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LINEAS AEREAS 1M

PARAMETROS DE LINEAS DE TRANSMISION

Tanto la inductancia como la capacitancia de una Linea de Transmision (LT) dependen de la
configuracion geométrica, el arreglo que tienen los conductores en la estructura de soporte, poste, torre
0 ducto.

Este aspecto es significativamente importante sobre todo para las LT aéreas, debido a que
representan un alto porcentaje del total de las lineas en redes de potencia. Aqui, el dieléctrico es el aire
y el limite térmico de conduccion de corriente (ampacidad) es mucho mas alto que en el caso de las
lineas de transmision subterraneas, en donde el aislante utilizado representa una limitacién térmica
importante. Los parametros RLC en una LT se encuentran distribuidos uniformemente {figura 1).
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Figura 1. Pardmetros de una linea de fransmsidn.
Donde:

r: Resistencia por unidad de longitud O/km.

X Reactancia inductiva por unidad de longitud O/km.

xc: Reactancia capacitiva por unidad de longitud Oskm.

ra: Resistencia de aislamiento por unidad de longitud Oskm.

Una vez conocidos los parametros por unidad de longitud de la LT, podemos calcular la
resistencia total por fase de la linea:

R?rl,
donde:

Ir: longitud total de la linea.
X, ?7x,1,

X
X, 7+

C [T

R ? ;i= resistencia de aislamiento total por fase.

T
z. ? r? jx, =impedancia serie por unidad de longitud.
Z,? M = impedancia paralelo por unidad de longitud.

Fo - e
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LINEAS AEREAS 212

Se pueden tomar dos tipos de modelos para LT.

Linea corta ZS:R'I'J XL
Modelo T8
Modelo de
parametros
concentrados
Linea media

Figura 2. Modelo de parémetros concentrados.

, .
@
Modelo de
parametros ¢
distribuidos
h .

Figura 3. Medelo de pardmetros distribuidos.

M. en C. FERNANDO TOLEDO TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT)



LINEAS AEREAS 3

Figura 4. Linea de transmisién con un conductor por fase.

Inductancia {para circuitos trifasicos). Este parametro esta en funcion de lineas de flujo
magnético producidas por otro conductor y enlazado por el conductor. El nimero de lineas de flujo
enlazados depende de la intensidad de campo magnético y de la distancia.

La inductancia por fase por unidad de longitud, es:

122107 W3 2ME 20/ m?
2 RMG 9

donde: .
DMG:  Distancia media geométrica de las distancias de separacién entre

conductores: DMG ? /D, DDy

Das? Dec? Dca:  Flujo magnético enlazado por los conductores.
RMG:  Radio Medio Geométrico.

Para que el flujo magnético enlazado sea el mismo es necesario transponer las lineas (figura 5),
asi las impedancias por fase se equilibran.

A
B < <
C Py Py

_431 & ,L &

\

Figura 5. Flujo magnético igual en toda la LT,
El flujo total producido por el conductor puede agruparse en:

Flujo interno: que es producido por el conductor pero interno a él.
Flujo externo: producido por el conductor externo a él.

M. en C. FERNANDO TOLEDO TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT)



LINEAS AEREAS 414

Se define el radio medio geométrico como el radio de un conductor hipotético de pared
infinitesimal (hueco) de tal manera gue el flujo total es exterior a él y equivalente al del conducter
original.

flujo magnético
equivalente

Figura 6. Radio Medio Geométrico.

Los conductores pueden ser cables o alambres (figura 6), de cobre (Cu) o de aluminio (Al) del
tipo ASCR (conductor de aluminio con alma de acero), de tal manera que para conductores solidos

RMG=rext €14,

Ejemplo 1:

Sea una LT con 2CF, tal como se muestra en la figura 7 (transpuesta).

i Db
Dbue:

5m 5m

Dab, 1
! Dab: ! }

} Dac, |

Figura 7. Configuracidn de la linea de transmisidn del ejemplo.

Obtener fa DMG de! arreglo

D,, ? D,, ?D,, ? D, 7D ?500cm
D, ? D, ? 525cm |
D, 7 D,? 475cm

D, ? D, ?D,?1000cm

entonces

om6 2 o, 0, 0, To, M, b, 12 oflo, Mo, 70,70, 70, T, !

ax6

DMG 7 §500* 1525* 4751000 P 102570757 2 388431395 X107
DMG ? 629.6649614cm

M. en C. FERNANDO TOLEDC TOLEDO PARAMETROS DE LINEA DE TRANSMISION {LT)
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RADIO MEDIO GEOMETRICO PARA ARREGLOS MULTICONDUCTORES.

d: d dz

—— raw| ——y—— |
Figura 8. Radic Medio Geométrico para un arreglo de dos conductores por fase.

El RMG es un valor que representa un radio hipotético, este radio es siempre menor que el
radio exterior designado con r' el RMG, para la figura 1.

] 1]
RMG , ?4fr,"d,, v, 'd,,

Si se tienen conductores iguales {como es comun), entonces:

RMG 7 .,/ra'da]az

RMG ;. ? 3/RMG ,RMG ; RMG

RMG . 78 r, 'rCz'r':s'a’clrla'clqa'qc3
ZrR? jx, P 117
X, 22?2 (L,

Lt: Inductancia total de la linea ? L, ? L/,
L: Inductancia por unidad de iongitud.

fr. Longitud total.
Zs: E£s una limitancia fundamental de la capacitancia de transferencia de la LT (es

indispensable que Zs sea pequefa).

'y (s
L7 2x107 m%D—m‘?ﬁV!
Y RMG 9 /m

M. en C. FERNANDO TOLEDO TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT)



LINEAS AEREAS 616

Existen dos denominaciones para el calibre de conductores:

1) CU Circular Mils: Medida de area de un circulo que tene como radio una milésima de
pulgada.

2) AWG American Wire Gage: Galgas Americanas de conductor.
Los materiales empleados en conductores para LT, son:
- Cobre (Cu).
- Aluminio (Al). -
Acero {operativamente como refuerzo).
Ejemplo 2:

Sea una LT {transpuesta), con /r= 40km y 3.5m de separacion entre conductores de cobre de
250 MCM con 12 hilos (fig. 10) a 6,9kV.

3.5m -~ 3.5m

Figura 10. Linea de Transmision del ejemplo.

Determine:

a) Impedancia serie por unidad de longitud.
Zs = r+jX. (O/km).

b} Impedancia total por fase (Offase).
¢) Caélculo con tablas.

Solucion:

Sea r=r:0.257 O/milla=0.159726538 O/km

2 2
x, 2 227 hx107 o 2MC 3
? RMG 9

entonces:
DMG ? 3,/3.5!3.5!7 ? 4.409723675m

RMG ? 0.01902 ft ? 5.797296x107 m

792 4.409723675m 7
25.797296x10° m 9
X, 7 0.5002050638x107? /m? 0.500205063872 /km

Z5 = (0.159726538+] 0.5602050638) O/km

X, 722 (60Hz) 2x10°

M. en C. FERNANDO TOLEDQ TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT)
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Que es la impedancia serie por unidad de longitud.

CAPACITANCIA'Y REACTANCIA CAPACITIVA.

La capacitancia esta en relacion con el campo eléctrico este emana radialmente del exterior de
los conductores que tienen potencial. El valor de |a capacitancia depende de ia distancia de separacion
y de las caracteristicas del medio dieléctrico.

2 0.02412 k 27F ?
2C0 7 9 29 /km fase% ?
2 g, 2 DMG 2HMG IS i
g 107 ; 9
Valores por unidad de longitud 7 RMG . \[4THMGF 2 MG T 3 ?
2 ?
! ? ? !
2x 0 83%0,,, o DMG 2HMG W2 ke
3 [k TU3RMG, [4%mGT 2 IDMGT 3 3

Es un parametro que por su valor en algunos casos se desprecia para una LT aérea depende
fundamentalmente de su voltaje nominal y de su longitud. Estos parametros establecen {como se vera
mas adelante), la clasificacion de fa LT.

De las expresiones de Cn y Xc descritas arriba, los parametros asociados son:

K: Constante dieléctrico del medio aislante. Para el aire k=1.

DMG: Distancia media geométrica (igual a la utilizacién en el céiculo de la inductancia).

RMGc: Radio medio geométrico considerando radios individuales externos {no radios
utilizados en el calculo de inductancias).

HMG: Altura media geométrica', considerando las alturas de los conductores sobre la
estructura de soporte {figura 11) y el perfil de los mismos en el claro intercostal
(figura 12).

1 Considerando el efecto de la tierra {suelo) sobre la capacitancia.

" 'M. en C. FERNANDO TOLEDO TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT}
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Figura 11.

Catenaria.

Figura 12.

Altura media: hk=-0.7f con una frecuencia de 60Hz. Si se trata de una linea de transmisidn o
subtransmision hasta 115kV (MT) ? HMG>>DMG y entonces:

2HMG
JAHMG? 2 DMG T

? 1, con k=1 para todas las lineas aéreas.

De donde: ¢ 7 —>02412  27F ?

" | 2pMmG 27 /km fase‘}
0
gw;@'&;—c’?‘?

Ejemplo 3: .
Para el ejemplo 2 de estudio {1CF) determine |a capacitancia y reactancia capacitiva por unidad
de longitud y total de la linea (ver ejemplo 2 y figura 13).

—~ 3.5m e 3.5m -

’ Figura
13.

Solucion:

M. en C. FERNANDG TOLEDO TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT}
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Como se menciono arriba, con la expresién para Cn, en el caso donde se tiene 1CF, RMGc es el
radio exterior, el diametro exterior en éste caso es 7ex~0.6 pulg.=0.01524m y DMG = 14.4676ft =
4.4097m, de tal modo que:

?
RMG, 7 —&L7 001529, 5 62510 m
2 2
Luego, la capacitancia al neutro por unidad de longitud es calculada de la siguiente manera:
c o 02812k , 002412, 05567,0 ?‘7
| ? DMG ? og ? 4.4097m 2 km
CEOIRMG, 5 °%7.62x107 m?

La capacitancia total por fase:
r o [y .
C, ?C, % 27 8.731367x10" ?F [km{i40km!
? C, ?0.349255 ?F/ fase

Analogamente la reactancia capacitiva por unidad de longitud es:
X '7 I ? ! T
©292279C, 297 960Hz18.731367x10 7F [km!

? x,.?0.303799M7? %m

La reactancia capacitiva fotal:

X, 7 Xeq QI0TOM? ‘hom,, 7.59498x10°3MV
I 40km Jase

Finalmente determinamos xc y X por tablas. Asi, de |a tabla 8 tenemos:

1412 0.07812 milla?
l')
15/t? 0.0803? Zmillas
de tal manera que para 1ft calculamos por regla de tres 0.0022? ?milla ? 1.028714192x10°? 2

x, 7 0.078171.028714192x10"
x, 78.03425784x10°°? milla

M. en C. FERNANDO TOLEDQ TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT)
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LINEA DE TRANSMISION TRANSPUESTA.

12.5m 12.5m
50c l
[: T B b C1 Gz
27m

|
N I
pAN

™MEF R SNNTVATNNARATNATTY NI TRV LA}

Figura 14,

Ejemplo 4.
Conductor ACSR ? exe32mm, calibre 1033.5MCM, Ir=350km, f=15m y Vnom=400kV.

1. Determinar de acuerdo a tablas cual es el conductor mas cercano y tomarlo como dato.
2. calcular las impedancias serie y paralelo por unidad de longitud y total de la linea.

Solucion:

2 lpulg 2
? ?32mmr———=—271.2598 pul
e 225.4mm? s

2., 7 1.246pulg

Por otra parte, de tablas tenemos RMG = 0.0420ft y de un conductor por fase
x, 7 0.3850 ?conductor/milla .

M. en C. FERNANDO TOLEDO TOLEDO PARAMETROS DE LiNEA DE TRANSMISION (LT)
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RMG 2 0. 0420ﬁ3%3 ? 0.0128016m
1

RMG ? 0.0128016m 7 r, "7 1,"? .

RMG , ? RMG , ? RMG,

RMG, ? |Jr, 'd,q, 7 §%0.0128016m10.5m”

RMG , 7 0.080005m ? 0.2625 ft

Cl

Luego el radio medio geométrico del arreglo es:

RMG 4, ? 3 RMG ,RMG ,RMG . ? RMG ,

RMG . 7 0.2625 f 7 0.080005m

DMG .5 ? 3{DMG , DMG ,.DMG .
MG, ? %/dalb, dalbgdagb dalbg ? DMG .

donde

d,, ?d,, 712.5m

d,, 7 13m

d,; 7 12m

DMG ,, 7 41257 13M279 12.495m ? DMG,,

DMG . 7 {257 25.574.57 24.998m

DMG ;. 7 3\/?1 2.4957 24.99877 15.744m

Entonces la inductancia por unidad de longitud:

) 2 2
L22x107 m2MG 3 JV T 2 x10"7 g 15.744m_ ’/’
5 RMG 50.080005m 9

L 71.05643 ?H/m

La reactancia inductiva por unidad de longitud.

x; 7 2L 7?22 60HzT1.0564372H [m
x, 7 0.3983? [km

Analogamente la impedancia serie por unidad de longitud es z; ? r ? j x,, en donde r es Ia
resistencia por unidad de longitud que de acuerdo a tablas

¥ ? 0.0565? 2conductor/km.

M. en C. FERNANDO TOLEDO TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT)
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0.0565? “conductor/km

2conductores

Pero tenemos dos conductores, entonces r ? ? 002827 Jkm.

Asi, la impedancia es finalmente:
Zs 7 10.02827 j0.3982%? [km? fase
Del mismo modo, la impedancia serie total por fase de la linea, es:

Z, 721, 2 70.0282? j0.398217 [kmi350km!
Z 29877 139.37‘.7?/ 2 139,729 85.950?7
s fase Jfase

donde la relacion x/r esta determinada por:

139.37

Xq ? tan'B5.95" 12 14.12

r

M. en C. FERNANDO TOLEDO TOLEDO PARAMETROS DE LINEA DE TRANSMISION (LT)



SECCION DE CONDUCTORES 1M

SECCION DE CONDUCTORES

En la practica, las secciones de conductores se mide en mm2, cm2, in2, CM (circular mil). EI CM
es la unidad del sistema ingles cuya definicion es la siguiente: Un CM es el area de un circulo cuyo

diametro es una milésima de pulgada.

hY

? ?
CM ? 17?10?3‘!‘2 ? To""”pulg ....................................... (1)

Si calculamos el area de una seccidn circular con el diametro expresado en pulgadas se tiene:

Para expresar ésta area (2) en CM realizamos

?
D3

%? 4—10°D*? 4?10°D*(CM)  donde D es el diametro.............. (3)
=107
4

En nuestro pais se ha adoptado la norma AWG (American Wire Gage) con las siguientes
especificaciones.

a) Elconductor mas grueso es el numero 4/0 que tiene un diametro de 0.460in y el mas delgado del
namero 36 que tiene un diametro de 0.005 pulg.

b) Entre el conductor 4/0 y el nimero 36, se tienen 38 calibres intermedios que se designan con
diametro decreciente, de la siguiente manera: 4/0, 3/0, 2/0, 1/0, 1, 2, 3, 4, ..., 36, es decir la
norma consta de 40 calibres.

¢} Los diametros forman la progresién: D, Dr, Dr?, Dr3, ..., Dré®, Donde D=0.460pulg y

Dr*® 2 0.005pulg 7 r?3 0-003 & 0.8005257 rvooooroo (4)
0.460
» D, §
con D, ?Dr""? D, ?2Dr" 7 =12 D”ql ? r 7 0.8905257
' D, Dyh
? D,y ? 08905527 2D, vt (5)

De tal manera que de la ecuacion (5) observamos que a medida que el numero de calibre
aumenta, el diametro disminuye.

D,,, ? 0.8905257" D,

Como caso particular, si a = 6, entonces:
0.8905257% 7 0.498745270.5? D,,, 7 0.5D,

Por cada 6 numeros que aumenta el calibre, el diametro se reduce a [a mitad.

M. en C. FERNANDO TOLEDO TOLEDO SECCION DE CONDUCTORES
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MANEJO DE TABLAS DE REACTANCIA INDUCTIVA

DMG 9 1 9 )
X, ? 0.00289 7 log,, ? ) Km/ fuse ? 0.00289 ? ?log,, 29 0.00289%0g ,, DMG !
RMG 2 ° RMG 2

Por una parte, el primer término, representa la reactancia debida al flujo interno desde una
distancia unitaria en cm, ft 0 m; dependiendo de las unidades del RMG. Por otra, el segundo término
representa la reactancia debida al flujo externo desde la distancia unidad hasta la DMG.

DMG

X, 7 0.00465? log ? /'milla/cond

9 2
si x, 70004657 ? logg&:{G g ? /' milla/ cond

vy x, 700046572 log IDMG? ? / milla/ cond
entonces
X, ?7x, 7x,

M. en C. FERNANDO TOLEDO TOLEDO SECCION DE CONDUCTORES
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SHORT-CIRCUIT CURRENT CALCULATIONS Std 141-1993

Annex 4A
Typical impedance data for short-circuit studies

(informative)

The following tables and figures appear 1 this annex:

Table 4A-1, Typical reactance values for induction and synchronous machines, in per-unit of
machine kVA ratings

Table 4A-2, Representative corductor spacings for overhead lines
Table 4A-3, Constants of copper conductors for | ft symmetrical spacing

Table 4A-4, Constants of aluminum cable, steel reinforced (ACSR), for 1 ft symmetrical
spacing

Table 4A-5, 60 Hz reactance spacing factor Xg, in ohms per conductor per 1000 ft
Table 4A-6, 60 Hz reactance spacing factor Xp, in chms per conductor per 1000 ft

Table 4A-7, 60 Hz impedance data for three-phase copper cable circuits, in approximate
ohms per 1000 ft at 75°C (nonshielded varnished cambric/shielded neoprene insulated
cables)

Table 4A-8, 60 Hz impedance data for three-phase aluminum cable circuits, in approximate
ohms per 1000 ft at 90 °C (cross-linked polyethylene insulated cable)

Figure 4A-1, X/R ratio of transformers

Figure 4A-2, X/R range for small generators and synchronous motors (solid rotor and salient
pole}

Figure 4A-3, X/R range for three-phase induction motors

The following tables appear in other chapters:

Table 10-15, BILs and percent impedance voltages at self-cooled (0A) rating for liquid-
immersed transformers (Chapter 10)

Table 10-1 6, BILs and percent impedance voltage for dry-type transformers (Chapter 10)

Table 13-2, Voltage-drop values of three-phase, sandwiched busways with copper bus bars,
in V/100 ft, line-to-line, at rated current with concentrated foad (Chapter 13)

Table 13-3, Voltage-drop values of three-phase, sandwiched busways with aluminum bus
bars, in V/100 ft, line-to-line, at rated current with concentrated load (Chapter 13)
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Std 141-1993 CHAPTER 4

Table 4A-1—Typical reactance values for induction and .
synchronous machines, in per unit of machine kVA ratings

xt." Xd”

Turbine genel‘aln:u"s1

2 poles 0.09 0.15

4 pales 0.15 0.23
Salient-pole generators with damper windings®

12 poles or less 0.16 033

14 poles or less 0.21 033
Synchronous motors

6 poles 0.15 0.23

8-14 poles 0.20 0.30

16 poles or more 0.28 0.40
Synchronous condensers’ 0.24 0.37
Synchronous converters®

600 V direct current 0.20 —

250 V direct current 033 —
Individual large induction motors, usuaily
above 600 V 0.17 —
Smaller motors, usually 600 V and below See tables 4-1 and 4-2.

NOTE—Approximate synchronous motor kVA bases can be found from molor horsepower ratings
as follows:

0.8 power factor motor—kVA base = hp rating

1.0 power factor motor—kVA base = 0.8 - hp rating

"Use manufacturer's specified values if available.
TXd’ not normally used in short-circuit calculations.
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SHORT-CIRCUIT CURRENT CALCULATIONS Std 141-1993

Table 4A-2—Representative conductor spacings for overhead lines

Nominal system Equivalent
voltage delta spacing
{volts) (inches)

120 12
240 12
480 I3
600 18
2400 30
4160 30
6900 36
13 800 42
23 000 48
34 500 54
69 000 96
115 000 204

NOTE—When the cross section indicates conductors arg
arranged at points of a triangle with spacings A, 8, and C
between pairs of conductors, the following formula may
be used:

equivalent delia spacing = Ya.8.¢

When the conductors are located in one place and the out-
side conductors are equally spaced ai distance A from the
middle conductars, the equivalent is 1.26 times the dis-
tance A:

Va.a.24

1.264

equivalent delta spactng
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Std 141-1993

CHAPTER 4

Table 4A-3—Constants of copper conductors for 1 ft symmetrical spacing’

Size of conductor Resistance R at 50 °C, Reactance X, at 1 ft
60 Hz spacing, 60 Hz
(emil) (AWG No.) (Q/conductor/1000 fi) {Qfconductor/1000 ft)
1 000 000 0.0130 (.0758
900 000 0.142 0.0769
800 000 0.0159 0.0782
750000 0.0168 0.0790
700000 0.017% 0.0800
600 400 0.0206 0.0818
500 000 0.0246 0.0839
450 000 0.0273 0.0854
400 000 0.0307 0.0867
350 000 0.0348 0.0883
300 000 0.0407 0.0902
250000 0.0487 0.0922
211 600 4/0 0.0574 0.0953
167 800 3/0 0.0724 0.0981
133 100 2/0 0.0911 0.101
105 500 1/0 0.115 103
83 690 ) 0.145 0.106
66 370 2 0.181 0.108
52630 3 0.227 0.111
41740 4 0.288 0.113
33100 5 0.362 0.116
26230 6 0.453 0.121
20 800 7 0.570 0.123
16510 8 0.720 0.126

NOTE—For a three-phase circuit the 1otal impedance, line to neutral, is Z = R + j (X4 + Xp).

"Use spacing factors of X of tables 4A-5 and 4A-6 for other spacings.
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5td 141-1993

Table 4A-4—Constants of aluminum cable, stee! reinforced (ACSR), for 1 ft
symmatrical spacing

Size of conductor Resistance R at 50 °C, Reactance X, at 1 ft
60 Hz spacing, 60 Hz

{cmil) (AWG No)) (Q/conductor/1000 ft) {{2fconductorf{ 1000 ft)
1 590 000 0.0129 0.0679
1431 000 0.0144 0.0692
1272000 0.0161 0.0704
1192 500 0.0171 0.0712
1 113 000 0.0183 0.0719
954 000 0.0213 0.0738
795 000 0.0243 0.0744
715500 00273 0.0756
636 000 0.0307 0.0768
556 500 0.0352 0.0786
477 000 0.0371 0.0802
397 500 0.0445 0.0824
336 400 0.0526 0.0843
266 BOO 0.0662 0.0945
4/0 0.0835 0.1099
3/0 0.1052 0.1175
210 0.1330 0.1212
1/0 0.1674 0.1242
1 0.2120 0.1259
2 0.2670 0.1215
3 0.3370 0.1251
4 0.4240 0.1240
5 0.5340 0.1259
6 0.6740 0.1273

NOTE—For a three-phase circuit the total impedance. line to neutral, is Z = R + j (X, + Xp).

“Use spacing factors of Xy from tables 4A-5 and 4A-6 for other spacings.

177




Table 4A-5—60 Hz reactance spacing factor Xg, in ohms per conductor per 1000 f

Separation {inches)
(ft) 0 1 2 3 4 5 6 7 8 9 10 1
0 — -0.0571 | 0.0412 | 00319 | -00252 | -0.0201 | —0.0159 | -0.0124 | —0.0093 | ~0.0066 | -0.0042 | —0.0020
1 —_ 0.0018 0.0035 0.0051 0.0061 0.0080 0.6093 0.0106 0.0117 0.0129 0.0139 0.0149
2 0.0159 0.0169 0.0178 0.0186 0.0195 0.0203 o.02n 00218 00255 0.0232 0.0239 0.0246
3 00252 | 00259 | 00265 | 00271 | 00277 | 00282 | 00288 | 0.0293 | 00299 | 0.0304 | 0.0309 | 0.0314
4 0.0319 0.0323 00328 0.0333 0.0337 0.0341 0.0346 0.0350 0.0354 0.0358 0.0362 0.0366
5 0.0370} 00374 00377 (10381 00385 0.0388 0.0392 0.0395 0.0399 0.0402 0.0405 0.0409
6 0.0412 0.0415 0.0418 0.0421 0.0424 0.0427 0.0430 0.0433 0.0436 0.0439 0.0442 0.0445
7 0.0447 0.0450 00453 0.0455 0.0458 0.0460 0.0463 0.0466 0.0468 0.0471 (.0473 0.0476
8 0.0478




IEEE

SHORT-CIRCUIT CURRENT CALCULATIONS St 141-1993
Table 4A-6—60 Hz reactance spacing factor Xg,
in ohms per conductor per 1000 ft
Separation (quarter inches)
(inches) 0 1/4 2/4 3{4
)] — — 00729 ~0.063 6
1 -0.3571 —0.0519 -0.0477 =0.044 3
2 -0.0412 -0.0384 00359 -0.0339
3 -00219 ~00301 -0.028 2 —0.026 7
4 =0.0252 -0.023 8 -0.0225 -0.0212
5 —0.0201 —0.017 95 -0.01795 0016 84
6 -0.0159 -0.01494 -0.01399 -0.01323
7 -0.0124 —0.011 52 -0.010 78 -0.010 02
8 -0.0093 -0.008 52 —0.007 94 -0.007 19
9 -0.0066 -0.006 05 -0.005 29 -0.004 74
10 ~0.0042 — — —
11 -0.0020 — — _
12 — — — —
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Table 4A-7—60 Hz impedance data for three-phase copper cable circuits, in approximate ohms per 1000 ft at 75 °C
(a) Three single conductors

In magnetic duct En nonmagnetic duct
AWG or 600 V and 5 kV nonshielded 5 kV shielded and 15 kV 600 V and S kV nonshielded | 5KV shielded and 15 k¥
kemil R X z R X z R X z R X z
8 o811 0.0754 | 0814 0.81] 00860 | 0.816 | 0.811 00603 - 0813 021 0.0688 | 0.814
8 (solid) | 0.786 0.0754 0790 0.786 0.0860 0.791 0.786  0.0603 | 0.788 0.786 00688 0.789
6 0510 (.0685 G515 0510 00796 0516 0510 | 0.0548 0.513 0510 (0.0636 0.514
6 (solidy | 0496 0.0685 | 0501 0.496 00796 | 0.502 0.496 0.0548 | 0.499 0.496 0.0636 | 0500
4 0.321 0.0632 | 0.327 0321 00742 | 0329 0.321 0.0506 | 0.325 0.321 ‘ 0.0594 | 0.326
4 (sohd) | 0.312 0.0632 0.318 0312 00742 - 0.321 0312 0.0506 0316 0.312 | 0.0594 0318
2 0.202 0.0583 (210 0.202 00685 0.214 0.202 0.0467 0.207 0.202 0.0547 0.209

1 0160 00570 0.170 0.160 0.0675 0.174 0.160 0.0456 | 0.166 0.160 0.0540 | 0.169

1/0 I 0.128 0.0540 0.139 0128 0.0635 0.143 0.127 0.0432 ! 0.134 . 0.128 0.0507 0.138
20 0.102 0.0533 0.115 0.103 00630 0.121 0101 00426 ‘ 0110 0.102 0.0504 0.114
3/0 - 0.0805 0.0519 . 0.0958 0.0814 00605 0.101 0.0766 0.0415 | 0.0871 0.0805 0.0484 0.0939
4/0 ; 0.0640 0.0497 {. 0.0810 0.0650 00583 (.0929 0.0633 0.0398 ' 0.0748 0.0640 0.0466 ¢ 0.0792
| 1
250 0.0552 0.0495 ‘ 0.0742 0.0557 ‘ 0.570 0.0797 0.054) 0.0396 0.0670 00547 0.0456 0.0712
300 0.04064 0.0463 | 0.0677 00473 0.0564 0.0736 0.0451 0.0394 | 0.0599 0.0460 0.0451 0.0644
350 0.0378 0.0491 0.0617 0.0386 00562 0.0681 0.0368 0.0393 | 0.0536 0.0375 0.0450 00586
400 0.0356 0.0490 0.0606 0.0362 | 0.0548 0.0657 0.0342 00392 ! 0.0520 .0348 0.0438 0.0559
450 | 0322 { 0.0480 I 0.0578 0.0328 ' 0.0538 0.0630 0.0304 0.0384 i 0.0490 0.0312 0.0430 0.0531
500 L 00294 0.0466 | 0.6551 0.0300 0.0526 0.0505 00276 00373 0 (a64 0.0284 0.0421 0.0508
600 ‘; 0.0257 . 0.0463 | 0.0530 0.0264 0.0516 0.0580 0.0237 0.0371 ' 00440 . 0.0246 0.0412 0.0479
750 0.0216 ] 0.0445 0.0495 ! 0.0223 0.0497 0.0545 0.0194 0.0356 ‘ 0.0405 l (0203 0.039% 0.0445

NOTE—Resistance based on tinned copper at 60 Hz; 600 V and 5 kV nonshiclded cable based on varnished cambric insulation; 5 kV shielded and
15 kV cable based on neoprene insuiation.
R, (2345+T),)

“Resistance values (R, ) at lower copper temperaturcs (7 ) arc obtained by using the formula R, = 3053



Table 4A-7—60 Hz impedance data for three-phase copper cable circuits, in approximate ohms per 1000 ft at 75 ¢
{b) Three-conductor cable

In magnetic duct and steel interlocked armor In nonmagnetic duct and aluminum interlocked armor
:::’nﬁ ° | 600V and 5kV nonshielded |  5kVshitldedand 15kV | 600 V and 5 kV nonshielded 5 kV shielded and 15 kV
R X z R X z R X z R X z
g 0811 |00577 | 0813 |0811 | 00658 | 0814 |o0811 | 00503 | 0812 |0811 |00574 | 0813

8 (solid} 0.786 0.0577 | 0.788 0.786 00658 | 0.789 0.786 0.0503 0.787 0.786 0.0574 | 0.788
6 0.510 0.0525 | 0513 0.5t0 00610 ; 0514 0.510 00457 0.512 0.510 0.0531 0.513
6 (solid) 0.496 0.0525 | 0.499 0.496 00610 ; 0.500 0.496 0.0457 0.498 (.496 0.0531 0.499

4 0.321 0.0483 | 0325 0.321 0.0568 0.326 0.321 0.0422 0.324 g.321 0.0495 0.325
4 (solid} 0.312 0.0483 | 0.316 0.312 00508 0.317 0.312 0.0422 0315 0.312 0.0495 0.316
2 0.202 0.0448 | 0.207 0.202 0.0524 0.209 0.202 0.0390 0.206 0.202 0.0457 0.207

1 0.160 0.0436 | 0.166 0.160 00516 | 0.168 0.160 0.0380 | C.164 0.160 0.0450 | 0.166

10 0128 0.0414 | 0.135 0.128 0.0486 0.137 0.127 00360 0.132 0.128 0.0423 0.135
20 0.102 0.0407 | G110 0.103 0.0482 0.114 0.101 (.0355 0.107 0.102 0.0420 0.110
30 0.0805 | 0.0397 | 0.0898 00814 | 00463 | 00936 | 0.0766 0.0346 (.0841 0.0805 0.0403 0.090
4/0 0.0640 | 0.038] 0.0745 0.0650 | 00446 0.078% 0.0633 0.0332 0.0715 0.0640 0.0389 (.0749
250 0.0552 | 0.0379 | 0.0670 0.0557 | 00436 0.0707 0.0541 0.0330 0.0634 0.0547 0.0380 0.0666
300 | 0.0464 0.0377 | 0.0598 0.0473 | 00431 0.0640 | 0.045] (.0329 0.0559 | 0.0460 0.0376 0.0596
350 0.0378 0.0373 | 0.0539 0.0386 | 00427 0.0576 | 00368 00328 00492 0.0375 00375 | 0.0530
400 0.0356 0.0371 0.0514 | 0.0362 1§ Q0415 0.0551 (10342 00327 0.0475 0.0348 00366 | 0.0505

450  0.0322 0.036% 0.0484 0.0328 ' 0.0404 0.0520 | 0.0304 0.0320 0.0441 0.0312 0.0359 0.0476
500 00294 0.0349 ;| 0.0456 0.0300 ; 00394 0.0495 0.0276 0.0311 00416 0.0284 0.0351 0.0453
600 ¢+ 0.0257 0.0343 | 0.0429 0.0264 ; 00382 0.0464 0.0237 0.0309 0.0389 0.0246 0.0344 0.0422
750 i 0.0216 00326  0.039] 0.0223 : 0.0364 0.0427 0.0197 00297 00355 0.0203 0.0332 0.0389

NOTE—Resistance based on tinned copper at 60 Hz, 600 V and 5 kV nonshielded cable based on varaished cambric insulation; 5 kV shielded and
15 kV cable based on neoprene insulation
R, (33454 T))

“Resistance values (R ) at lower copper temperatures (T, ) are obtained by using the formula 8, = 3095




Table 4A-8—60 Hz impedance data for three-phase aluminum.cable circuits, in approximate ohms per 1000 ft at 90 °C"
{a) Three single conductors

In magnetic duct In nonmagnetic duct

:::3 or 600 V and 5 kV.nonshielded S5 kV shiclded and 15KV 600 V and 5 kV nonshielded 5 kV shielded and 15 kV

R X z R X z R X z R X z

6 0.847 0.053 0.849 —_— — — 0.847 0.042 0.848 —_ — _—

4 0.532 0.050 0.534 0.532 0.068 0.536 0.532 0040 0.534 0.532 0.054 0.535

2 0.335 0.046 0.338 0.335 0.063 0341 0.335 0.037 ¢.337 0.335 0.050 0.339

1 0.265 0.048 0.269 0.265 0.059 0.271 0.265 0.035 0.267 0.265 0,047 0.269

10 0.210 0.043 0.214 0210 0.056 0217 0.210 0.034 0.213 0.210 0.045 0.215

210 0.167 0.041 0.172 0.167 0055 0.176 0.167 0.033 0.170 0.167 0.044 0.173

3/0 0.133 0.040 0.139 0,132 0.053 0.142 133 0.037 0.137 0.132 {0042 0.139

4/0 Q.106 0.039 0.113 0.105 0051 1517 0.105 0.031 0.109 0.105 0.041 0.113
250 0.0896 0.0384 0.0975 0.0892 0.0495 0.102 0.0894 0.0307 0.0945 00891 0.0396 0.0975
300 0.0750 0.0375 0.0839 0.0746 0.0479 0.0887 0.0746 | 0.0300 0.0804 0.0744 00383 0.0837
350 0.0644 0.0369 0.0742 0 0640 00468 0.0793 0.0640 | 0.0245 0.0705 0.0638 0.0374 (0.0740
400 0.0568 0.0364 00675 0.0563 00459 0.0726 0.0563 | 0.029] 0.0634 0.0560 0.0367 (0.0700
500 J 0.0459 0.0355 (.0580 0.0453 0.0444 0.0634 0.0453 0.0284 (40535 0.0450 0.0355 0.0573
600 + 10.038% 0.0359 0.0529 0.0381 0.0431 0.0575 00381 0.0287 0.0477 0.0377 00345 | 0.0511
00 0.0338 0.0350 0.0487 .0332 0.0423 0.0538 0.0330 0.0280 ° 0.0433 0.0326 0.0338 0.0470
750 0.0318 . 0.0341 0.0466 0.0310  0.0419 0.0521 0.0309 00273 ' 0.0412 0.0304 .0335 0.0452
1000 0.0252 ! 0.0341 00424 | 0.0243 I 0.0414 00480 0.0239 0.0273 00363 0.0234 (.0331 00405

NOTE—Cross-linked polyethylene insulated cable.

Roy (228147,

“Resistance values (Ry) at lower aluminum temperatures (7, ) are obtaned by using the formula &, = Y



Table 4A-8—60 Hz impedance data for three-phase aluminum cable circuits, in approximate ohms per 1000 ft at 90 °C’
{b) Three-conductor cable

: In magnetic duct In nonmagnetic duct
fx’nﬁ T | 600V and 5 kV nonshielded 5KV shielded and 15 kV 600 V and 5 kV nonshielded 5 KV shielded and 15 kV
R X z R X z R X z R X z
]

6 0847 | 0053 | 0849 _ — — lossr |o0e2 | oses — - _

4 0.532 0050 0.534 — —_ — (.532 0.040 0.534 — — —

2 0335 0046 | 0338 | 0335 0056 |03 0335 |0037 10337 {0335 |o045 | 0338

I 0265 | 0048 |0269 |0265 |0053 0270 |025 |0035 10267 [025 |0042 | 0268

10 0210 | 0043 jo24 |oz2i0 |ooso |oz6 |0200 |oo03¢ 10213 o200 looo |24

210 0167 | 0041 (o172 |0167 |00 |0174a |o1e7 |0033 0170 | 0167 | 0039 | 0171

30 0133 | 0040 |03 0133 |0048 o014l |0133 |0037 10137 | 0132 | 0038 | 0138

a0 0106 | 0039 | GII3 | 0105 |0045 |Ol4 0105 |0031 0109 |0105 | 0036 | 0111
250 00896 | 0.0384 | 00975 | 00895 | 0.0436 | 0100 | 00894 | 0.0307 | 00945 | 00893 ! 0.0349 | 0.0959
300 0.0750 0.0375 {1.0839 00748 0.0424 0.0860 00746 0.0300 (0.0804 0.0745 {.0340 0.0819
350 0.0644 0.0369 0.0742 0.0643 0.0418 0.0767 0 0640 0.0245 0.0705 0.0640 0.0334 0.0722
400 00568 | 00364 | 0.0675 | 0.056¢ | 00411 | 00700 | 0.0563 | 0.0291 | 00634 | 00561 | 00329 | 0.0650
500 00459 | 00355 | 00580 | 00457 | 00399 | 00607 | 00453 | 00284 | 00535 | ooas2 | 0o3is | 00ss3
600 00388 .0359 0.0529 0.0386 0,039 0.0549 0.0381 0.0287 0.0477 0.0380 0.0312 0.0492
200 00338 | 00350 | 0.0487 | 00335 | 00381 | 00507 | 00330 | 00280 | 0.0433 | 00328 | 00305 | 0.0448
250 00318 | 0.03a1 | 0.0466 | 0035 | 00379 | 0.0493 | 00309 | 00273 | 00412 | 00307 | 00303 | 0.0431
1000 00252 | 0.0341 | 00424 | 0.0248 | 0.0368 | 00442 | 00239 | 00273 | 00363 | 00237 | 00294 | 0.0378

NOTE—Cross-linked polyethylene tnsulated cable.

R (228.1 + )

"Resistance values (Ry) at lower aluminum temperatures {7} ) are obtained by the formula R, = 7Y
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H. ELECTRICAL CHARAUOTEFRISTION OF
AERIAL CONDUCTORS
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CHAPTER 4
ELECTRICAL CHARACTERISTICS OF CABLES

Cropdnnd Author:
H. N, Muller, Jr.

NABLES ane elnnsiiied aeoeding (o heir isaladion as
peaer. vargesle el ae, n.!-hc-r. b, early

b these mmlernds Dasang siiioue el aetelisties
whibrit wenaler 1B
satise vables for paver teastndssion wnd distnlbasiion aee
vampise ol seoawany hlferent 1y pes of msalstion, ron-
dustars ol siesiliow masertals, e dizeasston Jeere nagast
bue Linnted 1o tlaese calile desigrs Lyes] sultgmnely el
Nesmunalde eazionates ol electraend chintacierisiies Tor ealsdes
oz tistend ean be obsaned 1 suost coees T seading soan

Loaitalde o praticwlar sppliations,

viee talde Tov o enlde baving sanibar physasl dimensiens.

Pageer van Ineswoaod oo rondiestos 1o soecessive lay-
ere Bwebieve o meguitel] dieboertoe atreagthe sund the o the
wmetthgion senecdls vl for ealibes wperatiingg o 1O UOY
volls asel higher  Dapee iusiiation iz dtopregicned moalii-
ferend wave, and acewnlingdy el soosnlaed v le
stle i d 3 oo ~alnld, agd-1bel, wr gas-dilliad 1ypes,

Sulid paper-mschosl cubles e Ll e o leyers of
[he[rer dape wontte] ouio rhe venbuctog red illsjir:-;:n:l‘-c-l
with a visews oal, over whiel s apphed o tgla-llang,
Alnfsi-voreduetar sobl vables e
sl wvendable, 5o s nadersad shown beve covers anty
siasghes sl irep=eodnenor pepes, Thive-cunducto caldes
are it either belled or <bieldal omstrgetione. The Lelred
as-eanldy vonsists ol the three separately inadated con-
Jduetor rahle] toret ler wand s esppeesd wichastlaer lnyer of
tspregnatel prane, or Fuelt, Dl thoe slseat i as applied. In
the sloelded ennreapetion cacle soodueton 15 mdeedoadly
fenhitted and coveresl with se thun maclabhe Bot-toagin e
shivldisge tupes thee theee sonehieors e then endiled b
wesler, wrapped wih wometadbe Bnber tope, ol shestied
with el The propese ol the putaliic ahieldinge v
aretne D varly s enmeduesor 1% toocanzond the vleetroe-
sttt Areae. redive eotons Dotmalion, el decienae e
thiveroad resstaanre Vo mmimzee cioenlat g cuetent mMuler
nan iz opreratige conditions wml fhs lngde the poaer boss,
shisddie tape nply thiee nils in thickiness wouaal, Sokid
simgle eoralnetor entles e stanchard for all voltages Do
[ttty aolinl threesraamboe bor enlebes are =eanlaad T
Dtes B hv, satmpibes seesivane of papeet=insnlatent sz le con-
duetar gireveeow et ledtewmdthee e asliennesbieldil
ezttt b shiosn i Fig Lag, Shy and e cesprenively.

Clrithad paper-tosalaret ealdes qpeavailabde i sieghe or
Sinebe citedaetar cul-tidled endde
eanstiats ol i vonea it ie stvandeddenee Toeton sandd avonmd o
et Jwizeal spaige core, which serves s ehaomed dor dee
s o low-vineuaity il

entrnoded el shewah

hireraanmebrpenee oJestpnd

This cable = neoglitted wned
shaatbied nthae samn movmner as sodud cabdie s a eznpan-
oty o Figa, Lo aanl bl mdiesies Ehiecaeomlngetm wil-
Lithend esdabea seee adl of e shoeideshbmaen, sl Laee three

bd

Iy l'llbu] Iry.‘
J. 8. Williama

Faver ceta e b vl BTed, comupniet et oanid ol

Fig. 1 Paper-insubated cabiles,

T SR PP I

wl
e

ol cluienals l'lml.pnwll nf Dadtwend spnmzs (it evtened
Usiongh lne enble o spaees norneddy oeegpied o niler
mnterial, Tl construenne [ T R
Blle] cadibes sre pedaivedy tews b thesr appheazian has
st sadvapread oo evasuostively <ol vuse: The il
vend i oomly cliglity weore v 1hat sliztorer oil, sinl

i alan

ANEXOS



DIPLOMADO EN DISENO Y CALCULO DE INSTALACIONES ELECTRICAS

‘Chapter 4

remains fuid at all operniing temperatures. The nil in the
eatln and its eonneoted resorvoins is maintained ooder
mmlemte prossorn so that during load eyeles oil muy flow
beswoen the enble and the rereevolrs to prevent the dovel-
opment of voida or exeessive pressure in the cabla. The
prevention of woid formation in paper insulation permits
the use of greatly reduced insulation thickaes for o given
aperating voltage. Another sdvantage of oikfilled eablos in
that ofl will senp out through any erack or opening which
duvelops in the shenth, theraby praventing the entranee of
water nt the defestive point, ‘This action provents the
pecurrence of a fault cansed by moisture e the insulation,
antl ginee operating recards show that this enuse neconnts
for n Mignificant percentage of ol higl-volinge enlile Ty,
it is indeed n read advamoage, Single-conductor oii-filled
eables are umxd for voltages rmnging from 69 te 280 kv; the
usunl range for threo-conduetor vil-fillad eables is from 23
to 60 kv,

Cins-find cables of the low.pressuyre Lype inve recontly
become standard up io 46 kv. The singlo-conductor type
employs congtruetion genermlly similar 1o that of salid
cabibes, except that Inngitudinal futes or other channels are
provided at the inner surface of the shrath to condngl

nitrogen slong the cable. The three-conductar design sm--

ploys channels in the fillor spaces smong the sonduetom,
much ke these provided in vil-fliml thee-condoctor
eables. The gas is normaily maintained batween 10 and 15
pounds por sguare inch gauge pressure, and serves Lo fill
sl cable voids and exclude muistire #4 foulty points in the
ghenth or joims '

Coawrtery af the DheniieCallrnder Cable Company
Flg. 2~High-pressure pipe-type oll-fliled cublo.

Tligh-prosaure cables, of cither the ofl- or gas-filled vari-
ety, are being used widely for the higher muoge of voltuges,
The physical and clectrics! charesaristies are Mirly well
known, but their specifientions are not yeb standardized,
The usual application enlls for pressure of ahout 200 pounds
per square inch, contained by a steel pipe juto which three
single-conductor pables are pulled.  The immedinte pros-
enee of the iron pipe makes difficult the enleulntions of
sireuit impednnce, particitistly the zero-sequence quanti-
ties, Most high-pressare cables oro Jesigonod so Uhat the
ail or gos fifler comes into dimat contact with the conductor
insulation: in uil-filed pipe-fype eables a tempornry lemd
sheath can be stripped from the cable aa it s pulled into the
eteel pipo; in gas-GHed pipetype eabios the lead gheuth -
rounding pach condnetor remains in place, with nitrogen
imroduced both inside ned outside the sheath so that no
differential prossure dovelops ncross Lthe sheath. Exnmples
of oil- and gas-filled pipe-type eables are shown in Figs, 2
anc 3.

Llectrical Characteristica of Cablea

Cotttery nf Geamal Talln Qerparasion

Fig, 3eCirogsencction ol high-prossore plpe-type gas-filicd
ceble, Oil-filled pipe<typo cable moy Bove o similar erom.
nectiong,

Compresson cable is another higheprosagee gipefypo
enble in which nil or nibrogan gas at high pressure is intro.
duewd within o sterl pipe contnining lead-gshanthed golid-
twepe singheconductor ealdes: no high-prossure o or gas s
intrecinesd diveetly ingide the teaad alieaths, Inn voida with-
in the aodid-ivpe insalation are proventod by prossore
exerlisl extoronily wne the shenths, This construction is
gketchad in Fig, 4,

Vharing reeeni. years thoere hns beon o (rand foward the
modifiction of ecable somduetors (o reduce eost and ime
prove operading characteristies, particularty in multi-con-
duetnre enblea.  Heferring vo Fig. 5, the first. depetaro from
gemcentrin round sondustors war the adeption of sty
shaped cornchuctors o threceconductor enbles, More e
cently a crushed steanding that resubts in & gongaeted
wector has been developmd and hay Townd widesprend uso
for eanductor sigems of 1/0 AW G, ond lnrger. T use in
smpllor eonduntors is nol. proacticad. The principal advane
tagos vf such o combuetor ore: reduend overall dinmeter for
& givon coppor ernssesent ion; elimination of space bolween
the conductor nnd the insulution, which resulis in higher

Fig. 4—Crosa-sectional sketeh of comprossion cablo,
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Frhosographs 1 ihis foade fursivked by thd $2ve te-Callenter Colie Campany

Fig. 5—Cabloe conductors.
{n} Btandani coneentric girncded,
b} Cotpmet nouud,
£ Nopegompadh saetor.
{dy Cranpaet soaotor,
e Anuular stranded (rope core).
€} Segmaental
(g} Ropa strandoed.
(hy Hollow cure.

elestrical breakdown; low s-c reststance due to minimising
of proximity effect; retention of the close stranding during
bending: and {or solid eables, climination of many lon-
gitudinal chanuels Wongwhich impregnating compound can
migrste. While most single-conductor cables are of the

Electrical Characieristics of Cables

Chapter ¢

concuntric-strand tvpe, they may also be compact-round,
annularstranded, segmeaental, or hollow-core.

L ELECTRICAL CHARACTERISTICS

‘The clectrical choracteristics of calles have been dis-
cussed comprehensively in a series of articlest upon which
much of the material presented here hine boen based, “This
chaptor B-pritunrily concorned with ohe deteanination of
the electrical constanis most coutmoanly necded for power-
system ealeulntions, particular emphasis being placed on
quantities peeessary far the appHeation of symetriesl
componenis.® A general rule is that regardless of the com-
plexiny of mutus) inductive relations between companent
praris wf issdividund phsses, the wmethod of symmevricad
comnpouents can be applied -Agoroualy whenever there is
pynunetry amuong phases. AN the three-conductor cables
inherently aatisfy this condition by the nature of their con-
struction; single-conducetor cables muy or may vot, although
usunlly the errov is small in enleulating shortvinouit cure
rents. Unsymmetrieal spacing and ehinnge in permesbiliny
resulting from different phase currents when certain meth-
ods of diminating sheath: currents are wied, muy produce
dizgsymmenry.

Those physical charaeteristios that are of general intes
e3t in clectrical application problems have been ineluded
slong with electricnd charncteristies in the inbles of this
section, .

All inesr dimensions of radins, dismoter, sepamtion, or
distance to equivalent varth return are expressed o inches
in the equstions in this chapter. This is unfike overhead
trupamission line theory where dimensions are in fect; the
use of inches whon dealing with cable construction seems
gppropriste. Many equationx contain a factor for fre-
cirney, £, which is the cirenit operatiug frequeney i gyveles
por second.

1. Geometry of Cables

The apace relntionship among shenths and condariors in
a cable circait is » msjor faclor in doetermining resctances,
capaeitsnes, charging aurrent, insuintion resistanes, dislee-
tric loss, and thermal resistonte. The symbols used in this
chapter for various coble dimensions, both for single-con-
duator and three-conduetor wypes, are given in Figes, § and
7. Boveral factors have come into uuiversal use {or defining
the cross-section geometry of 8 cable cireuit, and some of
ihese are covered in the following puragrnphas. i

Geometric Meon Radius {GMR)Y—This factor is a
property usunlly applied to the conduetor slone, and de-
pends on the material and steanding used in its construe-
tion. Onecomponent of eonductor reactanee® is normally
caleulnted by evalunting the integreted Hlux-linkages bath
mside and outside the conduetor within an oversd] twelve-
inel: radiug. Considering s solid canductaor, some of the Bux
lines lie within the eondygetor and contribute to totnl fux-
linhapges even though they lank oniv o portion of the total
gonducter carrent; i & 1gbular conduclor having an infi-
nitely thin wall were substituied for the solid conductor, it
flux would necessarity all be external to the tube. A theo-
retioal tubular conductor, in order to by inductively equiv.
aleut to 4 solid conducior, must have a smaller radius so

ANEXOS
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TABLE 1—CHARACTERISTICS OF COPPER CONDUCTORS, HARD DRAWN, 97.3 PERCENT CONDUCTIVITY

Characteristics of Aerial Lines 49

>

r
3 Ap- Ta T
Cgatieu:f;or -g Deilnem-l Out 18»0: G;:T,T Oh, icl:enuhtanca Mila lndl;rtivfﬁmmnce Sh‘i{:&?&‘rﬂ?ﬁva
T e - nr- | 1ru e |
;5 of side Bmklnsflv,‘d“]&; rent | Mean ms per Conductor per hme per Conduetor Mogohms per
o 9 lrgﬂ- Dlamﬂsf’rm‘d'}h ";‘e’: Carry- Rlldaun 5 AL i 3 !\é::ciu )?Endl\l:'t{;r
o viduall eter oun ing | at 6D - . L .
;= §|5trands| Inchesy Mile 3, Cycles 25°C. (77°F.) 50°C. (122°F.) At 1 Ft Spacing
Clrcular [O¥ Inches et
P de | 23 60 [ ool as ) eo) eof 25] 307 00 s0 | e0
- |7 cycles [cyoles [cycles icyclcs [cyclea leycles fjeyalen [cyclea [cycles feyelos [cycles
. 137(0.16844[1.158 | 4 16 300 03068 |0 05850 05¢4/0 06200 0640j0. 06480 06720 0685{0. | .333 0.400 0 10814, 0901
. Arle.asml . 002 | 36 510 |14 670)1 0, G650 . 0052 L0711:0.07 180, 074450, 07 32]0. 18 . 339 (0 406 0, 11000216
. [3710. 147001 . 020 | 351 I3 04001 078010 D.os()ﬂﬁ.osoﬁ 082610, 0837(0. 1722/D.344 [0.413 0, 11210 0934
. 137,0.14240 997 | 33 400 (12 2301 0833008590, 0BTHO 17300 .348 417 . 11320 0943
. [37|0 13750 963 | 31 170 |11 41641 08420 0914i0 O 37'0 094710 17590, 332 422
. 13240, 127310 891 | 27 020 | 6 78] - _10660. 107 {0 lOBﬁ|D. 179810 3 432
. [37]D. 116 814 | 22 510 | 8 151 11750 [0 12800, 1 0, 128650, 1363{0 . 18450 369 443
10|0.16220 811 | 21 500 | B 15]] 0. !28(10.12 .120610. 130356, 1 D.371 10.443
0.153300 770 ; 19 750 | 7 430G 0, 142210, 142610, 14370, 1B870|0.376 0. 45}
0. 145110. 728 7 17 6 521 [+ 383 0 16030 161310, L1 .382 45
0. 135 679 | 15 500 | 5 704 - 1828018310, IS—I%. 18430 .389 10,466
0.17080.710 | 15 140 | § 708 0. 18280, 183110, 184 1180584 [0.480
190, 1257/ €20 1 13 510 | 4 . 0.213 j0.214 0.214 198210 . 396 476
1210.1385|0 667 | 13 170 | 4 801 - 0.213 o 214 14 1957/0, 592 (0. 470
1910, 11470 574 | 11 360 ] 4 078 . 2 Q. 250 [0, 250 {0,257 |0 203 (.4 0.487
12)0.1443]0.600 | 11 k 4 076 . 0,256 (0,250 10,257 0. 401 G, 4
10(0. 10, 528 9 617 | 3 45d 277 0. 0 302 |1.303 [¢.303 0. 207 (7.414 (0.4
1210.13 552 ) 483 | 3 430 5 10277 0 302 j0.303 303 203 |0.400 |0.491
7lo 1T, 522 ¢ 184 [ 3 450 0.277 10 & 302 0,303 ©0.303 210 420
12D 1158300492 | 7 538 | 2 786 0.349 & 0. 381|038l 2t0 0. 421 0.505
70 104B0 464 7 864 | 2 734 I0.349 ¥, 0 381 [0 381 R.382 216 [0 431 {0.518
710.13750.414 5928 | 2 170 0.440 0 0.481 [ 48] 10.48) 222 |0 443 532
7/0. 12280 4 752 | 1 7204 K. 555 10 0 806 (o 7 ©.607 227 ). 455 546
710.1093/0 328 B BO4 | 1 3064 .63 10 0 76a 233 J0.407 560
1 | 3{0.16700.360 3 620 | 1 351 0.692 0 0.757 232 ¥ . 484 657
2 7|4, 00740 202 3 045 | 1 082 i0 882 0. Q. 664 239 478 {0 A4
2 3]|0. 148710 329 2013 )1 07} j0 . 955 238 (0.476 571
2 .. 40 3 003 | 1 08Y 0,043 242 |0 484 581
3 | 7{0.08a70, 260 2 433 858 1218 245 490 588
3 | 3{0. 13260 285 2 350 8BS0 1.204 244 0. 4
3 by .. D.220] 2438 841 Enme as d-o 1,192 Bamo s d-c 248 (D406 |0.5085
4 | 3{D.11800D . 254 1 B7% 674 L.518 250 |0, 400
4 |1 ... 204 1 970 867 1.503 254 0
& 3(0.10500 . 2260 1 5058 534 1.014 266 |0.511 613
5 1.. .00, E819) 1 &91 520 1,805 2060 Ju. 510 623
6 | 3|0.00350.201 1 208 423 2.4 26z 0.5h23 628
6 | L, % 162G 1 28D 4 .30 205 [0.G631 10.037
7 L. ... 0 1443{ 1 U030 333 3.01 27F [0.542 0.631
a8 1 9. 13851 826 264 3.80 277 0.534 |D.685

* For conductor a3 T75*C., sr gt 25*C., wind 1.4 milea per hour (2 ft/sec), irequency =00 oyclen,

carrying capacity based on 50°C rise above an ambient of
25°C, (75°C total conductor temperature), tarnished sur-
face (E =0.5), and an air velocity of 2 feet por second. These
conditions were used after discussion and agreement with
the conductor manufacturers. These thermal limitations
are based on continuous loading of the conductors.

The technical literature shows little variation from these
econditions as line design limits,? The ambient air tem-
perature is generally assumed to be 25°C to 40°C whereas
the temperature rise is assumed to be 10°C to 60°C. This
gives a conductor total temperature range of 35°C to
100°C. For design purposes copper or ACSR conductor
total temperature is usually assumed to be 75°C as use of
this value has given good conductor performance from an
annealing standpoint, the limit being about 100°C where
annealing of copper and aluminum begins,

Using Schurig and Frick’s formulas, Fig. 25 and Fig. 26
have been calculated to show how current-carrying capa~
eity of copper and aluminum conductors varies with am-
bient temperature assuming a conductor temperature of
+5.C and wind velocity of 2 feet per second. These values
are conservative and can be used as a guide in normal line
design. For those lines where a higher conductor tem-

perature may be obtained that approaches 100°C, the con-
ductor manufacturer should be consulted for test data or
other more aceurate information as to conductor tempera-
ture limitations. Such data on copper conductors has been
presented rather thoroughly in the technical literature,”

III TABLES OF CONDUCTOR
CHARACTERISTICS

The following tables contain data on copper, ACER,
hollow copper, Copperweld-copper, and Copperweld con-
ductors, which along with the previously derived equations,
permit the determination of positive-, negative-, and zero-
sequence impedances of conductors for use in the solution
of power-systermn problems. Also tabulated arc such con-
duetor characteristics as size, weight, and current-carrying
capacity as limited by heating.

The conductor data (r., ., Z.') along with induetive and
shunt-capacitive reactance spacing factors (za, za") and
zero-sequence resistance, inductive and shunt-capacitive
reactance factors (r,, x., ,’) permit easy substitution in
the previously derived equations for determining the sym-
metricai component sequence impedances of aerial circuits.

The cross-sectional inserts in the tables are for ease in
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