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An artificial a.c. line is designed to re-
present some real line at a partlicular frequency.
As the frequency is changed the conjugate smooth line
represented by the artifieial line ceases to be the
counterpart of the actual smooth line. The problem
under consideration 1s to determine the nature of the
conjugate smooth line as the frequency 1s indefinite-
ly increased end also the highest frecuency at which
the artificial line approximately represents the same
real line which it represented at low frequencies up
to 60 cycles.

The artificial line used in this work 1is a
n - line consisting of thirty sections, each section
representing, at frequencies up to 60 cycles per sec-
ond, approximately 50 miles of No. 000 A.W;G. alumi-
num stranded conductor, diameter 0.47 in., interaxilal
spacing for three phase system 90.5 inches. The sec-
tilons are so arranged that it may be operated as a

three phase line with length of 500 miles, or as a

single phase line with length of 1500 miles and groand

return.



# Nominal Linear Constants of Artificial 85 sq. mm.
(168,000 circ. mils) Aluminum Line, taking each
Section as representing 80 km. (49.7 miles) of

conductor.

Per wire km. Per wire mile

Linear resistance r

Ohms atl 0° CQ‘-uacu 0.2’78 00445
Linear resistance §

Ohms a.t 200 CC . 8 8 s @ 0.501 0.485
Linear inductance 1 3 -3
henl”ys--..c-...-o-- l.lsxlo- 1.823{10

Linear capacitance ¢ 9
[ e 9.38 x 10~ 15.1 x 10~°

Linear leakance g mhos 0.12 x 10~° 0.19 x 1078

Linear Hyperbolic angle
hyps. 8t 60m..c..ov... 0.00135/710.5 0.00218/71°.5

#"Artificial Electric Lines", page 201,
A.E. Kennelly.
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The measurements made upon this line were
all impedance measurements. A bridgge balance was
obtained with both resistance and reactance. The
bridge arms A and B were two approximately equal non=-

inductive resistances of 250 ohms each. The source

of power was the Vreeland Oscillator for all frequen-

cies sbove 60 cycles. A standard variable condenser
was used when the impedance was condensively reactive,
and a variometer when the impedance was Inductively
reactive. A telephone was used as a detector. One
point of the bridge, d, was grounded to stabilize the
voltage distribution. Since the bridge was symmetri-
cal the balence was not affected by capacity currents.
To get rid of higher harmonics a tuned circuit was
used consisting of the secondary colls of the Vreeland
Oscillator, a variasble condenser and the'primary of a
transformer, the secondary of the transformer supplied

the power to the bridge.




4.

‘To Secon dary
of V.O.

R+ JwlL

1 R

Zg  RP4()?

R m202 + j «C

+ §
2 142
G (mc)

(when R 1s small relative to

1,2
(=180
CZ = C approximately
- 208
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The impedences of the reactors were checked
by means of a Campbell Mutual-inductance bridge of

equal arms. Z

6 £

?.un'.

(M + m) is read directly.

Ly = L' + 2 (M + m), r

To obtain experimentally Zé, and ©', the
home end impedances of the line with the distent end

both grounded and free were measured.

T
Then Zo . Zng

9! % tenh™ /Bp

When Z
g

]

55

impedance of the line, distant end

grounded .
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Zp = impedance of the line,distant end
free.

number of sections used.

=
il

Since the reactors and condensers were not
uniform,impedence measurements were made from both
ends of the line and the average of the two values
teken. In general these two values did not differ
greatly from esch other. 1In the neighborhood of the
eritical frequency, however, this difference may be
considerable. Observed date 1s given on pages.21-25,
calculations from data on pages 36~40.

Zg and Zp were measured for one, two and
three sections. The condensers and reactors were
selected for the three arrangements so as to make
the average constants per section in each arrange-
ment as nearly uniform as possible.

Arrangement of reactors and condensers:

#5
f
1 section ﬁi%ﬁ l 36
280 1) *18
b | | I#
2 sections: . 15 ‘Efs 36
T T8 *5
o l LAl l SLiilh | T l
3 sections . 15| % *os %6
1 1



The resistance and inductence of the 3 re-
actors versus w are plotted on curve sheets No. 1
and No. 2. Observed dates and calculations are given
on pages 18,19 & 28, The leakence and capacitance of
the two full condensers snd the two half condensers
versus ® are plotted on curve sheets No. 3 and No. 4.
Observed data and calculations are given on pages 20
and 29.

To simplify calculations the assumption 1s
mede that the linear constents of the real line, which
is represented by the artificial at low frequencies,
vary with frequency in the same manner as the constents
of the artificial line, i.e., that the real line has
the resistance, inductance, leakance and capacitance
of the artificial line as given on curve sheets 1, 2,
3 and 4, smoothly distributed.

#Theory of Artificial Lines:

Let R = resistance of the given line per section

L = inductance of the given line per sectlion

C = capacitance of the glven line per section

G = leskance of the glven line per section

Z=R+ ] ®L = impedance of the given line per section

2
I

G+ J w C = admittance of the given line per section.

#"Artificial Electric Lines",- A.E. Kennelly.
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When these constants are smoothly distributed as in
a real line

© =/%Y¥ = propogation constant per section of
real line.

zo=/57§_= surge impedance of real line.
When these constants are lumped in an artificial
line, a real line, called the conjugate smooth line,
is represented by the artificial line.

' .
2 sinh™ © = propogation constant per section
2 of conjugate smooth line.

g!

Z! = Zy/cosh 8'- surge impedance of conjugate
o
2 smooth line.

Let R' = resistance per section of the conjugate
smooth line

L' = inductance per section of the conjugate
smooth line

C' = capacitance per section of the conjugate
smooth line |
G' = leakance per section of the conjugate

smooth line
Then R' + JuwL' = 2' = Z} o'
] ]
e'/zy

G' + juc' = Y'

Enowing the resistance, inductance, capacitance and
leakance per section of the artificial line at vari-

|

|

ous frequencies it is possible by means of the 1
\

|

|



above formulse to calculate the propogation constant,
surge impedance, linear resistance, inductance, ca-
pacitance and leakance of the conjugate smooth line.
Calculations are given on pages 30 to 36.

In meking these calculations the work was
greatly reduced by the use of the "Chart Atlas" by
Dr. Kennelly, snd the complex guantity slide rule.

Curve sheet No. 5 gives Z] versus w and
shows the variation in size and slope of the surge
impedance of the conjugate smooth line as the fre-
quency 1is raised. The dotted curves give corres-
ponding values of Z,, the surge impedance of the real
line having the same constants per section as the
artificial line.

Curve sheet No. 8 gives a polar plot of Zé
and Z . This curve crosses itself, showing that the
line offers the same surge impedance in the neighbor-
hood of w = 7500 as at w = 20, A maximum value of
Zg is obtained in the neighborhood of ® = 8100. As
the frequency is indeflinitely raised Zo decreases in

size and tends to become wholly reactive. Curve

sheet No. 7 gives ©'and @ for corresponding values
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of w. Up to |8} = 1.0, (o = 4000), {0'| aiffers
but slightly from {e}, this difference gradually in-
creases with ® until, when |0} = 2.0 (v = 8100) o('
the real part of @' begins to increase very rapidly.
As the frequency is further increased }3Cthe imagin-
ary part of @', does not exceed m.

Curve sheet No..8 gives o and M' to a
larger scale for the lower frequencies.

Curve sheet No. 9 gives a polar plot of @'
and ©.

Curve sheets Nos. 10, 11, 12, 13 give the
resistance, inductance, leakance and capacitance of
the conjugate smooth line and the real line. All
four curves for the conjugate smooth line have crit-
ical values in the neighborhood of w = 8100, which
is the value of w at which {@] = 2.0. At this value
of w R'is more than 100 times as great as R, L' is

more than 3 times as great as L, while C' 1s only one

gquarter as great as C and G' has become negative.
As the frequency is further increased R' decreases,
L' decreases abruptly and becomes negative, C' in-

creeses, G' becomes greater in magnitude but remains
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negative.

The conclusion, from a study of the curves,
1g8 that there is a ceritical freguency beyond which
the conjugate smooth line breaks down and does not
even approximately represent the real line. This
frequency 1s that near which }el= 2.0. At half this
frequency (at w = 4000) (o'}, {z"| and‘xldiffer from
tel, 1z,1 and « by 4%, 15% and 14% respectively.
Above w = 4000 this percentage difference increases
rapidly with @ for Zé and &f-

As the frequency is increased beyond the
eritical frequency the conjugate smooth line has
negative inductance and large negative leakance and
is not physical realizable. The surge impedance
decreases in magnitude, and approaches 0/90° .

ufthe real part of @' continues to increase. Since
S‘the imaginary part of @' does not exceed ®., the
wave length is always more than two sectlons. (A= %;)
Therefore there are always at least two sections per

wave length.

Since Z, = Vzng » the frequency at which

Zols maximum may be readily obtained from a consider-
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ation of one section of the artificisl line if re-

sistance and leakance are neglected.

L
c/zé %%c/z Zg = P

JuC + 1
2 JoL
2 1 _ .} 2(0®0L - 2)
f= q s
joc  + 1 @ C(4 - wCL)
2 joL - j2
wC
2 ME?C
ZO - /ngf =
Ve - w2CT,
For maxinmmam Zgs 4 - w°CL = 0
PR S ¥ 2 = 8060

VIT- /.0882 x .695

2wL

]

2 - wlgrL

It 1s apparent that at very high frequencies

the surge impedance of the line will be the impedance

of the half condenser. Above the eritical frequency,

therefore, the surge impedance decreases with an in-

crease in frequency and approaches zero as the fre-

quency 1s indefinitely inereased.
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It is interesting to note that with a T
line, the surge impedance at very high frequencles
will be the impedance of the half reactor.

The conclusions reached from an inspection
of the curves may be obtained mathematically.

Assume that R and G are small enough to be

neglected.
Then @ = J @ yIC = j 2 K, z2 =/L7C

g' _' _'
==sinh /2 =sinh™ J K =x+ JY

oo

sinh ©'/2 = sinh (x + jY) = sirh X cos ¥ ﬁcosh Xsiny
s 3K '

¢+ « 8lnh X cos ¥ = 0 , and elther

X=0 or ¥ =W/,

If X =0, cosh X sin Y =8in Y = K
K = slnY 2 1. , 0 £ 32
If Y=7n/2 cosh X sin ¥ = cosh X = K
K = cosh X 2 1 e 2 j2.
e <j2.
e - |
Y =.sin " g, 8' = 0 +;2 sin-'K

¥
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wave length g 2 sections,

cosh 0'/2 = /1 + sinn® 0'/2 = /1+(8/2)2 = /1-k2

Z2'e = 2 /1-K7

R‘ & JmL' = glzé-z j 2 Sin"K Zo x (*]
Vi S j2K

, sinT'k _ Z(X+K%6 4 53 KY5)

Ky/T-KZ" K(1-K%/2 - K %/8)

2 {1+ 8830

7'> 7z, L' and R' are positive and greater than L

and R.

Y'

o'+ dugt =¥ o fB it X /i-k2 o

]
zZg Zg J2K
1.3 K5
1 3
K

Y({i1-3/sx. )

Y'<{Y, G'" and C' are less than G and C.
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e >Jj2

|
X = cosh~'K o' = 2 cosh™ K + jx
! 1 /
of increases as 2 cosh |%|, [:S remains constant.

wave length = 2 sections.

fre/2)2 = 3 V&2 -1

5l
(2 cosh K + jn) Z5 ., 6

j/EZ -1 j2K

cosh ©'/2

R' + JoL' = @'z} =

cosh~ 'K + jn/2

- K /X% -1

= Z

cosh™ 'K +_,11t/2 | %

when 1 (K<{ 1.56

- K VKE -1
=3
]co*’h K + Jnd2 2" when K)1.56
- K -1
ok BN when 101 3,12
iz'1 C 12} when 1ot} 3.12
A - -t /2
2' = 2 - (180° - tan~' EE__

cosh™ X
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The phase difference between Z' and Z varies from

-90° to -180°. When @ = j2,Z' = Z - 90°

L' becomes negative, therefore, beyond the critical

frequency, and remains negative as the fregquency is

indefinitely raised, while R' decreases gradually

toward zero.

Y' = 6' + Juc' + @' /2! = (2 cosh™'K + jn) J/KP-1 @
Zq jeK

5. (cosh~'K + jn/2) /K% - 1

K

I(cosh"K + 3n/2) VK2 - 1 l( when 1< K< 1.23
. 1
K

! (cosh™ 'K + jn/2) /K° - 1 l7 , "hem  K71.23
K
fx'} < 1yl when 10} { 2.46
X' > Ix} when ef > 2.46
T = ¥ o+ ten” M2 _
cosh"K

The phase difference between Y' and Y varies from



n
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+ 90° to 0°. The slope of Y' lies between 180° and
g0°c. G' is always negative, C always positive. ¢!t
has a minimum value near the critical frequency but
inereases indefinitely as the frequency is ralsed.

The above statements would be somewhat modi-
fied when R and G sre not neglected, particularly in

the neighborhood of the critical frequency.
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OBSERVED DATA:

377

2,680

5,000

10,000

18,600

Temper=
ature

239,C

21e,5C

249°,56C

26, 0

18.

RAYLEIGH BRIDGE MEASUREMENTS - REACTORS,

29
18

5
29
18

5
29

18
4]

29
18

5
29

18
5

Variometer
Coil # Setting Reading

550=-4A
550=-4A
550-A

550-A
450« A
550=-A
450-A
°50=A
450=-A

450=-A
450=-A
450=-A

450-A
550-A
450-4A
550-A
450-A
550=-4A

450-A
450=4A
450-4A

108
217
113

108
13

116.8
19.5

113-5
17.0

14
20,4
18

16,2
112.5
23.0
121.0
20.G
117, 7

28,
S8,
31,

R

L]
Sl |

L]
o oo O g

B AHONREF HOH

-3 -2 (© Hopop o

OO0 DC AL

Bridge Ar
Reversed

Var,
Reading

107
116
113

107.2
13,

116,
19.2

113,
16.8

13.2
20,0
17,2

16,5
112.7

23,
121,

20,5
118,.0

27.
34,
32.

ms

R

L

@

L J
<N ooz NDO2

220 DU & oo B ne- HFoe

]
POL HLHWOW



2,680

5,000

10,000

18,600

OBSERVED DATA:

Coil #

29
18
5

29
18
5

29
18
5

29
18
5

M +m

.005400
.006550
.006110

,005360
.006540
.006090

.005330
. 006500
.006050

.005290
.006420
, 006000

REACTORS,

Bridge Arms Reversed

v ]

M+ m

.005290
006440
.Q06000

.0056272
. 006430
,006000

.005180
. 006385
.005900

O DU [AVIE v
® ®
OO0 bbb HOUOO

, 005070
.006260
.005770

=
Mo
.

Equal Bridge Arms

L
r

0.100 henry
22.2 - D.c.

19.

CAMPBELL-MUTUAL INDUCTANCE BRIDGE MEASUREMENTS-

e & @ e o = w

® & &

= O NN JAV LR (o]
oo W & HO b Houo

ey

- * L



20.

OBSERVED DATA: RAYLEIGH BRIDGE MEASUREMENTS - CONDENSERS.

Temper- Conden- Arms

w) ature ser Bridge Reversed
C # R o] R c
2,580 23,0 15 19.3 ,3562 19.5 . 8556

36 36.3 ,.3436 36.5 + 0430

9 23.8 .7140 24.0 « 7126
25 10.3 .7117 0.5 » 7106
5,000 15 9.0 .3533 9.2 . 0H26
36 15,7 .3390 15,9 « 0083
9 10.3 .,7026 10.5 . 7011
25 5.3 .7062 5.4 . 7060
10,000 15 4,2 ,3510 4.4 » 0504
36 6.8 ,3353 7.0 « 3347
9 4,6 ,6953 4.8 . 6941
25 2.8 .7024 3.0 « 7010
18,600 15 2.2 .3506 2.4 » 3500
38 3.6 ,3348 3.8 . 2344
9 3.3 .,6940 3.4 » 6930
25 2.4 ,7014 2.5 . 7000




W =377 Temp, 23°,5
Var, Var, R
Sections Setting Reading Ohms
1 ZS 550-A 100 0
" (rev) 2zg " 105 0
2y 20
* (rev) zr 20
2 Zg 750=A 65 20
" (rev) 2zg " 65 22
it 100
" {(rev) 2z¢ 100
3 Zg 750 A 90 2%
* (rev) 2Zg " 80 27,
Zf 180
* (rev) 2¢ 180
w = 2,680 Temp. 22°0
» " 27,0 18,6
“ (rev) Zg 550=A 31, 18,7
" " 30¢ 18,7
g 21.5
" - Lol
“ (rev) Zr 20,3
" 20.5
2 ZS 750=-A 95 706
" " 93 708
" Z " 126 714
(rev) s " 125 714
Zg 550-A 35.7 18,
" L 35,9 13
*» (rev) 2¢ " 35.0 11,9
" L 35.0 12'0
3 Z 233. 2
3

OBSERVED DATA:

HOME END IMPEDANCE MEASUREMENTS

DISTANT END GROUNDED AND FREE.

233, 7

c
Mf.

« 74
» 75

1,45
1,55

2¢ 25
2., 30

« 789
» 187

798
« 796

Extra
Inductance
(henry)

Bridge Arms Rev,

Cojls #15,3,6,88
Bridge Arme Rev,
Cojls #1§,5&6,gs
Bridge Arms Rev,

L ] "
L] L] L
" " L



Sections

=

W = 2,680 Temp., 22°0

(rev)

w

(rev)

(rev)

(rev)

(rev)

(rev)

(rev)

Var, Var, R
Setting Reading Ohms
¢ 450=4A 99 54,5
L " 99 54,5
Zg " 100 56,4
" " 99,5 56,5
= 5.000 Te&a 23°| 5
Zg 7650=A 40 517
" " 37 518
Zg " 152 431
# " 150 432
Zg 450-A 149,5 5,8
" 149,5 6.0
Zf L 138,5 Qe 3
.139 3¢5
Temp, 24°,0
Z 80,9
ne 81.1
Z 79,7
"8 79,9
Zf T50=A 99 286, 6
" # o8 287, 4
Zy " 112 22,2
" " 111 273. 2
Temp, 2405
Zg 550=A 46,5 246,6
" " 46, 247, 6
Zg L 83 238, 7
L] “ 82 239.7
Zf 150
" 150

128.0

Nf.

°
o n

c© OO0

oo

» 906
« 905

937
« 935

« 832
« 532

« 574
572

22.

Extra
Inductance
(nenry)

Bridge Arms Rev,

Coile #15 & #.3
Bridge Arm= Rev,
Coi%a #lg & # §
Eridge Arme Rev,

L] L] "
# " L]
L L "
] ] L]
L] " L
o " "
" “ "
L " [ ]
U] " L]
" L] "




Sectione

1

=

E

(rev)

(rev)

(rev)

(rev)

(rev)

(rev)

(rev)

W = 7,500 Te 24,5
Var, Var. R
Setting Reading Ohms
Z B8l.5
n 81. 5
Z 124
s 124
Zy 550=A 79 315
" b 8 315
Zg " 40 332
" " 38 327
Zg 2300
" 2300
Zg 50=-D Anywhere 2600
] " L] L]
Zf 450- A a7 263
" " 28 265
Zg 550=a 104 304
" " 105 304
Zg 350=- A 37 1020
] L] L] "
Zg 4650=A 88 858
] L] " L]
2 500
“f L
Zg 600
[ ] L]
w = 10,000
15.3
o :
A 22, 3
us u'
Zf 46,2
L]

C
MNf.

«151
«151

« 137
« 137

2103
0103

172
L

219
"

« 237
"
222
"

0181
L]

Extra
Inductance
(henry)

Bridge Arms Rev,

L] " L
" L] "
" " L]
L} L L

Bridge Arms Rev:

" L] LJ
“ LU "
U] " ]
L] L L
" " L]
] L] L




Secticns

w

= 10,000

W = 18,600 Temp, 26°

Setting Reading

Z
i

€A L
. e

@O

Dl A O e Lol

® @

O BN HO BN O-3

C
Mf,.

+«169
"

+ 213
"

195
L
.Zul?-..

"
212
“
+ 195
a
9212
#

«195
#

e 018
« 318

° 302
« 902

» D15
«O14

o« 300
+ 299

« 317
« 316

« 300
« 3C0

« 317
« 317

Inductance

Bridge Arme Rev,



W = 18,600 Temp, 26°

var, Var, R

Sections Setting Reading Ohms
2 (rev) 2zr 4,9
L] 5.1
3 Z 3.1
nE 3.4
" (rev) Zs 408
" T
Zg dad
" 3.4
" (rev) Zy 4,8
H 5.1

w _= 2,680

Coils #15 & #3 1750-A 58 19,3
" # 6 & #28 " 59.3 20,0

o = 5,000

» #15 & #3 750-A 60=-.5 20,1

c
uf.

» 200
» 300

+ 317

o317

« 300
« 300

+ 317
' 317

« 300
+ 300

25.

Extra
Inductance
(henry)

Bridge Arms Rev,



26.

RESISTANCE OF VARIOMETER AT 22° C, CONNECTION:

A ROT. 30 + 100,

Fixed Valuee ¢of w

0 2680 3140 800 7500 10,000 18,600

750 29.4 30.4 31,0 56
650 26,3 27.0 27.9 49
5560 23.0 23.6 23.9 24.9 25,5 34
450 19.9 20.7 21.4 22.3 29
360 15.5 16,4

200 10.8

RESISTANCE OF STANDARD 0,1 HENRY COIL,
22,2 22.6 23,1 24,5




-

PRELIMINARY CALCULATIONS - Z, @, Z! AND o'
FROM GIVEN CONSTANTS.*

Z yv106 A Zo
(R+jwL) (G+jwc )10 VoY vVZ/T
377 24,1+j34.1 9.6+j283  .034741030
41.7/54°.8 283/88°.0 .1087/71.4 284/16°.6
2500 25.6+3j226 9.6+31876 .0385+j652
227/83° .5 1876/89°.7 .6531/86°.6 348/%%.1
5000 26.3+3j452 9.64+33752 .039441.302
452/86°.67 3752/89e85 1.303/88°.3 347/1°.6
7500 27.3+3678 9.6+]5628 ,0409+3j19654
678/87°.7 5628/89° .9 1.954/88°.8 347/I°.1
10000 29.+3904 9.6+J7504 .0432+32.605
904/88°.2 7504/89° .9 2.605/89°.0 347/0°.9
e'/2 Cosh @' e'. 2o
sinh-'e/2 2 Zo/cosh @'/2
«034743.1030
377 .05435/71°.4 .999/0°.1 .1087/71%4 384/I85.7
. 0408+ 3664
2500 .3327/86°.5 .946/0°.4 .665/86°.5 368/3°.5
.0520+ 31418
5000 .710/87°.9 J760/1° .3 1.420/87R9 457/2°.0
.1770+32.676
7500 1.341/86°.2 .247/20°.4 2.682/86°.2 1405/3I°.5
1.524+33.09
10000 1.724/63°.8 .835/88°.0 3.45/63°.8 415/55%0

* "prtificlal Electric Lines", page 201,
by A. E. Kennelly.



28.

CONSTANTS OF THE LINE - CALCULATED FROM MEASUREMENTS.

377

2680

5000

10000

18600

Coil #

29

18

5
Average

29

18

b
Average

29

18

S
Average

29

18

4]
Average

29

18

5
Average

R

24,8
25.6
24,3
24,9

25.2
25.9
24,7
25,3

25,9
26,5
25.4
25,9

28| ?f
28.4
27.5
28.0

37.2
36.0
36.2
36.5

L

. 0893
. 0870
.0878
. 0880

. 089831
. 08701
.08789
. 08807

. 08937
,08703
.08791
,08810

. 08949
.08712
. 08805
.08822

. 08964
. 08732
. 08823
. 08840



CONSTANTS OF THE LINE - CALCULATED FROM MEASUREMENTS

w Condenser
Number

2680 15
' 36
9
25

Average®

5000 15
36
9
25
Average

10000 15
36
9
25
Average

18600 15
36
9
25
Average

G

17.6
30.8
87.2
37,8

578

28,4
45.4
128,
67,2
89,7

52. 7

77.4
227,
143,
166, 7

98,3
144,
560-
427

0.

% With Condensers #36 and #15 in parallel,



10

25

50

100

377

1.,000

2,500

4,000

5,000

6,500

7,500

7,800

8,000

CALCULATING OF Zg, 9, 2'p and 6!

FROM THE AVERAGE MZASURED CONSTANTS OF THE LINE.

VA
(R+JjulL)

24,9+ j0

24,9+ j. 830

24,9/2,03

24,9+]2. 20
25,0/5205

24,9+j4.40

25,3/10°,04

24.9+j8,80

26.4/19°,45

24,9+ j33.3

41.5/53, 22

25,0+j88,0

92,3/74,15

25,3+j220

222/83, 45

25, 6+ j352. 5

354,/85,85

25,9+ j441

441/86,62

26,44j573

574/87. 35

26,8+ j662

662/87, 68

26,9+j688

688/87, 75

27.0+j705

705/87:,80

6
e

(G+ jwC )ro
22+ jO

22+]j7. 24
23.2(18349

22+ jl8,1

28,5/39,43

22.5+j36,18

42,5/58°,1

23+j72. 3
75.6/720, 36

26+j272

273/84, 52

35,0+J717
?18(87.39

55+j1770

1770/88, 21

76+ 52810
2810/88,45

90+ j3500

3500/88, 52

112+j4530
4530/88, 59

126+j5225

5225/88, 62

130+ 5430

5430/88, 62

132+ §5560
5560/8864

-
VZY
.0234+j0

+0234/0°
« 0236+ j,0043

«0240/10,21

«0247+j,0101

«0267/22,24

.0280+j.0189

0 0338/34°,0

e 0311+j,0321

«0446/45°,9

0384+ j,0993

01065/68,87
00419+ j,255

« 258/80, 68

. 0454+, 625

.626/85,83

Q0492+ j,996
1996/87315

. 0526+ j1, 243
1,243/87,57

«05668+jl1,613

1.613/87,97

. 0600+ j1, 860
1.860/88, 15

«0612+j1,.935

1.935/88,19

+0614+j1,980

1,980/88, 22

Zo=
V Z?Y
1065+j0

1065/0°

1024-j148
1035/8, 2

895~ 4277
936/17.2

705- 3314
771/24°,0
530- 1265
591/26°,5
375- 1105
390/15; 6
357-
359/6. 62

353w j14, 7
354/2, 38

355=
365/1% 30
355~ ]
355/0,95

3D6w j3, 8
366/0, 62
356m= 12,9
356/0, 47

356=-j2, 7
356/0,43
356« 2, 6
356/0,43



10

25

100

377

1,000

2, 500

4,000

5,000

6,500

7,500

7,800

8,000

CALCULATING OF Zo, ©, Z'¢ and @'

FROM THE AVERAGE MEASURED CONSTANTS OF THE LIKNE,

1
e/ 2
Sinh/"172

+0117/0°
00120/10% 21

.0133/22. 24

. 0169/34,0
+0223/45¢°,9

.0532/68,8
«130/80,6_
.317/85,7
«52/860, 8

.671/8%2
.938/87,0
1.190/86,1
1,30/85,0
1.37/83,1

Cosn e!/2

1,000/0°
1,000/0°

1.000/0°

1,000/0°
1.000/0°

«999/ 0°
0990/0,2
¢950/0,4
¢868/0s9
. 783/1,8

.594/3,8

.383/11,2
.295/21,8
«254/35,6

el

.0234+3j0

«0234/0°

.0236+j,0043

.0240/10, 21

«0247+j.,0101

.0267/22.24

«0280+j,0189

«0338/34°,0

«0311+j,0321

00446/45°,9

«0385+j,0993

«1064/68:8

00425+, 256

» 260/80,6

.0475+ j, 632

«634/85.7

056+ jl,04
1,04/86°,8

«0655+j1, 341

1,342/87,2

.098+j1.875

1,876/87,0

«162+j2,38

2.38/86,1

0 226+ j2, 59

2460/85,0
301432, 72

2.74/83, 7

Z'

0
Zo/Cosh e’/z

1065+ jO

1065/0¢°
1024- 148
1035/8.2

895- 277
936/%%?%

705- j314
711/24°,0

530=-4265
591/269,5

375=j1
390/15.

360=j4
362/6, 7

372=-j18
3713/2.8
409« j1
409/2:2
452=419
453/25

599-i46
600/4, 4

910=-j18
929/11,7

1120=j456
1210/22,2
1130-98ﬂ5
1400/356,0



CALCULATION OF ©, Z,, ©' and Z) FROM

AVERAGE MEASURED CONSTANTS OF THE LINE,

@
8,050

8,075
8,100
8,200
8,500
9,000
9,500

10,000

12,000

15,000

20,000

40,000%

Z
27.05+j710

710/87¢.82

27 .054712.5
712.5/87282

27.05+3715
715/87° .83

27 .1+ 3723
723 /87° .85

27 .25+ 3750
750/8"7° .92

27 .5+ j795
795/88¢° ,0¢

27.7+j838
838/88°,10

28.0+j882
882,/88918

29 .4+ j1059

1059/88340

32.0+3J1325
1.325/88961

39.0+31768
1768/88° .73

80+33550
3550/88° ,7

L Constents estimaied.

4

133+ J5600
5600/88364

133+3§5610
5610/88264

134+ 35640
5640/88963

136+35700
5700/88363

140+ 35910
5910/88364

150+ j6250
6250,/88% 62

157+36590

6590/88162

167+3§6940
6940/88362

210+ J8320
8320/888 54

283+ 3j10400
10400/88343

465+j13840

13840/88%07

1500+ §27600
27600/86° .9

e

.0615+31.995
1.995/880,23

.0816+32.000
2.000/88%23

.0620+ 32,005
2.005/88°,23

.0621+32.03
2,03/880°,24

.0635+j2.106

2.106/88¢° .28

. 0655+32.23
2.23/88°.31

«067+32 .35
2.35/88° ,36

.0690+32.47
. 2.47/88%40

.0790+j2.97
2.97/880 .47

«0956+33.71
3.,71/880,52

.138+34.94
4.94/88%40

.38+39.88
9.88/87°.8

32

Zo
356=32.5
«356/0%41

356" 2.5
356 .

556=12.5
356/0%40

556" 204
356

356=42.2
356/0%

387-31.9
357/0'30

357" 1.6
357/0%26

557- 104
357/0%22

357=-30.04
357/0.

357+350.03

357/0%05

357+32.1
357/0833

359+ 35.6

359/0°.9



CALCULATION OF 6, Zg, ©' and Z] FROM

AVERAGE MEASURED CONSTANTS OF THE LINE.

@ e'/2 Cosh ©' o'
2 .337+32.78
8,050 1.40/83°.1 .250/41%1 2,80/83%1
8,075 «346+32.78
1.40/82°.9 .250/43%6 2,80/82%9
8,100 +378+32.79
1.41/829.3 251/47°.1 2.82/82°.3
8,200 «451+)2.85
1.44/81° .0 «274/57°.0 2.88/81°.0
8,500 _ .682+32.97
1.52/77°.1 .356/74°.6 3.04/77°.1
9,000 .956+43,01
1.58/72° .4 .500/82°.0 3.16/72°.4
9,500 ‘ 1.175+33.04
1.63/68°.9 «624/84° .6 3.26/68°.9
10,000 1.35+33.05
1,665/66°.1 .730/85°.5 3.33/66°.1
12,000 1.90+33.07
1.805/58°.3 .1.10/87°.5 3.61/580°,3
15,000 2.46+33.08
1.97/51°.4 1.56/88°.0 3.,94/51°.4
20,000 1.56+jl.54 3.12+33.08
2.19/44°.6 2.26/88°.0 4,.38/44°,6
40,000% 2.28+31.533 4,14+33.08
2.75/34° 4.85/87°.7 5.5/34°

* Constants estimated.

33

Zg
1065- 194
1426/4135

1027- 3992
1426

960~ 311046
1420/4735

702-3109
1300/5734

250-966
1000/75%0

96- 3706
714/855.%

53=-3570

573/84%7

36.5-3486
488/§§FT?
14-3324
325/87° .6
8-3j229
220/885.0

4-’7-
158/88° .3

2- 374
74,/88° .2



34.

CALCULATION OF THE CONSTANTS OF THE CONJUGATE SMOOTH LINE
o 7 Y'1o+66
81Zq" 0'/2,'10 R v ¢ 108 ¢ 10°
0 24,9430 22450  24.9 " 22,
100 24,94§8,80 23+j72.3 24,9  ,0880 23, .723
26.4/19%4 75.6/725 4
377 24,9+333,3  26+j272 24,9 0880 26 721
41,5/53°%1 273/84%5
1000 26,1+j90.5 34+j717 26,1  ,0905 34 717
94.1/73%9 718/8753
2500 29,3+j235 44,5+431700 29.3 ,0940 44,5 ,680
236/82.9 1700/88:5
4000 40+3424 44,5+32550 40.0 .1060 44,5 .637
425/84°6 2550/890
5000 55+ 3606 20,6+32970 55,0 .1210 20.6 .594
608/84.8 2970/89. 6
6500 1454§1116  =76,5+§3130 145 L1715 -76.5 481
1125/ 82.6 3130/ 9134
7500 595+j2130  w350+j2540 595 284 -350 339
2210/74,4 2570/ _97.8
8000 2580+32840 -970+J1700 2580 ,355 -970 213
3840447.7  1955/119.7 ; i
8100 3290432290 -12704j1520 3290 ,283 -1270 .188

4000/34,8 = 1980/129.8
8200 3430+3j1500 =-1655+3j1470 3430 ,183 -1655 179

3740/23°6 2210/138.4

8500 3040+j111 -2690+j1425 3040 ,0131 -2690 .168

3040721 3040/ _152.1

2000 2230-3389 =4000+j1900 2230 =-,0432 =-4000 o211
22607979 4430/154,17

9500 1800-3i510 ~5100+j2530 1800 =~-,0537 -5100 . 266
1870/15.8 57100/ _153.6

10,000 1530-j5645 =8000+j3220 1530 =-,00545 -6000 322
1625 6 6820/151,8 '



35.

6
Vg 0'/2," R! L' ¢'18° ¢! 19

Z Y10~

6 6

12,000 1025357 =-9200+j6240,
1172/2953 11,100/145,9 1025 =-,0480 =9200  ,520

15,000 724+ j558 =13100+j11200
900/36; 6 17,200/139,4 724 -,0359 =13,000 ,746

20,000 500-479 -18900+j20,300
693/43,7 27700/ _132;9 500 =-,0240 -18,900 1,015

40,000 237-j331 -40000+j62,800
4074544 74,300/122,4 237 -,0083 =-40,000 1,57




W=377
No,of
Sections X R L
: | Zg 23, ,091
1(rev)zg 23, ,090
Ze 43
“(rev)Zy 43
Zr(Ave)
2 Zg 50 + 170
"(rev)" 52 .175
"(Ave)
Zs 100
“(rev)Zs 100
Zs(Ave)
3 Zg 79 « 267
“(rev)zg 79 27
Zg(Ave)
Zf 180
“(rev)zs 180
Zf(Ave)
w= 2680
1l Zg 42,1 ,1125
"(rev)zg 42,2 ,1113
Zg(Ave)
Zy 21,6
"(rev)Ze 20,4
" Z¢ (Ave)

36.

CALCULATION OF €' AND Z,' FROM IMPEDANCE MEASUREMENTS,

' -1
Zo' = /23 Zg . 6 = Tanh /Zg/%s

C Z
23.,+j34,3
23,+333,9

20, -
41,2/5650

.74 43-j3590
.75 45-33540

—435as
3565/80 5"
' 383/16.°7 ,107/725

50+ 366,

52+166
3??%33“

83,5/52,°3

1,45 100-31830
1,55 100-31710

1775/86 . %7

79+j101
79+ j102
79+J101,5

128.5/52,1

2,25 180-31180
2,30 180-31150

180=31165
11807&1?5_"'

389/T4:6

42,4+3301
42,2+j298

303/ 820

.788 21,6-3475

797 20,4-31469
e 2
4745;3?3

384/T73

.107/70, 2

.107/68,0



W = 2680
No,of
Sections X R L i Z Zo' 8!
378/27.7 .674/86.0
2( ; Zg 836 5215 836+3J1395
®(rev) 2 842 5100 842+j1365
€ §E§$§T§§6
1615/5831
" Z, 36,5 ,1093 1,0 36,5-382
"(rev) Z¢ 35,5 ,1095 1,0 35,5-181
89,2/66°1
| 379/3.7 .678{ 85.6
3 Zg 233.4 577 . 233,4-j671
#(rev) zg 226.4 .5556 226,4~3675
zg(Ave) 230=-3673
2713/ 961
Ze 74.8 ,0675 74,8+j180,5
"(rev) Zp 76,8 ,0673 76,8+j180,
Zr(Ave) 75,8+3J180,2
195,5/67.2
373/270 ,683/85,6
W = 5000
: | zg 568 ,364 568+ 31830
"(rev) Z2g 482 ,320 482+j1610
: Zg(Ave) 525+§1720
) 1800/13,0
Zg 26,5 ,0552 ,5 26,5=-j122
"(rev) 2y ,0685 .5 24,1-3105
Zg(Ave) 25,8=J113,5
116.5/77:4
2 Zg 80,0 .905  80-3220
R T
231/69,8
Zg 318 L1640 318+3j823
"(rev) Zs 303.7.1592 304+3800
Zf 311+3811

871/ 6950



|

w

w

= 5000
No,of
Sections X R L
3 Zg 270 « 1056
4(rev)zg 263, .0955
Zg(Ave)
Zf 150
"(rev)zfl 127.7
Ze(Ave)
= 7500
1 Zg Bl.5
"(rev)zg 124
Zg(Ave)
Zg 340  ,0965
“(rev)Zy 354 .1082
Zf(ave)
2 Z 2300
n(rev)z€ 2600 .002
Zg(Ave)
Zg 285 0678
"(rev)Zy 329 .0902
Zf(ave)
3 Zg 1050 .0523
“(rev)zg 880 .0698
Zg(ave)
Zg 500
"(rev)ze 600
2f

270+j530
263+,j480
266+ j505

571/ 62,2

150-j375
128-7348

159-%361
387/69,

.532
573

L ]
L137

81,5-3884
124-j974

103-3929
937/8537
34043725
354+ 3813
347+]769

845/65,17

.103 2300-j1300
2600+,j150

248051815

2520/ 13,3

.2 285-3j158

2 329+310
SG?LE?I“j::
316/13.6

1050+3j393

880+3525
'3331%135“

1070/25%, 4

172 500-3775

.219 600-3610

T550-692

886/51°,5

38.
2t o'
(¢
o
449/0.4 1,345/86,9

470/3°%  1.346/86.9

890/3°0  2.34/86,7

890/13.4 2.36/86.2

973/T3°6 " 2.38/86.1



W = 10,000

No., of
Sections

%(rev)

"(rev)

"(rev)

"(rev)

"(rev)

"(rev)

X R
Z 15,3
2§ 22.3
Zg(ave)
Zg 46,2
Zf 57.0
Zy(ave)

Z 26,8
25 43,
Z_(ave)

24
Zg(ave)

Z 32,7
Zg 47,5
Zg(ave)
Z 32,7
z 47.5
Zs(ave)

Z 3,2
g .
Z

E

Zf 3.3
Z 5,0
Zg

237
«222

.181
.169

« 213
+195

218
.194

212
.295

.212
196

.018
.2902

.315
.300

39,

502/8652 5.34/66.,5

26,8-3471
43,0-3515

34,9-1494
495/5%10

40,6-3473
57,0-3517

48,8=3495
493/5%13
496/8552 3.10/67,0

32,7-3473
47,5-3515

40,1-j494
496/85,3

32,7-j473
47,5=3515

40,2-3494
496 .

496/85%3

3,2=-j163
4,8=-3172

00- 168
168/%8:3
3,3-3165

5.0-1173
169;2%%2



W= 186,00

No,of
Sections X

2 Zg 3
“(rev)z ?

«016
«300

coOxY
» 300

«917
«300

Z

3,3-j164
5,0-3173

2,2-3169
159/%§?E“
3,3=3163
5,0=-3173

o

3,5-3163

5,0-4173
02‘||168

168/ 88,6

168/88,6

168/88°6

et



41.
MEASURED AND COMPUTED VALUES OF Z,', 6!

Measured Computed
ol sections e Zo' 6! Zy!
3 i 383/16,7
2 384/17.2
3 38951456 ,
Ave, 5385/16% 2 .1064/68,8 390/15.7

2680 1 .674/86.0 378/2%7
2 .678 :579/2"""3°
3 683/85.6 373/30
Ave, .678/85.8_ 377/2.8 .680/85.8  377/Z:8

5000 1 . 1.325/87.4. . 45722
2  1,345/86,9_ 449/0.4
3 1.346/86.9 470/3.4
L]
Ave, 1.338/87,1. 359/2.0  1.342/87,2 453/2:4

7500 1 2,34/ 86,7 890/930
2 2,36/ 86,2 890/13.4
3 2,38/ 8651 9713/13.0

Ave, 2.362 Bﬁiz 918/11.1 2.38{ 86,1 929/11°,7

10000 ) 4 3,34/ 66,5 502/86,2
2 3.10 e 496/85,2
3
e

- 496/85, 9

. 498/8596 < 8 33(66.1 488/85,"7
168/88 6

18,600 £
2 168/8856
3
e

168/86°6
" T66/65°6  4.25/46,0 168/88:2




377
2680
5000
7500

10000

377
2680
5000
7500

10000

Ry, Ly G & C CALCULATED FROM AVERAGE

MEASURED VALUE OF Z§ AND o'.

ZI
Zs 0"

41.2/54°.

y'108
e'/z!10%

278/86° .4

256/83°.0

613/85° .1

2184/75°.0
1676/19° .7

Z'sinh @'

gl
41.2/540.1
24.14+j33.5
237/83° .6
26+ j235
448/87°.0
23,.5+j448
656/88° .1
21.8+]656

885/88°.8

17+ 3885

1800/88¢ .6 °

2920/89°.1

2590/97°.2

6650/152° .7

9'
1P 7' tenns

~e'/2

278/86°.5

18+j278
1870/88° .3
54+31870
3440/880,1
112+ 33440

5440/88° .2

85+32720

6820/88°.2

216+ j6820

42,

sinh @' tanh ©'/2
e'/2

.999/0°,1 1.,00/0°.1

«.926/0°.6 1.039/0%.3

«735/1°2,9 1,18/1°.0

«30/13°,1 2,1/9%.

.528/108°.5 1.02582°.5

26.

24‘

22.

. 0890

. 0883

. 0893

« 0875

. 0885

18.

54

112

170.

216.

«740

.700

.688

724

.682
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