
Induced potential, 115-116
Induced surge current, transformer behavior
under lightning conditions, 213, 214
Induced voltage
calculation of, 69-71
on point of transmission line, 74-77
transformer behavior under lightning
conditions
breakdown conditions, 215-219
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reflection of, 219-222
solution to, 210-212
Induced voltage surge, 213
Inducing and induced effects, 63-106
chopping of impulse, 92-97
crest voltage surge analysis, 90-92
induced voltage, 6971
induced voltage on point of transmission
line, 74-77
inducing fields for constant current source
distribution calculation, 71-73
inducing voltage calculation, 73-74
and ion release, see Ion release
mathematical model for inducing surges
due to constant stroke, 64—68
conductive and convective current
densities, significance of, 68
generalized conductive current distribu-
tion in return stroke, 65-66
generalized convective current due to
bound charges, 68
solution of transformed function, 66-67
mathematical models for propagation of
power due to pulse wave form of
lightning surge, 78-85
propagated power, 85-87
test simulation of surge, 87-90
Inducing electric field
calculation of, 71-73
and charge carrier release, 141-142
and gas ionization, atmospheric pressure
throughout region and, 153-154
Inducing magnetic vector, 146
Inducing voltage, 69-71, 73-74, 113-114
Inductance, stray, 334
Instabilities, arcing, 186
Insulation suspension, 244
Interruption of ground fault, 29-31
Interruption of short-circuit system, 16-17,
25-29
Intrinsic wave surge impedances, 125-126
Tonic avalanche, 354
Tonic continuum, helium, 164-165
Tonization, 137
corona, sustained high direct voltages and,
286288
gaseous continuum of helium, 163, 164
by positive ions, 182
Ionization coefficients
gaseous continua, 179-183
for SF, 179-183
ITon release, 139-162
atmospheric conditions and, 151-153

atmospheric pressure throughout inducing
field region, 153-154
charge carrier release, 140-150
current density and, 142-150
due to induced electric field, 140—-141
due to inducing electric field, 141-142
pressure effects on lightning, 139-140
Irradiation of electrode gaps, 284

L

Laplace transform, 74-76
Lightning
corona effects, 288-291
health effects, 376-378
health effects of EMF, 374
humidity and, 285
as source of surge voltage, 33-38
physical modeling, 34-38
probability of stroke, 33-34
transformer behavior, see Transformers
transformer under effect of, 220, 221
Lightning flash counters
calibration circuit, 309-316
narrow-band network, 312
properties of ideal network, 311-312
pulse calibration, 312-313
response checking, 314-316
lightning earth flash counter, field
evaluation
applications of counters, 323-324
discrimination against cloud flashes,
320-323
measuring system, 320
theoretical criterion, 324-331
actual front with oscillations, 328-329
actual lightning pulse, 327328
critically damped front, 329-330
flashing frequency based on moments
method, 330-331
overdamped front, 330
sustained direct current step pulse,
324-331
Lightning surges
analysis by magnetic moment, see
Magnetic moment
induced and inducing effects, see Inducing
and induced effects
Lightning wave propagation, 275
Linear gaseous continuum, 171
Line opening, abrupt, 14-16
Line resistance, 263, 264
Lines, see Transmission lines



Lumped self-inductance, 301
Lumped surge impedance, 225

M

Macromolecular effects of EMF, 371
Magnetically induced fields, gaseous
continua, 167-168
Magnetic dipole, 108
Magnetic field, induced, 117-120, 148
Magnetic field vector, surface impedance of
lines, 299-300
Magnetic induction, field acceleration, 172
Magnetic moment
electrical conductivity expression, 121-124
induced current density, 120-121
induced electric field, 116-117
induced magnetic field, 117-120
induced potential, 1{5-116
inducing voltage, 113-114
intrinsic wave surge impedances, 125-126
propagation of surge power due to induced
field, 124-125
summation of, 109-13
approximation for vector potential
generated by conductive and
convective stroke, 111-113
conductive stroke, 109-111
and vector potential, 107109
Magnetic potential-current collection station,
359
Magnetic vector potential, 141
extraction considerations, 352-353
magnetohydrodynamic, 362-363
multiconductive system, 357
tower effects, 243
Magnetic vectors
induced, 146-147
inducing, 146
Magnetization curve of saturable resistor,
341, 342
Magnetohydrodynamics (MHD), 359-363
Mathematical models
induced and inducing power due to pulse
wave form of lightning source, 78-85
for inducing surges due to constant
lightning stroke, 6468
inducing voltage, 77
propagating induced and inducing power
due to pulse wave form, 78-85
due to actual lightning surge, 78
electromagnetic field components, 83-81
field radiation function, 79-80
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induced voltage solution, 81-84
inducing voltage, 81, 84-85
transformer behavior under lightning
conditions, 203-206
Measuring circuit, 308-309
Measuring system, lightning earth flash
counters, 320
Metal oxides varistor (MOV), 339, 340
MHD (magnetohydrodynamics), 359-363
Microscopic velocity, gaseous continua, 164,
166-167
Midspan tower lightning stroke, 248, 249
Minimum clearance, 234
Minimum-phase-phase clearances, 232
Models, see also Mathematical models
dynamic impedance, 241
lightning strokes, 34-38
Moments method, 330-331
Multicondenser storage system, potential
energy in, 355-356
Multi-cylindrical current sheets, 66
Multi-ionization activities of electrons, 286
Mutltilayer transformer, 301, 303

N

Narrow-band network, 312

Negative ions, residual, 284

Negative surges, lighting flash counters,
312-313

Normalized current, 264

Normalized impulse propagation, 269-271

0

Opening of line, abrupt, 14-16
Optimum pressure, 186
Oscillatory waveform, 13
Oscillograph measurements

corona effects, high direct voltage, 273-279

tower overvoltages, 246, 253-257
Oscillations

rest with, 95

lightning front with, 328-329

switching surges, 12-14
Overdamped front, 330
QOvervoltages, tower, 242, 250, 251

P

Peak time, 272
Phenomenological resuits, 78
Photoemission
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ionization by, 183
and sparking potential, 184-185
Physical models, lightning strokes, 34-38
Plasma sheath, voltage breakdown in,
187-192
Plasma sheath theory, 187189
Poisson’s equation, 289
Positive ion emission, and sparking potential,
184
Positive ions, ionization by, 182
Potential energy, in multicondenser storage,
355-356
Potential gradient, corona, humidity effects,
285
Poynting vectors, 124-125, 139, 140,
142-144, 207, 345-346
Prebreakdown region, 173
Pressure
and arcing characteristics, 186
gaseous continua, 163
impulse breakdown characteristics,
175-178
and ionization coefficients of gaseous
continua, 181
and lightning, 139-140
Principle coordinate system, 123
Probability function, 331-332
Probability of counting, 321
Propagated power
induced and inducing, 85-87
Poynting vector, 139
Propagation constants in cables, 5
Propagation spectrum velocity, 208
Propagation of surge power, 124-125
Propagation of traveling waves, 1-5
Protection from high voltage surges, 339-350
ferromagnets, incidence of H.V. surges on,
341-343
solution of penetrating plant and electric
field, 343-345
surface surge impedance, penetration depth,
and Poynting vector, 345-346
Pulse calibration, lightning flash counters,
312-313
Pulse frequencies, corona, 280
Pulse waveform, induced and inducing power
propagation models, 78-85

Q

Quadripole, response at, 307

R

Radiation field wave function, 72
Reference line resistance, 263
Reflection of induced voltage, 219-222
Reignition, 16
Relatively immense EMFs, 378
Relative overvoltage, 250, 251, 255, 257
Relative transient resistance, 263, 264
Reliability, flash counter, 321
Residual negative ions, 284
Resistance

discharge through, 14

line, 263, 264
Response model, transformer operation, 209
Rise time changes, lightning flash counter

calibration, 312-313

S

Saturable resistor
displaced magnetization curves, 341, 342
ohmic values, 346
Scalar electric potential, 352
Secondary coefficient of ionization, 183
Self-inductance, lumped, 301
Sheath theory, 187-189
Shielding failure, 239-241
Short circuits, surge sources, 1011
interruption of current, 16-17
interruption of one phase in, 25-29
Short circuit to ground, 10-11
Simple gaseous continuum, 170
Simulation model, 333
Simulations of induced and inducing surges,
87-90
Simulation system testing circuit, 307-309
Simultaneous count-total count ratio, earth
flash, 324
Skin effect attenuation, 275
Sources of surge voltages, see Surge voltage
sources; specific sources
Sparking potential, 184—187, 290
Spectrum, propagation, 208-209
Spherical platinum electrodes, 189
Static voltage generator, 357-358
Storage of extracted energy, 353-357
Stray inductance and capacitance, 334
Streamer, 35
Surface charge distribution, 351
Surface cloud layer, 356



Surface surge impedance, 222-225
protection from surges, 345-346
of transmission lines, 299-301
Surge analysis, by magnetic moment, see
Magnetic moment
Surge impedance, 234
ascending, voltage buildup along, 17-19
compensation theorem, 6-10
intrinsic surge wave, 125-126
surface, 222-225, 299-301, 345-346
protection from surges, 345-346
three-phase system, 26
of transformer, 19-22
transformer behavior under lightning
conditions
complex form, 225-227
distribution of, 214-215
examination of surface surge impedance,
222-225
spectrum of, 206-207
Surge impedance frequency spectrum,
299-306
multilayer transformers, 301
surface impedance of transmission lines,
299-301
at transmission line tower, 301-303
Surge protection, see Protection from high
voltage surges
Surge voltage sources, 1-64
exact solutions for line, 6-10
examples, 38-51
lightning strokes, 33-38
problems, 51-60
propagation constants in cables, 5
propagation of traveling waves, 1-5
surge impedance of transformer, 19-22
switching surges, 10-17
abrupt line opening, 14-16
interruption of short circuit current, 16-17
oscillation of surges, 12-14
reignition process, 16
tapered lines, 22-25
three-phase system switching, 25-33
voltage buildup along ascending surge
impedance, 17-19
Surge wave impedance, intrinsic, 125-126
Surrounding medium, 333
Sustained high direct voltages, corona at,
286-288
Sustained lightning direct current step pulse,
325-327

387

Switching
surge sources, 10-17
abrupt line opening, 14-16
interruption of short-circuit current,
16-17
oscillation of surges, 12-14
reignition process, 16
short circuit to ground, 10-11
three-phase, 25-33
transformer behavior under lightning
conditions, 227-232
Switching impulse, 339

T

Tapered lines, 22-25
T (first Townsend ionization coefficient),
181-182
Telephone workers, 371
Temperature, and ionization coefficients of
gaseous continua, 181
Tensorial electrical conductivity, 164
Testing equipment, see also Lightning flash
counters
testing circuit simulation, 307-309
theoretical aspects, 316-319
Test simulations of induced and inducing
surges, 87-90
Three-dimensional model, transformer
surface impedance, 209
Three-phase switching, 25-33
Time varying bound charges, 376
Tower arm, 244
Tower axis, 244
Towers, 239-259
corona effects, 291
lightning impulse at tower and ground-
wires, 241-244
overvoltage
midspan lightning stroke, 248, 249, 255,
257
system parameters, 247-249
tail duration and incident lightning stroke
tail duration ratios, 246, 252
overvoltage, relative, 250, 251
overvoltage at tower or groundwire stroke,
244-246
overvoltage oscillograms, 246, 253-257
shielding failure, 239-241
surface impedance frequency spectrum at,
301-303
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Tower vertical axis, 244

Townsend ionization coefficients, 181-183

Transformed function, 66-67
Transformer lumped self-inductance, 301
Transformers

voltage buildup along ascending surge
impedance
cable overhead, 17-18
single to group of lines, 18-19
Transmission line towers, see Towers

field model, 203-208
mathematical model using Helmholtz
radiation model, 204206 U
Poynting vectors, 207
surface impedance spectrum, 206-207
velocity of propagation spectrum, 208
induced voltage breakdown conditions,
216-219
lightning surge response to, 209-214 A\
impacts of E(x,t), 213 Varistor, 339

solution of induced surge current, 213, Vector potential, magnetic, see Magnetic

Traveling wave propagation, 1-5

U curve, humidity, 285
Unidirectional train of impulses, 279
Utility power lines, 374

2.14 . vector potential
Solu2tllo(;1_szt102mduced voltage surge, Velocity of propagation spectrum, 208

Voltage, induced, see Induced voltage
Voltage breakdown
conditions of, 165-166
in gaseous continua, see also Gaseous
continua

multilayer, 303

reflections of induced voltage, 219-222
surface impedance frequency spectrum, 301
surface surge impedances, examination of,

2_22_225 and arcing characteristics, 186
surge impedance, 19-22, see also Surge and arcing characteristics of SF,,
impedance 178-187 6

in complex form, 225-227
distribution, 214-215
switching and lightning impulse strength,

humidity effects, 280-283
microscopic magnetic, 167-168
in nitrogen and nitrogen mixtures, 173-177

227-232 . d N transformer under lightning surge, 220, 221
clearance between live parts and earth- Voltage buildup along ascending surge
dry, 229-230 .
. d h impedance, 17-19
clearance between live parts and earth- Voltage-charge collection station, 357-359
wet, 230-231

. Voltage surge, see Induced voltage
clearance to earthed objects on trans-

former tank, 231-232
minimum phase-phase clearance, 232
Transient line resistance, 263, 264
Transmission line propagation equations,

w

Wave chopping, 92-97
Waveform, oscillatory, 13

262-265 Wave front parameter values, 94
Transmission lines Wave impedance, intrinsic, 125-126

corona effects, 291 Wave propagation, equations of, 261
heaith effects of EMF, 374

induced voltage on point of, 74-78 7

surface impedance frequency spectrum,
299-301 Zero voltage, 341
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