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, :ENERAL DESGRIPTION
A An artificial transmission line is a combination
- of resistances, inductances and capaoities, which will have
apnroximately the same electrioal properties as the actual

| 1ine.~. .
. ‘A 1ong transmission line will have in addition to

,its resistance, ;;v the electrical nrooerties of inductanoe
A.and canacity in a considerable gegree. In short 1ines the
 effeot of these will be so wisll as to be negligidle.

Inductance is a function of 1st. the size of wire,: R
znd. the arrangement of the circuit, and 3rd. the conditions
"and material surrounding or in the vicinity of the circuit:
| If D-—— distance betwsen conductors, ‘expressed in inches. :

R = radius of conductor, expressed in inches. |

The inductance of a line ner mile of conduotor is.
L= (o 74 log---+0 0805) 10~3 henry : for a copper line.

Cauacity is a function of the same'variebies as in-
l ductance, but the value of caracity incresses as the distance
"p" decreases. Thus as two wires are brot closer together thef
vcaracity increases and the inductance decreeses. Tne caracity;,

N of a line per mile of conductor between the conductor  and

. neutral is.

‘ 388 9 . R
C=:—-—-5-E;-f§~—- 10 farads for a copper line.
o og,



Among the effects which may occur in a long dis-
tance transmission line are; the increase or decrease of
voltage elong the line, the change of phase angle between
the voltage and the current along the line, and the appear-
ance .of surges or impulses due to switching or other local
changes. The resistance, capacity, and inductance of an
actuel transmission line are distributed uniformly thru-
out its length. Artificiel lines with variable linear
constants are usuelly of the "lumpy" type, i.e., the in-
ductance and capacity occuf in alternately successivé
lumps. Lumpy lines may be divided into two classes, viz.,
" lines end "II" ( Pi ) lines. A "T" line consists of
sections each resembling a T , with a leak or condenser
in the middle of each section of inductance., A "II" line
consists of sections each resembling a "II" with a leak

at each end of the inductence,

TTO O - I I e —

nEomEoomom

IT ( P1 ) Line
n sections,

T Line.



A lumpiness correction factor must be epplied to lumpy
lines depending upon the frequency of the circuit.

The line herein described is of the lumpy type
consisting of 12 "T" sections, each representing 10
miles of actual line. The linear constants are veariable
and settings may be made for sizes of wire between #5
B.& S. to 300000 c,m, and for all spacings between 12
and 180 inches inclusive.

The artificial line distribution, efter applying
the proper lumpiness correction factor, will imitate
correctly the distribution that would be found on the
corresponding actual line in the steady state of opera-
tion. The artificial line may be connected as a single
phase system and will'repéfsent accurately one' phase
of a three phase balanced system, as it may be assumed’
that whatever happens in one phase will also take place
in the other two phases,.

Also, if the impressed voltage on the model be
1/n of that on the actual line, the currents in the
model s&stem will be 1/n those corresponding in the ac =
tual system, and the powers in the model system will be
1/n2 those corresponding in the actual sysfem, neglect-
ing the corona effect., Thus, if 100 volts r.m.s. be
impressed on the artificial line it may represent

100000 volts ( star to neutral ) on an actual line.



Then each milliampere observed would correspond to one
ampere in the actual case, and each observed watt to one
megawatt ( 1000 K.W. ) in the actual case.

Page number 5 shows the connections of the ar-
tificiel 1line veriables in a 10 mile unit and the con-
nections of several units as representing a "T" line.

In order that the linear constants may vary for
sizes of wire between #5 B&S to 300000 c.m. and for spac-
ings between 12 and 180 inches ; a variable inductance
of 24 millihenrys maximum, a condenser of 0.23 microfarads
meximum, and & resistance of 17 ohms, approximately, are
required.

Below is the detail design of the variable in;-
ductance ( see page b end 7 ). It is wound of # 14 DCC
wire, total resistance being 1.88 ohms @ 20 degrees cen~
tigrade. | The outer coil has 220 turns, the inner coil
has 460 turns, makéing a total of 680 turns., With the
coils as designed it 1is possible to very the inductance
between 9 and 24 millihenrys, which more than covers the
range required. The calibratioh curves of the 12 units
are given on pages /R to 23 inclusive,

The line condenser is also variable, has a
minimum capecity of approximately 0.0067111,1‘, and may be
increased in stevs of.0067m.f. up to 0./ m.f. approx. Or
the constant part ( ./ m.f. ) may be varied in steps of
0067 m.f. up to the maximum, 0.234m.f. ( see pagel0).
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Calculation of the mutual inductance of the
two coils which are shown in detail on the following
page. Brooks formula as applied to self inductence of
coils is used and the mean radius (a) is estimated as
ffollows :=- Resultant = 10.25+18.3 = 28.55 sq.cm.

Summation of moments about "A" = 0
ARER=70.25 SQ.cm.

10.25 Xx 7.74+18.3 x 3.73 = 28.55a =0

From which a = 5.17 cm,
r 2
4ra N F' F" -8
L = mecmcrcmma——- 10 mh,
E- /8.3 SQ.Cm, b+C+R
<
~N | 10b-+12c+2R
N F' T om ot o o e o o o o o oo v o
l :
< 10b+10c+..4 R
2 a ' :
R “ 14 R
| | F" = 0.5 log éoo ------
10
A _ 2b+3c
10 X 5.5+12xX6.55+2x8.61
| A R = 1,135 a = 5,17 cm,
10x5.5+10x6.55+1.4x8.61 b = 5.50 cm
C = 6.55 cm
14x8.61 R = 8.61 cm
F' = 0.5 log (100 =—-eerececemae- = 1,008 N = 680 turns
e 2%5.543%X6.55
22— __Z
47x5.17 x 680 x 1.135 x 1.008 -6
L = e e o e e e o e e 10 = 27
5.5 +6.55+8.61 millihenrys

The actual value obtained from test on the coils
as designed is approximately 24 mh. Therefo re, there

is an error of only eleven percent.
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CALIERATION OF INDUCTANCE COILS

Unit /AL R 2 : %
Milli- _ Milli- - C 141313~ - ) o
henrys Degrees . _henrys Degrees - hemrys - Degrees
9 099.0 9.2 " 0.0 + 94 - 00,0
10 ¥8o 10 20.6 10 16.2
1" 32,0 11 35 11 29.6
13 52,0 - 13 55° 3. 48,5
15 69.0 15 T2 ~ 15 66
17 86.0 17 - 89 ' 17 : 82.6
19 102.5 19 106.5 19 99.0
21 120.0 21 124 - I {1
23 141.3 23 1148 23 138
24 159.0 23.8 174 ‘ 24 ' 161
2402 1&.0 Lt 24. 1 167
: ) 24.8 180
\
it4 , o - #5 ' #6
Mil1li- © Mi113- , - M- :
henrys Dezrees hemrys Degrees herrys ~ Degrees
. 90 1 00._0 9.2 : mao 9-2 Od.O
10 25 . . .10 36 .10 . 19.5
1" (38 "m .50 ; 11 33
13 57.7 13 69 13 55
15 T4 15 - 86 - 15 - 69.5
17 o2 . 17 103 17
19 . 109 19 120 _ 19 103
21 127 ' 21 138 21 120
23 150 o 23 161 23 141
24 - 175 24 180 24 . 157.5



M- N
henrys Degrees
9 - .0
10 . 38
1 -0
13 69
7 BN (¢~
19 - 118.5
21 < 136.5 -
23 159.5
23.8 180
25.9 189
#1000
Mi1y- - :
henrys Degrees-
9.2 00.0 - -
10 32
1 - 46
13 66
15 83
17 - 99
19 116
21 134
23 156
24 176

m

180

CALIERATION OF INDUCTANCE COILS

-

"B

© o Milli- :
- hemrys Degrees
9.1 0.0, .
10 32
11 45,
13 - 65
15 85
RYGS - 99.5
19 17
21 135
23 158
23.8 180
T
11111~ o
hemrys  Degrees.
-9 .0
10 32 -
13 65
15 83
17 99
19 116
21 124.5
25 159
23.7 180

Mi11i-
hemrys

9.1
X
10
1
13
15
17
19
21~
23
23,9
24

#

Bezrees

0.0 -
38.5°

515

105
121
139
162

. 180

189

5 ,Deéreés_

00.0

- __180’

1
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R4

betweern
The condensers are clamped with bolts,half inch double

boards. The boards are hard maple and oak vemeered.Leads
from the condenser plates are connected to brass term-
inals upon which a brass plate may be moved, by which the
capacity may be varied. Refer to pictures shown oqbage
number 26 . Calibrqtionsof condensers are given on pages
29 to<4@ inclusive.

Connection diagrams for calibrating the condensers
and inductance coils are shown on page 28 . The Inductence
is calibrated by balancing the resistance of the circuit
with a D,C. galvanometer, then switching over to alter-
nating current and balancing the reactance with a stend-
ard variable inductance, using a vibration galvanometer,
The condensers are calibrated by the ballistic galvanTﬁ“‘
ometer method. b

The line resistance is obtained by the use of
Nicrome resistance wire, which has a resistance of 446
ohms per 1000 feet, Approximatefgzgge used in each ten

mile unit.
The condenser curves below are not correct, due

to the fact that temperature and humidity were not taken
into consideration. Since these curves were made  the

condensers have been impregnated.



Design of Tine Condensers.

To determine the dielectric constent of the
insuleting metericl to be used in the condensers, e
condenser of 16 sections, 9 x 10 copper pletes, with
10 mil Formice insuletion sheets wes used. The capa-
city wes meesured with ¢ ballistic golvanometer and
found to be 0.292 microfereds.

cepecity in M. F.

C -
EZS commcmmeeeeceee t = distance between platés
0.000225 xnx 2 in mils.
n = number of sections.
A = gree in squere inches.
0. 000225 = @ constaent.
0.292 x 10
T I coccccccmccaa— e = 9.02
0.000225 x 16 x 90
Condencer for srtificisl line.
T — n = 35 copper plates.
n /z ML t = 10 mil.
s SHEET L =6 x 6.5 = 33 8q. inches.
) COPPER =9 .
=6 o. 000225 XnA
C & decmcmcccacace—-
%
[— 2! PLATES
= consranr 0.000225 % 9 x 55 z 25
:_E"__ .C=.l4 Tn-r C 5 emeccmmcmm e e e
— | 10
= = 0.234 m.f.
— . |4 PLATES
VARIABLE

‘l‘

2 C=.0067 m.{. cach.

W

N )
N
~

~—
~

%)



VARIABLE CONDENSER

FOR ONE TEN-MILE UNIT

COMPLETED UNIT

REPRESENTING /10 MILES
OF. ACtURL L ITNE.

26
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SHOWING COMPLETE ARTIFICIA L
TRANS MISSION LINE
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AR’I‘IFIPIAL TRA SIIISSIOR LINE
T?’ELV" UNITS * TEN MILES PER UNIT. MATERIAL
- _AND AFTUAL Q0ST OF SAME.

Sheet Correr, 10 mil '5-1/4 lbs at 80§ 8

1.85

 Sneet Coprer, 1-1/2 mil x 5" wide 7 1lbs © 81 - 7.00
Conrer Wire #14 DCC 1156.75 1lbs G 52¢ . 0.47
Haird Maple for wooden spools 5" /" x &Y 6.50
Formica 10 mil, 180 sheets € S. 5¢ per sheet 18.05
"Formica 10 mil 250 sheets ¢ 7.25¢ Der sheet 18.85
Formica Gylinder 5-7/32* diam. 1/15" thick x 3 ft gratis
Fiter Tubing 1/4" x 2-1/2! .52
‘Rolled Brass 5/8" x 4' 4.5 lbs € 47¢ for terminzls 2.12
Brass Rod 1/4" x n* | .95
Brass Nuts 24 46
Svring Brass for cond,nmrs 12" x 1. 5' L .76
uooden ‘Knohs for condensers 24 o .55
2ss headed tacks for condensers 250 <57
Knobs, handles for v‘.ri‘mle inductance 24 1.55
Yood Secrews o doz #2  E/8* | .05
Tood Screws 23 doz 46 1-3/4% . o 1.00
Bolts 1/4" x 2-1/2® & nuts = 4 doz .50
Insulators, rorcelain 1/2" 300 3.00

Nichrome Resistance Wive 40 mil 445 ohms1000°*, z# 8.42

- Tooden Boms - 12 Units_ £ §2.00 » 24.00

 Total . $155.37

Cost Per Unit 8 12,95
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. DISCUSSION OF TRANSIF\IT CONDITIONS.

- The generalnt solution of an electric current prob-
lem includes besides the pernanent term (constant or periodic)
a transient term, which disaopears after a time depending |
upon the circuit conditions. ,

In a circuit containing resietenoe and inductance or
caracity only the transient terns of current and'voltage_are
. not sufficiently large and of long duration to cause harmful
nor even appreciable effects, and it is only in'circnite con-
taining inductance and capacity that excessive values of cur-
rent and potential differences may be reached iby the trans-
fent term, sometimes with serious results. No transient term
results from the reeistance; but only-those circuit constants_»
which represent storage of energy,-electrostaticaliy by ca- 'ill
vacity, magnetically by the inductance, give rise to trans- -
ient phenomena, and the more the resistance predominates the‘,
less the severity and duration of the transient term. (Hence
the charging resistance on 11ghtn1ng arresters) |

"If a circuit contains only one enercyhstoring con- d
. stant, inductance or capacity, the transient temm, which
connects ‘the 1nitial with the stationary condition of the
circuit, necessarily can be a steady logrithm1c~term only, or'
a gradual approach. An oscillation can occur only with the
existance of two energy-storing constants (canacity and 1ndr

'ductance) which permitsa surge of energy from one to the other.
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‘ When voltaee is azglied to a transmission line

or Wnen there is z line disturbance, such as a surgenor
a ‘sho:rt circult, the'nne*cenditions do not adjust them--
elves instanxaneously. Therefore, from one oondition to
' the other there is a transient state in Whidh energy sur-

ges beck and forth and ulthnately settles into a steady
 states | o
o This surcinv during transit 13 due to an overcharge

of the line. condenser at time of transit, i.e., the unstable d

;:"condition when voltage is applied or the circuit condition

in any way changed, allows the line condenser to be over-

charged and after Whicn it must neoessarily discharge. As

an explanation.of this overcharge,,imagine the line condenser

._being charged, now at the 1nstant the condenser e.m.f. is |
»equal to the impressed e. .1m. f. some value of current still :
exists and this current continues to decrease but cannot
'ceaee flowing 1netantaneously due to the induotance of the
:line. This decreasing current produces a decreasing magnet-
ic flux (iL) which generates an e.m.f., thus the 1line cone’

 denser is overcharged. Tne condenser‘discharges belcw an

. eum. f. equal to that of the impressed e.m.f.. This alternate

overcharge and discharge continues until a state of equi -

- 1librium is reached. These surges oecillate back and forth,

'fand due to the ener dissapated vradually decreases to zero,

the line conditions then'being in the steady state. . |
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o L Conuidcr an alternatinv ourrent DO transwission |
. 1ine of the three ﬁhase tyvp, rith tho ulres symmétrically
placed at’ thn vertices of an equilaterul trignvle. The sys-
} ,tan may be remardmd q beinw divis|hlc into thres 1ndepenr
_ident bingle Thase lines, emch operutmd ot atar voltzvs to the
 neutra1. It 1g then only necessa Ty in dwriving the formulze,
" to ﬂonsider a sinnle nh&smllin., since the-three 1nd1viduul '
L. -single Fhuse 1linss will have eq’alwire}inductahcqs;
 1¢_and also equal wire cap cities.' P
foee  Tae caranity in a tranémission line is diutributad,
';and if ‘the liue 15 onen at the *ecelvnr end there will be |
e nharging current flowing.
Let rc-ln ulation resistanca of 1line condens er.,

xc-condensive reantanc of line condonser. o -

E E- Tg + i%c )
S then’ ls--e = osem-- = '?““‘2‘9”""2”"‘
- . - 2 rc Jx o rCH + Xo )
X 1 = E - N 1“' "'2“""9?"" = ’E_E + ij
TG+ ‘c - xc 5

the conduntance (g) of the lina nondenser is in:initely 3%811
N Pnd,may be neglected, th»rafore, -
1= 1y = 3-’~--‘ =" az;zrr:c. |

c .

The fivurp éhows an alemental 3 tion ofﬁa,.trané-

  mis31on line. ein*la rh 2 to neutral.-:f
g ==
fv‘l'f ]  NEUTRAL
—— T T ‘
kol l———




The caracity,‘CD;'is lunped in*the'center of an‘ele—VVV -

mental length, dl, which corresronds to a distributed capacity‘ .
‘when dl apuroaches zero. ' ,.' o
" Complex quantities will be represented by a period 4

placed above or below the letter. as,' i = e1+—jeg A

Let I =1, - jJi. current riowing'in'line..
E =8, - Jo. voltage betweenfline and-neutral.
7 =r + Ix imnedance per unit length of line. |
Y=g + fb  Caracity admittance per wilt length of line.

- Then the impedance of the distance dl will be Zdl and
' the caraclity admittance will be Ydl Therefore, the voltage
drop, dE, in the distance dl is '

(1) 4B = Iza ' | -
and the current dl flowing thru the capacity in distance dl is

(2) dI = fya ,
Equations (1) and (2) may be written
(3) _QE_ — IZ

- (4) g = EY and are known as the funda~
mental differential equations of the transmission line.“
Differentiating (3) and (4) with regard to 1 We ob-

tain . (5)- _fi_E__ 7 __fil_.
(8) _<i__ =Y .d.E.

Substetuting the values of g | and nﬁ from (3).
and (4) into (5) and (8) we obtain . ’
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‘(8) ..QiI_.——ZYI
From equations (l( and (2) 1f a increases, dE and.
_dI 1ncrease, or. 1 is measured in the direotion of rising _
"power. Therefore, the receiving end of the 1line is called
1= O and 1 will be measured toward the generator. . '
e ’ Equations (7) and (8). when. interrrated, give the values
. of' E and I 1n terms of the length of the line, and since they
do not contam(t) as a variable, are onlv applicable after
the r-onditions have reached a steady state. |
These equations are of the ceneral form | .
| | (9)_9,__3__ _ kz_O and it can be
shown - ( see "Differentciigl una:cions by Forsyth) that the gen-
‘eral equation can bhe integrated by the substitutlon
(10). z = °°% R |
If this is a solution it should satisfy equation (9) ‘Differ-

entiating (10] with regard 10 x we have

ex
Nz = i_CLE

| Tax | ;

: ' L. ) a _-:’a,xo

and | (11) 4z - a’e.

G
Substi tuting (11) 1n (9) wehave £ (7 - k) =0  or
12) a® - k=0 |
(13) a—t/k
This shows that z= ei ax is a solution provided
a-tl/‘_, and since the original differential equation ig of the
~_second order the oomplete solution must ‘contain two arbitrary

'oonstants, and 1s given by,



-V X

(/14)z= Au + F\z E

The conolants A:mdﬂ;wa&fumzmadﬁy
AhRe end conailiono or erniteal con
Aence K =ZY m‘a«ve/ﬂ,d&m/(!)

) FeR ETE AT
Mzd&%«w-:ﬁm&n

0o Z - AVev € T+ As Uiy € _
Frormr M)az =EY JM&MWWM (16) we Karve

(17) E-VFLAET4+A, €' * ] which iothe cot-
ul«m¢ l?)

Bul (/8) z = A,+J,z
(/9) j +./
MMW (/5)'aznd (/17) may&%mM an-
MM .

~Vav £

(zo) V'VEV o °C+J.,6 V(A+Jx)( +Jlr) yr (RZo)
(21) (°C .ﬂ‘)fzJ“',G -x6)+) (xg-rarb Aerrmyg

(22) {oC ~— 8% ‘—‘Ag xh

Zxﬁ = :A
(x +,8’) (ﬂg ;z e (xg-tnb) ool

b X+ bt 2nglbr-21
(23) 7o xz) S SoA Rt #

8 9 b*
wuﬂiﬁazo&(gtf / valueof 2, aail,otz,u Ao Vr*+x?
and the abooliude value 7’y, call KL 3«» Lo yg—r—z;!

(24) feA) e
: L+ 82 Zy
B*= Zy-oc* Sy liticle ZRio volie cn (RR)

L*tc?*-2ZYy=1ng-xb
°C“/z(/zg Ab+ZY



e - (25) {< *Viz(=v+23%b

: » L= p(zy=r9+%b
W (/J)md (17) now decoma. .

(26) 1:=A, 5‘?*3‘)1_;:‘& E-(-t-b.il)l stk
(27) E‘.'V; [Aaﬁ“d‘”‘fﬁz 6-@-}.1,6)11 : .

A

 Bul EF Cos Bt Sen Y Sec “Engineering athemalics

"&eznmelg) (R6lana (R7) o

(28) I=A, €Y (Cos 8h+/ Sn BL
O ety sin 3. -

29) E=VETA,E4( 6o "Sen B2)
;0 3 '[A£+{mé%rlc~,éi’.fw/6{u |
ma%:mdaz 7

Eo =€o -J'eo =

Thern gt L=0, (MW:)

5 'Io M‘Q’E = [O
W? i (RE) ana/ (R9)

(30) {g‘l:éﬁéim) Roviio it

é:'F:\?ﬁi’a
Rl+ =P Eo l/%':'

addirng Z2A,=I.tE. /X
SublioclingZRz==L-1Eo7T

(J/) A1=7z{f9+é‘o V-;i}

(3R) Ap:72{-Ic+Ee VX'}
WMWM (RE) and (R F)irre 3
(33) T=5{LitE.VE)e “(Cos fL+s Lir_RL)

+{l.~Eo V;)é‘a(Qo/Héf&)n/ﬁ/ﬁ
(34) E4{(E.+IVE)E ™ (Cos BL +J Sir EE )

+(Eo=I, VE)E“ (Coo Bl =) Sim (3L )} ‘

Lt [o=io—y 4o =Mta/mwyf¢,&z’yu ‘
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