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Abstract

The electromagnetic pulse can have a very serious damaging effect to modern digital and
analog equipment. Many znalytical models to solve the susceptibility problems have been
developed, but emphasis was mainly on lossless transmission lines. In this thesis, the
transient skin-effect resistance is taken into accourt to characterize a single transmission
line above a lossy ground exposed to a time-varying electromagnetic field. As a result of
incorporating the skin-effect phenomena and the equivalent sources due to the external
ficlds into the classical transmission line theory, an integral-differential equation is derived.
By means of a mixed time-domain finite differences (TD-FD) scheme, the induced voltage

and the current at any point on the line is predicted and discussed.
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Chapter 1

Introduction

1.1 The motivations

Nowadays communication systems must be able to operate in their intended operational
environment without suffering from any electromagnetic disturbance. In particular, elec-
tromagnetic interference on conductors due to external fields must be avoided siuce it can
causc performance degradation of many telecommunications equipment and switching cir-
cuits. The adverse effects on high-speed circuits which are extremely sensitive to voltage
and current surges should also be minimized. Measurements of the induced voltages due
to fast transients can only be done with expensive devices such as EMI simulators, and
surge transient generators. However, mathematical models can b: developed to predict
the induced voltages for better understanding of the impact of the external time-varying

clectromagnetic fields on transmission lines.

1.2 The objectives

The fundamental objective of the research presented in this thesis is to introduce a new
algorithm that can be used to study the impact of an external time-varying field on a
transmission line above a lossy ground.

The problem is to develop a numerical model which can predict the induced voltage
onto a lossy transmission line, and which can investigate the propagation of the induced
voltage from the beginning of a line to its end. In addition, the algcrithm must be able to
generate the numerical solutions in time-domain.

The numerical algorithm must further be extended to multi-cc1ductors so that it can



be applied, in general, as a computer-aided design (CAD) tool to predict the influence of
an electromagnetic pulse (EMP), an electrostatic discharge (ESD). or lightning on trans-
mission lines. Using the developed algorithm, system designers can have better analysis

and understanding of equipment susceptibility which becomes very important in EMI/C

engineering.

1.3 The theoretical approach

To predict the induced voltage onto the line due to an EMP excitation or other fast
transients such as ESD or lightning, transmission line theory in combination with Maxwell’s
equations are used. For small time values, the transient skin-effect in a transmission line
is no longer negligible, and it must be added to the classical transmission line theory. This
transient skin-effect can be taken into account by defining a transient skin-effect resistance
developed by using Laplace transform [1,2]. As a result of incorporating the transient
skin-effect resistance and the equivalent sources due to the external ticlds into the classical
transmission line theory, an integral-differential equation is derived. By using the modified

equations, induced voltages onto a transmission line are then predicted.

1.4 A perception of the modified telegraphist’s equa-
tions

The study of the transient response of electric lines subjected to external fields were done
in the past by using the classical transmission line equations which ignored the transient
skin-effect in conductors. For small time: values, the current distribution inside a conductor
line is not uniform. When a line is excited by a pulse with rise time in the order of nano-
or pico- seconds, the current tends to shift to the surface of the conductor [51]. As a result,
an uneven current distribution takes place inside the conductor (see Figure 1.1), and the
flux linkage and therefore the internal inductance will vary with time. The longitudinal
line impedance, which is a function of the line resistance and inductance, will follow the
change of the internal inductance, and exhibits a transient characteristic. This transicnt
phenomenon can be characterized by a parameter called the transient resistance that takes

into account the skin-effect in a transmission line [1),{2],(8),{45).



Figure 1.1: Current Distribution Inside A Conductor
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For a line externally-excited by a time-varying electromagnetic field, the penetration
phenomena of the field inside the conductor and the lossy ground must also be taken
into account. Various models that assist in the understanding of the impact of external
electromagnetic fields on transmission lines have been developed by solving field equations
[5,6,11,12], [14-20], [26,27], [31-34], [37,38], [42-44], [46,47]. In essence, the effect of an
external wave on a line can be regarded as an absorption of electromagnetic energy by
the line. From Faraday’s electromagnetic induction law, the incident fields onto the line
can be represented by forcing functions or distributed voltage and current sources which
takes into account the time rate of change of the magnetic flux linkage and the transverse
electric field impinging onto the conductor line [12].

As a matter of fact, the classical telegraphist’s equations must be modified accordingly.
On the one hand, d.c. resistance concept must be substituted by the use of a transient
parameter r (1) which takes into account the skin-effect inside a conductor line. On the
other hand, equivalent voltage and current sources due to the external electromagnetic
fields must be added to the telegraphist’s equations. As a consequence, the classical trans-
mission line theory is modified so as to include the transient skin-effect and the equivalent
sources on the conductor line.

The modified transmission line equations will consist of the Volterra type integral-

differential equation which is usually difficult to solve analytically. In Laplace domain,



the integral is represented by the complicated zeroth order modificd Bessel functions. A
relatively easier method to solve the integral-differential equation is the time-domain finite-
difference (TD-FD) technique which was pioncered by Yee[1966). This numerical technique
is, in fact, promising in adapting to the capabilities of the new generation of computers.
Also, it requires only the recent data in the discretization space-time mesh. Moreover, the
time-domain approach is superior io the frequency domain method. The main reason is
that a single input pulse z(t) is sufficient to get a single output pulse y(¢) which covers a
wide frequency spectrum. The complete frequency domain solution, however, requires a
number of single frequency excitations and a wide spectrum must be used to avoid Gibb’s
phenomenon which may take place in the inverse Fourier transform. Because of this, the .

time-domain finite-difference method is chosen for this research.



Chapter 2

The longitudinal transient
parameter of a transmission line

This chapter introduces the transient skin-effect resistance r(t) of a transmission line above
lossy ground. The derivations for this transient parameter is based on Laplace transform

and modified Bessel functious.

2.1 The transient skin-effect resistance

The skin-effect in a transmission line above lossy ground can be taken into account by the

longitudinal impedance in the line equation which is written in Laplace domain as:
dV{z,p
- VoD ). 10s) (21)

In this equation, p is the Laplace variable, Z (p) is a function of the skin-effect inside
the conductor line and the ground return. By defining a parameter called the skin-effect

resistance, R (p) , the longitudinal impedance can be expressed as:

i
i

Z(p) = p+ lezt + R(p) (2.2)

where I is the external inductance per unit length governed by the formula:

6



Ho 2h 5 -
= 22 n(;) . (23)

In the above equation, h is the height and a is the radius of the conductor line above

lossy ground as depicted in Figure 2.1. The solution to the longitudinal impedance Z(p)

Figure 2.1: Transmission Line Above Lossy Ground

air

oA

.

Y lessy grouad O transmission lime

of a cylindrical conductor and its ground image as shown in Figure 2.2 can be determined
by solving field equations [1,2]. The derived expression of this line impedance written in

Laplace domain is given by [1]:

. ﬁo_ . Ji (V'—PTc)
2m (V _PTc) Jo (\/P_Tc)

e~ thrdy

.
P z+ /22 +p-T,

is a time constant characterizing the transienc skin-effect inside the

20)= » o (2) (24)

where 7. = p,0.a*

conductor line of conductivity o., and 7, = p,0,A? is a time constant characterizing the

7



Figure 2.2: Transmission Line Under The Electromagnetic Environment

Y I conductor line

5 ground retumn

transient skin-effect inside the lossy ground of conductivity o,. In this equation, the first
term is the external inductance per unit length, the second term takes into account the
internal transient resistance, and the third term is proportional to the ground transient
resistance.

The time-domain parameter r(t) representing the transient skin-effect resistance can

be determined through the inverse Laplace transform of the longitudinal impedance {1
r(t) = L [%P) - 1,,,] : (2.5)

The transient resistance corresponding to the line conductor, r. (), was obtained by using

Heaviside’s generalized inversion formula [2]:
1 Z‘” ~(s2-%)
re{t) = o.ma? [1 + =1 e ] 29

where the terms z; are the roots of the Bessel functions of the first kind, and can be

represented as:



(2.7)

T
2Tk yeee ST+ —

2y =383 ,2,x7.01,... 1

The transient resistance corresponding to the ground rcturn, 7y (i), has been solved and

presented in [1]):

Ty . .1] . (2.8)

The overall transient skin-effect resistance corresponding to a transmission line above lossy

ground is given by the sum of the transient resistance of the conductor line and that of the
ground return:

r(t) = re(t) +g() (2.9)

To simplify the calculations, asymptotic expressions for this transier.t parameter have been

used and are summarized in the following:

Tg

fort £0.1 7,

~ Te [l .. (T_s)_l(_:s.)
r(t) = ra. m {4 et -erfe " 1 . (2.11)

for 0.1 7, <t <10 7,



1w 1 17
R R B e o 1 T2

for t 2 10 7,. From the above expressions, one can observe that the transient skin-
effect resistance will tend to infinity for ¢ = 0 and to the d.c. resistauce for ¢ = c0. To
see this transient skin-effect phenonmenon in a transmission line above lossy ground is
investigated as a function of time for various ground conductivities. The calculated values
of the normalized transient resistance for the configuration represented in Figure 2.3 are

plotted in Figure 24. One can remark very high values of this transient parameter for

Figure 2.3: Dimension of A Cylindrical Conductor above Lossy Ground

air
Bo

9, =100,140,150 Sim
Wemanx10™? Him

time in the order of nanoseconds.

2.2 The calculations of the skin-effect resistance near
zero time

The transient skin-effect resistance of a transmission line above lossy ground, which tends
to infinity in the neighbourhood of zero time, can be approximated by using the following
asymptotic expression based on the equations for the skin-effect inside the conductor line

and the ground return [3):

10



Figure 2.4: The Transient Skin-Effect Resistance
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where the variable ¢, = % is the normalized time, and the coeffic.ents have been derived

and are listed as follows:
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"The above asymptotic expression for the transient skin-effect resistance of a transmission

line above lossy ground consists of many decreasing terms and thus convergent for ;"- <1.

i l’[";
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Chapter 3

Impact of external time-varying EM
fields on transmission lines

In this chapter, the impact of an external time-varying electromagnetic ficld represented
by equivalent sources on a lossy transmission line is discussed. First, the applied field is
formulated by taking into considerations the incident wave and the ground reflection. Then,
the calculated field is transformed by using Maxwell’s equations into equivalent voltage
and current sources distributed on the transmission line. By taking into account these
excitation sources and the transient skin-effect in a transmission line, a new transinission

line equation is introduced.

3.1 The external transient electromagnetic field

Let us consider a transmission line of length L above a lossy ground illuminated by a time-
varying electromagnetic field such as those generated by electromagnetic pulse (EMP),
electrostatic discharge (ESD), or lightning. Figure 3.1 shows the geometry of the extlernal
fields coupled to a conductor line.

The time-varying electromagnetic field, which excites the transmission line, can be
resolved into the transverse components of the electric ficld and the component of the
magnetic flux normal to the plane perpendicular to the ground and passing through the
conductor line. The component of the electric field normal to this vertical plane, and the
component of the magnetic field parallel to that plane will have no induction effect on the
transmission line [4]. To solve for the voltage induced onto a transinission line subjected
to a transient electromagnetic field, therefore, requires the knowledge of the projections

E. and E, of the applied electric field onto the vertical plane, and the normal flux, H.,

13



Figure 3.1: The Orientation of a Transmission Line above Imperfect Ground
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Figure 3.2: Oblique Incidence of the Electric Field
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can be subsequently calculated from the E-field via Maxwell’s equations.

To compute the applied time-varying electric field, parallel and perpendicular polar-
izations are considered. For parallel polarization, the electric field is parallel to the plane
of incidence, and for perpendicular polarization, the electric field is perpendicular to the
plane of incidence. In all cases, a perfect ground plane is considered so as to simplify the
derivations for the expression of the incident field. For a lossy ground, the penetration of
the electromagnetic field into the ground has already been taken into account by the tran-
sient skin-effect resistance defined in chapter 2. Under this circumstance, the total electric
field impinging onto the tr‘a.nsmission line will be the superposition of the its incident wave

and the ground reflection:
Etatn! = Ei + E.r (3.1)

where E; and E, denote the incident and the reflected fields respectively. In Figure 3.2,
an oblique incidence of a parallely-polarized electric field is outlined. The incident and the
reflected fields with reference to this diagram can be written in terms of the directions d,

and d, and the propagation constants l-c..- and ic',.:

15



E, = (:E.+&,E,) e % | (3.2)
E = (-&.E.+&E,) & (3:3)

The dot product of the propagation constant % and the radius vector 7 in the two above

equations can be evaluated as:

i:,- F = (Gks —ayk,) - (d.z+3d,y) , wheres <0. (34)
= k. —ky
= (Bsingcosd)z — (Bcosd)y

Foo7 = (ks +8,k,) - (@z+a,y), wheres>0. (3.5)
= kz+ &y
= (Bsingcosd)z +(Bcosd)y

where 0 is the angle of incidence, ¢ is the azimuth angle, and 8 is the phase constant. It

follows from equations (3.1) to (3.5) that the total applied electric field can be derived as:

Etotul = {&oxEo cos0cos ¢ - [e-jﬁ(:sin¢coa8—ycos¢) _ e—jﬁ(:sin¢coo8+ycos¢)] (3.6)

+@,E,sin0 - [e-ja(ninqscosa-qus) + e—jﬂ(zsin¢m9+ycos¢)]} . e=ibr

where the term e~7" has taken into account the propagation of the incident wave from the
source to the beginning of the line. The corresponding time-domain electric field can be

derived by taking the inverse Laplace tran.iorm of the above equation, and is given by:
Erotat = @z e (z ,y 1) -cosOcos ¢ + &, eq (z,y ,t) -sind (3.7)

16



where the functions ex(z,y,t) are detailed in the form:

es(z,y.0)= f [_(r+zsin¢c:so-ycos¢)] (3.5)
+ f[t“(r+xsin¢c:sﬂ+ycos¢)]

In the above formula, ¢, is the speed of light and r is the radial distance from the excitation
source to the beginning of a transmission line. In matrix representation, the electric ficld

components for parallel polarization are re-written as [12):

cos¢-cosf-e_(z,y,t)

Ei(z,y,t) | _
[ " ]_ [ sinf - ey (z,y,1) ] (3.9)

E:(z,y,1)

and those for perpendicular polarization are put as:

[Eé(m Y1) ] _ [sinqﬁ-e-(w,y,t)]

Ei(z,y,t) 0 (3-10)

In equation (3.8), f(2) is a function of the incident electric ficld which is taken in this

research to be an electromagnetic pulse (EMP) of the double exponential form:
f(t) = E, [exp(—at) — exp(-Bi)] (3.11)

where the rise time and the duration of the pulse depend on the coefficients o and 8.

3.2 Equivalent sources to represent the external fields

The external time-varying electromagnetic field satisfies the local form of Maxwell’s equa-

tions:

17



- dB

\Y = —— 3.12

xE = - | (3.12)
» dE

VxB = —CapoI (3.13)

and can be determined by taking the surface integral of the two above equations such as:
ijE‘ dA = djé dA (3.14)
s T dtJs ) ]

By using Stokes theorem, the surface integral of the curl of the electric field can be inter-
preted as the line integral of the electric field. It follows from equation (3.14) that this line
integral of the electric field is proportional to the time rate of change of the magnetic flux

crossing the plane perpendicular to the ground and passing throug:. the transmission line:

ﬁf‘:‘-dié-%'[sﬁ-dﬁ , (3.15)

By resolving the electric field and the magnetic field into their components described in

the last section, equation (3.15) can be expressed in the explicit form:

v

S foh By (= + Az ,y) - Ey (= ,y)] dy (3.16)
| —Ex(z k) - By (2 ,0)] - Az

d rretax ph
- _E e _/(;Bz(xﬂq) dydz .

By dividing equation (3.16) by Az on both sides, and taking the limit Az — O, one can
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arrive at the following expression:

d fh d o
—E-/o Ey(a:,y)dy—;i?_/; B:(z,y)dy — [E-(z ,h) — E-(x,0)] . (3.17)

where the line integral of the electric field on the left hand side is the voltage, v., induced
onto the transmission line due to the y-component of the elcctric field, the line integral on
the right hand side is the normal magnetic fiux, ®., and the last two terms represent the x-
component of the electric field parallel to the transmission line. The equivalent expression

of equation (3.17) is:

_E-=d—t"—[E,(:c,h,t)—E,(a:,O,t)] (3.18)

which indicates that the external time-varying electromagnetic field can be represented

by an equivalent voltage source [4]. In equation (3.18), the electric field component,

E.(x,0,t), tangential to the perfect ground plane is zero. |
The total voltage v(z,t) in the presence of the external field is the sum of the induced

voltage v.(z,t) and the voltage on the line u(z,t) in the absence of the external fields:
viz,t)=u(z,t)+v.(x,t) . . (3.19)

By substitution of v(z ,t) in the classical transmission line equation, onc can relate the

induced voltage to the applied electromagneticl field as follows:
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du di

—_—— = —_ 2
_d{utv) _  du dv
dz ~ dz dz
dv di dd,

-E = Iﬂtd—t-l-—ﬁ: —[E;(ﬂ'-' ,h) _Ex(z !O)]

Similarly, the induced current on the transmission line can be related to the induced voltage

as follows:

di du
= - = 9
dﬂ: c!t dt ] (3“"1)
_ ih_ - . d{v—v.)
dr T dt ’
_ di dv dv,
P T

3.3 The classical and modified transmission line equa-
tions

In the absence of the external fields, the modified telegrapher’s equations taking into ac-
grap g

count the transient skin-effect are [8]:

Ou(z,t) _ 0i(z t) '
di(z,1 Ou(z ,t
_%l = ¢, 2%t “g” )+gou(:1: 1) (3.23)

where l.z; is the external line inductance, ¢y is the line capacitance, and g, is the line

conductance. The function r(¢) in the modified line equation (3.22} is the transient skin-
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effect resistance declared in chapter 2, and is given by the sum of the skin-cffect resistance
of the cylindrical conductor, rc(t) in equation (2.6), and the skin-effect resistance of the
lossy ground, rg(?) in equation (2.8). Compared to the classical theory, the modified
transmission line equations (3.22) and (3.23) take into account the transient skin-effect by
means of a convolution integral whose kernel is proportional to the transient resistance.
In the presence of the incident electromagnetic fields, an equivalent voltage source and
an equivalent current source derived in section 3.2 are added to the line equations (3.22

and (3.23). As a result, the new transmission line equations are:

av(m)t) - 6i(z,t) Jd r I N, " ¢
—-3—:: = lc::t _at—'*-a./o T(t—t) z(:r,t)dt (-3..).1)
v BB (e B (=0) |
ot
di(z,t) Ov(z ,t) 2 9r
——s = C —Qpg tev(z,i) (3.25)

a h
(Cst'a—t +go) -/l; Ey ("r .t dy .

by means of which the induced voltage and its propagation on a lossy transmission line is

investigated and studied throughout the research.

3.4 The determination of the magnetic flux

In the new transmission line equations, the unknown quantities are v{z ,¢) and i(z ,!)
that can te solved by applying numerical techniques, whereas the known quantities are
the transient skin-effect resistance marked out in chapter 2 and the external clectric field
formulated in sections 3.1 and 3.2. At the same time, the time derivative of the normal
component of the magnetic field can be expressed in terms of the electric field by using
Faraday’s law of induction. Since ®. is the area integral of the magnetic flux density B.,
the incident flux can be related to the incident electric field by equating the curl of the

electric field proportional to the time derivative of the magnetic induction:
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UxBE=—or . (3.26)

. (8E, OE,
a. (—a—‘-t— - —53_!—) (3.27)

while the right hand side is re-written in the form:
O0H,
—_p g — | d . 9

These two expressions (3.27) and (3.28) will combine to form the equation:

dH, OE, OE,

and the corresponding integral of this equation will appear as:
h 9 h{a 7]
—o jo il (2 ,y ) dy = .[) (%Eﬂ - %E) dy . (3.30)

In this equation, the line integral of the left hand side is, in fact, the time derivative of
total magnetic flux normal to the plane perpendicular to tlie ground and passing through

the transmission line above ground. It follows that
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8%. (0 9 .
'W‘fu (E;Ey—aE,)d_; : (3.31)

Hence, the normal component of the magnetic flux can be calculated given the values of
E.and E,.
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Chapter 4

The time-domain finite-difference
approach

The modified transmission line equations discussed in chapter 3 consist of an integral-
differential equation governing the induced voltage onto the lossy conductor line due to
the time-varying electromagnetic field. In order to solve the integral-differential equation
for the induced voltage and its propagation on the line, the time-domain finite-difference

method is recommended.

4.1 The finite-difference algorithm

In the finite-difference algorithm, space and time discretizations are used. The discretiza-
tion space step will be represented by k, and the time step by I. In Figure 4.1, the space
discretization of a conductor line is shown. On the transmission line, two sets of nodes
are imposed; onc sect represents the nodal voltages v;, while the other set stands for the
nodal currents wy_1/2,, and the positions of these nodal voltages and currents alternate
along the length of the line.

To calculate the voltage vy 41, equation (4.47) is used. Figure 4.2 shows an example
to compute the voltage v; ;. It is calculated from the voltage vy, the current w32, and
the current wyzp0. Next, the current ‘w;g_llg'[.‘.i is calculated by using equation (4.48).
Figure 4.3 displays an example to evaluate the current wysp;. It is obtained from the
current wy a0, the voltage vy, and the voltage vg;. Once the current wy s, is known, the
value of the current wy/pp is updated as shown in Figure 4.4. In general, the equation
used to update the current at the most recent previous time step and at the next space

step iS Wiy120 = Wi—1/2441. The above procedure demonstrated in the three figures will
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Figure 4.1: Space Discretizations of a Transmission Line
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Figure 4.2: Calculation of Induced Voltage v,
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Figure 4.3: Calculation of Induced Current w;/2;
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Figure 4.4: Calculation of Induced Current w329
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Figure 4.5: The Finite Difference Algorithm

For timestep=0, maxtimestep, 1
For spacestep=0, maxspacestep, 1

If (0 < spacestep < max ) then

V[ spacestep, timestep+1 } : = gl * V[ spacesiep, timestep | - g2 * { I[ spacestep+1, timestep |
) - I[ spaccstep, timestep ] } + field ;
1{ spacestep, timestep+1 ] : = g3 * I[ spacestep, timestep ] - g4 * { V([spacestep, timestep+1]
) - V[ spacestep-1, imestep+1 ] } + g5 * skin-¢ffect - g6 * field ;

I spacestep+1, timestep | : = I [spacesiep, timestep+1 };

else if ( spacestep=90) then

, calculate V[0, imestep ] from boundary conditions;
else

CIri:falcul:ne V[ maxspacestep, timestep ] from boundary conditions;
en

endfor
endfor

be repeated to obtain the voltage at the next space step and at ih.: same time step. The
finite-difference algorithm is easily programmed and the corresponding pseudo-codes are
listed in Figure 4.5.

The finite-difference algorithm makes use of a recursive procedure. Given the initial
conditions, the voltage vi=; =1 is calculated. Next, the current wi—_,2=; is evaluated by
using the voltage v;,, the incident flux, and the initial conditions. The calculated voltage
v1,1, and current w_y/2,, then, form part of the history from which the voltage vi=2=) is
computed. This iterative process continues until the space step * reaches the maximum
and all of the nodal voltages on the transmission line have been found. The process will
resume again at the next time step ! = 2 for the space steps k = 0,1,2,...M. The voltage

on the transmission line will finally converge at the maximum time step { = N.

4.2 The discretization of telegrapher’s equations

The numerical technique for the discretization of telegrapher’s equations will be explained

in the following sections.
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4.2.1 Normalized variables and finite-difference formulas

For simplicity, the following parameters are used for the modified telegrapher’s equations:

t
tn = E N (4.1)
£ = VT ’ (4‘2)
) = 19 (43)
w = Z,°1 , (4.4)

where r, is the d.c. resistance, Z, is the characteristic impedance of the line, 7 is the

current , and vy, is the phase velocity given by the following formula:

1
Vv ]c.rtca! )

Uph = (4.3)

In terms of the normalized parameters defined in equations (4.1) to (4.4), the modified

telegrapher’s equations become:

v (£ 1)

4

_ ow (€ ,1,)
a¢

bn ) tn ' ' '
e A AL T AL A (45)
8%, (€ 1. ,
vphfg{—":_"_;%%_)_Ez(fag ,tn)']'Er(E,Oatn)} ’

2 yin h , ,
vfﬁin ).+ugv(§,tn)—{a—‘?:+ug}-fo E,(€,8 ,t.)de', (4.7)
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where the coefficients v,, v, and £’ are defined as:

ToU,Ty

v = ~Z, (+1.8)

Vg = GoloTgZo (4.9)
h

o &

¢ = el (4.10)

Furthermore, the normalized distance, £, and the normalized time, {,,, are expressed in

terms of the space step k and the time step I

€ = k-AE 0k (B) (4.11)

ty = 1AL, 01 < (fmes) (4.12)

The partial derivatives of the voltage and current with respect to time or with respect
to the distance of propagation in the line equations (4.6) and (4.7) can be substituted by

the forward finite-difference formulas in terms of the space step & and the time step &

?v(_ggtn_) ~ Alg("““‘_v"“”*‘) , (4.13)
Q% ~ AIE (Werps —wety) (4.14)
?—t% ~ “A“}t:(wk-%.m"wk—%.') ' (4.16)

Simultaneously, the voltage, the current and the incident electric field are approximated

by the mean finite-difference formulas:
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D(Eta) & 5 (o o) (417)
w(l,t,) = %(wk_;_,mw,,_%,,) , (4.18)
B (Et) ~ 3 (Bl +B) (4.19)
E(€ta) ~ 5 (Bfun+EL) - (4.20)

4.2.2 The discretization of the integral differential term

By using Simpson’s rule, the integral-differential term which takes into account the tran-
sient skin-effect in a transmission line can be expressed as a series [7]. From Leibniz

theorem, the integral-differential term is written as:

T PEwE =00+ [ b= w2

where p(t.) < o0 for 0 <t < oo . The integral in the above equation can be

expanded by using trapezium formula:

a tn 1 ,
B, Pl = twE ) dl ~ o w0 v A w (422)
t o Whm

' 1,
+ Pyt wka 5'0‘ . wk,o} <Aty

where p, is the time derivative of the normalized transient skin-effect resistance which can

be interpreted in terms of the forward finite-difference formula:

L

1 ;
Pm = Ag (Pm+r ~pPm) - - (4.23)
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If the first term in equation (4.22) is also replaced by the mean finite-difference formula:

1
Po-UWp = (Po - Wras1 + o1 -wry) (4.24)

then the integral-differential term will appear as:

& [tn 1 1
ét_./o pltn—t)-w(§ t)dly = ZpoWiter + 501 - Wiy (4.25)

1
+5 (1 — po) wii + (p2 — p1) - w1 + -+
+ (Pl-—m+l - Pl—m) * W n + .-
1
+(pr = pr1) “ Wi + 5 (e — o) - w0

and after simplification, the numerical integration formula to be used in the finite-difference

algorithm is given by:

8 rtn 1 1 .
aT-[O P(tn - t:.) - w (E :i::) dt, = Epo cWe e — by (f’o - 2Pl) C Wt (“26)

t—1
+ Z (pl—m-i-l - pl—m) * Whan

m=0

4.2.3 The incident eleciric field formulation

In this section, the function of the incident electric field is referred to that described in
chapter 3. The mean finite-difference formula for the z-component of the incident clectric

field is given by:

E.(€,8 sta) = (Efpsa + Bf) (427)
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where the discretization variables Ef,,, and Ef, for parallel polarization of the electric
field will be:

fip1 = cosgcosf-e (KA, KAE(I+1)AL) (4.28)

Tiy = cosgcosl-e_ (FAE,KALIAL) (4.29)

and for perpendicular polarization, they will be:

Ef,, = sing-e.(kAE,FAE ,(I+1)AL) , (4.30)
Ef, = sing-e_ (kAL ,KAE,IAL,) . (4.31)

In the above equation, the functions e_(¢ ,£' ,%,) defined in equetion (3.8) will also be

written in terms of the space step &k and the time step [ as:

c. ({ L] t' :tn) = f {tnTg - (r + {vph‘rg Sinf::os 0 — 6' cos ¢)} - (4.32)
P
5 A - (r + EvpyTy sin pcos @ + €' cos qb) }
nTg -

Moreover, from the function of the incident electric field defined in chapter 3, the
induced electromagnetic force , v, (€ ,%,), which is the line integial of E, (£, ,tn), is

obtained as:

J2sin - ey (€ ,€ ,t.)dE’ ,for parallel polarization |,
Ve (f ) tn) = . (4.33)

0, for perpendicular polarization |,
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where ey (£ ,£' ,t,) has been defined in equation (3.8). The numerical integration of the

above equation can be represented by the sum:

K=l

U (€,t) = D sinf - ey (RAE K AL ,t,) - v, AL, (1.34)
k'=0
where the maximum space step I’ for the summation is:

U'=h—v;m, AL . (4.35)

Next, the induced emf v.(£ ,t,) is re-written by using the mean finite-difference formula:

1 e
Ve (f atn) = 5 (vz,l-i-l + vk.l) ) (1.36)

and the time derivative of v.(¢,t,) is replaced by the forward finite-difference formula:

v, (€ ,t,) 1 .
£ n) ., AL (viier —¥52) (4.37)

where from equation (4.34), the variables vf,, and vf; are put as:

N kl=ll
Vi = D sin0-ey (AL KAE (14 1) Aty) - Al vprry (4.38)
k=0 '
K=t

vE, & D sind-ey (RAL,KAE IAL) - Af'vur, . (4.39)
k'=0 '
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'I'he final expressions for the induced emf v, (€ ,1,), and its time derivative to be used in

the finite-difference algorithm are re-instated as follows:

t k'=l
ve (€, 1) =~ % S sinf-[ey (RAE AL (I +1)AL)+  (4.40)
= k=0

es (KAE KA | IAL)]

+ k=t
oelotn) o 0L S Ging. [ey (kAL KAE (14 1) ALY~ (441)
Bt,._ Atn k'=0

eq (RAE LK AL | IALL))

4.2.4 The discretization formula of the time derivative of the
normal flux

The time derivative of the magnetic flux normal to the plane perpendicular to the ground
and passing through the transmission line can be expressed in terms of the resolved com-
ponents of the incident electric field as shown in chapter 3. So, tl.e discretization of the
time derivative of the normal flux will be carried out by using the discretization formulas
of the electric field.

For parallel polarization, the derivative of E, (z ,y ,t) with respect to the propagatitn

distance x is:

0B, (z,y,t) _ sinﬂ{ezl (z,y ,t) - —sin ¢ cos (4.42)
dz VUph
—ex2(z ,y,1)- ﬁ-sin ¢cost
Uph
+ez3(z ,y,1)- 2 sin ¢pcosd
vph

—erd(z,y,1)- :thinqbcos()} ,
P

where the coefficients o and 8 are the coefficients in the double exponential form of the

incident electric field, and where
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' r+:z:sm¢c050 ycos o

(
(-
(
(

exl(z,y,t) = ezp

|
R

e22(z ,y,t) = exp r+:1:sm¢acos£3 y cos ¢

I
™

-

r+a:smqbcosO+Jwb¢

exd (z ,y,l) = ezp t—

I
™

{ )}
{ )}
ex3(z ,y.,t) = e:rp{—a "+“’S‘“¢°°S“”c°‘¢)}
{ )}

In a similar manner, the derivative of E, (z ,y ,t) with respect to the vertical distance y

is expressed as:

_—aEI (;3; y,t) = cos ¢ cos § {6121 (z,y.t)- (—i cos 4") (4.43)

Unk
—ex2(z ,y ,t)- (-—v‘%)
p

—ex3 (x,y,1)- icosd)
Uph

+em4(z,y,t)-v£cos¢}

ph

By putting the two above equations (4.42) and (4.43) in equation (3.31}, the corresponding

discretization formula of the normal flux is derived as:

9. . VpAT, h—ff, sind |exl (£ ,£ ,t,) - 2 singcosd (4 44)
Tgatn' = Ph's £=0 Yy Uph :
—ex2 (£, i) - £sin $cosl
v,,;,
+exd (€,€ ,tn)- 2 sin dcosl
Uph

—ezxd (£ ,8 ,1,)- visinqbcosﬂ]

ph

—cos ¢cos 0 [e:z:l (€,€ ,tn) - (—vi cos ¢)

ph

—ez2({ &Lty - (——ﬁ:) —ex3(€,€ ,1,)- —cos¢

Vp Uph

+ ez4(§ € 1) -;:cosé]}
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For perpendicular polarization, E. (z ,y ,1) is the only component of the electric field
incident on the transmission line. In addition, the time derivative of the normal flux in
equation (3.31) is now only dependent on the value of E.(z ,y,t). With reference to
cquation (3.10), the derviative &‘a’;“—"l is given by:

b (z,y,1) _ . | _a
T = smcﬁ{eﬂ:l (z,y,t) ( o ('-05‘?5) (4.45)
_ . _i)
2o 3,0) (-2
—e:r3(:c,y,t)-i-cos¢
P
+e:c4(:r,y,t)-vicos¢} )
ph

and the corresponding discretization formula for the time derivative of the normal flux is,

therefore,:

8. Pa
- af R VAT I, smqb{eml (€,¢ 1) - (-—cos ) (4.46)
gUin

£'=0 Uph

—ea2(€ € \1a)- (—%)

—ex3 (E 16' )tn) * —a-COSQS
Vgh

+ exd (6 36' 7tn) ) vicos‘ﬁ}

ph

Finally, by substitution of the above discretization formulas in the modified line equa-

tions presented in chapter 3, the discretized telegrapher’s equations turas out to be:

1—y, "‘2‘ %g-
s = () o (rrocmm) (e mep) + G0
1l Av, (€ ,t,)
(1+09A—;n-) '(Atn'fg TtnT-I- 9° t“'v=(£1tn) )



1 v,.At o — 2
wk_:.!-!_l + (p pl)) lvk—:’-,l _ (.LIS)

1 + v,.poAt

71 u,.poAt )‘(Uk,f+1_7-’k—l.l+l) +

y,.At -1
1+ Lvep At * Z Pl—m+1 — Plem u”k—%,m

mz=0

vorgAt Ad. :
) (TgAtn+Ex(€,h’tn) Eg_-(f,O,t“)

1+ 3urpolty,

where p, is the normalized skin-effect resistance at the zero time step, { =90, and p; is the

normalized skin-effect resistance at the first time step, { = 1.
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Chapter 5

The boundary conditions

The discretization telegrapher’s equations discussed in the last chapter can be solved to-
gether with the boundary conditions representing the loads at the two ends of a transmis-
sion line. In this chapter, the finite-difference equation for a linear load connected to the

beginning or the end of a trunsmission line is presented.

5.1 Boundary conditions at the receiving end

The boundary condition at the receiving end of a transmission line and the corresponding
finite-difference formula presented in the following sections is primarily for a (1) purely
resistive, (2) purely capacitive or (3) purely inductive load. For any other combination
of lincar loads, the boundary condition can be described by the composiiion of these

discretization formulas.

5.1.1 Purely resistive load

For a transmission line terminated in a purely resistive load at the receiving end, the

boundary condition is given by:

'U=R2"i y (5‘1)

where R, = Z; is the load referred to Figure 3.1. If the maximum space step is m, where

m= %‘2—’-, then the finite-difference formula corresponding to the boundary condition will
be:

38



Um 41 = E— . w,,,_i_%', . (5.2)
o

By substitution of the above equation in the discretized telegrapher’s equation (4.47), the

voltage at the load can be derived and is given by:

1+ iy,AL,
Vyn 141 = " (5-3)
+ {(1+%v9&fn+%g--f—zz§)

1-1rAt, %é"

1 1 e e .
(1 + %VgAtn) {Atn (vk.f-!-l -vk.l) + Vg (£ atn)}

5.1.2 Purely capacitive load

For a transmission line terminated in a purely capacitive load at the recciving end, the

boundary condition is represented by:
dv
=02 54
t L (5.4)

where sC: = 7'2- is the capacitive reactance written in Laplace domain. The replacement
of the time-derivative of the voltage in the above equation by the forward finite-difference

formula yields the following expression for this boundary condition:

Zoc2
Wnyly = ~AL (VUmip1 — Umyg) - (5.5)

By putting the above expression in the discretized telegrapher’s equation {4.47), the voltage

at the load can be deterinined and is written as:
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Ui+l

legAtn + ko 2,05 szgAt
.6
( TyAtn + ky Z,C2 T_.,Ai + k2 Z,C W1t + (5 )

LPTAY e e
(T_.,Atn i kzzocz) {vk,1+1 ki‘vk,l} ?

where the cocflicients &; and k; arte defined as:

1 - %govphrg ZoAtﬂ

: , 5.7

Ll 1+ -;-gov,hrgZoAt,, (5.7)
Aty

kz = a¢ N (58)

1+ 29,05n7g 2, ALy

5.1.3 Purely inductive load

For a transmission line terminated in a purely inductive load at the receiving end, the

boundary condition is taken as:

di

v=log

(5.9)

where sL, = Z is the inductive reactance written in Laplace domain. The finite-difference

formula equivalent to this boundary condition has been derived [8] and is transcribed by:

AR AN r,At, =
Wy = —F—VUmit1 + % === O - (5.10)
? L2 n=3

By substitution of the above expression in the discretized telegrapher’s equation (4.47),

the voltage at the load can be obtained and stated as:

A0



Lo -
VUm, i+1 = (L2 + ngaTgAtn) {kl S T "".’ - U.‘:—%—J} (0-11)
kaZom,Al, 1S

L+ kaZory A,

!
U R
n=3

k1 Zo7,Aly
- 2oy {UE 41~ Ui—t} .
Ly + k2 Z,7,001, ' '

where the coefficierts k; and k; have been defined in equations (5.7) and (5.8).

5.2 Boundary conditions ¢t the transmitting end

The boundary conditions for the transmitting end are analogous to those for the receiving
end of a transmission line. The relationship between the voltage and the current, and

the corresponding finite-difference formula are summarized in the following. For purely

resistive load of value R,,

v = —Ry-i, (5.12)
R
Vk=0J04+1 = —-Z—l'wk=o_§.,z . (5-13)

For purely capacitive load of value Cj,

. dv ' :
i = -0 I (5.14)
Z , .
Wi=o-44 = — ‘r,:k ii (Vk=o+1 — Vk=oyt) (5.15)

For purely inductive load of value L;,

di :
v -——LIE{ ’ (5.16)
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Z,1, AL, n=l _
Wizo-Lt = - [ Ez (‘Uk=o.!+1 + Z vk:g,n)] . {(5.17)

n=3

By substitution of the above equations in the discretized telegrapher’s equation (4.47), the

following expressions for the voltage at the load can be derived. For purely resistive load,

R
Vi1 = m [kr014 — koway + ks (Efgh — Like)] + kaElils (5.18)

where k&, and &, are from equations (5.7) and (5.8), k3 and k4 are functions of k,:

1
ky = .
s = ToE (5.19)
2k,
& — 2

and the parameters E} L, E{ 2, Ef,|s are respectively functions of the line integral of
the y-component of the incident electric field, v, (kA€ ,lAL,) , as stated in the modified
Lelegrapher’s equation (4.47):

Ave ((k+1) €, 1AL,

E4h = ( At:E ) , (5.21)
Ave (k € 1AL,

Edl = ( Ai ) ) | (5.22)
1

Eih = 5(ve(k€,(1+1)A) —v.(k§,IALY) . (5.23)

For purely capacitive load,
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1
= - " vodi, L ' 5.2
V1,141 (TgAtn i kzzocl) [(k]TgAtn + A.70C]) ™t (’) 1)

— (koTy Aty ) woy + T, AL, (El!:,lll -k E}, |‘-‘)] .

For purely inductive load,

1 L)
Vi = ( Lt 5z, At,.) . [L, (klv.,; — kpway + BY | — ki Efyl2)  (5.25)
n=l
el ngngAtn Z vl.n]
n=3

5.3 Combinations of linear loads

The above finite-difference equations for the voltages at the ends of a transmission line can
be selected and then combined to form expressions to represent t 1e boundary conditions

of a transmission line terminated in a combination of the resistive. capacitive or inductive

load.

In the case of a transmission line terminated in a series combination of a resistance, 2,

and an inductor, L, the boundary condition at the receiving end of the linc is given by:

. di
v=R-i+lg - (5.20)

and the corresponding finite-difference formula is written as:

Um 4l = Zwm+l[2,l + m (wm+1,'2.l - wm+1;2.!-l) . (5-27)
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The above expression can be made independent of the current wm41724 by putting it in
the discretized telegrapher’s equation (4.47). The resulting equation for the voltage at the

load has been derived (Appendix B), and can be briefed as follows:

k NN kn—2 _
Unm N1 = m k]Um,N - kzksngz _,St'?—'vm,N + kgwm_Ug'N 3 (028)

where 2 < NN < N, and the coeflicients ks and kg represent:

ke RTQA;:‘ +L \ (5.29}
k Z,T AL,
s L + Rr,At,

Another combination of linear loads is that a transmission line is terminated in a
resistance, R, in parallel with a capacitor, C. In this case, the total current in the load,
irotal, 18 the sum of the current in the resistor, i,, and that in the capacitor, i, and is
denoted by:

t-lotc:l = ir + i¢: ) (530)

and the corresponding finite-difference formula can be obtained by adding the current in

the resistor defined by equation (5.2) and that in the capacitor stated in equation (5.5):

1 C Z,C
wm_i_;_., = Zo (E + TgA_tn) U4+l — T_,,Atnvm‘l . (5.31)

By substitution of the above expression in the discretized telegrapher’s equation (4.47),

the voltage at the load can be determined (Appendix B), and written as:
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Z,C
T,

Um‘[+1 = k? . [(k] + k‘z ) vm,l + kgwm_%', + Ez.lll - k; E:.ll'-! (5.32)

where &; is the coefficient calculated from:

Rt At,

k- =
"= Rr B, + Ky (1,00, + RC)

(5.33)

For other combinations of linear loads, similar procedures can be utilized to get the finite-

difference equation for the load voltage at the beginning of a transmission line.



Chapter 6

Some constraints of the time-domain
finite-difference algorithm

The solution by the time-domain finite-difference algorithm presented in chapter 4 is feasi-
ble in solving EMI/C related problems on equipment susceptibility. In the implementation
of the numerical algorithm, however, certain conditions have to be satisfied in order to
gel satisfactory results. To combat with these constraints. a stability criterion has been
established [8], and the limitations on the space and time discretizations for the algorithm

will be discussed.

6.1 The stability criterion

The discretized telegrapher’s equations (4.47) and (4.48) may generate divergent solution
for the induced voltage on the transmission line if the coefficient %? is greater than unity.
This phenomenon was proved in [8]. It was pointed out that the voltage or current governed
by the mnodified discretization transmission line equations could be expressed in the phasor

form:

A
Weyifed = wk',-e-”"“z“ ’ (6.1)
Weoifol = wk.re"j"‘%{ , (6.2)
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where m is an integer. By substitution of these spectral spatial representations in the

transmission line equations, the discretization voltage can be written as:

Uiy = Kvgg — ky (e"m%i - 8_"-"'9") Wy + ey (6.3)
. A
Vkie1 = kywge — j2sin (mTE) kawiyr+ e (6.1)

where e; stands for the equivalent voltage and current sources duc to the external time-

varying electromagnetic field. Also, the current can be expressed in terms of the spectral

spatial phasor &™¢:

=1
. Ag s
Weil+l = kka.l - k-leJm 2 (1 —e€ JMAf) Vi1 + k5 E (Pl—m-}-l - p!—m)'wk.m H (6'5)

m=0

where vy 141 is defined in equation (6.4). By combining (6.4) with (6.5) , the following
equation for the current can be derived:

wpg1 = — J2sin (m%é) kykgvry + {ks — 4sin® (m-A)—E) k2k3] wiy  (6.6)
-1
+ ks D (Promer = Plom) Wim + €2,
m=0

where e, is also a representation of the equivalent sources due to the external fields. The

pair of equations (6.4) and (6.6) can be transcribed in matrix form as:

[ V041 ] = [ ky —J 2k, sin (m%‘-) ] [ Ukt

oo St () ko1t (280) | [ o] @D

+ a ]
| eat+ ks Tl (lemi1 = Plom) Wim
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In the above equation, the determinant of the “amplification matrix” must be zero in order

that the numerical solutions are stable [8]:

2

ky —j2k, sin (mé‘i)
—jotysin (m) ks (1~ thysin ()

=0 . (6.8)

From the above determinant, a characteristic equation can be obtained and is given by:
2 —~2ax+b=0 , (6.9)

where the coeflicients a and & are:

1+ 3 (po — p1) vty — Jr oAty — [( ) (sn m—q)]
(1 + §ugAi,,) . (1 + ;p,,v,.Atn)

(1 — v AL, ) [1 + 3 (po — p1) urAly ]
(1+ Ly,At,) - (1+2p,,u,At,, J

, (6.10)

(6.11)

In order to have stable numerical solutions by the finite-difference algorithm, the solution
z in Lhe above characteristic equation must satisfy the condition |z| £ 1, or the product

of the roots z; and z; must not be greater than unity [8] such that

lbl = I:IZ]_ . 2)2' S 1. (6-12)

- Since also for any real solution =z,

le.zlmu = Ial + v 02 - b S 1 * (6'13)
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By combining (6.12) and (6.13), the necessary and sufficient condition for stable numerical

solutions can be obtained and is given by:

b+1

5— <1 (6.14)

+

la| <

By using (6.10) and (6.11) in the above inequality, the necessary and suflicient condition

for convergent numerical solutions is derived and represented by:

i A (6.15)

In general, the normalized time step is chosen to be the same as the normalized space step

for efficient numerical computations.

6.2 The space ana time discretizations

The normalized variables in the modified discretization telegraphers’ equations consist of

the space and time steps:

¢ ‘

At = & (6.16)
Ty 3

Af = B2 (6.17)
UpkTy

Let N be the total number of time steps and M be the total number of space steps. Then,
the two above equations can be expressed in terms of the maximum time and the maximum

transmission line length that can be used in the finite-difference algorithm:
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t
At, = —m— | 6.18

At = —F (6.19)

Vph Ty - M

where L is the length of the transmission line. Since the ratio %g- has been chosen to
be unity to satify the stability criterion, the maximum available time for the numerical
solutions can be found by equating (6.18) and (6.19):

tma:r: - L
N1, = MugT,
tmnr — L
N T Moy
NL
mar — . 2
t M Uph (6 0)

Thus, the maximum available time for the numerical solutions depends on the -% multiples
of the time taken by the induced voltage to travel from the beginning to the end of a
transmission line.

The choice of the space step, A€, will be limited by a number of factors. First, in
equation (6.19), A€ is dependent on 7, which is the intrinsic penetration time of the
external time-varying electromagnetic field into the lossy ground. Second, A{ is also limited
by the maximum available time for the numerical solutions since the space step A is
chosen to be the same as the time step At, to satisfy the necessary and sufficient stability
criterion. Third, A¢-must suitably be chosen in order that for each small increment in the
distance of propagation z, the incident electromagnetic field does not vary to a great extent.
~ Othervwise, fluctuations of the numerical solutions will take place over a certain time span.
Finally, the maximum line length to be used in the algorithm must not be greater than
twice the normalization constant, vus7y. This criterion for the numerical algorithm has

been proved in [3].
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Chapter 7

Applications of the modified
transmission line equations

In this chapter, the induced voltages on a bent conductor and on a system of multi-
conductors predicted by using the modified transmission line equations and the correspond-
ing finite-difference aigorithm are discussed. In addition, the equivalent representations of

a bent line and the multi-conductors are used.

7.1 Bent conductors

A bent conductor can be represented by a cascaded transmission line. Each section of the
cascaded transmission line is oriented at a different azimuth angle to the planc of incidence
of the external electromagnetic field. In case of a flat conductor, the discontinuity of the
bent transmission line can be represented by a ‘T” [9], [10], [21-25]. Figurc 7.1 shows
the equivalent circuit which consists of the leakage inductance AL, the stray capacitance
C, , and a small change in the effective electrical length Az. For simplicity, the values
of the leakage inductance AL and the stray capacitance C, were taken from (9] and [10]
respectively and used to calculate the induced voltages onto the transmission line.

To predict the induced voltages on a bent conductor, the following cquations governing

the forward induced voltage and the transmitted induced voltage at the discontinuity are

used:
AL di
Va = Y — -5 ';i-tl- 1 (7.1)
. . dv
ta = 1) — Cp ’ -(.ﬂi (72)
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Figure 7.1: The equivalent circuit of the discontinuity

m-1 m m+l

m-1, m, & m+] are the space steps

The corresponding discretization formulas to be included in the finite-difference algorithm

are derived and given by:

AL

Unt = Upn-it— m . (wm—1,1+1 - wm—l.l) ¥ (7-3)
Cp

wm+” = Wyt — . (vm.f+l - ‘Um'[) . T4

m TeAly (7.4)

By substitution of the two above expressions in the modified discretization transmission
line equations, one can finally obtain a simplified voltage equation characterizing the dis-

continuity of a bent conductor:

. _ 1 . 1- V,Atn/2 U g - AtnAf T 5)
mitl = 1+ Cpf (1,At,) 1+ vAt.72) ™ T \T+v,0t,/2 (t.

& _{, _L(w — wiei/2)
v At k—1.1 2201_9 AL, k=1/2,0+1 k—3 /2.

1
+ T¥ A2 (1 + v AE (£ ,10)]
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7.2 Maulti-conductors

The transmssion line equations governing the voltage and the current in each of the parallel

conductors are in the form:

IO | _

-22 = mE+ (76)
ol _ o]
28 = @R+l (71)

where [R], [L], [G], and [C] are respectively the matrices of resistance, inductance, conduc-
tance and capacitance characterizing the parallelly-coupled transmission lines. In equa-
tion (7.6), the transient skin-effect resistance has not been taken mto account for multi-
conductors situated above perfect ground plane. In addition, v is the voltage and 7 is the

current represented by the matrices:

] = [mveos - w) (1.8)
(7.9)
] = [iyizds - il (7.10)

The matrices of inductance and capacitance in the above transmission line equations can
be simplified if the mutual coupling is mainly contributed by two immmediate neighbours.

In this case, the matrices of capacitance and inductance can be written as:

€l =

C11
€21

0

ciz 0
C2,2
('.‘3‘2

C23
€32

33

0

0

0
Ch-1,n-1
cn,'n-l

oo

Chm
Can

: (7.11)



i Il.l ll.‘l 0 e 0 0
12.1 12,2 12,3 - 0 0
) = |0 B2 bs o0 0
0 0 0 - ln-—],n-l In—l.ﬂ
0 0 0 - L lun

(7.12)

By using a lincar transformation technique [15], the above matrices can be diagonalized.

The matrix involved in the linear transformation of the matrices of inductance and capac-

itance is presented in [15]:

[A] = [aig] = [?:16,(_#3)] \

where the functions ¢; (#) are defined as:

¢:i () = p - dimy (p) — dica (p) ,2 22
o(p)=1, di({p)=#n ,

§; is the normalization factor given by:

n

6 =3 I ()

k=1

and the variable y, is determined by the formula:

pT
= =2
He cos (n +1
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Once the transformation matrix [A] and its transpose matrix are calculated, the matrices

of capacitance and inductance can be diagonalized and determined by:

[Laiss) = (A7 [L] [A] (7.17)

[Caiag]l = [A]T [C] (4] . (7.18)

By using the diagonalized matrices of inductance and capacitance, a set of n independent

transmission line equations can be derived and represented by:

Bv,, aln

- = rai, + I.,q—-at +e (7.19)
Oin dvn

e — — — . -.2
oz gntn + Ceq at + €2 ( [ 0)

where e;, e; are the equivalent voltage and current sources due to the incident clectromag-
netic field, I, is the equivalent inductance and ¢, is the equivalent capacitance of cach

conductor. The expressions for I, and c., are respectively given by:

qu = Q1 n (al,n ) In.n +azxy Il.!) +ann (GN—l.nlN—I.n T+ ENn IN.N) (7»21)
N-1
+ Y Gin (@it licri + Gin b+ aigan i)
1=2
Cq = ipn (@1n,6nm + 220 €12) + 8N (AN-1n CN-12 taNn enn)  (7.22)
N-1
+ Y @im (@ic1n Cicri + Gin Cig + Gig1m Cit1i)
i=2 .



the cocfficient a;; is the cigenvalue of the transformation matrix [A] in equation (7.12),

and the variable ‘n’ denotes the n** conductor while the letter ‘N is the total number of

conductors.
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Chapter 8

The numerical solutions

To find out if the skin-effect in a transmission line is important, the lossless line model,
the d.c. resistance concept, and the transient resistance approach are used to calculate
the induced voltage for comparison. In Figure 8.1, a transmission linc of one metre long
is illuminated by a parallelly-polarized electromagnetic pulse {(EMP) with the normalized
peak amplitude of 1 V/m. The transmission line is also terminated at the two ends in
its characteristic impedance of 317.73 ohms. The numerical results for the three above
considerations are shown in Figure 8.2. One can see that the predicted induced voltage
onto the lossy line is over-estimated if the lossless line model or the d.c. resistance coneept
is used.

The difference in the predicted induced voitages obtained by using the above three
approaches would be considerable when the peak of the EMP goes up to 50 kV/m. For
the worst case, the induced voltage is predicted by using the transient skin-cffect resis-
tance approach, and by using the d.c. resistance concept. The results are compared and
represented respectively in Figure 8.3 for the induced voltage at the beginning of the line,
and in Figure 8.4 for the induced voltage at the end of the line. 'The numerical results
show that the difference in the predicted induced voltages can be as large as 100 volts, and
thus skin-effect considerations on the transient response of a transmission line exicted by

a time-varying electromagnetic field is essential.

8.1 Validation of the numerical algorithm

To verify the time-domain finite-difference algorithm discussed in this thesis, the pre-

dictions of induced voltages are compared with the measurements presented in [5] for a
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Figure 8.1: Transient Skin-effect in a Lossless or Lossy Line
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Figure 8.2: The Difference in the Predicted Induced Voltages
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Figure 8.3: Induced Voltage at the Sending End
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Figure 8.4: Induced Voltage at the Receiving End
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Figure 8.5: Transmission line excited by non-uniform fields
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transmission line with geometrical dimensions given in Figure 8.5. In this figure, a lossy
transmission line is excited by an EMP with peak value of 25 kV/m. If a locomotive is sit-
uated under the transmission line, the incident electric field will be locally disturbed. As a
result, the total electric field impinging on the transmission line will be non-uniform. In the
calculations of the induced current due to the incident field, the finite-difference algorithm
was used and the electric field data were taken from [5]. The numerical results were plotted
in Figure 8.6 for two situations, one taking into account the transient skin-effect inside the
conductor line, and one assuming a simplified d.c. resistance concept. When the skin-
effect is taken into account, the numerical result is relatively closer to the measurements,
whereas when the d.c. resistance concept is used, the predicted peak value of the induced
current deviates from the measurements. The above comparison between the numerical
results and the measurements not only verifies the time-domain finite-difference algorithm
introduced in this thesis, but also infers the potential application of the algorithm to the

case of non-uniform or near field excitation of a lossy transmission line.
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Figure 8.6: Magnitude of the Induced Current at the Receiving End
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8.2 Predictions of induced voltages on a bent con-
ductor

The finite-difference algorithm is tested if it can be used to predict the induced voltage on
a bent cylindrical conductor. The test is divided into two parts: one is to sce the effect
of the ground conductivity on the induced voltage, and the other one is to compare the
numerical results with those presented in [13).

In the first part of the test, a single 90-degree bent lossy transmission line is considered
and is represented in Figure 8.7. The change in the effective electrical length at the sharp
corner has, however, not been taken into account in the thesis, and future research will be
done. The bent conductor is excited by an EMP with peak amplitude of 50 kV/m at an
angle of incidence of 45-degree and at an azimuth angle of 45-degree. By using the tran-
sient resistance concept in the time-domain finite-diflerence algorithm, the induced voltage
due to the external time-varying electromagnetic field is predicted for various ground con-
ductivities. The results are then compared and depicted in Figure 8.8. The results show
the difference between the calculated induced voltage for lossy ground and that for perfect
ground. If the ground is a good conductor, the induced voltage predicted by using the
transient resistance approach is close to that predicted by using the d.c. resistance con-

cept. If the ground is lossy, the predicted induced voltage obtained by using the transient
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Figure 8.7: A bent round conductor excited by an electromagnetic pulse
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Figure 8.9: A bent thin transmission line exited by an EMP

|
]

is the matched load

resistance approach is much less than that obtained by using the d.c. resistance concept.
In other words, the transient skin-effect in a transmission line above lossy ground has a
serious effect on the predicted induced voltage, while the the skin-effect in the conductor
line above perfect ground has less effect on the induced voltage. This is because the time
constant of a perfect ground is so small that the transient skin-effect will fade away at the
rising edge of the electromagnetic pulse which acts as the excitation source,

In the second part of the test, the predictions of the induced voltage are compared
to those presented in [13]. In Figure 8.9, a 10-m long, bent thin cylindrical conductor is
situated 10-cm above perfect ground. The line is matched at the transmitting end while
it is open-cirucited at the receiving end. A 50-kV/m electromagnetic pulse ,whose electric
field component is perpendicularly-polarized, is impinging onto the transmission line at an
angle of incidence of 45-degree. By using the transient resistance and the d.c. resistance
concepts in the finite-difference algorithm, the induced voltages on the transmission line
are predicted and represented in Figure 8.10. Essentially, the predictions of the induced
voltages are similar to those calculated in [13]. In Figure 8.10, pulse A is the induced
voltage at the beginning of the line when the incident field reaches the line. Pulse B is
the induced voltage when pulse A first hits the bending corner of the line. When pulse
B travels to the open-ciruited end of the line, its amplitude is doubled and is represented

by pulse C. Pulse C then returns from the receiving end to the bending corner again and
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Figure 8.10: The predicted induced voltages on the line
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results in pulse D. One can observe from the results that the predictions of the induced

voltages on the transmission line are in good agreement with thos: presented in [13].

8.3 Predictions of induced voltage on multiple con-
ductors

The finite-difference algorithm is further tested for the predictions of the induced voltages
on multi-conductors. In this test, two configurations of the multiple round conductors are
considered: one is the two parallel matched transmission lines above perfect ground, and
the other one is the three parallel open-circuited transmission lines above the same ground.

In Figure 8.11, there are two 10-m long parallel transmission lines excited by a 10-kV/m
clectromagnetic pulse. The two conductor lines are spaced at 0.5-cm apart and each of
them is situated at 10-cm above perfect ground. In the calculations of the induced voltage
onto each line, the values of the inductances and capacitances for this geometry were taken
from [18]. The corresponding equivalent inductance and the equivalent capacitance for
each line are determined by using the approach discussed in chapter 7, and are represented
in table 8.1. By using the time-domain finite-difference algorithin, the induced voltage
onto line 1 at the receiving end is predicted for two cases: one taking into account the

transient skin-effect in the transmission line, and the other one using the d.c. resistance
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Figure 8.11: Two parallel transmission line excited by an EMP
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Table 8.1: The equivalent inductance and capacitance for two lines

Seif and Mutual Inductances : Self and Mutua) Capacitances :
(tH/m) {pFim)
L1l = 1.05% Cll = 203548
L2 = 07378 C12 = -141731
L21 = 07378 C21 = -14173
L22 = 1.059 C2 = 203548
Equivalent Inductance ; Equivalent Cupacitance ;
(pH/m) (pFim)
Lt = 03218 ' Cl = 34.5300
12 = 17970 €2 = 61820
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Figure 8.12: The predicted induced voltage on line 1
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concept. In Figure 8.12, the predicted induced voltage at the receiving end is represerted.
When comparing the results obtained by using the transient resistance approach to that
obtained by using the d.c. resistance concept, one can remark that the difference between
the predicted induced voltages is not significant. This is simply due to the very good
conducting ground plane, and is also in agreement with the results obtained for th-: bent
conductor.

In order to verify the solutions obtained by the finite-difference algorithm applied to
a system of multi-conductors, the induced voltages are calculated and compared to those
presented in [13] for the geometry shown in Fig 8.13. The thin cylindrical conductors are 5-
m long, and equally-spaced at a distance of 2 cm. The lines are also terminated in matched
load at the sending end but open-circuited at the receiving end. For this configuration,

the mutual inductance is determined by using the formula given by [53]:

L =0.0025 - log, (%) [wH[in] (8.1

where D is the spacing of the parallel conductors. The corresponding mutual capacitance

can be calculated by using the formula:
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Figure 8.13: Three parallel transmission line excited by an EMP
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[C]= vi [t (8.2)

where [C] , [L] are respectively the matrices of capacitance and inductance, and v, is
the velocity of propagation. The computed values for the inductances and capacitances
are listed in table 8.2. By using the above values in the finite-difference algorithm, the
induced voltages at the two ends of each line due to an EMP excitation are predicted.
The results are computed for a 50-kV/m perpendiculary-polarized electric field with an
angle of incidence of 5-degree, and are then represented in Figure 8.14. It is found that the
predicted induced voltages onto the multi-ccaductors are similar to those presented in {13].
Also, the results reveal that the induced voltages on the three lines have the same shapes,
and are slightly different from each other due to the coupling among them. In Figure 8.14,
the induced voltages are distinguished by the letters A, B and C. Pulse A is the induced
voltage caused by the incident fields at the beginning of the transmission line; pulse B is
the induced voltage when pulse A travels from the sending end to the open-ciruited end;
and pulse C is the induced voltage when pulse B returns from the receiving end to the
transmitting end. Again, one can remark that the predictions of the induced voltages are

comparable to those presented in [13].
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Table 8.2: The equivalent inductance and capacitance for three lines

Self and Mutua) Inductances :
{ RH/m )

L11=1.0596 L12=04542 L13=03207

L21 =0.4542 L22=1.0596 123 =04542

131 = 03207 L32=0.4542 133 =1.059

Scll and Muttal Capacitances ;
(pFim )

Cl1=11.8368 Cl12=-4.3347 C13= 17245
C21 =-4.3347 CR2=131729 C23=-43347

C31= L7245 (32=-43347 C33=11.8368

Equivalent Inductances ;
(RH/m )
L1=04173

L2 = 0.1060

L3 =0.1702

Equivalent Capacitances :
(pFm)
Cl =0.1854
C2=01184

C3 =0.6375

induced voltage (kV)

Figure 8.14: The induced voltages on the three parallel lines
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Figure 8.15: The multiple 90-degree bent flat conductor

E.H

8.4 The propagation of induced voltage on a flat con-
ductor

The application of the time-domain finite-difference algorithm introduced in this thesis
can be extended to the case in which a flat conductor above perfect ground is considered.
A highly-conducting ground plane is intentionally chosen for this research so that the
difference between the predicted induced voltage obtained by using the transient resistance

approach and that obtained by using the d.c. resistance concept is not significant.

8.4.1 The induced voltage on a bent flat conductor

To show that the finite-difference algorithm can be applied to solve for the induced voltage
on a flat conductor above perfect ground, a 4-right-angled bent cunductor is chosen and
its dimensions are represented in Figure 8.15. In this problem, the discontinuity due to
the bending of the flat conductor has been taken into account and can be represented by a
T-circuit discussed in the last chapter. For simplicity, the values of the leakage inductance
and the stray capacitance were taken from [9] as 0.09587 nH and 0.0950 pF respectively.
In the calculations of the induced voltages on the flat conductor, the applied clectric field
is assumed to be an electrostatic discharge (ESD) pulse with peak value of 4 kV/m. The

results are given in Figure 8.16. The results show that the amclitude of the induced

69



Figure 8.16: The predicted induced voltage at the receiver
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voltage that travels from the beginning to the end of the line is reduced due to the lossy
characteristic of the flat conductor. In addition, the dips at the rising edge of the received

signal is probably due to the reflections from the discontinuity of the transmission line.

8.4.2 Induced voltage on the multiple flat conductors

The finite-differences algorithm is further applied to a system of multiple flal conductors
above perfect ground. The geometry is picked up from [19] and is shown in Figure 8.17.
All the flat conductors are matched, and are excited by a 10-kV/m ESD pulse. The values
of the inductances and capacitances were taken from [19], and the equivalent inductance
and capacitance of each flat conductor are shown in table 8.3. By using the time-domain
finite-differences, the induced voltage on each line is predicted and is shown in Figure 8.18.
From the results, one can again remark that the induced voltages on the three lines are
slightly different due to the coupling among them. Also, the fluctuations at the falling
edge of each of the predicted induced voltages are considered as the ringing effect on a flat

conductor.
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Figure 8.17: Three Parallel Flat Conductors Excited by an Electromagnetic Pulse

E.H

TRACK 1 TRACK 2 TRACK 2
Eo = 10 %V/m

Epoxy glass of dieleclric constant 4.65
wW=60mlwheal,s=10mita14mil 3048 cm
Each track is terminaled in maiched load at bolh ends.

Table 8.3: The equivalent, self, and mutual inductances and capacitances

Self and Mutual Inductances : Seif and Mutual Capacitances :
(nllim) (pF/m )
L11=3.8970 L12=1.6238 L13=0.8252 Cll = 1.0413 C12=-03432 C13 =-0.0140
L2l =1.6238 122=3.71129 L23=1.6238 C21=-03432 C22= L1987 C23=.03432
L31 =0.8252 L32=1.6238 L33=3.8790 C31 =-00140 C32=.03432 3= 1.0413
Equivalent Inductances : Equivalent Capacitances :
(nil/m )} {pFim}
L1 =0.1504 C1 = 0.1605
12 =0.3888 C2 = 0.1041
L3 = 0.6097 C3 =0.6346
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V1.V1.V3 (volts)

Figure 8.18: Induced voltages on tracks 1, 2, and 3 at the receiver
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Chapter 9

Conclusions

In this thesis, the transient skin-effect of a transmission line situated above a lossy ground
subjected to a time-varying electromagnetic field was shown to have significant effects on
the predictions of the induced voltages onto the line. In order to have a better understand-
ing of the impact of the external time-varying fields on a transmission line above a lossy
ground, the transient skin-effect should be taken into account.

The transient skin-effect in a lossy transmission line was characterized by a time-domain
parameter which was called the transient skin-effect resistance. The corresponding formula
for this parameter taking into account the skin-effect in both the conductor line and the
lossy ground was presented. Moreover, the external time-varying clectromagnetic field
which excited the lossy transmission line was represented by equivalent vollage and cur-
reni sources. The formulations of these equivalent distributed sources were derived lrom
Maxwell's equations.

By taking into account the transient skin-effect in a lossy transmission line, and the
cquivalent sources due to the external electromagnetic ficlds, the modified transmission line
cquations were introduced. These expressions consisted of an integral-differential equation
whose kernel was proportional to the transient skin-effect resistance were solved by using
the time-domain finite-difference approach.

The finite-difference formulas for the modified transmission line equations and for the
boundary conditions were generated for this research. By using these derived expressious,
a finite-difference algorithm which could be easily programmed was established. The algo-
rithm was set to produce directly the time-domain solutions of the modified transmission
line equations. The numerical algorithm could also predict the induced voltages and cur-

rents on a lossy transmission line as well as the propagation of the induced voltages and
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currents on the line.

Furthermore, the finite-difference algorithm was applied to solve for the induced volt-
ages on a bent conductor and on a system of multi-conductors. The corresponding finite-
difference equations characterizing the bent line and the parallelly-coupled transmission
lines had been derived and included in the programs prepared for this research. In fact,
the comparisons of the numerical results to the calculations presented in different references
had verified the developed finite-difference algorithm. Apain, the predicted induced volt-
ages compared to other recently published measurements for non-uniform field excitation
of a lossy line had confirmed the reliability of the algorithm.

In this thesis, much mathematics had been done to obtain the equations for the tran-
sient skin-effect resistance, the equivalent sources due to the external fields, the boundary
conditions and those for the multi-conductors and the bent conductors. Although there
had been a lot of pre-processing, the time-domain finite-difference algorithm was absolutely
casy to implememt. Finally, the presented time-domain finite-difference algorithm could
be developed as a computer-aided design tool so as to have a better understanding of the

susceptibility of equipment related to EMI/C engineering.
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Appendix A

Discretizations of the modified
transmission line equations

The modified telegraphers’ equations which take into account the transient skin-ellfect of
a lossy transmission line and the equivalent sources due to a time-varying clectromagnetic

ficld are given by:

dv(x ,t) _ di{z,t) a N g N gt
e T-{-ajor(t—t)-z(r,t)dt (A1)
a%.
+ o (= ) - E(=,0)]
di(z,t) dv (z,1) .
T T G T tev(e.d) (A-2)

o h
- (Cn'ﬁ'f'go)'j.‘ Ey(xvyvt)dy H

where I, and c., are the equivalent inductance and capacitance for a lossy line. For onc
conductor line, l,, becomes the external line inductance I, and ¢, becomes the line

capacitance cy. The telegraphers’ equations are then normalized and written as:
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_(‘)U(f,t") _ ! w(E?tﬂ)_i_rd-c- 9

ot — ) (€,80)dt, + (A3)

v, 06 Z, 2, at, Jo
a%.(£,) L
—— Ex ) ) tn Er 1 0 b) tn ]
7401 ({ UphTy ) +E: ¢ )
1 Jw (€ 1) dv (€ ,t,) d } \
s g — "+ g, )= =—+ 9.} - Ad
Zo V7,0 Cea at, + 900 (£ 5 tn) oL, g (A4)
h r I
o [ B(€.8 1) dE
where vy is the velocity of propagation given by:
1
Uph = y (A.5)
quccq

and Z, is the characteristic impedance of the transmission line. The above equations can

be re-written as:

dv (E N tn) _ Vpp W (f’ tu) Td.c.VphTg 0 tn Yy ! !
———ag -_ lgq Zo atn + Zo atn jo‘ p (tn iﬂ) w (E b} tﬂ) dtﬂ +(A‘6)
a%. (£ ,t.) L »
Vph Ty {__'r,,at,, - E; (f ,—--vph_ry ,tn) + k. (£,0 ,tn)} ,
_aw (€ ) dv (£ vtn)

a [rd
vpthaE Zovphccq Bt,, — - TyZovph {gov (E ) tn) - Ceq,a—tn + (A l)

h
go'L Ey (‘f & ,tn) dE’}

These expressions can be simplified by defining the following variables:

flf/
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p = l""Z: . (AN
q = Zovphccq ? (.’\.9)
TdeVphTy
y = T AlD
v, 7. (A.10)
Vg = GodoUppTy - (A1)
The resulting telegrapher’s equations are put in the form:
dv (€, i) w (E: L)
—_—an —t )dt! + A2
o R A IUET AT (A.12)
8% (£, tn) L .
vPhTQ{'W—E: 67;’;}‘__’_9 wla ] + Lr('f ,0,!,.) '
dw(€,t,) v (€, t,) 17 i
-_._az_ - Q'T+V9v(£1tn)_q atn + (A.l-‘}
Ji B (6.8 1) de
Ve 0 ¥ (E v{ atn) E

By using the finite-difference formulas for the voltage v, and the cerrent w, the discretized

telegrapher’s cquations are obtained and represented as follows:

1 |
Y = (Vr 1 — Vk-1041) = ;t (wk_f,,“ — Wy ) + v, [i[’a"’k_i.‘1+l (A.14)

do: (€, tn)

"5 (o — 2p1) Wi L1 + Uph Ty T

—vpth (6 ’ n) + UpthEz ({ ,0,80) '
UphTg

(-1
- Z (pl-m-i—l — Pl-m )wl—:r :u] 1

m=0

i



1

AF (wk+;-,: - wk-;-,l)

1
AL (viger —vkg) + v, - 3 (veg+1 +ued) +  (A.15)
At d h . ,
T'I:qrga_t’:'i'uyjl'/o Ey(f »6 7tn)d6 .

E]

The two above equations are then reduced to the following expressions by re-arranging the
terms on both sides:

1 — l:’*%n. 1, %?.
q q
UL = e ——n. — ——e e w 1 _w~..ll_w-’ A.lﬁ

| — luzlin %‘ 1, ._n?;s
p P -
Wt ey = — 2 2 V= [ 22 (e — teriar) (A.17)
B +1 1 + i_,,rﬁ_;n. ) 1 + %VT.A_;H.

i} L
— D I 4
|:T3At,,, + E:r (E E) vpth atn) + vpthE.r (f aO ’ n)]

1
. (I—_F_;uré_%n:) (Atnvph'rg)

For a cylindrical conductor above a lossy ground, the velocity of propagation of the induced
voltage is given by:

T (A.18)

= - (A.19)
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From the iwo above equations, one can obtain the following relations:

zZ, = - . (A.20)
leg
Zy = UppCeq - (A.21)

It follows from equations (A.8) and (A.9) that p =1 and ¢ = 1. Under this circumstance,

the discretization transmission line equations become:

1-— ug‘lz' .?-‘-‘E
Ukl = (mﬁ% Ut — H_—%-QF : (wk-i-%.! - wk_%,:) + (A.22)
- 1 Avﬂ (‘f ¥ tﬂ)
(1+V9A_;n).(At".Tg-m+”y.Atrl'vc(£1!rl) ]

- (A.23)

'lUL_I l+l

1 -VrpoAt

v At, =1
(1 -U PoAt ) (E Plem+tl — pl—m) Wy -5,m

m=0

vo'rgAt AD. :
) (T_,,At +E ({ E n = Lr(£ 0 t"))

1+ v,.poAt

where p, is the normalized skin-effect resistance at the zero time step, { =0, and p, is the

normalized skin-effect resistance at the first time step, { = 1.
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Appendix B

The finite-difference equations for
the combined linear loads

For a series combination of a resistor R and an inductor L, the voltage cquations are given
by:

v = R, (B.1)
v = L'% . (B.2)

The corresponding finite-difference expressions are represented by:

R

(”m.l+l).- = ? mbid (B.3)
L

('Um,!+l)l = Zngtn ) (wm+i-.l_wrn+s}.l-l) . (Bd)

The total voltage across the load is the sum of the voltage v, and v; and is written as:

R L .
Umtbtt = Zwm+g.:+m(wm+;.z—wm+§.z-1) , (B.5)

_ (B, L _L_
Umlel = Zo " Zorgln Wi it Zotgln Wit 3,01
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By rc-arranging the terms on both sides, the above equation is put as:

1
u’m-l—%,l = (—12—1-;‘" n L) . (L - wm-i-::.-.f-—l + Zo'l'gtn - Um'(+])

The above formula is simplified by defining the following coefficients:

R, + L
K, = gm -
1 Z - ,
s ngtn
K2 = 17 Rrgt,

and the resulting formula is given by:

Ky Wy 10 = Wyt g+ K2 min

From the above formula, the following expressions is written:

Ky wpgiy = Wnpto Kyvpnz , wherel=1 ,
K} gt = KiWngpa + KKovms where [ =2 |
I\’f ) wm+%,3 = I{]zwm*.%‘z + Kng?Jm‘.i ) where [ = 3 )
hi‘ ) wm+i-,¢l = -K?wmq.,}'s + K?-Kzl’m.s N where [ = 4 )
I{{v ' “’m-}-%.N = I{{\T-Itvm+%‘N-l + I{{v-lIfzvm'N+1 N where =N

(B6)

(B.7)

(BS)

(B.9)

By summing up the above expressions, a general formula is obtained and written as:

81



K i NN I\'n-2 ) )
Wl N = (T{-j-) Um,N41 + K2 Z: —I\i—{-v-—vm',, ,where 2< NV <N . (1.10)

n=2

By substitution of the above formula into the discretized telegrapher’s equations, the finite-

difference equation governing the voltage at the load is derived and represented by:

VN — gu VN — 9121{2 gl\.?-—zv (Bll)

Sz
+ - wm..... + e ,
(1 + 9’123-11) TN !

where e, is the equivalent sources due to the external electromagnetic field and the coelfli-

cients gy and g;, represent:

1 — vyt
= —d B.12
g 1+%Vgtn t ( )
dn
Ag
(B3
g2 T+ Loty ( )

The final expression used in the finite-difference algorithm to represent the voltage at the

load is derived from the above equation and given as follows:

1 1
N = [(1 + -;-u_,,tn) (L + Rrytn)’ + ZoLTgth (B.14)
[(1 - %”stﬂ.) (L + Rrgtn) v R i
— (L + Ryl,) (Z,rgt,.)jf (ﬂ#)"..z_m U N
n=2
+ (L+ RTgtn)wm_%'N] +e ,
(B.15)
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where ¢, is due to the external electromagnetic field excitation.
In the case of a parallel combination of a resistor R and a capacitor C, the current in
the load is the sum of the currents in the resistor and the capacitor. The corresponding

finite-difference equation for the current in the load is given by:
Umd - (B.].G)

By substitution of the above expression into the discretized telegrapher’s eqautions, the

finite-difference equation of the voltage at the load is derived and written as:

.Rrgtn
RT,in + guZ, (Tgtn + RC)

zZ,C
[(:711 + g’zr,t,,) Umt + 12Wn-1, t 63]

(B.17)

Um, l+1

where the coefficients g1; and gy, have been defined in equations (B.12) and (B.13), and €3

represents the equivalent sources due to the external time-varying clectromagnetic field.



Appendix C

Computer program for the
finite-difference algorithm
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A R e r e it P e P st 3323323333511

This program is to predict the induced vol tages and currents of
a lossy transmission line excited by an electromagnetic pulse
by taking into account the transient skin—-effect in the line.

nnnnNnnnnnN

( All

PROGRAM TDFD

parameters are in SI units. )}

R i et eIt TRt 2222223333331 113L

PARAMETER (NX=101 ,NT=682,FAC2=5.D-2)
Cevven NX is the total number of space steps between the beginning
C.v...and the end of the line. '
C.....NT is the total number of time steps.
Cevans FAC2 is the total number of space steps between the line
C.....and the ground.

Ceaceesna

Cuosovwn

DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE
DOUBLE

PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION
PRECISION

COMPLEX*16 Z1,ZL
INTEGERx*4 M,N,1,J,11,J3,8TP,VAR,KP,PWR,IH,IK,TK,1J,J1
INTEGER%*4 ME1,ME2,MX1,MX2

|

Cenvnss

OPEN(1,
OPEN(2,

CassssOutput
CIIOOQ

Censnase

V{NX,NT) ,A(NX+1,NT),SR(NT),TOTL{NT)
WHR,WDTH,P.Q,DX,DT
C(5),6(5),PK(4),RL(4),CP,LS

ESUM(4) ,NUM(4) ,EX(8),EFAC({&) (ETKL(3) ,ELKL(4)
Lo,ce,ve,vce,TAOC, TAOG, Z@,RCO,RGO, DE, TYME
RD,GO,LLEN,E®,T1,T2,TT,PI,ZLR,ZLI,ADJ
SIGC,S166,MUE,MUER, MUE®@, MM, SUM1 , SUM2 , SUM3
CAP1,CAP2,L1,L2,Z21R,211,DIST,FAC, TRML

HITE, INHITE,EPSI,PHI ,PHILl,PHI2,PHI3 ,PHI4 ,PHIS
CASE,HN,M®,RT,CT,COEF1,COEF2
DELAYC,DELAY]1,DELAY2,ELKLD®,DEYDX,DEXDY,M1
NUM3, XT,M2,5UMM1 , SUMM2,PR0O, ARB,EPLN,ER,EP

FILE="SKIN.OQUT  ,STATUS="0LD")
FILE="VOLT.OUT' ,STATUS="0LD")
OPEN(3,FILE="CURRENT.OUT',STATUS="0LD")

files

P1=4.D@%DATAN(1.D0)

Cennas

Ceoanwe

85

%

X
X
X
x
b 3
X
X



Cevaas
EPLN=8.8542D-12

ER=1.D0

EP=ERXEPLN

Cevc-..EPLN is the permittivity of the free space.
C.....ER is the dielectric constant.

C.....EP is the permittivity of the propagation medium.
Conease

MUE@=4.D-7xF1

MUER=1.D0@

MUE=MUE@*MUER

C.....MUED® is the permeability of the free space.
C.....MUER is the relative permeability.

C.ve..MUE is the permeability of the propagation medium.

Cesasnse

SIGC=5.8D7

SIGG=1.D-2

€C.....85IGC is the conductivity of the conductor line.
€.....5IG6 is the conductivity of the lossy ground.
Cecnas

Ceneas
RAD=1.D-3

C.....radius of the transmission line

Ceenen

Caveee
= WHR=1.94144514646
c WDTH=1.1694D-3

C..se-dimer.sions of a flat conductor

CeveesWHR is the effective w to h ratio.
Ceea+.WDTH is the effective width of the ribbon.
CII.-'

CIICI.

HITE=10.D-2

C.....HITE is the distance between the line and the ground.
c-...l

CIIIII

LLEN=1.DO

Cersstotal length of the transmission line
C..-.l

CI..I.

c 1.0=1.9685D-7*L0DG(2.DB%PI/WHR)
Cssse.dinductance of a flat conductor above ground
CICIIC

Cl..'-
LO=2.D-7%L0G(2.DO%HITE/RAD)
C.....inductance of a cylindrical conductor above ground

[

c LO=0.1504D-8

C.++..2quivalent inductance of a trarnsmission line

Civee.«This parameter is used for a system of multi-conductors.

Cannne
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CO=ER/(VCGBx*2xL0)

c CO=2.DOxPI¥EPLN/LOG(2.DBxHITE/RAD)
Cuviena capacitance of the tranmsmission line
Crvenn
Cevenn
c CO=2.1605D-11
C.....2equivalent capacitance of the line
C.....This parameter is used for a system of multi-conductors.
Ceovens
Ceveea
RCO=1.D@B/(SIGC*PIXx(RAD¥X2)}
c RC2=4.9451D0
C.....the d.c. resistance of the lussy line
Cuaean
Cevoan
G2=0.21D0*CO
C.....Conductance of the transmission line
Covarns
Ceveana
VCO=1.DO/DSART (MUED*EPLN)
V@=1.D@/DSGRT (MUE¥EP)
c V@=1.DB/DSGRT(LG*CQ)
Cvv++.VCA is the speed of light.
CussesV@ is the velocity of propagation of the induced voltage
C.....0n the lossy transmission line.
Cevens
Coeven
TADC=MUE*SIGC*x (RADXx*2)
TADG=MUE*SIGGXx (HITE**2)
C..+..TAOC is the intrimnsic time constant of the round conductor
C..2:.TAQOG 15 the intrinsic time constant of the lossy ground
Cannsns
Cevnons
VI=TAOG/TAOC
C....-.the ratio of the time constant of the ground
Cess-ssto the time constant of the cylindrical conductor
Coaven
|
c 20=48.3D0
C.....Characteristic impedance of a flat conductor above ground
Caveno
Cavaan
Z0=DSORT(LG/CO)
C....sCharacteristic impedance of a cylindrical conductor above ground
o
Ceovans
ILR=Z0
ILI=0.D0O
ZL=DCMPLX{ZLR,ZL1I)
CaP2=0.D0
LZ2=0.D0O
C....-load at the receiving end of the line

C.eeasZLR is the real part of the locad
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Cea
Cue
Ceoe
Caw

Cen

-

-ZL1 is the imaginary part of the load:
2Ll is @ for matched load:

.ZL1 is +1 for purely inductive load;
«IL1 is -1 for purely capacitive load.
.CAP2 is the capacitance.

.L2 is the inductance.

Z1R=70@

Z11=0.D@

Z1=DEMPLX(Z1R,Z11)

CAP1=03.D0

L1=0.D0O

-load at the beginpning of the line

«Z1R is the real part of the load

-Z1]1 is the imaginary part of the load:
-Z11 is @ for matched load:

+»Z11 is +1 for purely inductive load;
.211I is -1 for purely capacitive load.
.CAP1 is the capacitance.

L1 is the inductance.

CP=95.D~12%WDTH

LS=.48D@0*LO*HITE/2.D@

-P3rameters to represent a right-angled bent flat conductor
.CP is the stray capacitance

LS is the leakage inductance

E®=10.D3
-peak of the applied electric field

T1=1.2D&

T2=1.D9

Tl and T2 are the coefficients in per second
.0f the double exponential form representing
-the applied electric field

RD=10.D@*HITE
.radial distance between the excitation source and
-the beginning of the tramsmission line

ADJ=RD/Vv@
+time taken for the applied field to reach the
-beginning of the transmission line.

CASE=1.D0
-type of polarirzation of the electric field

C.....CASE is 1 for parallel polarization
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Coees
Covow
Ceovw

Caen
Caew
Coee-
Cews

Caan
Coens

Ceane
Caes
Ceoena

Cone
Cewe
Coee
Cewe

Crea
Caoes
Cena

Ceee

Cuwe
|

5

.CASE is 2 for perpendicular polarization

-

EPS'=45.D0xP[/180.D0@

PHI1=45.D@xPI/180.

PHI=PHI}

.direction of the applied electromagnetic field
.EPSI is the anlge of incidence

.PHI is the azimuth angle

PHI1=PHI

PHIZ=PHI]}1-90.D0xP1/186.D0
PHI3=PHI2+90.DG%PI1/186.D0
PHI4=PH13-9@.D0%PI1/180.D@
PHIS=PHI4+90.D@*xFP1/180.00

.Azimuth angle changes in case of a bent line.

HN=@.D0

.to initialize the magnetic flux normal to the plane
.passing through the line and perpendicular to the ground
M=NX-1

MM=DFLOAT (M)

N=NT-1

FAC=1.D0
.FAC is a constant ratio of the time step to the space step

P=1.D@

Q=1.D9

.parameters used to vary the ratio of the
.discretization time step to the space step

DT=LLEN/VD/TADG/MM

.DT is the discretization time step

DE=HITE/VB/TAOG*FAC2

.DE is the space step counting from the line to the ground

DO 5 J=1,N+!
DO 5 I=1,M+1
v(l,J)}=0.D2

CONT INUE

DO 7 J=1,N+1
DO 7 I=1,M-2
A(l,J)=0.D0



7 CONT INUE
| to initialize the voltage and the current

DO 16 J=1i,N+1

SR(J)=0.D0
TOTL(J)=0.D@
14 CONTINUE
Cavoesa to initialize the normalized transient skin-effect resistance

KON=1.D@/(PI1x(HITEXXx2)xSI1EGXRCO)
Ceneeead parameter used in the formulation of
Cecos.the transient skin-effect resistance

Cenane
Ceacens
IF (((N+1)%DT).LT.(1.D~-1)) THEN
Cevnes
Cansanse
o e e e e e e e e e e e e e e
c
c Ealculate the transient skin-effect resistance
c by using ar asymptotic expression
c
C —————————————————————————————————————————————————————

C(1)=(KON+1.D@/DSAQRT(VI))/2.D@/DSART(PI)
C(2)=—(KON-1.D@)/4.DB0
C(3)=(KON/E.DO+3.DB*DSART(VI)/10.D8)*2.D0/DSORT(PI)
C(n)=3.D@%VI/146.D0
C(3)=(-3.DO%KON/32.D@+63.DOXDSERT (VI )/256.D0) %4 .D@
1 /3.D@/DSART(PI)
DO 17 J=2,N+1
ETA=(J-1)%DT
SR(J)=C(1)}/DSERT(ETA)+C(2)+C(3'*DSART(ETA)
1 +C(4)XETA+C{S)XETAXDSART(ETA)
17 CONTINUE
M2=(SR(3)-SR(4))/DT
M1=(SR(2)-8SR(3)}/DT
M@=2.D@xM1-M2
SR{1)=MD*DT+SR(2)
DO 622 J=1,N+1
TYME=DFLOAT (J-1)2DTxTAQG+ADJ
WRITE(1,*%) TYME,SR(J)
622 EONTINUE
ENDIF
Cocnae

|

IF (((N+1)%DT).GE.¢1.D-1)) THEN
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882

883

884

a81
885

Calculate the roots of the bessel function
of the first kind

DO 88 1=1,1000
B=4.D@x]+1.D0O
DO 88F JK=2,18,2
CHEK=(PI%*B)x¥JK
CHK(JK)=1.D@/CHEK
IF (CHEK.GE.1.D3@) THEN
IF (JK.EQ.2) THEN
DO 882 JL=4,10,2
CHK(JL)=0.D0
CONTINUE
ELSEIF (JK.EQ.4) THEN
DO 883 JL=6,10,2
CHK(JL)=0.Do
CONT INUE
ELSEIF (JK.EQ@.4) THEN
Do 884 JL=8,10,2
CHK(JL)=0.D0
CONTINUE
ELSE
CHK(10)=2.D@
ENDIF
GO 7O 885
ENDIF
CONT INUE
™(1)=1.00
TM(2)=6.DBXCHK(2)
TM{3)=6.DOXCHK(4)
TM(4)=4,716D3/5.DO%CHK{SE)
TM(5)=3.9832418D&/35.DOXCHK(B)
TM(6)=8.95167324D8/35.DO*CHK(10)
RT(I)=(TM{1)-TM(2)+TM(3)-TM(4)+TM(5)-TM(&) ) *PI*xB/4.D0
CONT INUE

e — R T T S T G o i . S —— R -

Continue the computations of the
transient skin-effect resistance

el ettt el e L T T e ——
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The transient skin—-effect resistance
of the cylindrical conductor

nnNnnNn

DO B9 1I1=1,1000
NUM3=(RT(IL)**x2)x((J-1)*DT*TADG+ADJI) /TAOG
IF (NUM3.GT.B87.D0) THEN

TOTL(J)=0.D@

ELSE

TOTL(J)=TOTL(J)+DEXP(-NUM3)

ENDIF

a8< CONT INUE

SR(J)=1.DO+TOTL(J)

Caveeonas

c

c The transient skin-effect resistance
c of the lossy ground
c

Cenencas

C..---..

TT=DFLDAT(J-1)
XT=DSGRT(TADG/ (TTXDTXTAOG+ADJ) )
ERFC=1-2.DB/DSART(PI) ¥ { XT-XT**x3/3.DO+XT*%x5/10.D0-XT*x%x7/42.D0
1 +XTx*9/2.16D2-XTX%X11/1.32D3+XTx*13/9.36D3-XT*%15/7.56D4
2 +XT*X17/6.8544D5-XT**19/6.89472D6)
IF (XT.GE.%9.23D@) THEN
XT=9.23
RSUP=1.D37
GO TO 1357
ENDIF
IF (((1.D37)/DEXP(XTx%2)).LE.(DABS(ERFC))) THEN
RSUP=1.D37
GO TO 1357
ENDIF ‘
RSUP=MUEQ/P1/TAOGX*(1.D@/2.D@/DSART(PI)XXT+(DEXP(XTX%2)XERFC
i -1.P@)/4.D0)

Creanvasna

c

c Calculate the total tranmsient
c skin—-effect resistance
(-

Cevensas

Ceonnaee

1357 SR(J)=SR(J)+RSUP/RCO
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435 CONT INUE

M2=(SR(3)~SR(4})/DT

M1=(SR(2)-SR(3))/DT
MO=2.D@xM1-M2
SR(1)=MBXxDT+SR(2)

DO 694 J=1,N+1
TYME=DFLOAT(J-1)*DT*TADG+ADJ]
WRITE(L,%) TYME,SR(J)

&94 CONTINUE
ENDIF
Ceavnon
Crunee
e ————_——————— e
Coeecean
| R
c DO 9%1 J=10,500
C V{(1,J)=5.D@%(1.DB-DEXP(-(J-1)%DT*TAOGXLOG(T.D0)/12.D-9))
c991 CONTINUE
c 1J=1
c DO 992 J=500,10,-1
c JI=J+2%x1Jd-1
c V{1,J1)=5.D0%(1.D@-DEXP(-(J-1)*DT*xTAOGXLOG(9.DA)/10.D-7))

c IJ=1J+1

c392 CONTINUE

C.....a trapezoidali pulse excitation at the beginning of the line
C.aseaswith a rise time of 10 ns, and

Ceaeswith a pulse width of 499 times the time step.

RL{1)=(Z1R*TAOG*DT+L1)/L1
RL(2)=(ZOXxTAOG*DT)/{(L1+Z1R*TAOGXDT)
RL(3)=(ZLR*TAQG*DT+L2) /L2
RL(4)=(ZOXxTAOGXDT)/(L2+ZLR*¥TAGG*DT)

C.ceparameters for a resistor in series with an inductor

c RT=Z0@

c CT=50.D-12

€C..o.sad parallel combination of a resistance RT and a capacitance CT
Casassas

|

G(1)=5.D-1%GCO*xVOXxTADGXZAXDT
PK(2)=6(1)
G(2)=FAC/(1.DO+G(1))
G(l)=(1.D@-G(1))/(1.DO+G(1))
G(3)=5.D-1%RCO*VOXTADG/ Z0*DT

- G(4)=FAC/(1.DO+G(3))
G{4)=FAC/({1.DO+SR{1)%XG(3))
c PK(1)=VOXTAOQGXDT/ (1.D0+G(3))

PK(1)=V@XTAOG*DT/{(1.DO+SR(1}%G(3))
PK(3)=1.D0/(1.DO+PK(2))
PK(4)=2.DO%PK(2)/(1.D0+PK(2))
G(5)=2.D0%G(3)/(1.DA+SR(1)*G(3))

c G(3)=(1.D@0-G(3))/(1.DO+G(3))
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G(3)=(1.DB-(2.D@%xSR(2)-SR(1))1*G(3})/(1.DO+SR(1)%G(3))
Cuavens coefficients of the discretiration telegrapher’ s equations

bo 70 J=1,N

WRITE{%x,%x) J
Coenvona calculations in time steps
Ceccans
Cecovcns

DD 6@ I=1,M+1
CseesascCalculations in space steps
Cavencaan

Casavuna

c IF (I.LE.21) THEN
PHI=PHI1
ENDIF
IF ({I.GT.21).AND.(I.LE.41)) THEN
PHI=PHIZ2
ENDIF
IF ((1.GT.41).AND.(I.LE.&61)) THEN
PHI=PHI3
ENDIF
IF ((1.GT7.61).AND.(I1.LE.B1)) THEN
PHI=PHI4
ENDIF
IF (1.6T.81) THEN
PHI=PHIS
ENDIF
tessee.t0 change the a-imuth angle accordingly
»esssseln the case of a1 bent line

nnanonnoonNnnNnoNnNnpoonNnonNnan

CcALL FIELD(RD,I!,J,PX,DT,DE,TROG,VD,PHI] ,EPSI,CASE,HITE,
¥ ADJ,T1,T2,E0,HN,ELKL@,ETKL,ELKL,Q,FAC2)
ssesesajump and calculate the applied electric field

IF ((1.EQ.21).0R,(1.EQ.41),.0R.(I.EQ.61}.0R.{I1.EQ.B1)) THEN
V(I,J+1)=(1.D@/(1.DO+CP/(DTXTADG)))*(G(1)%xV(I,J)-G(2)

1 X(CP/(DT*TAOG) X (V(I-1,J)-LS/(2.D0%Z0xDT*TAOG))*(A(I-1,J+1)

2 ~A(I-1,3))))}+PK(3)R(ETKL(1)-ETKL(2))+PK(4)*ETKL(3))

c ENDIF

Cesenseesto calculate the voltage at the discontinuity of a bent line

Cecseneses

nnnNnnNnnNnPrn~A

Concaannae

Cesnwsons
[ =3

iF (I1.EQ.{M+1)) THEN
Casswrnss

Ceeosnaas
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Cvsssssslinclude boundary conditions at
Cevsnnsn the receiving end of the line

IF ((DREAL(ZL).GT.0.D@).AND.{DREAL (ZL).NE.ZB).AND.

1 (DIMAG(ZL).EQ.@.D@}) THEN
V(I,J+1)=DREAL(ZL)/(DREAL(ZL)}+G(2)}*xZ@)*(G(1)xV(I,J)

1 +G(2)¥A( I, J)+PK(3) ¥ (ETKL{1}-ETKL(2))+PK(4)*ETKL(3))
ENDIF
purely resistive load or open circuit
Cecaconns
Cesesnnacn
IF (CDABS(ZL).EQ.@.D@) THEN
v(Il,J+1)=0.D0
ENDIF
Crannanns short circuit
Cenannens
IF (ZL.EQ.DCMPLX(ZB,0.D8)) THEN
V(I,J+1)=1.D@/(1.D0B+G(2))*(G(1)xV(I,I)+6(2}*A(I,J)+
1 PK(3)*{ETKL(1)}-ETKL{2))+PK(4)XETKL(3))
ENDIF
Ceeoseas.matched load
Ceusnsna
Creenncns
IF {((DREAL(ZL).EG.@.DB).AND.(DIMAG(ZL).NE.@.D@)) THEN
Cuows=ss-purely reactive load
Cevsnana

IF (DIMAG(ZL).6T.0.D@) THEN
Coenvnncsa purely inductive load
IF (J.LT.3) THEN
V(I,J+1)=L/ (L +G{2)%ZO*xTADGXDT )X {G(2}*%A(I ,J)+ETKL(1)
1 —G(1)IXETKL(2))
GO TO 222
ENDIF
SUM1=0.D0
DO 4@ JJ=3,J
SUM1=SUM1+V{]1,JJ)

40 CONT INUE
V(I,J+1)=L2/ (L2+G(2)%xZ0%DT*TAOG) X (G(1)*xVI(I,J)+G(2)*A(I,J)
1 +ETKL{1)-G{L1)XETKL(2))-G(2)}XZOXDTXTAOG/ (L2+G(2)*20*xTAOG
2 DT ) xSuUM1
ELSE
Cioses=e-.purely capacitive load
V(I,d+1)=(G{1)XTAOGXDT+G(2)*¥ZQ*xCAP2)/ (TAOGXDT+G(2)XxZ@XxCAP2)
1 V(I J)+G(2)*TAQGXDT/({ TAQGXDT+G(2) *xZ0XCAP2)XxA(1,J)+TAOGXDT
2 /{TAOG*DT+G(2)*xZBXCAPZ2) X (ETKL{1)-B(1)*ETKL(2})
ENDIF
ENDIF
Ciannoas

Caavosvann

IF ((DREAL.(ZL).NE.Q.DQ@).AND.(DIMAG(ZL).NE.®.D@)) THEN
Cieea--Combination of linear loads
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Casa

440

Coen
Cowa
Ceoss
Cere
Cuna
Cene

Casa
Caovoe
Caoae

IF (DIMAG(ZL).6T.@.D@) THEN
»rsr.S@ries combination of resistance and inductance
IF (J.LT.2) THEN
VI, J+1)=(B(1)XV(],J)+6B(2)%A(1-1,J}Y+ETKL{1)-6G(1)
1 ¥ETKL(2))/(1.DB+G(2)*%RL(4)Y/RL(3))
GO TO 222
ENDIF
SUMM1i=0,D0
DO 440 JJ=2,J
IF ((RL(3)%%(JJ-2-J)).LE.(1.E~35)) THEN
PRO=@.
ELSE
PRO=RL(3)%x%(JJ-2-J)
ENDIF
SUMM1=SUMMI1+PROXV(I ,.JJ)
CONTINUE
V(I,J+1)=(G(1)*V (1,3 )1+G(2)*A(I-1,))+ETKL(1)=-5(1)
1 XETKL(2)-G(2)XRL(4)%SUMML)/(1.+G(2)*RL(4)/RL(3))
ELSE
+«s.sparallel combination of resistance and capacitance
CDEF1=1.D0/(1.D@+G(2)*ZB*(TADG*DT+RT*CT)/(RT*TAOG#DT))
COEF2=G(1)+G(2)%XZ@XCT/ (TADGXDT)
V(I,J+1)=COEF1%(COEF2%V(I,J)+G(2)%A(1,J))
ENDIF
ENDIF

T S o e e s AL . S e . S S L . o T i o k. 7y T i S o T e e

IF (I.NE.(M+1)) THEN

«-..Calculate the propagation of the
«+sinduced voltages and currents
IF (I.EQ.1) THEN

seeveinclude boundary conditions
««secat the beginning of the line
IF ((DREAL(Z1).GT.2.D@).AND.(DREAL(Z1).NE.2@).AND.
1 (DIMAG(Z21).EQ.®.DB)) THEN
V(I.J+1)=DREAL(21)/(DREAL(21}+G(2)*ZB)*(G(l)*V(I,J)
1 —G(Z)*A(I+1.J)+PK(3)*(ETKL(1)-ETKL(Z))+PK(4)*ETKL(3))
ENDIF

ssrss.purely resistive load or open cirucit
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IF (CDABS(21).EQ.D.DB) THEN
v(iI,J+1)=0.D0

ENDIF
Cecesonncs short circuit
Canevoneaa
Cecasnca .o
IF (Z1.EQ.DCMPLX(Z8,0.D3)) THEN
V(I,J+1)=(G{(L)*V(I,J)-6(2)%A{I+1,J)+PK(3)¥(ETKL(1)-ETKL(2))
1 +PK{4)¥ETKL(3))}/{1.D@+G(2))
ENDIF
Cueaooannee matched load
Cecoconcse
Ceoceanasase
IF {(DREAL(Z1).EQ.D0.DQ).AND.(DIMAG(Z1).NE.P.DB)) THEN
Ceovenee «s+.purely reactive loads
Crsersvnnse
Cevaee ceses

IF (DIMAG(Z1).GT.@8.D0) THEN
Cevnneas «ssspurely inductive load

IF (J.LT.3) THEN

V(I,J+1)=L1/{L1+G(2)%XZB*TAOGXDT)*(-G(2)*A(I+1,J)
1 +ETKL(1) -G(1)XETKL(2))

G0 TO 22

ENDIF

SUM3=0.D0

b0 47 JJ=3,J
SUM3I=SUM3I+V(I1,JJ)

47 CONTINUE
VT, J+1)=(L1x(B(1)xV(I,J)-G(2Y*A(I+1,J)+ETKL(1)-G(1)
1 XETKL(2) )-G(2)*¥Z0kxTADGYDTAXSUM3I )/ (L1+G{2) X Z0XxTADGXDT)
ELSE
Cancena ss+espurely capacitive load

VI, 3+1)={((G(1)*TAOG*DT+G(2) *ZQ*CAP1)%xV(I,J)~-G(2)*TAOG
1 ¥DT*A(I1+1,J)+TAOGXDTX(ETKL(1)-G(1)*ETKL(2)))/(TADGXDT
2 +G(Z2)*%2@%CAP1)
ENDIF
ENDIF

Ceenannnns
IF ((DREAL(ZL).NE.@.D@).AND.{DIMAG(ZL).NE.@.D@)) THEN
CevessssesCOmbination of linear loads

Ceeannnans

Cevessanans

IF (DIMAG(ZL).GT.8.D@) THEN
Cievsesss..50ries combination of resistance and inductance
IF (J.LT.2) THEN
VAL J+1}=(G(1)*V(I,J)-G(2)XA(I+1,I)+ETKL(1)-G(1)
1 XETKL(2))/(L.DB+G(2)%RL(2)/RL (1))
GO 70 222
ENDIF
SuMM2=0.D0
DO 488 JJ=2,J
IF ((RL(1)%%(JJ~-2-J)).LE.(1.E~35)) THEN
PRO=0@.D@
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ELSE
PRO=RL(1}*x(JJ-2-3)

ENDIF
SUMMZ2=SUMM2+PRO*V (1 ,JJ)
488 CONT INUE
VII,3+1)=(G(1)*¥V(I,J}-G(2)%A(I+1,J)~G(2)%RL {2} Xx5UMM?2
1 +ETKL(1)-G(1)*ETKL(2))/(1.DB+G(2)%xRL(2)/RL(1))
ENDIF
ENDIF
ELSE
VII,Jd+1)=G(1)*V(1,J)-G(2)*(A(1+1,J)-A(1,J))+PK(3}*(ETKL(1)
1 —~ETKL(2))+PK(4)*ETKL(3)
ENDIF
ENDIF
Cecasune
Cavnvense
Sum2=0.D0 '

DO 550 STP=1,J
SUMZ=SUM2+(SR(J-(STP-1)+1)~SR(J-(STP-1)) ) *A(1,STP)
S50 CONTINUE
222 IF (I1.EQ.1) GO 7O &8
AT J+1)=6G(3)¥A(1,J)-G(4) X (V(I,J+1)-V(I-1,J+1))+G(5S)*SUMZ
1 -—-PK(1)x{HN-ELKLO)
A(I-1,d)=A(1,Jd+1)
CsasessaCalculate the induced current
Coennnna

Caneenrva

&8 CONTINUE

70 CONTINUE

Cenane

Ceanee

e e e e
c

c write output files

c

C —————————————————————————————————————

DO 1900 J=1,N+1

TYME=DFLOAT (J-1)*DTXxTAODG+ADJ
WRITE(2,80) TYME,V(1,J),V(NX,J)
WRITE(3,B@) TYME,A(1,J)/Z@,A(NX,J)/Z0

80 FORMAT (3(2%X,D17.7))
100@ CONTINUE
P29 STOP
END
Ceceass
Cevene
Cm——— e e e e e e e e e e e e e e e e e e e e e e e e e
c
c subroutine to calculate the applied electric field
c
o e e e e e e e e e e e e e e e e e e e e e e e e e

SUBROUT INE FIELD(RD,!,J,DX,DT,DE, TADG,VOQ,PHI ,EPSI ,CASE,HITE,
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1 ADJ . T1,T2,E@,HN,ELKL®,ETKL ,ELKL,Q,FAC2)
DOUBLE PRECISION RD,DX,DT,DE,TAOG,V®,PHI,EPSI,CASE,HITE,FAC2,
DOUBLE PRECISION T1,T2,E@,HN,ELKL®,DELAYC,ESUM(4),DELAYL,DELAY2
DOUBLE PRECISION NUM(4),EX(8),ETKL{3),ELKL(4),EFAC(&),DEYDX
DOUBLE PRECISION DEXDY,ADJ,O
INTEGERX4 KK ,KP
DELAYC=RD+(1-1)%DT*TAOGXVB*DSIN(PHI ) xDCOS(EPSI )

ESUM(1)=08.D@

ESUM(2)=0.D0
ESUM(3)=0.D0
ESUM(4)=8.D0
DO 117 KK=1,DINT(1.D@/FAC2)

INHITE=DFLOAT (KK—1) XDE V@ * TAOG
CALL XPO(NUM,EX,DELAY1,DELAY2,DELAYC, INHITE,PHI,V®,J,

1 DT, TADG,ADJ,T1,T2)
Ciassne
Cenence
c - e e tam
c
c In the case of non—-uniform field excitation
c
c
c ME1=DINT(27.5D@/LLENXMM)
c ME2=DINT(42.5D@/LLENXMM)
c IF (((I1.GE.ME1}.AND.(I.LE.ME2)).AND.(KK.LE.17)) THEN
c DO 1903 IH=1,8
c EX(IH)=1.D-1xEX(IH)
cl19a3 CONT INUE
c ENDIF
c
c ———————————————————————————————————————————————————
Crvnmsn
Ceuvneas

If (CASE.EG.1.D@) THEN
EFAC(L)=EDQ*(EX(1)-EX(2)+EX(3)-EX(4))
EFAC(2)=E@*(EX(S)-EX(6)+EX{7)-EX(B))
ESUM(L)=ESUM{1)+DSIN(EPSI)XEFAC(1)*DE
ESUM(2)=ESUM(2)+DSIN(EPS! ) XEFAC(2)*DE
EFAC(3)=(EX(S)XTL1-EX(6)%T2)xDSIN(PHI ) *xDCOS(EPSI)/V@
EFAC{4)=(EX(7)XT1-EX(8)%xT2)*DSIN(PHI )XDCOS(EPSI)/V@
DEYDX=EQXDSIN(EPSI)*(EFAC(3)+EFAC(4))
ELSE
DEYDX=0.D0
ENDIF
EFAC(S)=(-EX(S)*T1+EX(&)%*T2)*DCOS(PHI ) /V0O
EFAC(6)=(EX(7)%T1-EX(B)XT2)*DCOS(PHI)/VD
IF (CASE.EG.1.D0) THEN
DEXDY=DCOS(PHI ) *DCOS(EPSI )X (EFAC(5)-EFAC(&6))
ELSE
DEXDY=DSIN(PHI)*(EFAC(S)~EFAC(&))
ENDIF
ESUM(3)=ESUM(3)+(DEYDX-DEXDY ) *DE
117 CONTINUE
IF {(CASE.EQ.1.D@) THEN
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1

c
c 5
c d
c

ETKL(1)=V@xTAOGXESUM(1)
ETKL(2)=V@xTADGXESUM(2)
ETKL(3)=5.D-1%(ETKL(1)=-ETKL(2))
ELSE
ETKL(1)=0.D0
ETKL(2)=0.D@
ETKL(3)=0.D0
ENDIF
HN=-V@*TAOG*ESUM(3)
IF {CASE.EQ.2.D@) THEN
INHITE=HITE
cCALL XPO(NUM,EX,DELAY1,DELAY2,DELAYC, INHITE,PHI ,V@,J,
BT, TAOG,ADJ,T1,T2)
ENDIF
EFAC(1)=E@X (EX(1)-EX(2)-EX(3)+EX(4))
EFAC(2)=EQX (EX(S)-EX({&6)-EX(7)+EX(B))
IF {(CAS5E.EQ.1.D@) THEN
ELKLO@=5.D-1*DCOS(PHI )XDCOS(EPSI )X (EFAC(1)+EFAC(2))
ELSE
ELKLO=5.D-1%DSIN(PHI )X (EFAC(1)+EFAC(2))
ENDIF
RETURN
END

ubroutine to evaluate the
ouble exponential function

SUBROUTINE XPO(NUM,EX,DELAY1,DELAY2,DELAYC, INHITE,PHI,V@,J,
DT,TADG,ADJ,T1,T2)
DOUBLE PRECISION DELAY1,DELAY2,DELAYC,INHITE,PHI,Vd,DT,TADG
DOUBLE PRECISION NUM(4),EX(8),ADJ,T1,72
INTEGER*4 J,KP
DELAY1=(DELAYC~INHITEXDCOS(PHI))/V0
DELAY2=(DELAYC+INHITEXDCOS(PHI))/V0D
NUM(1)=({J*DT*TADG+ADJ )} -DELAY1
NUM(2)=(JxDT*TAOG+ADJ )~-DELAY?2
NUM({3)=((J~1)*DT*TADG+ADJ ) -DELAY1
NUM(4)=((J—-1)*DT*TAOG+ADJ }-DELAY2
DO 383 KP=1,4
IF (NUM(KP).GE.®.D@) THEN
IF ((TL1XNUM(KP)).LT.B7.D@) THEN
EX(2%KP-1)=DEXP(-T1XNUM{KP))
NDIF
(F ((T2*NUM(KP)).LT.87.D@) THEN
EX(2%KP)=DEXP (-T2%NUM(KP))
ENDIF
ELSE
EX(2%XKP-11=0.D0
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EX(2xKP)}=0.D0
ENDIF
383 CONTINUE
RETURN
END
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c ]
€ This program generates the equivalent inductance and ¥
€ capacitance of a transmission line above ground and ¥
€ parallely-coupled to the other conductor lines. ¥
= X
CRERTKERR KKK KKK KRR K KRR KRR AR KR AR KR KRR KRR KRR AR KRR RN KRR KA XK KRR K

Conaan

Cevnns
program EQLC

Ceonees

Cereee
parameter(n=3)

C.ewean is the total number of conductors

Cevave

Coenne
double precision u,f(n),.,ds(n),d{(n),a{n,n),pi
double precision ind(n,n),cap(n,n),b(n,n)
double precision facl,fac2,sum,eq,l1?,cd
integer t,t1,t2,1lnum

C.vesodnd(n,n) is the inductance matrix

Cenevetapi(n,n) is the capacitance matrix

Ceveaall 1is the equivalent inductance of the line

Csvs..C@ is the equivalent capacitance of the line
Cevann

Conaun
apen(l,file="rqlc.out’ ,status='old’)
open(2,file="eqlc.input’' ;status="old’)
C.....2qlc.input is the input file that consists the
C.....inductance and capacitance matrices;
Csee.-2qlc.out is the output file
Cennne
pi=4.d@xdatan(l1.d®)
Caneae
Crevvas
do 2 i=1i,n
read(2,%) (ind(i,j},Ji=1l,n)
2 continue
do 4 i=1,n
read(2,¥%) (cap(i,j),i=l,n)
4 continue
Cecanns
Cevnese
do 10 i=1,n
do 20 j=1.,n
u=-2.d@*xdcos(j*pi/dfloati{n+1))
Ceeenseesad is the variable of the characteristic polynomial f(u)
do 40 l=1,n
f{1)=1.d0@
T{2)=u
if (l.gt.2.) then
F(l)=uxf(l-1)-t{1-2)
endif
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40 continue
ds(3j)=0.d@
Choveuvesnads(j) is the normalization factor
do 3@ k=1i,n
ds(j)=ds{i)+(f(k))xx2
39 continue
d(j)=dsqgrtids(i))
a(i,j)=f(i)sd(i)
Covuevewes-ali.i) is the eigenvalue of the transformation matrix [M]
write{l,188) i,j,afi,])

100 format(i4,i4,110.4)
20 continue
10 continue

Cevnne

Coaven

do &0 t=1,2
if {t.eq.1i) then
do 78 tl=1l.,n
do 70 t2=1,n
biti,t2)=ind(tl1,t2)
7@ cantinue
else
do 80 ti=1,n
do BO@ tZ=1,n
b(tl,t2)=cap{tli,t2)
8@ continue
endif
C..-....assign b(i,j)} as the matrix of inductance or capacitance

(=

Coennunce

do 999 lnum=1,n
facl=a(l,lnum)*(a(l,lnum)*bi{i,1)+a(2,1lnum)xb(1,2))
faczZ=a(n, lnum)x(a{n-1,lnum)kb(n-1,n)+a(n,lnum)

1 ¥b({n,n))
sum=0.d0
if (n.eq.2) then
sum=0,d0
else

do 5@ i=2,n-1
sum=sum+a(i,lnum)*(a{i-1,lnum)xb(i-1l,i)+a{i,lnum)xb(i,i)
1 +a(i+i,lnum)kb(i+1,1i))

50 continue

andif

en=facl+fac22+sum
Ceavenssae BQ° 1is the calculated equivalent inductance or capacitance
Ceenannsaa

Crvesssosasse

if (t.eq.l1l) then

10=eq
write(1,300) lnum,l@
Ia2 format(ix, ' line # ,i1l," 1.0 =',el0.4)
else
c@=eq

write(l1,490) lnum,cO
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400 format(lx, line # ,il,° C@ = ,el@.4)
endif
CrrvensnassOutput data

Cevenncenee

FI9? continue
60 cantinue
stop
end
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