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ABSTRACT

HThe ﬁropagatiqn of the switching surge wave'front'én multiphase
power lines wés investigated by modal gnalysis_and conventional Fourier
iTransformation;. A 500 kv untranspoéed, thfee—phase transmission line;'fof.
-which'field_test'results Were-availablé, waé chosen as a test case.

Phase A of this tesﬁ line was eicifed from a double exponential
"voltage soﬁrce aﬁd the voltagé response ét the receiving end was calculated
and measﬁred in all three phases. The calculated voltage arrival time mat-
ched closely the measured value, and was very close to the time taken by
electromagnetic waves iIn air at a sfeed of 0.3 km/ﬁs. The calculated vol-

tage response curves also came close to the measured results (errors within

8%) .
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INTRODUCTION

The attenuation and distbrtion'of wave fronts on single circuit
multiphase transission lines or underground cables was investigated. The
purpose of this work was useful for surge insulation goordina?ion study. The
solution methods were applied to the specific case of a 500 kV untransposed
overhead line, for which test results were available%’z* This line is part
of the 500 kV Azumi Trank transmission link of the Tokyo Electric Power
System .in Japan. In the field tests, the sending end of the line was ener-

-ogt <02t
gized with a double exponential surge wave of the form v(t)=k(e *1t 792 ),

i

as a representation of éurge phenoménom on a line eg. lightning surge,
from an impulse generator3 through a series resistance of 415Q. In the
computer simulation, this double exponential input wave as well as other
forms of_input voltages, such as single exponential decay wave, triangular
waves, step wave and delta wave were also studied.

The way in which computer programmes were used for the analysis
in this Fhesis.is illustrated in Fig. 1. The Line Constants Program kLCP)
was first used to give the distributed line parameters from the tower geo-
metry and conductor characteristics as a function of frequency. Then, the
Transfer Function Program. (TFP) was used to obtain the output voltage at
the receiving end (83.212 km from sending end) for all frequency points.
After the transfer functions at discretg frequency points were obtained,
’the Fourier Transform Program (FTP)was used>to find the voltage at the
receiving end as a function of time for any form of input voltage.

In the Fourier Transform Program , linear interpolation between

* The superscripts denote reference numbers in the bibliography.



successive data points were used in the time domain as well as in the fre-
quency domain. For the 500 kV line used as an examplé, a density of 20
points ﬁér decade on the frequency scale gave sufficiently accurate results.
The computation of the voltage response in three phases at the
receiving end with any one of the phases eneréized,at the sending end would
take about 80 s. CPU time on the UBC IBM 370/168 computer system at a cost
of approximately GC$30. TFor a more general case of three input voltages on
" all three phases,_only a slight modification in the Transfer Function Pro-

gram ¢« would be required to obtain the results.

Tower geometry and
conductor characteristics

l;ine Constants Program 1

A
Series impedance matrix as

a function of frequency,
constant shunt capacitance matrix.

IIransfer Function Program

Transfer function at
discrete frequencies

VOutput voltages in time|
domain for all 3 phases

Fig. 1. Overall scheme of program . " used.



CHAPTER 1
COMPUTATION OF LINE CONSTANTS

1., Introduction:

The program which was used for the calculation of line parameters
is a modified version of thé Line Constants Program ° written by H. W.
Dommel?’s. It calculates the frequency-dependent series impedance matrix and
the constant shunt capacitance matriﬁ for overhead lines from the given tower
geometry and conductor characteristics at specified frequency points. For
the analysis of underground cables, this program would have to be replaced
by a cable constants program.. The value of the impedance and capacitance
matrices is needed for the Transfer Function Program. to obtain the transfer
functions at the specified fr;quency points.
2. Transmission Line Datal

The transmission line used as an example for this simulation study
is part of the 500 kV Azumi-Trank transmission link of the Tokyo Electric
Power System in Japanl’z.‘ This is a three-phase untransposed line with two
ground wires. Each phase is a bundle conductor with four steel-reinforced
aluminum cables (see Fig. 2). The tower geometry and conductor characteris-
tics are listed in Table 1. The conductor characteristics were taken from
the German standard DIN 48204 because they were not defined in enough de-

tail in the description of the field tests4’5.
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ground wires and phase conductors

Fig. 2 Transmission line geometry



TABLE I

TRANSMISSION LINE DATA

General data
Length of transmission line = 83,212 km

Average height above ground of

‘E?ree phase conductors (flat configuration) = 25 m

Hoeo
Average height above ground of
ground wires i = 35 m
Earth resistivity (presumébly farmland) = 200 Q.m
Resistivity of aluminum = 3.21 x 10—89.m
Relative permeability of aluminum (ﬁr) = 1.0
Permeability of aluminum (uour) | = 47 x 10_8H/m

Details for ground wire

Type: Steel-reinforced aluminum cable, as shown in Fig. 2&.
Total no. of aluminum strands =.26

S No. of aluminum strands in outer layer of

conductor = 16
Steel core diameter = 5.85 mm
Outside diameter of conductor A = 15.7 mm
D.C. resistance at 20°C = 0.262 Q/km

Details of phase conductor

Type: Steel-reinforced aluminum cable as shown in Fig. 2é&, with
conductors in each phase as shown in Fig. 2b
Total no. of aluminum strands | = 26
No. of aluminum‘strands in outer layer
of conductor = 16
Steel core diameter = 8.1 mm
Outside &iameter 6f conductor = 21.7 mm )

D.C. resistance at 20°C 0.136 Q/km

/



3. Line Parameter Calculation

s

(i) Series impedance matrix - Carson's formula is used for

calculating the impedances of the conductor earth return loops. Earth con-

ductivity is assumed to be uniform and the earth plane is assumed to be

flat and parallel to the conductors. Also, spacings between conductors are

assumed to be large compared with conductor radii, that is, proximity effects

are ignored. The elements of the impedance matrix [Zij] are given as

and

where

-4 i
=. . 5 1
Ziik (Rii + ARii) + j(2wl0 "1n GMRi + AXii)Q/km
i=1, ...N (1-1)
215 = %31 .
_4 Si'
= AR,, + 32010 © In ==L + AX_.)0/km
ij 8 s ij :
J
i=1, ...N;i=1, ...N; 1 f I (1-2)
Rii = resistance of ith conductor in Q/km (see section 4.
on skin effect) ;
hi =. average height above ground of ith conductor in m, _
Sij = distance between ith conductor and ground image of
.th’ . .
i conductor in m (see Fig. 3),
'Sij = distance between ith and jth conductors in m
(see Fig. 3),
GMRi = geometric mean radius of ith conductor in m,
w = angular frequency,
AR = correction terms in resistance for earth return effect,
AX = correction terms in resistance for earth return effect.

Carson's correction terms AR and AX are functions of the angle
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J

...........

P T FIT I T T IVF 7T 7 T270, 777777

! ground image

of conductor j

Fig. 3 Line parameter calculation

ground plane



¢ij (see Fig. 3) and of the parameter

ks ji
p

a=
where k = 4m/5 k 10_4
thi for self impedance
S =‘§ij for mutual impedance
p = earth resistivity in Q.m
f = frequency in Hz

For numerical calculations, Carson's integral for AR and AX has been deve-

loped into an infinite series4, which is used for a < -5,

il

b,a cos ¢ + b2[(c2 - 1na)a2 cos 2¢ + ¢az sin 2¢]

AR' = 4w10_4{%

1
+ b333 cos 3¢ - d4a4 cos 4¢
- b5a5 cos 5¢ + b6[(c6 - 1na)a6'cos 64 +‘®é6sin 641
+ b7a7 cos 7¢ - d8a8 cos 8¢
- e e« . 1} (1-3a)
AX' = 4w10—4{%-(0.6159315 - 1na) + bla cos ¢ - d2a2 cos 2¢
+ b3a3 cos 3¢ - b4[(c4 - lna)a4 cos 4¢ + ¢a4 sin 44]
+ b5a5 cos 5¢ - d6a6 cos 6¢ + b7a7 cos 7¢
- b8[(c8 - lna)a8 cos 8¢ + ¢ a8 sin 8 ¢]
Foe e} (1-3b)
where - bi’ ci and di are constants given be R
b1 ='{% for odd:sqbscripts i
B -1 for even subscripts i °
2 16
by = by, Teinays |, W2
wen sin = 03 123808005 e



and c, = 1.3659315
1 01 i
gy ¥ty 12
=T
and di % bi

Note that from eqtns (1-3a) and (1-3b), each 4 terms in 1 = 1,4 form a
repetitive group in the infinite series.
For a > 5, the approximation formulae given by Butterworth7’2 is

used, instead of the infinite series

. | »
AX = (cosgﬁr_ cos 3¢ + 3 cos 5¢ + 45 cos ZQ) 4,10 (1-4a)

a 3 3 7 J7 :

a a . a B 2
_,cos & V2 cos 2¢ , cos 3¢ , 3 cos 5¢ . 45 cos 7¢ 4(;)10_4

AR = ( - + + )

a 2 3 5 o7 JT

a a a , a 2
‘ (1-4b)

Note that the infinite series for R and X derived from Carson's integrals
will only converge after about 10 or more terms if a > 3. The first few
terms are highly oscillating in that case.
‘(ii)‘~ Shunt capacitance matrix [C] - The capacitance matrix [C]is
the inverse of the potential coefficient matrix [P].
[cl = 217" -

The matrix element of [P] can easily be obtained from the tower

geometry,
2 -4 2hi .
P,, = 2¢°" x 10  1n — km/F (1-5)
ii T,
iv i
2 -4 Sig
and P = 2¢ x 10 " 1n - km/F (1-6)
113, ij
where r, = radius of conductor in m
¢ = velocity of light in km/s

Eqtns (1-5) and (1-6) are valid as long as ri(0.02 m in the

example) is much smaller than spacings between conductors (14 m in the
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~

example). Note that fhe elements of the shunt capacitance matrix are only
dependent on the tower geometry and are not dependent on frequency. This
is an approximation which is valid for frequencies up to approiimately 1 MHz,
where earth correction terms for capacitances are not yet importants.
4. Calculations of Skin Effect 4n Conductors

The skin effect in the earth return is accounted for by Carson's
formula. While the earth return skin effect has a major influence on line
parameters, skin effect in the conductorsﬂmust also be considered at higher
frequencies. As frequency increases; the current flows more and more on
the surface of the conductor. This can be described by the nominal depth

)

of penetration of current (8) as given by9

.l':,_‘__.
oo P
mfu
where P~ resistivity of conductor material in Q.m
‘u = absolute magnetic permeability in H/m
f = frequency in Hz

Since the current in confined to the surface of the conductor at high fre-
quencies, the conductor resistance increases and the internal inductance
decreases with frequency (see Fig. 4). In eqtn (1-1), the self inductance

matrix element .
2h,

: -4 i v
Ly; = 2 x 10 " 1In MR, H/km (1-8)
is the resultant of the internal and external inductance, i.e.
L =2x10 " In it +2x10% 10 My H/ka
ii GMR ry (1-9)

The first and second term in eqtn (1-9) is due to the flux inside and out-
side the conductor, respectively. Note that the first term (internal in-
ductance) is small compared to the second term for high voltage overhead

lines at low frequencies and vanishes completely at high frequencies.
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Skin effect on resistance and internal inductance of each
bundled conductor by Galloway's formula =2nd tubular conductor
formula

Resistance R(/km)
Internal reactance Xl(Q/km)
Inductance L (H)

6

5 Resistance and internal reactance
by Galloway's formula '

4

Expected
field measurement

Resistance of
3 tubular conductor

Internal reactance of
tubular conductor

Internal inductance by
Galloway's formula

~

10 10° 10° 10" 10°

Frequency (Hz)

Fig.4
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Thus, the skin effect on the total inductance is normally negligibie over
the entire frequency range. However, the skin effect on resistance is quite
pronounced. . .

The skin effect on the conductor resistance and internal reactance
was calculated in two ways. With the first method, the conductor was treated
as a solid tubular aluminum conductor of the same cross-sectional area as the

actual conductor. The steel core was completely ignored. This was recom=

mended as a reasonable approximation. The formula for the internal impedance

of a tubular conductor of nonmagnetic material islo’4,
Zinternal = Rco'nductor + JwLinternal
Rdc Rdc
/
= o1 r(l_SZ\(ber(mr)+jbei(mr))+¢(ker(mr)+1kei(mr))
Jifm_' “(ber' (mr)+jbet’ (mr))+¢ (ker' (mr)+jkei' (mr))
(1-10)
/ _ ber'(mg)+ijbei' (mq)
where ¢ = ker' (mq)+jkei' (mq)
RdC = d.c.resistance of conductor in Q/km
r = outside radius-qflconduct@ruin\m
q = outside radius of steel core in m
s =4
T
k 1/2
(mr) = (—) /
l_sf
2
k 1/2
mq) = &=t/
1-s
8r10 ¢
and . k =
R
dc

The expressions ber (...) + j bei(...), ber'(...) +] beik...), ker (...)+]
kei(...) and ker'(...) + j kei'(...) are modified Bessel functions, which

can be evaluated by polynomial approximationll’4. An empirical formula
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for conductor resistance and conductor internal reactance was developed

12 ] . \ .
by Galloway =, which is based on measurements in the electrolytic tank. In
this approach, current is assumed to be confined to the outer layer strands
(16 strands in outer layer in the example) . Internal resistance (RC) and

internal reactance (XL) are then equal. With this formula, we obtain

K »’wupc
R = XL = Q/km (1-11)
¢ Y2 r © (2+n)
where w = angular frequency
u = permeability of conductor material (H/m)
P = resistivity of conductor matérial (Q-m)
r = outer radius of conductor in (m)
n = no. of strands in outer layer (see Fig. 2c)

K = 2.25, factor due to stranding

Reéﬁlts for the internal impedance calculated with the above two approaches
are shown in Fig. 4. At lower frequencies, where skin effect is not yet
prominent, the results for tubular conductors are fairly accuratea. After
a cross-over point around 130 Hz, the results from Galloway's formula are
probably more reliable since that formula takes the skin effect in the in-
dividual strands of the outer layer into account. The dotted line in Fig. 4
thus indicates the predicted field measurement values. It should be noticed
that line parameters of overhead lines are seldom measured as the computed
results are usually sufficiently accurate.
5 Qutput from Line Constants Program"

For the transmission line of Fig. 2, there are 14 conductors, i.e.
4 conductors per bundle in each of the three phases and 2 ground wires above.

Thus, initially we have a 14 x 14 seriés impedance and a 14 x 14 shunt
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capacitance matrix

v, Pyyg Py, - Py, Q
' 3 ]
2 Fa,1 Fa2 oo Byqy
= ) . (1-12)
| Yaa] |Pas,n Pua2 vt 0 Pus,ue] |
| 14x14
B I [ . 9 B ]
and dVl/dx Zl;l Zl,Z — 21,14 I1
av./d o S : 1
o/ dx Zy1  Iggoc - o 2y 14 9
- ) ) (1-13)
{ R
B T I SV R VPR PO A [ T

These 14 x 14 matrices can be reduced to the desired 3x3 matrices by con-
sidering the bundling condition in the 3 phase bundle conductors, and the
zero voltage condition in both ground wires. If we denoté conductors in
phase A as 1,2,3,4; phase B as 5,6,7,8; phase C as 9,10,11,12 and both
groupd wires as 13,14, then for gréund wires 13 and 14, we have

- dV13 - o
dx

V14

dx

(1-14)

It
o

and V13 =0

Vig=0

(1-16)

and for bundling in phase A, we have
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. dV1 _ dV2 _ dV3 _ dV4 _ dVA
dx dx dx dx dx
(1-16)
I1 + 12 + I3 + 14 = IA
Vl = V2 = V3 = V4 = VA
(1-17)

Q, +Q, + Qy +0Q, =0,

With eqtns (1-15) and (1-17), eqtn (1-12) can be reduced to 3 equations with

the desired 3x3 potential matrix [P]ls,

Va Paa Fam o Bac A |
Vgl T |Pma Tms - Pae p (1-18)
Ve Paa Pz Poc %

. 3x3

The 3x3 shunt capacitance matrix [C] is then obtained by simple matrix in-

version [C] Similarly, eqtns (1-14) and (1-16) can be used to

-1
3x3 = Plags:
reduce eqtn (1-13) to 3 equations with the desired 3x3 series impedance -

matrix [Z].

dVA/dx zAA zAB zAC IA
- lavglax | = |Zp,  Zpy  Zy, I, (1-19)
dv/dx Zea %8 %cc e
3x3

Thus, with Carson's formula and with one of the two skin effect formulae
for conductors, followed by matrix reduction for bundling and grouﬁd wires,
we obtain the 3x3 series impedance and 3x3 shunt capacitance matrices for
the three phases.

The 3%3 shunt capacitance matrix obtained from the tower geometry

of the test example is shown in Table 2. the elements of the 3x3 symmetric

)
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series.impedahce matrix are shown as a function of frequency in Figs.’S
and 6. Note that the differences between both skin effect formulae hardly

show up at high frequencies on a logarithmic scale.

TABLE 2.

Capacitance Matrix of Three Phase Test Line

0.06889 ~0.01183 -0.00347
[C] =| -0.01183  0.07080 -0.01183 | uF/km

-0.00347 = -0.01183 © 0.06889
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Elements of the resistance matrix of the test line,
with Galloway's formula and the formula for tubular
conductor, for skin effect

Resistgnce (2/km)
107 ¢ -

102 -
10
1
1071
: tubular conductor
.............. Galloway's formula
1072
RBAzRBCZRAC:Rm
. Baa™pp™Rec™s
= 7 G 5
10 10 103 10 10
Frequency (Hz)

Fig.s
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Elements of the reactance matrix of the test line,
with Galloway's formula and the formula for tubular
conductor, for skin effect

Reactance oL (£/km)

10°
102 Xaa 83 cc
. \
Xpa*pe

10

1

-1
10 tubular conductor
o= Galloway's formula

1072

10 : lO2 103 104 105

Frequency (Hz)
Fig.6
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6. Positive and Zero Sequence Parameters
There are 3 modes of TEM propagation on the 3 phase test line.
Each mode is decoupled from the other and has its own individual characteri-
sticsimpedance and propagation constant (see later eqtn (2-8)). If the test
line was- transposed, which it is not, then two of the 3 modes would be
characterized by positive sequence parameters while the third one would be
characterized by zero sequence parameters. Thus, by idealizing the given
untransposed line to a transposed one, we can look at the positive and zero
sequence parameters, which will give us some insight into the overall effect
of both approaches for conductor skin effect calculation (tubular conductor
formula and Galloway's formula).
For the transposed line, the formulae relating position and zero
sequence impedances (Z and Z ) to the series impedance matrix elements
pos Zero
. 14
. are given by
Z =Z -2 (1-20)
pos s m _
=7 + 2Z (1-21)
zero s m
where ZS and Zm are the self and mutual impedances, which in turn are the
averages of the diagonal and off-diagonal elements respectively,
YA

s

Z
m

1/3(ZAA + Z ) | (1-22)

BB + ZCC

1/3(zAB + zBC + zCA) (1-23)

where zij is an element of [Z]3x3

The impedances'zi in eqtns (1-16) and (1-17) are the series im-

J
pedances matrix elements shown in Figs. 5 and6é. The positive and zero se-

‘quence resistances are shown in Fig. 7. 1In Fig. 7, the resistance of the

bundle conductor obtained with the tubular conductor formula and Galloway's
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Change in sequence resistance due to change in

g conductor bundle resistance
Resistance (/km) ¢

70
Zero
sequence resistance
Zero
60
50
Z =7 -
pos s m
= + Z / positive .
Zero s . '
f sequence resistances
R +
pos
40
S, - Galloway
tubular
conductor
30
20
conductor bundle
resistance
Ryundie
10
...... hé - PP R D"
10 10° 10

Fig. 7
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formula are also shown for comparison. At higher frequencies, the conductor.
resistance from Galloway's formula is about twice as high )(sée also Fig{ 4)
as the value from_the tubular conductor formula. The increase in conductor
resistance (ARC) shows up with the same value as an increase in positive se-
quence resistanceu(ARpos). However, the differences in conductor resistaﬁce
between the two formulae do not show up with exactly the same value in the
zero sequence resistance. The difference in zero sequence resistance (ARzero)
is slightly higher (e.g. 9% higher at 50 KHz) due to the additional effect
of the 2 eliminated ground wires. Also note that the zero sequence resis-
tance is much higher than the positive sequence resistance. At 50 KHz, the
increase in the positive sequence resistance caused by the difference in
skin effect formulae is about 17% whereas the increase in the zero sequence

s

resistance is only about 1%.
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EHAPTER II
COMPUTATION OF TRANSFER FUNCTION FOR FREQUENCY RESPONSE OF TEST LINE
1. Introduction
. After knowing the series impedance matrix [Zij]3x3 and the shunt
admittance matrix with zero conductance
[¥; 51355 = J0IC; 51543

of the 3-phase test line, the transfer function between the input on one
phase at the sending end and the output on any one of the thrée phases at
the receiving end can be found. For the chosen test example, one phase,
designated A, is energised (see Fig. 8).

The output voltage in the 3-phase at the receiving end of the
83.212 km long test line was to be found for a period of time during which
the waves reflected at the receiving end have not yet returned back from
the sending end. That is, the period of investigation time t is

T <t<3rT
where T is the travel time of/the mode with highest wave velocity.-

The Transfer Function Program ~ which performs the necessary
calculations is an expanded version of a program written by K.K. Tse16
for a term project in EE 553 on the frequgncy response of B.C. Hydro's
Miga Dam transmission line (see Appendix 1 for program listings).

2, Outline of the theory used in the Transfer Function Program -

i

Propagation of waves on multiphase line with constant parameters

is described by the well-known general transmission line equation17’18.

-12Y- (1) B3+ IR] [4] \ (2.1)

“roi AV,
- 55)= 1] [gg) + 6] Iv] (2.2)
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[v] is the 3x1 column matrix of phase voltages
[i] is the 3#1 column matrik of phase currents
[L] is the 323 inductance matriﬁ
[R] is the 3x3 resistance matrix
[C] is the 3x3 capacitance matrix

[G] is the 3x3 conductance matrix

(N.B For overhead transmission lines, [G] is very small and is practically

always neglected).

However, the above eqtns (2-1) and (2-2) are not useable for lines

with frequency dependent line parameters. Instead, we have to use equations

in the form of steady state phasor equations in the frequency domain

where

where

23V

- Ll = 121 1] | (2-3).
3L, _ :

- 351 = Y1 IVl (2-4)

[z] = [R] + julL]

series impedance matrix in Q/km as obtained numerically from

Chapter 1.

[Y] = juwlc]

shunt capacitance matrix in Q/km zlso from Chapter 1
[V] and [I] are the vectors of phase voltages and phase currents,

respectively, in the form of phasor values.

4

Eqtn (2-3) can be differentiated w.¥.t.x to get18
2
21 = -z 211
dx
= [z] [Y] [V]
b [z¥] [V] (2-5)
[zv] & [z} [v]
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The 3x3 matrix in eqtn (2-5) has non-zero off-diagonal elements
i.e. there is coupling between the phases. The easiest way to solve these
coupled equations is to decouple them by modal analysis18’16. With this

approach, [ZY] is transformed to a diagonal matrix Withlg ™7,

[1 7 [2Y] + M) = [A] ~ \ (2-6)
where [A] = diagonal matrix

[M] = modal matrix, i.e. columns of eigenvectors of [ZY]
and ]:M]—1 = inverse of [M]

Both [M] and [M]_'1 were obtained with subroutines from the UBC
Computing Centre Programme Library, namely with "DCEIGN' and 'CDINVT'ZO.
'"DCEIGN' computes the eigenvalues and eigenvectors of the complex matrix
[zY], and 'CDINVT' éomputes the inverse of the modal matrix [M]. 'DCEIGN':
was tested for accuracy by rﬁnning a test example with known answerslg. The

results agreed up to 7 significant digits. With [M]—1 known, the phase to

mode voltage transformation is described by

v"4] - pay v -1
Pre-multiplying eqtn (2-5) with [M] ™% gives
Y = otz v
dx
or (L vmodey - oyl pzv) o)
- " trzvipav™eder | from eqtn (2-7)
= [A11v™%e] from eqtn (2-6)

Thus, 3 second order differential equations are obtained, each decoupled

from the other, namely,
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~ = »l" — — b
2_mode -
"d'vl' f mode
dx
2_mode -
-’d~V2' ' _ mode ' (2-8)
—_— = 0 As 0 v
d 2 F2 2 !
X i
| .
‘_d2v§9de model
Tl ° ° 7 s
X :

- - ~— o —

where Xl* Ay and A, are the 3 eigenvalues of [ZzY].

The 3 phase voltages have now been transformed into 3 modal quantities,
which describe the independently decoupled modes of TEM propagation. They
can be transformed back to phase voltages with the mode to phase relation-

ship derived from equation (2-7),

mode]

[v] = [M][V (2-9)

The general solution to the second order linear differential

equation of the modal voltage components is well known22 because each modal

component can be treated as if it were a hypothetical single phase line?3’24’25

For distance x = £ km away from the sending end |

Fv‘i“”ie "v‘i‘idé . e"’/xljg+ v’i‘fde : 'e"/xl—?;m
Vg(,)'c}ai = V;‘_‘ide. Ve V?Sde'- g‘/XZ'Q;
vt ] Lggre e o
r-Vlil_(:_de . e—Ylg_ + VTSde . eYﬁ%j
4 v‘;ide. e'Y-ZI(fi + VI;Sde el (2-10)
yvg‘_‘;de.. e'Ysg-/ + vg‘fde . eYBSL:.
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A\

where Yq = propagation constant for steady state behaviour at

specific frequency

-

VmOde = TForward modal voltage waves at x = 0 of A, B and C
1,2,3+ v
respectively, travelling from the sending end to the
receiving end..
mode .
Vi 3= reflected modal voltage waves at x = 0 of A, B and C
] b . ~

respectively, travelling from the receiving end to the
sending end.
If we are only interested in the attenuation and distortion of
the wave front, then we can assuﬁe that the line is infinitely long. We

can then neglect the backward reflected voltage wave, i.e.

mode _ _mode _ _mode _
Vi =V, =V, =0
Eqtn (2-10) is thus reduced to
( T ~ - 1y M - - r d b
mode | ;mode -y, -y L mode
Vl,l V1+ e 1" e 'l 0 V1+
mode ! ;mode -y, - -y, 2 mode
VZ,’Q’ V2+ . e 2 N = 0 e 2 ~ V2+
mode ' mode =Y, % -v.4 | ,mode
v Y e '3 0 0 37|V
— 3’2; -/ L ~a 3t T L_ JUL 3+ -
(2-11)
or simply by matrix notation, we have
[VIEOde] - e—['Y]"-, 2. [VI-:Ode] » (2-12)

" where

e—[v]%

and again [V?Ode]= forward voltage wave :at x = 0.

[Y] = 3%x3 diagonal matrix with diagonal elements Y1 Yo and Y3

= [H(w)], transfer function matrix of the transmission system

(N.B. The results thus obtained are also valid for the voltage response

at the receiving end of an open-ended line of finite length.

For times less
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than 3 times travel time, the open-ended line results are simply twice the
results obtained from eqtn (2-12). This doubling effect is discussed in
further detail in Chapter 4, section i.)

mode

From éqtn (2-12), the modal voltages at the receiving end [V@ "]

can be transformed to the phase voltages by the mode to phase relationship

v' = ) v , from eqtn (2-9)
= [M] e_[Y]XIV$Ode]‘ from eqtn (2-12)
Thus, we can express the phasexvoltages at the receiving end [Vl] in terms
of phase voltages at the sending end [ V°] as -

v4 = M e 1Y g7t

[v°) (2-13)
Note that from eqtn (2-13), phase voltages cannot be calculated from [y]

alone without [M], i.e.

v # e [YI¥ [v0;

3. Inclusion of Boundary Conditions at Sending End.

For the chosen test line case, the line was energized on phase A
as shown in Fig. 8. Boundary conditions for phase voltages and currents at
the sending end (distance x = 0 denoted by superscript o) are then

.‘..',-,. .., - - o) ‘

et v, - IR

(o]

vl

4

1]
<

(2-14)

and [Io]

1]
o

(2-15)

Substitution of eqtn (2-3) into eqtn (2-7) differentiated w.r.t.x gives
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2.
_[ dx ]

A
£ [a111°)
1811 22
=1ha1 Ao
A A, .
31 A3
L o
= Ayg
(o]
=TIy |41
Agy

Again, differentiating eqtn (2-12) w.r.t.x gives

mode
dV%.

-1 dx

Equating R.H.S. of eqtn (2-16) and (2-17);we get

[y} [V [VTSOde] =

- R

— -/

L

1= 1y) XY g

I

>0

13

33

mo
\
0

—

—

23

17t 12100

de]

A

Ary

Agp
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(2-16)

(2-17)

(2-18)

However, at the sending end we have x = 0 as boundary condition, eqtn (2-18)

therefore gives

vioder = 117t 1
Fl;'
Cor [Vmode] - 1° 61
+ A
0
hen

<RIk o

3_J

> 0

All/ Y1

A21/ YZ

A,/
L7317 73

(2-19)
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From the phase-mode relationship of eqtn (2-9) we get the sending end phase

voltage’[Vo] as

o mode
[v1=mv 1]
Mip Mpp My A/ v
o
= Iy My Mpp Mo 8917 7y
Myp M3y My Ayl s
... - — b
— 0—~
VA
_ o
= VB
o
VC
- ~/
og |
Vg IARO
— o -
= VB (2-20)
o
vC
(For a detailed picture of the boundary conditions, see Fig. 8). )
Now, we can evaluate the first row of eqtn (2-20).
o =
Vo, - TR, = Ty 0077 + My oA 1y + My ghay [13) -
Then, we can get the sending end current in phase A as
o Vg ' A" /
A My Ay /vy Mpphog /Yy My gha /Yy Ry eq
where Z (2-22)

eq T MirA12/v1 T Mpphor/Yy F Mishyr vy 4 R
Thus, substituting eqtn (2-21) into eqtn (2-19) for IZ, the modal voltages

at the sending end are obtained as

- -

A ly
[Vmode] _ Vg . All/ '
+ Tz, 21'72 (2-23)
¥§31/Y3
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Using the mode-phase relationship of eqtn (2-9) again, we obtain the sending

end (x=0) phase voltages in the 3 phase as

r—vo = r-A /Y W
A 1173
o]

Vg Ve Ayy /vy (2-26)
o Z

;YC, eq VAL

Also, for the receiving end at x = %, the modal voltage components are

[V?Ode] = e-g[Y] [V$°de] from eqtn (2-12)
.2 7
e "1 All/Yl
v .
=B | YR -
7 e 2" Ay /v, (2-25)
1YLl
;e 3 A31/Y34

Finally, the receiving end phase voltages in the 3 phase are

2 Y.L -
VA e 17 Kpq/vq
vil = Ygom Y2 Ay (2-26)
B | > 21772
L eq -v,2
LYC e '3 A31/Y3

It should be realized that if we excite phase k of the 3 phase, (k = A,B, or C),

then the output phase voltages are

M)

% (v, 2 h
Va v e 17 Ay /vy
2 _ -y, -
Vg = Eﬁ;_[M] e 27 A, I, (2-27)
L -y, %
\ e '3° A, [y
L.C—_f L 3k 2

This is the formula that we use in the Fourier Trahsforﬁ Prograﬁﬁe. It has
ansoption to specify which of the 3 phases are to be energized for the test
line case.

Thus, we obtain the transfer function [H(w)] for the test case as

seen from Fig. 8.
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— = — 2 -\
HA(w) Vy
[H(w)] = HB(w) = vg —\17— (2-28)
e g
Hc(w) LVC

G Transfer function for test line

The magnitudes and phases of the transfer functions for the test
case 6f Fig. 8 are plotted in Figs. 9 and 10, respectively, for both ap-.
proaches used in evaluating the skin effect in the conductors. The dif—¥
ference between the two skin effect formulae only show up in the magnitude
spectrum in the low frequency (0 - 100 Hz) region. The results coincide
more or iess at frequencies above 1OQ Hz.

The phase of the transfer function increases monotonically (as
shown in Fig.9 ). This can easily be explained for the single phase case9

where the transfer function becomes

Hw) = e—/TZ‘z _ oY e—z/_(R+ij)jwc (5-29)

where ¢ = length of line
(N.B. Compare with eqtn (2-12) for 3 decoupled modes). Expanding for real

and imaginary parts of y §& using binomial expansion

@+ )%= a2y %-a'l/zb + ..., a > b.
¥ = /ETDIC = Rejur)t/ 2. (jwt;)l/z , R << jul
v = 1Gan ™2 + 2Gqui - Geeyt/?
=2 (’%)1/2 b oeao™? b+ g (2-30)

. Thus, the magnitude and phase of the transfer function for the single phase

line are respectively 1/2

R ,C
J@w)| = e ** = e'gi’(f)‘ (2-31)
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I

and M) = - 28 =—m(Lc)l/2 (2-32)
where R increases appreciably with frequency where L decreases slightly with
frequency for zero sequence and stays more or less constant for positive
sequency and where C stays constant. That is, the phase angle of fhe trans-
fer function increases almost linearly with frequency, whereas the magnitude
decreases with frequency similar to a low pass filtef.

The calculation of angles with a FORTRAN trigonometric function
statement covers only the range from 0° to 360°. Therefore, special logic
to be included to extend the angles beyond 2m (see Appendix 1 for FORTRAN
listings). The separate 'PHASEPRO' program- is used to guarantee that the
phase angle?B is a continuous function of w. This can be achieved by settiﬁg
up a counter value k, where k is initially zero. Whenever the calculated
phase angle falls out of the range of * 7 rad from the predicted extrapola-
ted phase angle value, k will be incremented by 1

ke =k + 1,
and all following phase angle values are increased by k(2w) . This way,

the phase angle is ensured to be continuous and monotonically increasing.
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CHAPTER 3.
TIME RESPONSE OF TEST LINE THROUGH FOURIER TRANSFORMATION

1. Introduction

After the frequency response of the line is known in the form of
transfer functions, the outpﬁt voltage can be calculated for any given input
voltage (Vé) by Fourier Transformation. At the beginning, the input voltage
vg(t) is transformed from the time domain into the frequency domain to give
Vg(w). The output voltage in the frequency domain is then obtained by multi-
plying V (w) with the transfer function [H(w)] obtained from the Transfer

g
Function Program described in Chapter 2. 1i.e.

V' @)1= V@) (3-1)
Finally, the inverse Fourier transformation is used to obtain the output
voltages Vi(t), Vg(t) and Vé(t) in the time domain. The above described
techniques are applied to the test case of Fig. 8. The obtained results are
then compared with the field test measurements1 and with simulation results
obtained by Groschupf26. The program%ﬂ used for the Fourier Transformations
from the time to the frequency domain, and vice versa, was gdopte& from a
version initially written by H. W. Dommel27 (see Appendix 3 for program -
listings).
2z Numerical Fourier Transformation of input voltage from time to frequency

For a given input voltage ﬁg(t) in the time domain, we can in
general obtain the input voltage in the frequency domain Vg(w) with the

following Fourier Transformation formula

o0
oo

A(w)

1l

!

{oo]

vg(t) cos wt dt (3-2)

B(w) f: vg(t) sin wt dt ' (3-3)

where A(w) and B(w) are the real and imagindry parts of Vg(w), respectively,
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Vg(w) = A(w) + j B(w) . (3-4)
If we assume that the input voltage is zero for time t g 0, then

eqtns (3-2) and (3-3) can be simplified to

]

Aw) {)T v, (£) cos wt dt (3-5)
B(w) = £$ vg(t) sin wt dt (3-6)

where (0,T) is the time interval in which Vé(t) is non-zero.

Case 1. Input voltage defined point by‘point

If the input voltage is defined point by point in the integration
interval (o,T) at closel& spaced time intervals, then it is reasonable to
assume linear interpolation between points (see Fig. 11). Then, for an
interval (tl,tz), we have

Vo

vg (£) = vy + ==
/ = -

L&At = tomty

-V

1

(t —tl), € <t (3-7)

Substitution of eqtn (3-7) dnito eqtn (3-3) gives

t Va1
Alz(w) = {12[V1 + T(t—tl)] cos wt dt (3-8)

_— *
VoV,

¢ v
tp{ 2 cos ot dt +
1

27Y

At

1

(v, -

t
1 X {12 t cos wt dt

v t
1 . 2 i
tl) o sin wt lt
1
- t
l-% (t sin wt + i-cos wt)l 2
) [\ tl

2—V

V17 Tat

1

A
~

Y

At

[N

V-

_L,
= = sin tftz[(v1 +

sin wt
St 1 40 Sy v

A .
(cos dt.,, - cos wti)

2
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. 1 . . VL=V -
or finally, Alz(m) = Ivz sin wt2 - vy sin wtl + A*t:wp(cos wtz - cos wtl)]

w
(3-9)
Similarly, for the imaginary voltage component in the interval

(tl’tz)’ we obtain

t B!
Blz(w) = {12[v1 + At (t—tl)]‘s1n ot dt
V=V V.=V
2 1,.t 2 1.t
=W, - Y[ 2 sin wt dt + 2 t sin wt dt
Lm0 e

v~V t V=V t
27V1.1 2 Vo1 1, 2
(v1 X )w cos wtlt + X (-t cos wt + ., sin wt)lt s

1 1

1 VyVy .
12(w) = w[_VZ cos wt, + vy cos oty + ATw (sin $t2 - sin wtl)]

or finally B
| (3-10)

The calculations of Alz(@).aHQ.Blz(w) are repeated for all time
intervals to cover the whole region (o0,T). The real and imaginary part of
the voltage in the frequency domain at a specific frequencyvis then simply
the sum of these parts |

vg(w) = A(w) + iB(w)

N

. . _ I___
—kEO Ak,k"‘l (w) + JBk’k‘l“l(w)’ where N = AL

The above calculations must be made over the entire_frequency
range at the same frequency points at .which the transfer functions have
been calculated. Output voltage in the frequency'domain is thus obtained
at all transfer function frequencies.

Case 2. Input voltage defined analytically

For some types of input voltages vg(t). A(w) and B(w) are known

analyticallyzg. Take a single exponential decay input voltage as an
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example,

ve(e) = e 0 (3-12)

We can directly evaluate A(w) and B(w) -

by Vg(w) A(w) + jB(w)

1
atjw

(3-13)

Thus, we can‘dbtain the real and imaginary voltage components in the
frequency domain by the exact Fourier Transformation. With this technique,
we can omit the first part of our programi and obtain the output voltage in
the frequency domain by multiplying eqtn (3-13) with the corresponding trans-

fer functions, i.e.

1

L )
V'] = ] 53

(3-14)

3.} Output Voltage in Frequency Domain

From eqtn (3-1), we have the output voltage in the frequency
domain as _

[V%w)] = [H(w)] Vg(w) from eqtn (3-1)

For inverse Fourier transformation back to the time domain, (see
section D), we use linear interpolation between comnsecutive frequency points.
Thus, the output voltage frequency components must be reasonably smooth to
obtain satisfactory results.

It has been shown that the magnitude of the transfer function is
fairly smooth (see eqtns (2-31) and (2-32). This is also true for the phase
angle of the tranfer function provided it is extended beyond 2w rad(see Figs.
9 and 10).

| From eqtns (3-1 and (3-10), we obtain the real and imaginary com-

ponents of the input voltage. They become highly oscillating at higher

frequencies and are not suitable for linear interpolation. Therefore, the
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real and imaginary voltagé components are converted to magnitude and phase
values. .The phase angle is_égain e%tended beyond 27 by the same smoothing
logic as described in Chapter 2. Thus; we can write the output voltage in
the frequency domain Vl(w) as
V¥ (w) = S(w) ;R (W) (3-15)
14{ Output voltage in time domain by numerical inverse Fourier Transformation
From the given output voltage in the frequency domain [Vz(w)], we
obtain the output voltages in the time domain by inverse Fourier Transforma-
tion
t

() = IS v () 3% au

2 |

From eqtn (3-15), we get

) =17 s dUE T Ry, (3-16)

Similar to section B, for Fourier Transformation, the inverse
Fourier Transformation also uses linear interpolation between adjacent
points in the frequency domain, éor the magnitudes (Sl, SZ) of the output
voltages as well as for the phase angles (Rl, RZ)' (see Fig. 12). As
explained in section C, this is permissible because S and R are smooth
curves in contrast to the highly oscillating real and imaginary components
A(w) and B(w). Since only a real voltage component exists in the time domain,
the contributioa to the output .voltage from the inverse Fourier Transforma-
tion of the frequency interval [wl, wz] is

Vz(t) = %3éw S(w) cos (wt + R) dw,
. .

or W (e) ;-%,éig S(w) cos (ot + R)dw (3-17)
i 5751
where S(w) = S1 + " (v - wl)‘ ‘ (3-18)
' - : : R2—Rl
R(w) = R1 + vy (w - wl) (3-19)
where w1<w<w2, & Aw=q2—wl

-
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Substituting the magnitude and phase eqtns (3=18) and (3-19) into eqtn (3-13)

we get , :
< . .§. -8 : R.-R.
% L 2771 : _ !
Vlz(t) = &12 [Sl + o (w wl)] cos Iﬁt + R1 + e (w—wl)]dw
§.-S. S.-S
_ W T2°71 2 1 4.
= &12 L7 Fp 0 ¥ g @
szle . R?—Rl

cos -[(Rl - _ZB_—wl) + (~Kg——-+ twldw

~ie>

£w2 (a + bw) cos (c + sw)dw
l ) ) . e

BN . P .
where constants a,b,c and s are constant for a specific frequency interval,

-~ .§.=S
271
2=5 " Y1 (3-20)
L2
Aw (3-21)
R,-R '
_ 2 "1
c = R1 o (3-?2)
R2 Rl
s = e + t (3-23)
Thus, we obtain
L W w .
vi (t) = af 2 cos (c + sw)dw + bf 2 wcos(c + sw)de
12 wy wl
W . w
=2 gin (c + sw) ] 2 +-h [wsin(C + sw) +-l cos (c+sw)]| ?
S wl s s wl
or finally
V%z(t) = sin(g+sw2)(§+w2 2? - sin(c+sw1)C% + wi'%
b %—[coS(c+sw2)—COS(C+S®1)] (3-24)

, The calculation with eqtn (3-24) is repeated for all frequency

. . . L
intervals to cover the frequency region over which the output voltage V (w)
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is defined. The output voltage at any specific time is then the sum of the

contributions from all frequency interval

v’%t) _ ;" v () - (3-25)
' w=0 "12*7°

where w' is the last fréquency data point.

5. Numerical Aspects of Fourier Transformation Program
There are several aspects which deserve special attention in the

Fourier Transformation Program to ensure reasonably accurate results.
LN

~

1. Suitability of linear interpolation in numerical integration - A
reasonable"émoqthness" of input voltage.vg(t) and output voltage in frequency
domain V&(m) must be guaranteed to permit linear interpolation between ad-
jacent data points. Therefore, the magnitude and phase angle of the output
voltage are used to avoid the highly oscillating real and imaginary frequency
components as aescribed in section 3,

2, Density of data pointsA— Linear interpolation is assumed between
adjacent frequency and time data points in the numerical integration loops.
Too dense data points will increase computer costs drastically, while too
sparse data points will result in loss of accuracy. A density oﬁNZO points
per décade in the frequency domain (on a logarithm scale) satisfies the
accuracy requirement reasonably well for the test case studied. 1In the
time domain, the density of data points for the input voltage vg(t) depends
on its wave shape andlcan readily be determined by the program  user.

3. Number of decades in frequency domain over which H(w) and Vg(w)
must be defined - It is easy to judge the required no. of decades as the
transfer function magnitudes decrease substantially at high frequencies.'
Thus 7 to 8 decades of frequency data points, starting at fS

tartzl Hz will
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ensure reasonable accuracy without increasing computer costs too much for

the test case studied. Integration between f = 0 and.fstartdwhere the

frequency data points start is done separately, again assuming linear inter-

polation between 0 and f Therefore, we can start our frequency data

start®
at any decade. This is allowable as long as the output voltage Vg(w) remains
fairly constant and linear interpolation from zero to the starting frequency

£ does not cause appreciable deviations.

stért
3. Input voltage wave form - An efficient and simple way to check the
accuracy of the Fourier Transformation ProgramA is to run it in a test mode
where the transfer function is set to 1,
Hw) =1 LO
and to check how closely the output voltage in the time domain agrees with

the input voltage vg(t). In our test case, the known input voltage vg(t)

is a double exponential of the form

v (8) = et o 7%t (3-26)
where al = 0.17 x 1033"l
and ey = 3.27 x 1068_1

This input voltage matches exactly the output voltage thus obtained from

our ftransformation program = (see Figs. 13 and 14). In Fig. 13, in the

time interval from O to 7us step widths of

At 0.05us

20 pts/decade (loé scale)

and Aw

were chosen. 1In Fig. 14, for time >10ps, the input voltage vg(t) is essen-
|

tially a single exponential o decay, for which step widths of

At = 0.1 ms

and Aw 20.pts/decade (log scale)

were chosen.
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Input voltage and calculated output voltage with -

voltage(p.u.) I-I(w)=l.0[,0o

1.0 R ——
At = 0.05 ps
0.8 1 Aw = 20 points/decades
start. ©
f nd= 10 MHz
0.6 |
0.4
0.2
0 1 2 3 4 5 6 7
Time(,Js)

Fig.13
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voltage(p.u.)
Same test as in Fig.13 from 0.1 to 15 ms
1.0 1-9
At=0.1 ms
Aw=20 points/decades
0.8} f = 1 Hz
start
f = 10 MHz
end
0.6
0.4 ] ¢
0.2
5 0
0 5 10 15

Time (ms)

Fig.l4
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4, Numerical problems with step function inputs — No problem of
numerical instability were encountered.ﬁhen the field tests of the test line
were simulated. The input voltage vg(t) in this case.is a double e%ponen—
tial wave (see eqtn 3-26). The computations were numerically stable for
large values of decay constants, namely dl and d2‘> 10. However, many cases
were run with step function inputs for checking pd;poses to debug the pro-
gramme and to gain confidence before the duplication.of field tests could be
attempted. Serious numerical instability problems were encountered with
pure step function inputs, which were then overcomeAby replacing the step
function with an exponentially decaying function e_ut; The decay parameter
d is chosen in such a way that this function is practically equal to a step
function over the time span of interest.

For an input voltage step function
v (t) =1 (3-27)
g .
the voltage in the frequency domain is

(o]

é 1 e_Jwtdt

il

Vg(w)

_ -1 —ju;tl°°

=— e
jw o
I

= 7;'— Tl'mim e

—jut (3-28)

For time.t - ®, the second term of eqtn (3-28) is highly oscila-
ting and is non-zero, which causes numerical instability in the Fourier
Transformation Programme. However, this problem can be remedied by intro-
ducing a slow decay into the input voltage Vg(t) as in eqtn (3-12), namely

-ot

) vg(t) =1+ e , £t >0 from eqtn (3-12)

The input voltage in the frequency domain now becomes
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V (w) =" o ot —e_Jwtdt
g o] .
1~ ekt
= -0 e - I
otjw o]
_ 1 ;ﬁjl lim -gt efjwt

atjw Otjw. t>e

Now, for time to -, the second term is no longer oscillating due to the

et .
presence of the decay factor & in it, and goes to zero as t»®, or

Y
otjw

Vg(w) =

Furthermore, the single exponential decay voltage is better than
a cut-off step function voltage (rectangular pulse) inasmuch as 1-e_OLt has
a smoother amplitude and phase angle spectrum than a rectangular pulse.

Thus, fewer data points per decade are required to achieve the same degree
of accuracy.

The prbblem of numerical instability with a step function voltage
is therefore easily solved by introducing the decay factor a. Numerical
experiments showed that a > 10 will be good enough to ensure numerical stabi-
lity. Note that for the case o = 10, the deviation of the exponentially

A

decaying input voltage /
-at
v (t) = e -

g()

from the ideal step voltage is negligible for the time span of interest here.

For t = 10us
max __5
-10x10
v (t) = e
24
= 0.9999

That is, the maximum deviation is less than 0.01% from the step input voltage

at the upper limit tmaX of the study.
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CHAPTER IV
DUPLICATION OF FIELD TESTS
1. Doubling effect on open-ended line.
In the analysis leading to eqtn. (2-12), we have neglected the
reflected voltage wave and obtained the modal voltage for the infinite

line at a distance % from the sending end.
.

mode mode (w) e—yz

VIO (w) = VY (4-1)

This expression is not directly usable for the test case since
we now have a transmission line of finite length which is open-ended at
the receiving end terminal (see Fig. 8). The equations for the decoupled
modal quantiﬁies are analogous to the equation of a single phase line,
where the comparison between the infinite line and the open-ended finite

line is well.known. Thus, we can use the well known solution for the

single phase case for voltages and currentsl4’24’29jin the modal domain,
VmOde = VmOde cosh vy + Z 1m°4? sinhy® (4-2)
o] % o "L
mode
mode Yy ' mode
I0 =—7 s2sinh v2 + I, cosh v& (4-3)
o ’ ‘
where IomOde and Voque are the modal voltage and current at the
sending end x = o, and I?Ode and VEOde are the modal voltage and cur-
rent at the receiving end x = &.
. mode o “ '
For an open-ended line, Iz = 0. Then we ‘6btain from (4-2) and (4-3)
mode mode _ _mode N
VO + ZO I0 = V'Q (cosh Y& + sinhyvyL)
_ vmode eyl'
2’ .
i.e. yROde o YR (ymode o, grodey | (4=4)

2 0 o o
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From t = o to t < 27, no reflection has yet come back from the receiving
end, and the conditions at the sending end are therefore the same as those
of an infinite line during this time period,

mode mode

Vo =z 1 (4-5)

(This relationship is no longer true at the sending end after t > 2T,
and‘is no longer true at the receiving end for t > 31.)

With substitution of eqtn (4-5) into eqtn (4-4), we get for the
receiving end,

mode -Ylvmode mode e—yl

Vz = 2e o = 2 V+

This is twice the obtained receiving end voltage for the infinite line
at location x = %. Thus, there is a doubling effect in the receiving end
voltage of the open-ended line in comparison with the infinite line.
27, Comparison with field measurements and other simulation results

The output voltage at the receiving end is plotted in Fié. 15
for the test case with the voltage douBling effect taken into account.
The arrival time of the first part of the voltage wave coincides closely
with the time taken by electromagnetic waves (TEM propagation ) in air3,
i.e. 277 us for 83.212 km at a wave velocity of 3 km/pus. On a transposed
line, this first part of the wave would be associated with the positive
sequence parameters, and the second part of the wave would correspond to
the zero sequence wave. Lt can be observed that the wave velocity.of the
zero sequence mode is slower than that of the positive sequence mode.
Also the skin effect calcu{ation wikth Galloway's formula gave élightly

~

higher resistances (eg., ARpos 2_0.67 f and ARze '2_0.73 Q at 50 KHz,

ro

see chapter 1, section E) than the formula for tubular conductors. The
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output voltage based on Galloway's formula will be slightly smaller than
that obtained with the tuBular conductor formula.» This can be seen from
Fig. 15. Galloway's formula gives results closer to field measurements
than the tubular conductor formula, as expected. This is because the
double exponential wave fromt contains high frequency components where
Galloway's formula is more accurate. (See Chapter 1, Sections 4'and.5).
For comparison purposes, the field measurement results from
Ametani12 and simulation studies by Groschupf26 are included in Fig. 16.
The simulation results obtained with the methods described in this thesis
compare favorably with the field measurement results (within 8%). Some
probable causes of discrepancies between simulation and field measurements
may be due to the following phenomena:
1) Assumption of uniform earth resistivity (200 @ . m) -- An increase

0,31 and

in earth resistivity will increase the zero sequence parameters3
thereby increase attenuation and decrease wave velocity of the zero se-
quence voltage wave. Also, a homogenous earth is only an approximation
of a stratified earth which will again cause some differences in impedance
line parameter calculatioms.
2) Temperature of conductor -- We assumed a conductor temperature of 20°C.
An increase in temperature will increase conductor resistance appreaciably
(eg. 40% rise for increase of temperature to 120°C).

However, a difference between numerical and measured values of

less than 8% is well within acceptable accuracy criteria for these types

of studies.
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Output voltage at receiving end of transmission line

Output voltage

=0 83.212km
(p.u.) 415
output
v, . " C voltage
1.0 npu ‘
Phase A ~
0.8

0.6
A-- first part of voltage wave
(pos. sequence on transposed line)
B B-- second part of voltage wave
(zero sequence on transposed line)
0.4 tubular conductor
-------"Galloway's formula
0.2 ;

Phase B

285 305 325 345 365 385

Timegus)
Fig.15
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Output voltage at receiving end of transmission line

with field measurement and Groschupf's simulation results

Output voltage

| e=0 83.212km
(.u.) 415 af g output voltage
1.0 Vinput c
Phase A
0.8 e _:;...’.:-.—':-:”" ———
P iy - s -
— T
T
' /;'( Py
R
f%""
ez
0.6 Al
.‘//'l ’
P
lgéﬂ”' field measurements
/// — —— — = Galloway's formula
7 R tubular conductor
0.4 W weeeeveewn... Groschupf's
j'j simulation
0.2 Phase B
e aat
e e s =2
= ‘ ._—-,:g,-:;-,-:.--—n-—-—- b
0 .»7’% > ,4‘/"“""7"“"” Phase C -
e 7 o= ==
Py
'/. ’7'.‘
u‘/.
7
-0.2
285 305 325 345 365 385
Time(Ps)
Fig.l1l6
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CHAPTER V

’ ' CONCLUSIONS

The attenuation and distortion of wave fronts on multiphase
overhead transmission lines or underground cables was, studied. A épecific
case of a Japanese 500 kV three-phase overhead line was chosen as a test
example because field measurements were available for this line. The
voltage response at the open—endedvreceiving end was simulated. The simu-
lation results agreed very well with the field measurement results and
‘with simulation results of another investigator.

Results obtained with their technique developed in. this thesis
will be useful for switching surge insulation co-ordination studies in
power transmission systems. For instance, the technique could be used
to calculate the wave front which could hit a transformer at the receiving
end of the line. It should be realized, however, that this wave front
' would be modified by the transformer itself. This wave front modified by
the transformer would be a worthwhile topic for future research. Depending
on the rise time of the incident‘voltage wave, the transformer insulation
may be more or less stressed. This is a problem of current concern in the

~

electric utility industry32.
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~ APPENDIX 2 ‘
PHASE SMOOTHING PROGRAM . LISTINGS

7 poamMALINEE - WoORT SULISLSS 1aNT

MICHIGAN TERMINAL SYSTEM FORTRAM G(41336) MAIN 03=23=77 11145213 PAGE PoO}
rc__~ PROGRAM FOURLER (INPUT,CUTRUT) - e 1,000
0001 RELL %8 A(1500), PHI(lSou),U(lnon),FREG TEx7(101 2,000
) 0002 REAL*R C2,52, nwEoA PHINEW,PHIOLO,H,51,C1,FLOATN,T 3,000
\ 0003 REAL #8 OMDECSTFIS LOLD, UL A, AWD B ANEW A0L0,DTFF S,A 4] 4,000 <
[ 0004 : REALwH TFRE(3),TFIM(3) ' 4,059 )
000S REAL&B xTF(3),PTF(3) : . 4,200
000 — . REAL®A DECAY,VOUTO, DT, TRISE,DTINGPOUTO oo o m oo B g 000 o e omrme oo e
0007 STETG=0,00 : 5,200
0d08 Wiz ,no , ' 5,400
g0cQ Al-n_n() S50
on1o REAN(2,111)1 5.990
0011 wQlYE(E,110)1] . ‘6,200
e 0DY2 3 CUNTINUE R AU S V) ' RSO
0013 :CAD(3,331FREQ TFRE(!),YFIH(l) TFRE(2), IFIM(Z) rFRE(l) TFIM(3) 8,000
9014 OMEGAze 2RIIBSIUTDOAFREDR “4,200
4015 _ 313 FnR:Ar{Q( +E13 n bfE13 6,5X2) - SEEVRT
o 1=2 ' 9,500
0016 110 FORMAT(///10X,'PHASE EXCITED',I3) . 9,640
0017 111 FORMAT(TIZY. . . — A 1 Y T
" C '1' SPECIFIED WHICH PHASE TO BE SMOOTHED 10,000 -
0018 AnsTERE(T) 11,000
00189 Hie=Tela(1y !D_'fxnn
0020 S1=HSHRT (AnwAW+BA*BwW) 14,000
002t §2=na2C0S(aW/S1) 15,000
e o 1F(AW,LT,0,00)_52:6,2831853071.7958=82 160,600
0nes CI=nMpGA=wY ’ ) 17,000
0024 AKP= (STEIG«C1=52+4A1)/6,283185307 ' 18,000
01325 AVP-AMP;QTFV!A‘§ AKP) 19 _unQ
0026 KRz AKD 20,000
0n27 - _AKPzKP 21,000
0028 .S27AKPX5,28318530717958004+52 22,900
0029 STETG=(S52=a1)/C1 . 23,000
. 0030 Ar=s2 24,000
2033 wiantrGA 25 0A0
¢ WRTTE(7,33)HERTZ,XTF(1),PTF (1), XTF(2),PTF(2),xTF(3),PTF(3) 32,000
oole wRITE(T,33)FREQ, TFRE(I),YFIM(Y),S81,82 32,200
0033 ‘54 FORuATLELD S,2E12,3,E15,5,E48,5,E17 5,E18,5) 33,000
6034 GO Tn 3 35,000
0035 ’ END 36,000
20PTI0NS Ia E{FEFT& rn':"-}r:ur'nnzv l"{_ML}l YQT'\;nl\rFK_IV{\A( 'MnMAD
«OPTIUNS IN.EFFECT# NaMF = MAIN , LINECNT = 60
«STATISTICS® SOURRE STATEMENTS = 35,PRUGRAM SIZE = 33226

e XSTATISTICSx_NO.DIAGNASTICS GENERATED

NO ERRORS IN MAIN

MO STATESENTS FLAGCED IN If AHDOVE COMDYL ATTONMS

EXECUTION TERMINAYED

§R =L1AD T7=TFJAPANY  23x&DURCEx I=TFRETMIAPAN(2) bSwSINK«

EXECUTINN SFGINS

PHASE EXCITED 1




APPENDIX 3
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FOURIER TRANSFORMATION PROGRAM LISTINGS
MICHIRGAN TERMINAL SYSTEM FURTRAN G(41336) MAIN N3w23al? 123103:25 PAGE P00}
—_—— CL. PROGRAM FOURIER(CINPUT,OUTPUT) e e Y Q000
0001 KEAL %R A(1500),PrT(1500Y,uU(1000),FREQ(200Y,TEXT (1) 2,000
oon2 REA[ xR C2,82,0MEGA,PRINER ,PHIOLD,H,S1,CL,FLOATR,T 3,006
\ 9063 EEM wa OMDPC UMD T An, pnD 3w, A tPn, ADLD,DIFF,S,81,41 4,600
4 00ng REL| #f DECAY,VOUTN, DT TRISF,OTIN,PCUTO, TFRE(C1500),TFIM(1500) 5,000
0ons NEst xR ALPHA, AL PrHAL,ALPRAD,A12,VvTT(10GE) 6,060
anne R RESL &R TUOTS, TaRRAY(1000),0T0UT2,0TIN2 il 7,900 e =
0007 REAL ®R ATN,BIN,TYIN, TFIN, TINPUT,FLUATN 8,000
000R CALI FTNCMD(*SET MINUSZERD=2ON!, 16) 9,000
0nng Y= 18FS],0min 36,0060
0010 S RELN(2,u) KGLPT,IR,1Z,0MIN,DT, TMAX, (TEXT(]),I=1,10) 11,000
0011} IFa0=y 12,000
L1 . pRITE(O,I0YKOPT I8, 1Z,0MINOT,TMAX . _ . ... . .. . P 13,000 L
ant13 10 FOoEwav (313, 1%x,3E10,3,1044) 14,000
4o 46 IF (TR Ei, ) STCP 15,000
uoits nElYE fo, oY EYEXT(EY, 151,10 16,030
00te b Fuk=«ay(1n0,10G4a8) 17,090
0017 TwsT13417+1 16,000
e C_INPUT FnR Lzuabop M8 INCIDENT wAVE 0 . . o e 19,000 o
001R Alnz 6RLY 20,000
onla RInzg, 2700 21,000
aage MART IS 22,004
0071 TIThed 0D Dot 23,000
udle ALPrHAtZATNZTY PN 24,000
R PA o ALpHaleRIn/TRIN i ~ o _ o el 29,009
N2y WRTITF (o, RONYALPHAL,ALPHAR 26,000
a0es A0 FukuAT{RX,V1H0RUT VOLTAGE TIME CONSTANTSS ALPHAI1Z',E13,5,! &L PHAZ=! 27,000
1,612,8) 21.000
0026 JF(TEXP FO 1) ALPrASALPHAL 2R, 006
NoeT IF (TEANP EO,2)ALPHAS=ALPIHAR 29,000
. C_CHANGE FNLLOrING Twl STATEMENTS IF DIMENSIOHN IS5 CHANGED mxsanmwwawsdax 30,000 . .
Unes nFTTECR, BLa) AL PHA 31,000
0029 5lo FAn av(//'»x=T12E CONSTANT IN DECAY = ',E13,5,'wuanrs!) 32, unt
430 _JF(T. _GTL.1800) B0 10 97 33,600
U031t IF(12.6T,200) GU 1O 97 36,0600
0032 Sy=12 35,000
o003y hEU Da e 80,000
0034 §232,3u2585092994000/51 37,000
U035 no o1y w=i,12 38,0600
0034 FRf (x)elEXP(Ha32) 39,004
0037 11 rnzrel DO 4n 0060
C READING ArPLITIME AND PHASE SPECTRA UR PRESETTING THEM adwxwradkdkackan dY 000
o N03A TF (x0T, £3,1) G0 10 14 . Y P-J00 VF ¢ R,
c 42,020
o 42, 040
C 1. F 18 READ [N 4P VARG
C de,u8c
C 42,100
[ C o - P B e @2,200. .
0935 P12 Rzl T 43,000
004ao KEAD (s 33) A(R),PH]IK) 46,000
c A(zy=1,00 48,900
C PrI(x)=0,00 db, 000
C THIS INPUT THE TRAWNSFER FUNCTION EXP(=GAMMAXL) AND eBETA=xL 47,000
Boay L 33 FORMATUSIX,R(ENdk,SX2Y . _ _— L4E, 0060
0042 IF(TRLANK(A(K)),LT,G) GO TC 200 43,000
Gnay 13 FORMAT(2E10,0) 50,000
9Cdu 12 COMTINUE - 51 cad




Foamuiints - WOOE PRLINSES FUAM
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MICHIGAN TERMINAL SYSTEM FURTRAN G(41334) MAIN 03e23=77 12303325 PAGE Pooe A
06045 A8 READ (2,130 __ . _ - 52,900
00dp TF (TR ANK(H) ,LTL,0) GO TO 16 | 53,000
onu7 GO Yo 1A 54,000
\ WO4R 14 DO 15 K=),Tw 5,000 Z
4 Boug A(K)S1,P0 56,000 }
0050 © 1S PHI(®YS0,00 : 57,000
—— . ._C READING InPUT FUNCTION ﬁk«*tt*-«t'-xtt-nt-*n*tatngxaxxttxutt*iwax*axm:_wnﬂ.Sb,ooomﬂﬂAm”__dMuﬁ._»mnnw_..ﬂ“”__v,w-__ﬂ__
0051 16 H=0,0Dn 59,000
0052 IF (kNPT FG,3) 60 1O 24 60,000
C _IHIS IS SxIPPEN FOR OQPTOM 3 61,000
0053 $1=07.00 62,000
C St 1S FTIRgT IHPUT VOLTAGE VALUE 63,000
e YESY L e e BB 000 e e e e
0ns4 N=1 65,000
005S DTIN=,05N=06 66,000
0056 T1uPyTz=DTIN 67,000
0057 . WRTTE(6,R09)DNTIN 68,000
0nSA RO9 FORMAT(' INPUT TIME STEP FROM O TO S M3 =',E13,4) 65,000
0059 17 IF (e ,67,200)60 TO_22. e e e e e e T 0,000 o S [
00640 FLOATH SN 71,000
0061 TInPiT=TINPUTHDTIN 72,000
00k TARRAY(NIZTINEUT 23,000
0063 $22 (ALPHAL+ALPHAR)/ (ALPHAT=ALPHAR) 74,000
C ALPHA12 I+PUT VOLT&GE 1§ SET YU POSITIVE 76,200
0064 - Ale==s2 . 15,000 -
0065 R B19 FORMAY(//'(ALPHH«AL?HAZ)/ALPHM'ALPNAZ)= 76,000
0064 ) S?:Sat(ﬁEXP(-ALPHAliT]NPUT)-DEXP(-‘LPHAP,ﬁTINPLIT)) 77,000
€ INPUT ynLvAGE §2 (S PRESFY INSTEAD OF READeIN 78,000
c §22Sp*DEXP (=ALPHAXTLIHPUT) 79,000
C S2=FLOATN*DTIN/TRISE 80,000
c__ pzhel _81,000
0n6T IF(K0PY EQ,7IGN TO 97 82,000
0068 H=(814S52)%DTIN/ 2 ¢H 83,040
0069 S1:482 &y pop
0070 t(ry=§e 85,Cn0
0071 LEHE S 86,000
0072 GO._T0_17 817,000
0073 22 1F(m11,2) GO TO 95 86,000
007U ITMAY ST IHRUT ARG, 000
0Qa7s LS| Q0,000
0076 TInp=tMAXIN/2, 91,0600
0077 . WRITE(6,801)hH Q2,000
0078 RO1 EJ.lR:*A,L(_L,_T,lﬁﬁ,-\!OLIAGE_AB.EAV.QF__IE?_..U.T H] 93,000
C FINST 1g0 ENTRY OF TnPuT VOLTAGE 1S PRINTED QU 94,000
C THE VOLTAGE Twepul AT ZERO FREQ 1S F(w=0)STIME OF STEP 3 H 95,000
0079 WwhITC(h,R101832 96,000
co8o WRITE(6,72) (1), I=1,N) 97,000
c vOUTO=1t Du/DECAY : 68,000
0081 R L TE £ Y e . 99,100,
Gh62 B11 FURM&T(///+TIME OF INPUT VOLTAGE') 100,000
00R3 ARITE(6,812) (TARRAY(II),[151,200) 101,000
00Fg RYP FORUAT(I0EYY ) 1a2,u00
0085 65 FGRwAT(////'0UTPUT VOLTAGE [t FREQ DOMaln AT FREG=0, ',2E15,9) 103,000
0086 Hsy1,0/8 : . 104,000
C_IRANSEG2M_INPUT FUNCIION_EROM TIME Y0 FREQUENCY DOMAIN s#xAxkraaraktas 105,000
0087 2¢ wRITE(0,32) 106,000
00ARR 12 FORMAT(10!,24X, 'INPUT FUNCTION IN FREQUENCY DOMAIN', 16X, 'TRANSFER 107,000
L JEUNPTIONY, £, FREQUFNCY(HZY RFAL VY AMPLITUDE (ARSOLUTFE 108,000 w,

LR

e e e pre
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MICHIGAN TERMINAL SYSTEM FORTRAl G(41336) MAIN 03=23=77 12103432285 PAGE POOUY )
0t34 52=pARCOS(AW/SY) . 163,000
0135 JF(Ra LT,0 D0} S236,28318530717958=82 164,000
0136 CisntEGaw=iy . 165,000
\ 0137 AKPz(QTFIGAaL1wS2eA1Y /0, 2831R8307 1ah, 000 y,
([ 0133 AKPzakP+SIGN (0,5, AkP) 167,060 h
0139 KPzaAKP . 168,000
e OMBO L AKP=Kp e e e 169 g 000 o e e e
0141 S2=2AKP*5,2R31853071795800+52 170,000
0142 STETG=(S2=41)/C1 171,000
0143 Al=52 : 172,600
014y W1SNMFGA 173,000
0145 C1=251/TMAXIN 176,060
c L1ssto o L. - JUS— — TS 000 e e s e e e+ e
C  AMPLITHOF NF VOLTAGE OBTAINED 8Y FORMULA AND PRGGRAMME ARE PRINTED 170,000
€ QUT AS c1 AnD sy 176,000
C 83 ISTARE=1STAPF+y 177,000
C ISTORE INCREMENTAL SHIFTED TO LIME 147 175,000
c WRITE6,50) HFRTZ,AW,BW,51,52,A(ISTORE),PHI(ISTURE) 179,000
C A & Pr] ARE STILL TRANSFER_FUNCTION. AS READ.IN_FROM INPUT FILE rrieenee e § 80 Q00 e i et .
0146 XTF=A(ISTORE) 181,000
0147 PTF=pHI(TSTORE) 182 000
0144 S FQrwar(cfy3 Ss,2F¥2 3, F19,5,F13,59,617,5,613.5,3%x,2E43.%) 183,090
0149 A(CIBTNRF)I=S1 %A (ISTORF) 184,000
0150 PHTfISTORFI=S24PHT(TSTORE) SRS, 000
C_A & PHI w~ow BECOMES OUTPUT _VOLTAGE R_PHASE_AS_AFTER_P173__ 186,020
0151 WRITE (6,5UVHERTZ, AW ,Bw,51,82,xTF,PTF,A(ISTOREY,PHTI(ISTORE) 167,000
0152 83 ISTORE=TSTORE +1 : 18R, 000
C 1A9 600
0153 GO 10 38 190,000
G154 4 OMDEC=0MDEC*10,00 191,000
0155 GO 10 36 _ __ 192,000
C  TRANSFER 0OUTPUT FUNCTION FROM FREAQUENCY T0 TIME OOMAIN xhwkdwkhaw®ki 195,000
0156 7 CONTINUE ' 194,600
N c 199,400
C NToUT I8 NELTA T OF QUTPUT 196,000
0157 GTOT=,250-06 197,000
0158 IDUT13260 Kb 198,000
0159 T=sTpurt 199,000
0160 wRITE(6,58) DTNUT,T 200,090
0161 SH FCRuAY(VOOUTPLY FUNCTION y2(TY), OFITAT=',F12,5,!, INTTIAl TIME = ¢, 201,000
1tE12.5) 201,000
T TF0=20,999803 201,020
C 201,050
c 201,100
C T,F, AT Z¢KD FREQ 201,150
L 201,200
C 201,250
0162 TF0=,0896522 201,300
C TFo2 0370565 201,700
C GALLOWAY'S FORMULA ON 1SKIH' DECREASE T,F, 201,760
c 201,820
o 201 .58890
G163 A(1YSTFORA12%(1 DO/ALPHAY=] , DD/ZALPHA2) 202,000
0164 PHI(1Y=0,D0 . 233,000
0169 WRITE(6,85)a01),PHI(L) 204,000 ———
0166 KT=o 2us,0n00
0167 63 ARz ,N0 206,000
\_ 0153 Beizg 00 207,000 _J
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FOAMALINLE . MOORL BUBNERS ¢, 4. P

( MICHIGAN TERMINAL SYSTEM FORTRAN G(41336) MAIN 03w23=77 1230332S PAGE POne )
0222 _200 DO 210, 13K, IW . 268 G000 e e
6223 A(Iy=n, N0 . . 260,000
0224 210 PHI(Iys0,00 267,000
\ 0225 GO T0 1k —2hH8 ., 000 y,
[ 0226 220 511,00 269,000 )
0227 ’ $2=0,n0 ‘ 270,000
0228 . GO0 S3 e e e i SRS b I SR T ¥ | S
0229 END . 272,000 .
«0PTIONS IN EFFECT* 1IN,EBCDIC,S3UURCE,NOLIST, NODECK,LOAD,NOMAP
«OPTTONS IN FFFFCT* NAMFE = MATN ia LINFCNT = %]
*STATISTICS» SOURCE STATEMENTS = 229,PROGRAM SIZE = 79864

«STATISTICS* NO DIAGNNSTICS GENERATED
_NQ ERRORS_IM MaIN_ .

NOQ STATEMENTS FL&GGFD TN THE AROVE COMPILATIONS,
FXECUTION TERMINATED

$R =L0aD é;:gbURCE- 6:*S[Nxt A;;%QDALbH;izg 3=TFJAPEN2
EXECUTION BEGINS
2 9 20 0 100F4n0 0 . S0oFal6 0 USOFw03

JAPAN LIMNE (/4000 MS InFPyT : ‘
___ﬁw_m__uﬂ_ungUt_MDLIAGE_JIEE"CQMSLANIS'MALEHAL§ﬂ_0.JJAQﬂExﬂ};ALPHAZim-O.32700E¢07 S,

#aa TIME CONSTANT TN DECAY 2 0 17000F+CTaxans
INPUT TIME STEP FROM 0 Tn & mS = 0.5000E<07

TIME«VOLTAGE aRFA OF INPUT = -0 ,96361E~05
(ALPHAL #ALPHAZ)Y/ALPHAL =] PLibd2)= 0. 10001E+NY .
0,0 on 1CARF 40D =n.2]R0Fedn wn 3H77E400 =0, ARNIE400 =0, SSAGEEN0 0, H251E400 =0 6R14F+00 =0,7296F+00 =0,T704F00

a0 BNSOE+00 =0, RIUUF+00 =0, A8594E+00 <0, BEOGE+00 «0,RIBHE 00 =0,9139E 400 ~0,9259E+00 =0,9379E+00 =0,9472E400 «0,955%2E+00

«0.IRI19E+00 =0 ,96T6F +00 =n,QT25F+00 =0,9766E400 =0,9801F+00 =N, 9831E+00 «0,9050E+00 =0,9RTEE+0V =0,989b6E400 “0,9911E+00
,JQJ9EEQE:QQH:Q,9935E3QQ":Q,33ﬂ551QQ_:D.9955Et00_:£.99ﬁQExﬁD":ﬂ.9?65Et00 e0,9970E+00 =0, 99T0F+00 20,997KE 00 =0,998LE+00 .~ .

«0499RSE+0N w0 09856400 ~0,99RTE+00 =0 ,99RIE400 «0,9990F+400 =n,9991E+00 =0,9992E+00 «0,9992E400 =0,9993F ¢00 =0,9994E+00

«0,99G5E+00 =0,9990E+00 =0,9995E+00 =0,9995E+0U =0,9G95E+00 «0,9Y05E400 =0,9995F+0Q «0,9995E+00 «0,9595E¢00 «=(,5955E+00

20.,9995F +00 0 _ Q09SF +00 =0, 909GF +0N_ «0 9995400 =0 ,9995F ¢00 =0 _999SE 400 «0) ,999GF 400 «0,9995F +0D «0,9995F¥N0) «0,9995E 400

“0,GIGSE+00 =0,0065E400 =0, 0995F+00 =0,9995E400 «0,9995E¢00 =0,99G5E+400 =0,9995E+00 «0,999dE+0N =0,979UE+00 =0,9994E+400

«049994E+00 =0,9994E+00 =0 ,99G2E+00 =0 ,99G94E+00 @0, QYGLE 400 =0,9994E+00 «=0,9994E400 «0,9994E+00 ) , 99946 +00 =0,9993E+00
,1Q.ii95£3Q0“:3.9993E¢ﬂanzataiazﬁaQoN:Q.QRSEELGQ_:ﬂ.9935Eeooﬁgo.99035¢00,90.9993£voo_go.9993E+oa,20.999SE¢00 =0,9993E¢00

“0s9993E400 =0,9992E+00 =n,G992F+00 =0,9992E+060 =0,9992F+00 e0,9992E+00 «0,9992E+00 =0,9992E+400 =0,9992E+00 =0,9992E+G0

«0,I992E¢00 =0,9992E+400 =n,9992F+00 ~0,9991E+00 «0,2991E+400 =0,9991E+00 <0,9991F+00 ~0,9991E+400 =0,9591E+00) =0,9991E+00

w0,0991F +00 =0, 9901F+00 =, 9991k 400 =0,0991F+00 =N, 9991F 400 =0, 9909F+00 «0,9990E+00 =0 G9GGF+00 «N,9990F+00 »0,9990FE+20

e0,9990E+00 =0,5990E+00 =n,9990E400 =0,9990E400 =0,9990E+00 =0,9990E+00 =0,99B9E+00 «0,9989E+00 - ,99R9F 400 =0 ,9989E+00

w(¢P9BIEI00 =0,99R3F+00 =~0,97R9F+00 =0 ,9989E+00 -0,9989E400 =0 ,99AYE+00 =0,9989E+00 =0,9969E+00 =0,9988E400 =0,99A8£400

0 S98BFE+00 =0,9028F+00 =0,9988E400 =0 9SBRE+00. =0,998RE400. =0,9988E40020,99B3E+00.=0,9982E+00._~0,9988€¢00 ~0,9988E+00.

w0, QFRTE+0G =0,99RTE+D0 =0, 99BTE00 ~0,9GRTE+00 =0,9987F €00 =0 ,99ATE+00 =0,9967E+00 =0,99RTELOD «0,993TE+00 ~0.99576+00

c0,99RTE+00 =0 9937 +10 =0 ,99A6E+00 =0,9984E+00 ~0,9986F+00 =0,9984E400 «0,9986E+00 =0,9086F 400 «0,9980E400 «0,9986E+00

N OQRAF 400 =0 2085E400 =0 Q9RAF+0Q =0 Q08%5F+00 =0,99RSF+0) =0 9YASE+00 =0, 99KSF+00 =0 QYASF+00 =0, 998SF40C =0, 99RSEL00

«0sIIRSE+D0 =0 ,G9RGE+00 ~n,998SE+00 =0 ,99B5E+00 =0,9985E+00 =0,9934E+00 «0,9984E+N0 =0,9984E+00 «(),9984E+00 =0,99B4E+00

TIME OF INPUT VOLTAGE
o 0 0, 500F=07 0 100F=06 0 1S0Fm0A 0O 200F=0h 0 260Fm0h 0, 300FEmwdb 0 3S0Fwhs 0, 4G0F=0h  0,450Fenh _J

L9
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