
~~~ 1{\'} DOE/ET-2061-1 

A Study To Determine the Basic 
Insulation Level Requirements 
for a Prototype 1200 kV CGIT 
Cable System 
July 1979 

Contract No. EX-76-C-01-2061 
• . 
. ~~ 

Prepared for: 

U.S. Department of Energy 
Assistant Secretary for 
Energy Technology 
Electrical Energy Systems 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Available from; 

Price; 

National TPc.hnical Inf~tion ~ervi~~ (NTIS) 
U.S. Department of Commerce 
5285 Port Royal Road 
Springfield, Virginia 22161 

Printed copy: 
Microfiche: 

$4.50 
$3.00 



DOE/ET-2061-1 
Dist. Category UC-97a 

.A Study To Determine the Basic 
Insulation Level Requirements 
for a Prototype 1200 kV CGIT 
Cable System 
July 1979 

Prepared by: 
J. H. Cooper 
Transient Analysis Engineer .. 
Research and Development Department 
~dvanc.ed Systems,.Technol~_gy· 

Contract No. EX-76-C,.01-2061 

Prepared for: 

U.S. Department of Energy 
Assistant Secretary for 
Energy Technology 
Electrical Energy Systems 
Washington, D.C. 20585 

---
NOTICE __ ____, 

I --- an account of work 
This report was p:epa;:te~Govemment. Neither the 
sponsored by the Umted U •t d States Department of 
United .States nor th~eir ~~~ptoyees, nor any of their 
Energy, nor any of ton or their employees, makes 

contrnctor~,~u~~:=c or i~pUed, or assumes any legal 
auy wano_ •. . . . f r tnt accuttu~y, comp:1r.tcMSS 
liability or responstb~llfor~tion, apparatus, produc~ or 
or usefulness of any m ts that its use would not 
process disclosed, or rcp~scn 
tnftb,s.::. priV3tr.ly owned nghts. 



NOTICE 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Department of Energy, nor any of their employees. makes any 
warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference 
herein to any sPe<:ific commercial product, process, or service by 
trade name. mark, manufacturer. or otherwise. does not necessarily 
constitute or imply its endorsement, recommendation. or favoring by 
the United States Government or any agency thereof. The views and 
opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof: 



TABLE OF CONTENTS 

1. SUMMARY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

.., 
"-• ANALYSIS OF POSSIBLE LIGHTNING OVERVOLTAGE 

MECHANISMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 

2.1 

2.2 

2.3 

Backflashovers 

Coupled Surges 

Shielding Failures 

5 

7 

8 

3. ATTENUATION AND DISTORTION OF INCOMING SURGE... 10 

4. PROBABILITY OF INCOMING SURGE ................. . 12 

5. MAGNITUDE AND WAVESHAPE OF INCOMING SURGE ...... . 13 

6. PROTECTION CRITERIA ........ ' ' ................... . 13 

7. CALCULATION OF OVERVOLTAGES WITHIN THE CGIT 
SYSTEM ........................................ . 14 

8. SYSTEM REPRESENTATION ......................... . 15 

9. RESULTS OF COMPUTER STUDIES ................... . 17 

10. RECOMMENDATIONS ............................... . 22 

11. COHPARISON OF RECOMMENDATIONS WITH RESULTS 
FROM PRELIMINARY REPORT........................ 22 

REFERENCES........................................... 2 r.: 

;,. 
~ f'1, 

\j 
; 

"..:.-
'~ 

l 
·:. 



A STUDY TO DETERMINE THE 
BASIC INSULATION LEV~L REQUIREMENTS 

FOR A PROTOTYPE 1200 kV CGIT CABLE SYSTEM 

1. SUMMARY 

The required lightning impulse withstand characteristics of a 
prototype 1200 kV CGIT System have been studied. In this study 
it was assumed that lightning overvoltages would be introduced 
into the CGIT System due to lightning strokes which terminate 
on the overhead transmission system connected to the CGIT system. 
A detailed analysis of several proposed configurations for 1100-
1200 kV transmission lines indicated that the most probable form 
of lightning overvoltage introduceu into the CGIT System would 
be caused by shielding failures rather than blackflash occurrences. 
Following this conclusion, a single phase digital transient program 
was utilized to calculate the transient overvoltages which would 
appear within the CGIT System for system lengths of 600 feet, 
2 miles, 10 miles, and 50 miles. Part of these simulations modeled 
surge arresters at both ends of a CGIT System representing a cable 
system interposed in an overhead line or a cable system terminating 
at an air-insulated substation. A second group of computer simu­
lations modeled a surge arrester at one end only to represent the 
situation where a CGIT System terminates at a gas in.sulated station 
where the disconnects are opened and no arrester is applied within 
the gas insulation. Two types of surge arresters were modeled 
in this study: (1) an arrester having protective characteristics 
extrapolated from present designs and (2) ceramic oxide arresters. 

As might be expected, the most severe overvoltages occurred in 
the cases representing 600 foot lengths of cable. Results of 
these cases indicate that the CGIT System should have a minimum 
Basic Insulation Level (BIL) of 2425 kV where conventional surge 
arresters are employed and 2050 kV in the event that ceramic 
oxide surge arresters become available for protection of U.H.V. 
sysrems. BuLl! of these Basic Insulation T.PvPl s ass1Jme that surge 
arresters will be applied at both ends of the CGIT System. If 
surge arresters are applied at only one end of the system, the 
BILs would have to be increased to 2550 kV and. 2300.kV respec­
tively for protection with conventional and ceramic oxide 
arresters. A probability analysis of the lightning overvoltages 
which may enter the CGIT System indicated that these insulation 
levels should not be exceeded more than once in approximately 
100 years of operation. 
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2. ANALYSIS OF POSSIBLE LIGHTNING OVERVOLTAGE HECHANISMS 

Lightning overvoltages that would be introduced into the CGIT System 
would be caused by lightning strokes which terminate on adjacent 
overhead transmission lines. Therefore, the BIL required for the 
CGIT System depends to a large degree on the expected lightning 
pPrformance of U.H.V. transmissiou lines. Because of this, an 
important part of this study consisted of the analysis of the 
lightning performance of proposed U.H.V. transmission line 
configurations. 

In order to evaluale rhe poss1bility of various lightning over­
voltage mechanisms, some U.H.V. transmission line configuration 
had to be assumed. As a starting point, the p]annPn linP ~on­
flguration for BonneVille Power Administration's 1100 kV Lyons 
test facility was assumed.(l) The physical dimensions of this 
particular configuration are shown in Figure 1. Other pertinate 
data are listed in Table I. The estimated lightning performanrP 
of this particular configuration was later compared to the lightning 
performance of other configur<'ltions which have been studied by 
a CIGRE committee on overvoltages and insulation coordination. (2) 

Lightning surge voltages may be introduced onto the phase conductors 
of an overhead transmission line by one of four mechanisms. These 
mechanisms are: 

1. Backfl·ashovers - Strokes which terminate on the 
ground wire(s) or tower and produce voltages high 
enough to cause a flashover to the phase conductor. 

2. Coupled Surges - Strokes which terminate on the 
ground wire(s) or tower but do not possess sufficient 
current to cause a backflash. A voltage is induced 
on the phase conductors due to electrostatic and 
electromagnetic coupling between the ground wire 
and phase conductors. 

3. ShiPlning Failure Flaohovc.r - Su:uk.t:s whJch rerminate 
on the phase conductor and possess sufficient current 
to ra~se a flaRhnver to the tower. 

4. Shielding Failures - Strokes which terminate on the 
phase conductor but do not possess sufficient current 
to result in a flashover of the conductor insulation. 

The probability of occurre.nrP for each of the above overvulLage 
mechanisms was studied for possible U.H.V. overhead transmission 
line configurations. Results of this portion of the study are 
summarized below. 
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TABLE I 

Spacings and Electrical Parameters For 
BPA 1100 kV Transmission Line 

1. Height of ground wires - 61 m 

2. Conductor Height at tower - 31.2 m 

3. Minimum Condur.tnr HPieht - 23.2 m 

4. Shi eic:lwg AngiP. - ~v 

5. Minimum Conductor to Tower Clearance - 6.5 m 

6. Number of Subconductors - 8 

7. Subconductor Diameter- 40.7 mm 

8. Diameter of Bundle l.oncinr::tor - 107 em 

9. Critical Flashover Voltage of Tower>~ - 3. 64 MV 

10. Three Phase Surge Impedance* - 220 ~hms 

11. Line-to-ground surge impedance - 276 ohms 

12. Tower Footing Resistanc~** - 10 ohms 

* - denotes calculated value 

** - denotes assumed value 
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2.1 Backflashovers 

The occurrence of a backfl~sh (BF) may be further divided into 
the following cases: 

(1) A lightning stroke to a tower which causes a 
sufficient potential across the phase conductor 
insulation to result in a flashover. 

(2) A stroke to the ground wires at midspan which 
results in a flashover at the nearest tower. 

(3) A stroke to the ground wires to midspan which 
possess a sufficient high current to cause a 
flashover of the air insulation at midspan. 

To evaluate the possibility of backflashes at the towers,. the 
critical flashover· voltage (CFO) of the insulation at the towers 
had to be estimated. The CFO of the 6.5 meter strike distance at 
the towers was estimated to be 3.64 MV from the following 
equation. (3) 

CFO (l50k + 380) d. (1) 

where: d 
k 

strike distance in meters 
gap factor= 1.2 for tower 
window 

The lightning impulse strength of the tower insulation was estimated 
to be 5.8 MV at 2~s, 5.1 MV at 3~s, and 4.2 MV at 6~s. The 
equivalent s~rge impedance oj,the two ground wires and the tower 
\vere estirria.ted to be 3l4 .. and ·170 ohms respectively. If a 200 kA 
stroke current with·a 3~s front tim~ is assumed, the peak tower top 
voltage is approximately 3.8 MV for a span distance of 500 meters. 
The voltage across the line insulation for the top phase would'be 
given by the relationship 

where VTT 

c 

(1-C) VTT (2) 

tower top voltage 

coupling fattor between ground wire~ 
.and top phase 

In the; ca.s.e ·of the BPA line, the coupling factor between the ground 
wires and· the. top phase ~onductor is 0.36. Equation 2, predicts 
a peak voltage of 2.43 HV across the tower insulation which is 
considerably below its 3.64 MV CFO. The calculated tower top, 
and conductor induced voltage are shown in Figure 2A. Even if 
the lightning stroke occurs when the 60 Hz voltage on the 
conductor is at peak value and of opposite polarity, the voltage 
ac-ross .linP. insn]Ation would still remain below the insulation 
CFO. Calculated values for the transient voltage across the 
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4.0 fLS 
(a) 200 kA Stroke to Towpr 
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.0 fLS 
(b) 200 kA Stroke to Ground \-Jires at 

FIGURE 2 - Illustration of Surge Vo] tagt's C.1used by Lightning 
Stroke to Transmission ToW('r or Crnund Wires 
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insulation on the bottom phases yielded similar results. Because 
a 200 kA lightning stroke is on the upper limit of observed stroke 
current magnitudes and the 3~s front time is probably somewhat 
pessimistic, it was concluded that backflashes due to a stroke 
at the tower are very unlikely. 

A similar calculation of the tower top voltage which results 
from a 200 kA stroke at midspan yielded the results shown in 
Figure 2b. Since the resulting tower top voltage and voltage 
across tower insulation is lower than the case of a direct stroke 
to the tower, the occurrence of a tower backflash due to strokes 
at midspan is also considered negligible. 

Backflashes at midspan are also considered to be very unlikely 
due to the predischarge phenomenon described by Wagner and 
Hileman. C4) It is an-observed fact that midspan flashovers are 
rare and the possibility of this occ~rrence is normally neglected 
in lightning performance studies. 

In summary, an analysis of the proposed BPA 1100 kV transmission 
line indicated that the occurrence of backflash overvoltages may 
be neglected. This conclusion has profound implications because 
the highest overvoltages entering the CGIT system would probably 
be caused by backflashes if their possibility of occurrence were 
not negligible. In order to substantiate the above conclusion, 
a search of the literature was undertaken to see if other 
investigators agree with the above analysis for other U.H.V. 
line configurations. A comprehensive publication in this area 
is "Lightning Protection of UHV Transmission Lines"( 2) published 
by the CIGRE Study Committee for Overvoltages and Insulation 
Co-ordination. This paper presents the results of the estimated 
lightning performance of a range of proposed U.H.V. transmission 
line configurations. Results of theoretical studies presented 
in this publication indicated that the backflash outage rate of 
proposed U.H.V. transmission lines is essentially zero over a 
wide range of voltages and line dimcncionc. The only method 
of analysis which predicted a non zero backflash outage rate 
neglected the effects of shield wire corona on the surge 
impedance of the shield wire system and on the coupling of 
this system with the phase conductors. Even with this second 
method of analysis, the backflash outage rates did not exceed 
one occurrence per 1000 years per 100 kilometers of 1000 kV 
line. This. outage rate was for a line configuration with a 
10 degree shielding angle. It would appear that the conclusion 
to neglect backflash outages has support from other studies. 

2.2 Coupled Surges 

Coupled voltages will initially appear on the phase conductors 
at the point where lightning strikes the tower or ground wires. 
However, within about two or three spans the covpled voltage 
will decrease to zero. Therefore, the coupled surge need not 
be considered as a cause of lightning surge voltages at the 
CGIT System. 
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2.3 Shielding Failures 

The possibility of shielding failure overvoltages on the phase 
conductors is due to the fact that lightning strokes may bypass 
the ground wires and terminate directly on the phase conductors. 
One of the most widely accepted models for this phenomena was 
developed by Young, Clayton, and HilemanC5) and later modified 
by Whitehead and Brown. (6) 

This model is based on the theory that the point at which the 
lightning stroke will terminate is not decided until the stroke 
leader comes within a distance, rs, of the nearest nhjP~t at 
ground potential. The strike distance, r 8 , is a function of the 
prospective ~trokc current magnitude, In, An Rmpirir~l r~lation­
sl!lp(2) between strike diflt.AnrP ~nrl prospective :Jtroke LULtettl ls 
given by equation (3) 

(3) 

where: 10 is in kA and r 8 in meters. 

This model is best explained by reference to figure 3. For a given 
magnitude of stroke current the strike distance, rsl is determined 
by equation (3). Curve a, b, c, d shows the locus of points for a 
given strike distance. If a lightning stroke corresponding to this 
strike distance approaches the transmission line in zone A, it will 
come within the strike distance of the ground wire first and 
termiuate on the ground wire. If the same lightning strike approaches 
the transmission line in zone B, the stroke will terminate on the 
phase conductor. Finally, a stroke approaching the transmission 
line in zone c will tPrmi.nate to ground. An impui Lalit asrP~t of 
Lltls shielding f.::lilYt"e mnrlel ;,. th""t 3onc E, the. wiJLl1 uf ex[Jusure, 
decreases to zero as the prospective stroke current increases above 
a certain value. From a theoretical standpoint, there is a maximum 
value of stro~e current and, therefore, a maximum surge voltage which 
can appear ou the phase conductor clne to shielding failures. Fur 
the EPA line confi enration the ~?idt.h of p-,:1''-'~ULH ::~pproachc3 r.ero 
as the prospective strike current approaches 12.5 kA. Therefore, 
the maximum theoretical surge voltage which can appear on the 
phase conductor due to a shielding failure is 12.5 kA/2 times 
the phase-to-ground surge impedance. TI1is makimum surge voltage 
is 1. 73 MV. It should be noted that Fl.<~ th~ magulcude of the 
prospective stroke current approaches 12.5 kA the probability 
of the event occurring approaches zero. 

The above analysis indicates that shielding failure overvoltages 
up to l. 73 MV m~y occur and that no shielJiug failure flashovers 
will occur since the CFO of the line insulation is 3.64 MV. 
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3. ATTENUATION AND DISTORTION OF INCOMING SURGE 

In order to estimate the probability that a certain magnitude 
lightning overvoltage will not be exceeded at a cable-overhead 
line junction, the amount by which the surge is attenuated as it 
travels alon~ the line must be determined. 

The phenomena which cause attenuation and distortion of traveling 
waves in transmission systems are listed below in the order of 
their importance. 

1. Corona: The most. prono1,1nced cause of AtrPnn::~tinn 
and distortion for traveling waves above the 
corona incePtion vo1tAgR, Vc, is rnrnnA. Th~ 
primary effect of corona is to pu3h LaLk ut 

delay that portion of the w.ave above Vc· Energy 
is released from the wave by dissipation of the 
wave's charge into the space surrounding the 
conductor. 

2. Earth Resistance: C11~rents induced in the earth· 
by the surge cause appreciable losses for 
traveling waves whose· magnitude is b.elow the 
corona inception voltage. 

3. Mode Propagation Distortion: Where traveling 
waves occur in multi-conductor systems two 
predominant modes of propagation Pxist. One 
mode, associated with coupling betHeen phase 
eonductor3, travel.s aL Llte speet.l uf light. 
A3 second mode assoclaLet.l wlth coupling to 
earth travels at a velocity slower than the 
speeu of light. These tHo modes of propagation 
result in a separation of the wave's charge and 
an equivale~t reduction in magnitude of the wave. 
This form of attenuation becomes appreciaLle 
J-,,..1.-.w ·~or• . .'lla luception vol tagcs. 

4. Conductor Resistance: Due to skin effects the 
resistance of the phase conductors is much higher 
Lhdn its d.c. resistance. However, attenuation 
cll.1e t;r_, !;o..•tH.lucl.:ur reGi:Jt:!lrtce is usually smc:tll 
compared to that of the earth's resistance. 

To estimate the relative impor.tance of the attenuation phenomena 
ljsted above, the corona inception voltage for a bundle conductor 
can be estima~et.l with the following equation. (7) 

(4) 
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n = number of sub-conductors in bundle 
m conductor surface factor (normally 0.7-0.8) 

kd relative air density 
r = conductor radius, in em 
C capacitance of conductor in ~F per meter 

kb ratio of maximum to average surface gradient 

For bundle conductors 

kb = 1 + 2 (n-1) sin (n/n) (r/A) (5) 

where A is the .distance betweeP adjacent sub­
conductors in em 

The above formula yields 2.27 MV as the corona inception voltage 
for the BPA line configuration at standard air density. Therefore, 
mode propagation distortion and earth resiitivity should be the 
predominant factors which attenuate shielding failure overvoltages 
on this transmission line. The following procedure was .used to 
estimate the amount .of distortion for shielding failure overvoltages. 

1. The total surge voltage due to a shielding failure was 
split into its phase and ground mode components (i.e. 
fast and slow components) 

2. Previous field tests(8) showed that the ground mode 
component is attenuated by approximately 5.5 percent 
per kilometer for an earth resistivity of 100~ meters. 
Therefore, the ground mode component was attenuated 
by this amount. 

3. Separation of the unattenuated phase mode component 
and the attenuated ground mode component were calculated 
for various distances of travel. 

4. The two components of the.wave were added back together 
at the cable-line junction to determine the total 
magnitude of the traveling wave.· 

This method of analysis resulted in an overall crest 
attenuation of the total surge voltage of about 3 
percent per kilometer for the first three kilometers 
of travel. 
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4. PROBABILITY OF INCOMING SURGE 

The number of shielding failures per unit length of line for a 
small range of stroke current 6I may be estimated as follows: 

where 

Nsf (I) Nq L W(I) f(I) 6I (6) 

Nsf(I. is the number of shielding failures at 
a particular stroke current. 

1 

W(I) 

equivalent density of lightning strokes 
at ground level in strokes per square 
kilometer per year. 

"' length of lint= .i11 k.lluuJeLers. 

width of exposure for direct strokes 
to phase conductors as a function of 
stroke current. 

f(I) 6I probability th~t a given stroke will 
fall in the range of 6I. 

The number of shjelding failures over a range of stroke currents 
from Il to I 2 would be estimated by the following summation: 

Il 
l: H(T) f (I) 6I 
12 

(7) 

Iu urul::!t LU esrimate the total number of shielding failures 
over a range of stroke £urrents, some value of ground stroke 
density must be Rssumed or an equivalent grounu stroke density 
can be cal~ulated frnm the estim~ted number of Slrukes chAr 
will terminRte on A eivPn 1 cngth of tron:.Jtui.33iuL1 l.iul::!. Tile 
authors of reference 2 estimate that between 48 and 103 strokes 
per year will terminate on a transmission line with 60 meter high 
towers in an area corresponding to 30 thunderstorm ~ays per year. 

The following relationship may hr ttsPrl rn r.all:ul:Jtc the cquivaleul 
ground stroke density assuming that the transmission line will 
suffor N1 strokes pet yl::!ar. 

N g 
NJ 

T.. 

]_ 
(8) 

~ f(I) 61 W(I) 

A3suming that 100 SLrokes per year per 100 kilometers will terminate 
on the BPA line configuration and that the c:urrent magnitudes of 
lightning strokes may be approximated by the AIEE(9) cumulative 
dist.ri.hnti0n curve, equation 8 yielus a value of 6.9U strokes per 
square kilometer for Nq. The total number of shielding failures 
for the BPA line configuration may then be calculated by using 
this value of Nq and performing the summation of equation 7 from 
0 to 12.5 kiloamperes (i.e. the maximum stroke c1.n::rent which mny 
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result in a shielding failure). This procedure resulted in a 
predicted shielding failure rate (SFR) of 2.04 strokes per year 
'per 100 kilometers for the assumed transmission line configuration. 
The majority of these shielding failures would occur for low 
stroke currents where the width of exposure is relatively large. 
\Vhen stroke currents in the range from 8 to 12.5 kiloamperes are 
considered the expected shielding failures decreases to 0.384 
strokes per 100 kilometers per year. The above SFR of 0.384 is 
equivalent to saying that a stroke current of 8 kiloamperes 
will not be exceeded in 100 kilometers of line more than once in 
2.6 years. Or for a shorter length of line, say 2 kilometers, 
a stroke current of 8 kiloamperes would not be exceeded more 
than once in 130 years. 

5. MAGNITUDE AND WAVESHAPE OF INCOMING SURGE 

The characteristics of the incoming surge were based on a rate of 
occurrence of approximately once per 100 years of operation and 
attenuation characteristics described in Section 3. As described 
in the previous section, a lightning overvoltage rate of occurrence 
of approximately once in 130 years is equivalent to considering 
an eight kiloampere shielding failure at a distance of two kilo­
meters from the overhead line-cable junction. Using the calculated 
phase-to-ground surge impedance of 276 ohms, an eight kiloampere 
shielding failure would result in a surge voltage of 1.1 MV. 
After traveling two kilometers the surge voltage would be 
attenuated to approximately 1 MV. A front time of 2 ~s was 
assumed for the incoming wave which corresponds to observed 
data for lower values of stroke current. It is important to 
consider that the incoming surge voltage may be superimposed on 
top of the peak line-to-ground 60 Hz voltage. In this particular 
case with a 60 Hz peak line-to-ground voltage of 980 kV, a total 
crest voltage of 1.98 MV may appear at the sending end of the 
CCIT Syotem, 

6. PROTECTION CRITERIA 

The results of the previous sections predict that the lightning 
overvoltage due to an eight kiloampere shielding failure at a 
distance of two kilometers from the CGIT System will not be 
exceeded more th.:m once in 130 years. Therefore, the protection 
criteria employed in assessing the BIL requirements of the CGIT 
System were based on a 1 MV surge entering the sending end of the 
system due to an eight kiloampere shielding failure originating 
at a distance of 2 kilometers. The cases of zero 60 Hz bias and 
maximum 60 Hz bias were taken into consideration. 
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In order to get some measure of the sensitivity of the required BIL 
as a function of surge voltage magnitude, a more severe incoming 
surge voltage was considered which had a lower predicted rate of 
occurrence. 

7. CALCULATION OF OVERVOLTAGES WITHIN THE CGIT SYSTEM 

After estimating the lightning overvoltages which may enter the 
CGIT System from an'overhead transmission line, a digital computer 
program was used to calculate the overvoltages within the cable. 

To determine lightning surge voltage magnitud~s Qnd wavP shRpPq 
within thP r~hle, two baoic circuit~ w~L~ ~Lu~led; (1) arresters 
at each end of Ute eable and (2) arres,ters at one end only. The 
first circuit represents a cable system interposed in an overhead 
line or a cable $ysletn terminating at one air-insulated station. 
The second circuit represents a cable system terminating in a gas­
insulated station where the gas-insulated disconnects are open and 
no arr~ster is applied within the gas~insulation. 

D~e to the long range nature of the CCIT project, the lightning 
overvoltage studies were performed assuming the most advanced surge 
arresters expected at the completion of t~is project. The two 
types of arresters simulated were (1) an arrester having protective 
characteristics extrapolated from present designs and (2) a ceramic 
oxide arrester, CharartPristica of a ceramic oxide arresler 
specified in the Westinghouse Proposal TD 75-09 to ERDA \vere con­
sidered to be representative of values which may be obtained in 
the uear future. ~rotectiVP rh~r~ct~ristiCG of the two type5 v[ 

arreslers are listed in Table It. 

TABLE II 

Surge Arresler Characteristics Used In Computer Studies 

Conventional Ceramic 
Arrester Oxide 

Maximum Front of Wave Sparkover 2250 kV 1725 kV 

Maximum Impulse Sparkover 1990 kV 1650 kV 

Maximum ·switching Impulse Sparkover 1766 kV 1.170 kV 

Maximum 30 kA Discharge Voltage 1650 kV 

Maximum 20 kA Discharge Voltage 2002 kV 
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Cable lengths of 600 feet, 2 miles, 10 miles, and 50 miles were 
studied. The overall objective of this study was to determine 
the maximum lightning related overvoltages which may occur.with 
a reasonable rate of occurrence. It was assumed that.the basic 
insulation level of the CGIT System could be specified considering 
overvoltages that would not be exceeded more than once in approx­
imately 100 years. 

8. SYSTEM REPRESENTATION 

The CGIT System was represented in the various studies by a perfect 
cable with a surge impedance of 60.2 ohms. It is believed that the 
predominant mode of attenuation for traveling waves within. the CGIT 
System would be due to losses in conductor resistance. This assump-
tion was made for the following reasons: 

1) Corona and dielectric losses· should be negligible because 
the dielectric is a gas and the CGIT configuration results 
in homogeneous electric fields. 

2) The aluminum sheath should reduce ground losses to a 
negligible level. 

3) Due to skin effect, the conductor resistance would be 
considerably increased at surge frequencies. 

In order to simulate the increased conductor resistance at surge 
frequencies, the resistance of the CGIT System was calculated at 
100 kHz by means of a.t.-d.c. resistance curves for tubular con­
ductors(lO). A value of .00591 ohms per foot was used for the 
conductor resistance in all computer runs. The overhead line 
attached to the CGIT System was represented by an infinitely long 
transmission line (i.e. no reflections during the period of study) 
with a pha3c to ground ourge impedance of 276 ohmc. The occumption 
of an infinitely long transmission line was made because it is 
believed that U.H.V. lines would be at least several hundred miles 
long and any reflections which would return from the opposite end 
of the line would be negligible due to attenuation. Figure 4 
gives a schematic representation of the system studied to represent 
a 2 mile CGIT System. Voltages at the fictitious buses 4 through 10 
were monitored in addition to voltages at the sending and receiving 
ends of the cable to determine where the maximum overvoltages might 
occur within the CGIT System. 

The maximum overvoltage within the various lengths of the CGIT System 
were determined for two different magnitudes of lightning surges, 
1.0 MV and 1.37 MV, entering the cable at the line-cable junction. 
The 1.0 MV surge entering the cable corresponds to a 1.1 MV surge 
originating at a distance of two kilometers from the cable. The 
probability analysis described earlier predicts that overvoltages 
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caused by a 1.0 MV surge entering the cable would not be exceeded 
more than once in 130 years. The 1 . .37 MV surge entering the cable 
corresponds to a 1.46 MV surge originating at a distance of 2 
kilometers from the cable. Overvoltages corresponding to these 
cases should not be exceeded more than once in 850 years. 

As mentioned earlier, the situation must be 
is a biasing of the lightning surge voltage 
value of the 60 Hz· phase-to-ground voltage. 
different cases were considered for each of 
System configurations. 

considered where there 
due to the instantaneous 
Correspondingly, three 

the various CGIT 

· (1) An instantaneous 60 Hz voltage of zero at the 
time that the lightning stroke occurs. 

(2) An instantaneous 60 Hz voltage at peak value 
and the same polarity as the incoming surge. 
voltage. 

(3) An instantaneous 60 Hz voltage at peak value 
and of the opposite polarity of the incoming 
surge voltage. 

In all cases studied, the front time of the incoming surge voltage 
was assumed to be 2 ws. 

9. RESULTS OF COMPUTER STUDIES 

The maximum overvoltages and their approximate location for each 
of the system configurations studied are summarized in Tables III, 
IV, V, and VI. Results of the cases where the 60 Hz voltage was 
of opposite polarity to the incoming surge are ~ot presented in 
these tables because the resulting peak voltages were consistently 
below rhe sparkover level of rhe.arresrers. Iris apparenr from 
these results that overvoltages within the CGIT System became 
less severe as system length increases. This is a result of the 
fact that the incident wave at various points in the system decays 
an appreciable amount in the longer systems before .reflected 
waves return from the ends of the cable. The results also tend 
to indicate that for CGIT System lengths of 10 miles or greater 
the surge arresters have little ettect on the maximum lightning 
overvoltages. This is because the maximum overvoltages approach 
the value of the surge arrester sparkover voltages for syste~ 
lengths over 10 miles. Another significant result is that the 
required BIL levels for the CGIT System are relatively insen­
sitive to the expected rate of occurrence. That is, the maximum 
overvoltages within the CGIT System are not significantly 
different for a rate of occurrence of once per 130 years and 
once per 850 years. 
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TABLE III 

Overvol tages Hi thin CGIT for 1.1 MV Surge 
Originating at 2 Kilometer Distance 

600 ft CGIT System 
Zero Bias Same Polarity 

Conventional Arrester 184 7 kV RE 2236 kV RE 
SPnrling End Only 

Conventional Arrester 1847 kV RE 2076 kV CM 
Du L11 Eulls 

Ceramic Oxide Arrester 1767 kV RE 1931 kV RE 
Sending End Only 

Ceramic Oxide Arrester 1699 kV CM 1755 kV CM 
Both Ends 

2 Mile CGIT System 
Zero Bias Same Polarity 

Conventional Ar.re~ter (1) 1894 kV 1{£ 
Sending End Only 

Cuuvent:10n91 Arr~ster (1) 1894 kV R'~. 

Both Ends 

Ceramic Oxide Arrester (1) 1891 kV RE 
Sending End Only 

Ceramic Oxide Arrester (1) 17?9 kV (2) 
11oth Ends 

Bias 

RiAS 

(NSO) 

(NSt.)) 

Notes: 1 - indicates that peak of transiRnt vnltage was lc~~ 
than normal 60 Hz Voltage 

NSO - denotes no sparkover of surge arresters 

RE denotes maximum overvoltage occurred at receiving 
end of cable 

CM - denotes maximum overvoltage occurred at cable 
middle 

2 - maximum overvoltage occurred approximately 
1320 feet from end of cable 
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TABLE IV 

Overvoltages Within CGIT for 1.1 MV Surge 
Originating at 2 Kilometer Distance 

10 Mile CGIT System 
Zero Bias Same Polarity Bias 

Conventional Arrester (1) 1663 kV RE (NSO) 
Sending End Only 

Conventional Arrester (1) 1663 kV RE (NSO) 
Both Ends 

Ceramic Oxide Arrester (1) 1663 kV RE (NSO) 
Sending End Only 

Ceramic Oxide Arrester (1) 1650 kV RE 
Both Ends 

50 Mile CGIT System 
Zero Bias Same Polarity Bias 

Conventional Arrester (1) 1605 kV RE 
Sending End Only 

Conventional Arrester (1) 1605 kV RE 
Both Ends 

Ceramic Oxide Arrester. (1) 1605 kV RE 
Sending End Only 

Ceramic Oxide .Arrester (1) 1605 kV RE 
Both Ends 

Notes: 1 - indicates that peak of transient voltage was 
less than normal 60 Hz Voltage 

RE - denotes maximum overvoltage nrrnrrerl At 

receiving end.of cable 

NSO - denotes no sparkover of surge arresters 

(NSO) 

(NSO) 

(NSO) 

(NSO) 
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TA3L:E: \' 

o~~r~oltag~s ~ic~in CGIT for 1.~6 ~~ Surge 
O~igi~ating at· 2 Kil0m~te~ Distance 

600 ft CGII Syst~m 
Zero Bias Same Polaritv Bias 

C0~~~ntional Arr~st~r 

SE::1d i;1;_,; t:nc Onl:; 
2231 ~'.' ~E 236 7 k\' RE 

Co:1v~ntional ArrE:st~r 

3qL:! ::1ds 
2080 k\' C~! 2129 k\' C'1 

C~ra~ic Oxid~ Arrester 
5~ndi:1g E.:nd Onb 

1965 k': rtE 2044 k\' RE 

C~ra~ic Ozid~ Arr~stE:r 

3oth .Ends 
1782 k\' 01 1820 k\' (~1 

2 ~il~ CGIT System 
·.Zero Bias Sarne Polaritv Bias 

Conv~n t ional_ Arrest~r (1) 2308 k\' RE 
s~nding End Only 

(UrJVHil Jnn::lJ Arr~stcr (1) 2064 k \'. (2) 
Both ~~n d c; 

Ceramic Oxide Arrester (1) 2130 k\' RE 
Sending End Only 

r.~ramic Oxide Arrester (1) 1886. kr · (2) 
Both Ends 

;..;otes:. l - ... indirl'lt~s. tl1aL pldak uf t:Umsient- voltage was 
l~ss-than normal 60Hz Voltage 

NSO - denotes no sparkover of surge arrester 

RE denotes maximum overvoltage occurred at 
... _rec.!=iving_ euc.l __ 

CN - denotes maximum overvoltage occurred at 
cable middle 

2 - maximum overvoltage occurred approximately 
1320 feet from end of cable 
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TABLE VI 

Overvoltages Within CGIT for 1.46 MV Surge 
Originating at 2 Ki~ometer Distance 

10 Mile CGIT System 
Zero Bias Same Polarity Bias 

Conventional Arrester (1) 1936 kV RE (NSO) 
Sending End Only 

Conventional Arrester (1) 1936 kV RE (NSO) 
Both Ends 

Ceramic Oxide Arrester (1) 1936 kV RE 
Sending End Only 

Ceramic Oxide Arrester (1) 1650 kV RE 
Both Ends 

50 Mile CGIT System 
Zero Bias Same Polarity Bias 

Conventional Arrester (1) 1852 kV RE 
Sending End Only 

Conventional Arrester (1) 1852 kV RE 
Both Ends 

Ceramic Oxide Arrester (1) 1852 kV RE 
Sending End Only 

Ceramic Oxide Arrester (1) 1650 kV RE 
Both Ends 

Notes: 1 - indicates that· peak of trans~ent voltage was 
less than normal 60 Hz Voltage 

NSO - .denotes no· sparkover of snreP Arrester 

RE - denotes. maximum overvoltage occurred at 
receiving ·end 

(NSO) 

(NSO) 

(NSO) 
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10. RECOMMENDATIONS 

With the assumptions discussed earlier in.the report about the 
possible mechanisms of lightning overvoltage occurrence and a 
protective margin of approximately 15 percent, the BILs listed 
in Table VII would be adequate for shorter lengths of CGIT Systems. 
Values in this table were chosen considering ANSI preferred values 
for transient insulation levels(ll) and an overvoltage rate of 
occurrence of once in 130 years. 

For CGIT System lengths of 10 miles or greater, a BIL rating of. 
1925 kV should be adequate regardle.ss nf·the number or type of 
arresters selected. 

11. COMPARISON OF RECOMMENDATIONS WITH RESULTS 
FROM PRELIMINARY REPORT 

Results of a preliminary study to determine insulation levels 
for the CGIT System were presented in the first quarterly report 
associated with ERDA Contract E(49-18)-20nl. To fRr.:i.litate 
comparison, the range of BIL's from this report are shown in 
Table VIII. 

TABLE VIII 

Range of 1200kV CGIT Insulation From Preliminary Report 

Lightning ImpulDc Lev~l 
(BIL) 

Minimum 
Medium 
H8.ll..illlU111 

Ccram.it.: O.~~.lue 

Arrester 

1980 kV 
2145 kV 
2310 kV 

864kV Convenr1onal 
Arrester 

2594 kV 
2810 kV 
:.1027 kV 

These values were determined for a CGIT System length of approx­
imately 2000 feet with surge arresters applied at both ends. The 
medium valul:!l> were obtained from a simplified traveliug wave 
analysis while the other values were based on approximate methods 
used for other types of substation equipment. Therefore, the 
recommended BILs from this report should be compared with the 
medium range values from the preliminary report. A comparison 
of these values indicates that the recommended values from the 
detailed analysis of this report are slightly lower than those 
from the preliminary study. This is mainly due to the following 
reasons: 
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TABLE VII 

Recommended BIL For CGIT System 

600 Foot System With Surge Arrester at One End Only 

BI"!".. 

~~·· 1. Conventional Arre"ster '255'0 kV 

2. Ceramic Oxide Arrester 2300 kV 

600 Foot System With Surge Arrester at Both Ends 

1. Conventional Arresters 2425 kV 

2. Ceramic Oxide Arresters 2050 kV 

2 Mile System With Surge Arrester at One End Only 

1. Conventional Arrester 2175 kV 

2. Ceramic Oxide Arrester 2175 kV 

2 Mile System With Surge Arrester at Both Ends 

1. Conventional Arresters 2175 kV 

2. Ceramic Oxide Arresters 2050 kV 
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1. The preliminary report arbitrarily assumed an incoming 
3x20 ~s lightning voltage with a crest value of 3 ~ro 

while the method of analysis in this report assumed a 
2x50 ~s incoming wave with a crest value of 1 MV. The 
incoming wave in this report was estimated from t~e 
lightning performance of proposed U.H.V. transmissiqn 
lines. 

2. A sparkover level of 2050 kV was used to model conventional 
arresters in the preliminary study compared to a sparkover 
value of 1990 kV used in this report. 

Another difference in the two methods of analysis was thAt thP 
instantaneous value of the 60 Hz voltage was neglected the 
preliminary study, 

··1· 
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