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ABSTRACT

Surge performances on single- and multi-conductor systems
have been ' gtudled theoretically and experimentally by many
ploneers over about one century. The achievements of the sen-
iors of Kyoto University in thls field have been very noticea-
ble and they have always fulfiled_the leadling paxrt of this
field. Wnercas the new research fleld has spread out with the
remarkavle advance of the digital computer, and so the author,
too, nas made a great effort to analyzZe the surge problems by
using the 'digital computer. This thesis 1s concerned with the
author's research acnlievenments, and consists of seven chapters.

In Chapter 1, as the model case of the transmission systen
of overnhecad line~submarine cable, the author pické out the 22kV
Tonosho Transmission Line of the Chyugoku Electfic Power Com-
pany, whicn nas suffered the 1n§u1ation breakdown fault in the
submnarine cables by the abnormal voltage due to the ligntning
stroke at the tower in 1964. ' First the author introduces a new
digital calculétion consldering wave distortion on the line or
cable due to skin effect for the traveling waves along the
single-conductor systems and the symmetric three-conductor
systens. Next he investigates rnumerically the problem ol the

transient voltage rises of the rubber and paper insulated



111
cable, whlch are used in the above-mentionéd actual systens,
due to the 1ightnlng stroke at the transmisslon line towers
near tne Jjunctlon point of the 1line and cable. Then he makes
sure of possibllity of the insulation breakdown fault, which
nas been occurred on the above-mentioned cable.

furthermore he studles on the effect of the impedance of

ne tower and tower Toot witn counterpoises, on the surges

ct

along the overnead line-cable systems.

In Chapter 2, he introduces a new digital analysis of the
surge problems in power nevworks, wWnicn utlitizes tne computa-
tlon principle of the low speed electronic surge analyzer.
Hitherto the diglital analysls of the traveling waves in the
nciworks, wnlen nave many transition poincs contdining the
lumped inductance and capaclitance, has been very difficult.
However it 1s made possible that we can easlly calculate the
refracted and reflected voltages at the transitlion points by
"using the above-mentioned analyzing method. Accofdingly we |
- can calculate the required transient voltage at a speciflied
|
‘point in the network, approximately but with high accuracy. |

In Chapter 3, tne above-mentlioned new method 1s applied to
the analysls of the surge performances on the four examples of
practical‘systems. Namely tne surge performances on a overnead
distribution system having distributed pole transformers, a
transmission system whose overhead ground wire 1ls struck oy
lightning, a overhead line-cable system whilch has been dis-

cussed in Chapter 1 and a overnead line-cable system with whoseo

Junction point a lightning arrester is fltted up, are analyzed.
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Then the author shows that his method can be applied simply,
and usefully to these examples.

In Chapter 4 nhe tries the numeriéal analysﬁs of the noh-
lineaxr surge equations including the . “fect of corona losses
for traveling waves on single-conductoxr systems. He proposes
two methods (Methods 1 and 2) of numerical calculation, which
are obtalned by piecewlse linearizing the nonlinear surge equa=-
tlons and eacn of which 1s employed to facilitate comparison
with the exXperimental results made on an artificlilal transmission
line by other researchers. From the numcitleal investigatlons
by these methods he estimates the optimum values of corona loss
constants of travelling waves.,

In Chapter 5 the author originated the other numerlcal
calculating method (Method 3), which car. digltally solve the
original nonlinear equations without pi.cewlise linearization,
and by using Method 3, he solves the same problems as in the
preceding chapter, and agaliln he estlmétes the optimum values of
corona loss constants and corrects the ones obtained by Method
1 or 2. And by the numerical calculation using these values ne
shows that the resuits agree with the experimental ones fairly
well. Next he compares the liethods 1, 2 -and 3, and shows that
Methods 3 1s the best among these methods.

In Cnapter 6, the author applies the numerical calculation
of the line equations for the single-conductor systems to the
ones for the two-conductor systems as one exanmple of the mulvli-
conductor systems. Namely by Method 3 he analyzes the surges

along the two-conductor system with the ald of the values of



the corona loss constants, that have been obtalned in Chapter
5 Tfor the single-conductor systems. Next he compares the com-
puted results with the experimental ones under the various

sendling end and final end conditions.

Lastly in Chapter 7, he summarizes the main results of his

investigation in Chapter 1 to 6.
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CHAPTER 1

NUMERICAL ANALYSIS OF SURGES ON
TRANSMISSION SYSTENS OF OVERHEAD
LINE-CABLE CONSIDERING THE DIS-

TORTION DUZ TO SXIN EFFECT

1.1 Introduction

ror the lightning-proof design of transmission systens

consisting of overhead lines and cables, it is onec of the very

which appears on the overhead line or on the cable, by anal-
yzing propagation, reflection and refraction of traveling waves
on the transmission line systems contalning cable. As such
systems, we can think of the transmission line consisting of
overheéd line-subzarine cable, the system contalning tnec in-
coming cable 1n the .power station or the substation, which is
connected witn the line, and so on.

The surge performances on the systenm containing thne in-
coning cable in the power station or the substatlion nave been

‘ ’ (1),(2) .
analyzed by means of the surge computing boards or the
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clectronic surge slmulators“)and recently the digitai'computerf“
Though the analyses by the surge computing board or Ehe sim-
ulator have many merits, they have the demerits that the values
of the system constants cannot be changed simply, the computa-
tlon results are not so accurate, etc. sdoreover, in digital
computer analyses up to now; the 1nf1uence‘of skin effect on
surge distortion has been neglected or considered only approxi-
mately. Thus'in this chapter, as the model case of the trans-
misslon system of overhead line-submarine cable?) the suthor
plcks out the 22kV Tonosho Transmission Line of the Chyugoku
clectric Power Coapany, which has suffered the insulatlon

breakdown fault in the submarine cables by the abrnormal voltage

ue to the lightning stroke at the tower in 1964. The insula-

(o]

ct

ion test of this system and the investigation of the results
of the test have been done by the researching staffs of the
Chyugoiu Electric Power Companyf) However,théy have done only
the rough approximate analysls of the surge performances on the
system and have not obtained the satisfactory results.
Therefore, Tirst the author introduces a new digital caleulation
considering wave distortion on the line or cable due to.skin
effect for the traveling waves along the singlé-conductor
systems and the symmetric three-conductor systems; Next he
investigates numerically the problem of the transient voltage
rises of the rubber and paper insulated cable, which are used
in the above-mentioned actual éystems, due to the lightning

stroke at the transmlssion line towers near the Jjunction poiht

of the line and cable. Then he discusses the influences of
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¢ length or cable length on the transient volit- -
age Tis503 of the cables and tne differcnce of the voltage rises
_becween rubber and paper insulated cable, and morecover ne makes
sure of possiovillty of the 1nsﬁ1ation brealitdovn fault, which
has been occurred on the abo#e-mentioncd cable.

Next, he studies on the effect of the tower foot impedance
with counterpolses, which are often used for the purpose of
decreasing the grounding resistance of the tower to prevent the

.

insuiators at the tower Trom the back flashover du

H

©
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ning sctroxe, and the tower impedance, on the surges along the
overnead line-cable system. Namely, he performs the digitzal
analyses of the voltage rises of the cables due to the light-
ning stroxe against the towers by the use of the equivalent
circuit of the tower'™considering the tower impedance and the
tower foot'impedance'containing counterpolse, and he gives the
many avalliable data for the lightning proof design of trans-

mission systems of the overhsad line-cables.



1.2 Jumerical Calculation of Surge

Distortion by Skin Effect

Wnen the impulse voltage is 1mpressed on the beginning end
of a semi-infinite line, the approximate operational solution’
of the line voltage considering the wave front distortion by
tho skin effect of the line conductor and the ground return is

given by

- - ’
vip) =& #7775 Egy (1.1)

M

where ' \

E(p)= £ {e)} + input impulse voltage, 3
Vip)=£{v(®)} 3+ line voltage at distant X from
initial point,

S = (d+3)/23 + distortion constant (V3/m),

o =/(/1jo/7r_)/0“7 /r (Q5/m),

I =/(2/17/.>_/rc)/0"’//z, (Is/m),

s surge lmpedance () \ (1.2)

surge propagation velocity (m/s),

¢

M+ relative permeabllity of conductor,

! relative permeabllity of ground
Ma >



S ¢ intrinsic resistance of conductor (ﬂ?ﬂ),
Jy ¢ intrinsic resistance of ground (am),
I conductor radius (m),
h i conductor hight (m),
~ y
Taa t=Tunction of Eq. (1.1) 1is
Y(t)=e(t) @ erfc (S )@ Ht - /3, (1.3)

wnere the symbol @ represents the convolution integral and

0, tsx/g.,

H(t-x/q) = { : : unlt function (1.4) . .
-7 A 2
5 § Wt : conplementary
erfc(§)=/-~,5j & du (1.5)
: 0 error function

The integral form of Eq. (i.3) 1s expressed as follows:
_ C/ 7
2f(t)~¢/(t~x/y)£/ye(t——“c){dr erfc\e )} T, (1.6)

dere we give the applied ilmpulse voltage by the followlinzg form

At

CE) =E, & ) (1.7)



Putting Eq. (1.7) into Eq. (1.6) yields

t‘-—x/gz

= - - SX_ 4 ’ .
V() = H(t=-x/9)E, S jo F(zhdr’, . (1.8)

wnere

TET-x/g

2 .
Fle)e o 3 ¢~ 7 - Qe 2p=T)

(1.9)

With respect to ¢xX which is ﬁsed practically in this chapter,
(cx)?270"7, and in such case F(r) in Eq. (1.9) satisfies the

next equation

’

-/
10 .
J F(TdT’ =0, : (1.10)
0

~t :
where the upper 1limit 10 is decided from the graph of F(T")

which is shown in Pig. 1l.1.

T-x/
] <% e,

The value of the voltage (¢) at an arbitrary 'time T can be
obtained by calculating the definite intezral given in Zq.

(1.11). However since the Simpson integral formula, which is
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ast and accurate for digital computation, devides equally the

integral region, the formula is not appropriate for the numeri-

cal integration of F(@) which is shown in Fig. 1.1.

let us consider the next transformation
T'=10 d'z-",zjoéz'/o. 707 d-’l‘”,
then Eq. (l1.11) becones

Aym(t—L@)

V(L) = H{t =X/ )Eo Loy 10 ;7% _f T 10T,

-11

Therefore

(1.12)

(1.13)

To the digital computation of Eq. (1.13), we can apply the

Simpson integral formula and determzine numerically the value of

V() .






1.3 Numerical Analysls of Surges
on Transmission Systems of

Overhead Line-Cable

1.3.1 Numerical Calculation for Sinzle-Conductor Systens
In Piz. 1.2 the author shows the model system which has
been chosen as the subject of the study. In this section he

intends to analyze the transient voltaze rises of the botn ends

O
)

the cable shown in Pig. 1.2 considering %the successive

Fal
Iel

raction and reflection of surges on overhead line and cable
in the case. where it is assumed that the lighining sirikes at
the tower near the junction point of overhead line and cable

-

nd then lmmedlately the back flashover along the insulator

9]
@7

chaln occurs. In Pig. 1.2

lengths - of overnead line and cable,

{; ‘and A,

o
4]

urge propagation velocities on overnead

?, and 92

line and cable,

oy, and <, : distortion constants of overhead line and
dable,

%, and 7, ¢ surge impedances of overnead line and cable,

Z ¢! stroke cnannel impedance,

Re : grounding resistance of tower.

Next 1f we assume that the wave form of the lighining

stroke current 1s expressed by the following fornm



((t) =1,e™ %t (1.14)

the wave form of the voltage which penetrates into overnead

line is given by

ott) = 7 itt) = ——28e [ g%t (1.15)
31 -+ 2pr7 ’
where Z 1s the input impedance| of +the transmission systen

viewed from the lightning stroke point.

v

Y

v
ct

=

the reflection coefficients Fy, Fuz, F; and Fu and

tne refraction coefiicioents F,, F,,, Fr and F,, at the towex

and both ends of the cable of Fig. 1.2 are given by the follow-

ing equations

F = 2209(2_ =
M 312, (34+ 220K,
Flf FYY_7 Py
- 2 5
FrZ 3 + }2 s )
(1.16)
;
Flz Fn“ / ’
— -— 221 i
FTS_F‘I%_' }’ v }2 3 !
Fis=Fup=Frs- 1.




Until now thne lattice diagram method is usually used for
the numerical calculation of successive reflection and refrac-

tion of surges. Tnls method has the merit that its calculation

o]

rocess is simple and easy to understand intuitively, but on
the other nand 1t has the demerit that the calculation with
Tigures 1s very troublesome. Here we apply the lattice diagran
mnevhod to the digital calculation and enable the calculation of
the surge distortion due to tne sikiln effect.

Tne author's digital calculating method is given below.
First by the number wnose element in each figure is composed of
1 or 2, let us express all the waves, which start from the
lightning stroke point and arrive at the beginning end of thne
cable after passing through the various pathes. And we make
the figure whose element 1ls 1 correspond to the wave which once
goes and comes bacx along the overhead line section from the
beginning end of the cable,and the filgure whose element is 2
corresponds to the wave which goes and comes back along the
cable. For example, the number 121 represents thé wave which
starts from the lightning stroxke point, arrives at the’begin-
ning end of the cable, once goes and comes back along the
overhead line section, once goes and comes bacxk along the cabdle,
again goes and comes back along overnead line section and’
lastly arrives at the beginning end of the cable.

Now let us consider the wave which 1s expressed by the

number composed of 7;-1's and 7,-2's. The voltage of our

wave 18 expressed by the following equation,



V) =FZi)® erfc (e )@ H(£-T) (1.17)
2/t ?
wnere .

S = +1)S s + 20,5, 1, ( )
l.1
T = (271,”)2,/?1 + 27, 12 /?‘1 ,

F is the producst of the reflectlon and refraction coefficlents
at every transition point, at whicn our wave reflects or ﬁe-
Tracts, wnere the refraction coefficlents contaln the one cor-
responding to the last refraction at thne beginning end of the
cable.

Wde can obtain the value of Y%) in Eq. (1.17) at an arbi-
trary time { by evaluating the convolution integral with the
method,wnicn has been described in the preéeding sectlon.
and so we can get the value of the transient voltage at the
beginning end of the cable by performing the above mentioned
digital calculation about all waves which arrive at that end.
Moreover the value of the voltage at the final end of the cable

o

H

at the ligntning stroke point can be obtained by the same
procedure after correcting Eq.s (1.18) a little. The digital

flow chart used in our calculation is shown in Fig. 1.3.
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i.3.2

b4

wmerical Calceculation for Symmetrical Three-Conductor

&)
=~

)

¢t
o]

1

Q

in thls article we will consider the case where the light-.
ning surikes at the tower and then instantly tne three-phase
back Tlashover along the 1nsulatof chain occurs. If 1t 1is
asgsumed that the model system 15 the symmetrical threc-conduc-
vor systems for simplicity, we can carry out the surge calcu-
lation by the method dqscrlbcd in the preceding article,‘where
the zero-phase-sequence surge inpedance of the syscen must be

d ins

£
[97]
(¢}
<t

cad of tne surge impedance of the single line used in

ot
@
ho]
H
o
o

ceding article.
Namely 1n the similar manner to the preceding article, the

voltage wave, wnlch is expressed by the rnumber consisting of

ny=-1's and 7,-2's, is given by the following equation.

(1.19)

[Ut)) =FoZso () @ evfe (5B JH(E-T)

R e

So =2+ 1)T, 0, + 21,5, Ly, 1
T =(2n+ 1)471/‘?1 t 27724”2 /‘7‘ ’
J)p ! Zero-phase-scquence componaent of distor-;

tlon constant of overhead line, =

zero-phase=-sequence component ol

1 2]

20

digstortion constant of cabvle, !
[
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Z,;, i zero-phase-sequence component of
input impcddnce,

F, product of zero-pnase-sequence CcoOIi-
ponent of reflection and refraction

coefficlents at every transition

point. J

3ing Cge. (1.19) we can obtaln the values of the voltages of

both end of thne cabvle in the case of three-phase Tack flashover.

-
Y

s

e 3«3 Calculated Results and Discussions

The model system, wWnich is chnoscn as the object of the

tudy, is the overhead line-submarine cadble system of the

Tonosno Transmission Line of the Chyugolku Zlectric Power

Company. In practice 1t 1s the 22%V double circuits of three-

phase transmission system and provided with the three-core rubdber

and paper insulated cable foxr the subnarine cable and so in

order to investigate the system regorously we must treat 1t as

a

calculation complicate and we ar

s

o, .

-

situation. Thnerefore in this

six-conductor system. lHowever such a treatnent makes the

(%]

ct

to niss the general

[

ap

ct

icl

-
£

(w]

first we perform the

)]

gital calculation to see thoe rough influence of skin effect
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cion by assuming that the medel oystenm 1s a

R - 32 i
Ol ThC JuTge GLSeol

singlc-conducioxr one. wexXt a

]

suning that 1t 15 symmetricn
three-conductor systems, we carry out the digltal calculation
Tor the case that the tnree-pnase back flashover occurs atv onc
tower stiuck by lignitning.

(1) Single conductor system:

Y

p

—
j

Tavle 1.1 snhows the valucs of the system constants used 1in

- & - - ”
calculation. These valu e quoted from the Reference (6).

©
¥
o
H

FTor Lthe wave form of the ligntning stroke current we plck out

the 0 X MO/m wave and assume that tne crest value is 1, since

our system is a linear one. Nanely

) ot _1.733x 704
Wer=1,e °" =1-¢& . (1.21)

ig.8 1.4(a) and 1.5 show the calculated translent voltage

the rubber ianculated cable.

~

oI

.
@

at thne bpeginning and final en
In Flg.s 1.6 and 1.7 are plotted those of the paper insulated

.

in oxrder to facllitate comparison thne

condition with the practical one, we choose the lengthces ol the
overhead line section, rubber and paper insulated cadles 75m,
1739m and 1794 m respectively.

Pize 1.4(b) snhows thec magnifled Torms of the transiont

voltages of Fig. i.4(a) from 0O to 10 us and from this figuzre ve

can see the influence of the sikin effect on the voltage wave
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form, namely 1t makes its appearance in the roundish step of

b

tne voltage wave form and the gradual reduction of the value of
cacn step voltage. Noreover in Fig.s 1.4 to 1.7, the voltage
wave forms 1ln the case considering skin effect change more
smoothly compared with the ones in the case of no loss line,
which change violently and notchy.

Tne values of the maximum voltages of the rubver insulated
cable in the case considering skin effect are about 76% and
79% of the ones in the case no considering that at the begin-
ning and Tinal ends respectively. And in the case or the papex
insulated cable, those are about 884 and G4% at the beginning
and final ends respectively. As above desceribed the voltage
wave forms and maximum values falrly differ from each other in
the two cases where the skin effect is considered and rot con-
‘sidered. Since the distortion constvant of the paper insulated
cavbie 15 falrly small compared witnh the one of the rubber insu-
lated cable, it 1s thought to be natural that the zaximun val-
ues of the voltages in the former are higher than the ones of

the latte

H

(14) Symmetrical three-conductor system:

Here we assume that the model system gilven in the precoed-
ing article is a symmetrlical three-conductor system and the
three~-phase back {lashover occurs along the insulator chain as
soon as the lightning strikes at the tower. In Refercnce (6)
1t is indicated tnat the tnree-phase back flasnover fault may
be concluded to have occurred in thne Tonosho Line by supposing

the breakxdown situation of the insulator chain. Tnercefore thne



chleulaned resules in tnis term (11) are considered Lo be adle

O e¢xXpliain the practical surge performances falrly well.

iuced In Article 1.3.2 the values of constants ol the overhcad

line, ubver énd paper insulated cables used in the computation
1.2, whicn are also guoted from the Refer-

ence (6), whore the self- and mutual-impedance of the overnead

line are calculated from thne situation of the lines. Ve give

the wave Torm of tne ligntning stroke current by Zq. (1.21) in
The same manner as tiie case of single-concductor systen.

Trne computed voltage wave Torms atv tiie teginning and Tinal

end of the ruvoer insulaced cable are shown in Flg. 1.8 and

Roference (6) showsthat the insulation Dbrealkdovn nhas
occurrcd within the rubber insulated cable and the insulator
chain of the nelighboring tower of the Tinal end of tne paper

insulated cable is bdroiken. Accoxding to our calculated resultes
the maximum voltages of the Tinal ends of the two cables becoume

hos

ct
@

of

cr

higher than tha beéginning ends and Vmax /I, = 10.6 for
bbexr insulated cable and lex/Io = 15.0 for tne paoper insu-

1

lated cable. The 50% flasnover voltage of tne chain of two

ct

insulators, whicn is practically used, 1s 2551V, and so the
value of I,'which makes the tower voltage exceed the flashover

voltage in the case of R; = 15045 avout 17ki. And in the case
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of I, = 17kA the maximum voltage of the rubber insulated cable
reaches 17 x 10.6 = 180xV and that of paper insulated cable
reacnes 17 x 15.0 = 255%V. In Reference (6) it is guessed that
the impulsive breakdown voltage of the rubter insulated cable
becomes about 175kV. Consequently it may be thought to be
natural that the insulation breakdown has occurred in the rubber
insulated cable and thst the flashover has occurred at the
neilghboring tower of the final end of the paper insulated cable
before the insulation breakdown would occur in the paper insu-
lated cable because the insulating strength of this cable was
falrly strong. The above stated consideration is considered to
explain the practical surge pnenomena fairly well.

(111) The'maximum voltage rises:

In the foregoing term the calculation has been executed in
the case of /{; = 75m and A = 1739 or 1794m in order to calcu-
late under the same conditions as the practical ones. Here we
will investigate now the maximum voltage of the model system
varies wnen ﬁhe overhead line or cable lengtn varies. As the
final end voltages of both cables become higher than the begin-
ning end ones, we obtain tﬁe maximum voltages at the final cnds
of both cables. Fig.é 1.10 and 1.11 show a series of the cal-
culated values of the maximum voltages of the rubber and paper
insulated cables respectively. TFrom the flgures we can see tne
rough tendency that tne shorter the overhead line or cable
length become, the higher the maXimun voltage rises and vice
versa. MNoreover these results are considered to give the usc-
ful data for the lightniﬁg probf design of overncad-submarine

cable systen.



Tatle 1.1

(Sirgle-conductor systemn:

i

.

Values of system constancts

)

used in coumputations.

Overkead | Rubber insu- | Faper (nsu-
line lated cable | Laled cable
Surge (mpedance 2 (n) 538 50.6 $8.0
Distortion. constant 5% 1.64x107 | 448x10"" | 0745x107
Surge propagation velocity g (%) 300 x 10° 160 x 10° 130x 10°
Stroke channel impedance Zo(0) 400
i}ozz:lec;zg resistance R. @) 15

61



Table 1.2 Val used Ain computations.
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ctr
[&]

. 3 . 4 - - 3
(Symmetric throe-conductor systems)

Overhead | Rubber insu-| Paper (nsu-

Line lated cable | lated cable
-ph _
szfl;;e,p zgzspeédane 3o (2) 280 20.0 43.7
Zero-phase 5 i 7 L
o constant Sl 268 %1077 | 7.24x107"| 1.70%10

Surge propagation verocily ¢ (%) 300 x10° 160 x10° | 130 * /06

0¢
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overhead Line—sf— overfead Line —— submarine cable —sk— overhead linc
3 3 32 2
4, 91,5, Ly, 92,
(%)
Z,

F,
/51A'*J:zf§’ IZ:ZL%>F;2
[ e

F - F
3 “_(; F, F 7 T4

Fig. 1.2 A trancsmisslon system of overhead line-submarine cable.
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Fig. 1.3 Digital computer flow-chart.
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Fig. l.4(a) Transient voltages at beglnning end of rubber insulated cable.

(Single-conductor systems)
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(Single-conductor systems)
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skin effect ignored
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o). Skin effect considered i
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t(ps)
Pige 1.7 Tranolon} voltagos at final end of papsr insulated cadle.

{8irzlo-conductor systconas)
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Fig. 1.8 Translient voltages at beginning and final ends of rubter insulated cable. >

(Symmetric three-conductor systems)
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Fiz. 1.9 Transient voltages at beginning and flnal ends of paper insulated cable. ~3

(Symmetric three-conductor systems)
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1.4 Numerical analysis of Surges

on Transmission Systems

i.5.1 DNumerical Calculation on Transmisslon Sysvems Consid-

.
. m P
ering Tower Impedance

set up for the purpose of reduclng thne grounding reslilstance of
tne transmission tower. As the model system, we use thc one in

the preceding section. As tne eguivalentc circult of tower

x 4

wnicn the counterpolise is provided with, let us adopt the clzr-

|

2. In tnls figure,

P

culit snown in Fig. 1.

Ry registance tvo decide initial value ol tower imped=-

ance,
L+ : equivalent tower inductance,
Re i resistance to decide initial value of surge impced-

ance ol tower foot with counterpolise,

Lz : equivalent inductance of tower rfoot witn counter-

R

i

LX)
0.9}
4]
@)
[
4
p:
P.h
>3
“1
H
(¢
9}
P’-
1)
ct
0
=
(e}
(o]
L]

- X -, = ~ » ~ —~ - vy S
in this sectlon we will discuss the case wacre Lt 1s assumed

Tvnat the value of Rg is constant and also tne lmpcecdance of thne

(@]

tower foot with the counterpoise 1s inductive. In Chapter 3 we

will refer to the case where the vtower foot lmpedance 1s capacl-
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in the pregsent case tne constant coefficlents F and Z in

£Zq. (1.17) are changed for p-function as shown in Eq.s (1i.22)

and (1.23). Namely

\ ’ l(; 4 -
Ut =F eq,(£)® erfc —2—7—?) @ HE-T) | (1.22)
Where
F . : product of reflection and refraction °

coefficlents at every transition
point except tower,

eﬂ%)=xf%FhQﬂnZQﬂIQﬁ},

-

Fa{p) + reflection coefficlent at tower,
Z@p) : input impedance at tower
D P ’

IQﬂ ¢ ligntning stroke current.

We can obtain the numerical value of Y() from Eq. (1.22) by
éeclding the functional formula of Ep(:) in =q.s (1.23).
in order to do so, let us determine the functional formulas of
F,,(p) y 4(p) and I(p) as follows:
(1) Total tower impedance: Z:

The total tower impedance 4¢ which 1s given by the equiva-

lent circult as shown in Flg. 1.12, is expressed as followss



Zt.—.:fo'ZETRG_, }

where | |

equivalent tower

LX)

Lr= plaRe/ (ply +R:)

impedance, (1.24)

—

equivalent surge

Ze=pleRe / (plg+Re)
impedance of tower
foot with countexr-
polse,

!
i
|
|
|
|
i
|
|
J

Tnen Z.; 1s expressed by the {followlng fractional formula:

’

/?t.[)z + B;j) +Ce h
pl+ D}/Qf'Et - ’

4y =

wnere

e = Rr +Re + R (1.25)

Bt =(R)rRE/LE+RTRE/LT+RE,?9/LE 'f'JQTK)Q'/LT) 3
Ce =RrReRs /Lyle

»

Dt =Re/le Tpr/Lr,

[
|
|
f
5
|
Et =RrRe/L+le J
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(L1) 1Input impedance at tower: Z(p)
Using Eq. (1.25), the input impedance Z(p) at tower is

expressed as follows:

2

Ty Bt AUOF Qo gy D+ BN P2y 1.26
&ip) =11y Plrbip+ b, M’(}”‘dl )\ p '*{O(z) ’ ( )
wnere

My=31he/ (grv2he ), )
Ay By /A s ’
azr:ct/fxt, ’
|
by={31Dg + 28,0/ (3,4 242 ), I

| | ) (1.27)
by={3,Eet2C, )/ ( 31+ 2Ay), |
N, ) b/-rxlb/l—@ %
o« | 2 , '
2 i
TSI S TE N (Y |
/32J 4 J

(111) 'Reflection coefficient at tower: Fup)
Also using Eq. (1.25), the reflection coefficlent Fulp)

at tower is got as follows:

- DJ'fC/ )*C) - "pf-()(-L AU'.“O'—z
Ful(p) ”’ZJ_—J_'——pud,pma Mz(p,)«,)(/),.yz) , (1.28)



wnere

My==G51lhe t 200/ { (2260 500Ac* 2o } |
Cp = (Be+2ZoDe )/ (he1Z0),

Co= (Ct +2,Ee)/ (e Zo)

T T e e _—

G ={(22,731)Be+ 205D 3/ { (2254 31)Asv 2o ji }

‘o N \ . (1.29)
d, XL\ZZO*ZH}Lt + aofﬂft;/ {(220+ ;,)szo},; , i
|

t’, | Y]
! l . CI[ + dla— /I—dz
P T, h
e
O’ CI fC, - /;_-:

|
. 2 ' !
2 J

(1v) Derivation of €,() 3
Here let us give the lightning stroke current the sane

funciional formula &s Egq. (1.21), hamely

i(t)=T,e~ "¢, (1.30)
Then the p-functilon of this equation becones
Ip=I, 12— ©(1.31)

pfa

Putting Eq.s (1.26), (1.28) and (1.31) into Eq.s (1.23) ylelds

entt) =Ly & { 5y S50 B (f:;'; ;;; SRR (1.32)
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With respect to Zq. (1.32), we have the following relation

P Pt PrR: | Ap  Bp_ . _Co_ ’ (1.33)
Pr@ prd peoe PG pro  prol 0 i

where

AT 1 R

Lol ) ’

i Vo) i =1 d’fdz ao*dz aor(ll i p,?‘/jz ! (1-3’4‘)
L CJ IL oK, Qoi, Gy .Jl L P/jz J

4

Next substituting Eq. (1.33) into Egq.(1.32) yields

nlt) =L MM, & {Afalt, )+ BEn(E, i)+ C e, 020} (1.35)

vwhere
& - -I Jidhalte t o2 ,
' Gl (BB 2B (1.36)

By applying Heaviside Expansion Theorem to Zq. (1.36), we get

-t & / [.'—/(’/é)
futtasr= e O] Lt

71\/ S ‘[;-/(7(.:}_)
/S:i ( 7‘ ) (i-1)/
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v ('“)(“) 7 ”,f, i

4= A=

,[",(M A'(’ _~
{' (k=11 (1& /)/( 2= ?/)

LoD NS
§ () Lxmealy (1.37)
J=0 ())) (?274_)) J ]
wnexre
J’“‘rf— y {‘7[/'::{1‘0(, wl
|
if);_ gz )’2_, j- 722”3,2—0(7 :
XoyK =3 x K M (1.38)
[,'((x)=l<.’j ey = KI(-E T ) } _
K/ =0 M! |
0 : M f
¢ incomplete Ganmma function. f
J

'

Therefore tne digital calculation by the same ncthod as
descrived 1n Section 1.2 is possible, and so in our case we can

obtain the value of the voltage of eacn transition point.

1.4.2 Numerical Results and Discussions
In this article we perform the surge calculation in the
case where the total tower impedance 1s considered and the

three-phase bacl flasnover at the tower struck by lightning is
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assumed using tne method descrided in the foregoing article.
and then we investigate the inillucnces of the impedance of
tower and tower foot with counterpoise on surge voltage.

ne beginning end of the

ct

Tne computed transient voltage at
rubover insulated cable in the case. where only the grounding
resistance of the tower 1s considered, 1s shown in Pig. 1.13.

In this case we assume J,-A; &as follows:
Zy = R, = 10, 15, 20, 30 Q .

4 Y

1 the flgures 1t can be seen that the larger the value of Aj

H

TOr

ry

|4

.

ner the cable end voltages\are.

b)-

s,the hig
Next as the values of Kr and Ly we adopt tne following

values

Rr = 100 o | Lr= 10 uH .
Also wWe assune the next value for X and Le
Re = 50 N , Leg= 50 /U'L/ .

And we use tne value of the following grounding resistance



P T S . S 2 P a ] e A -~ D .. ...
HOTCOVEDT L3 OLQUT U0 LLValelZaie Yac el etvs o1 tihc oL

L owenm iy R . Jeta - >~ . . -3 - -, ~ -
impedance on tihac surge perfornances o perfora Tho caleulotien

-~

Next to elarirly the effects of the counterpolise we pexrlor she

calculation about tne following case

Ry = 0, . LT"os

Rew 50 0, L= 50 uH,

?

Ri = 150N .

In ths connectioﬁ, aé the values of the other system con-
stant, weé adopt the same values as.used in Sectlon 1.3.

: The computed transient vo tage at the begiinning end of the
rubbcr‘insulated cable iﬁ the avove-nenticued several caseés are
slotted in Fig. l.14{a) and the magnificd voltage wave Iorms
from O ©o lo/uVarc snown in Fig.‘l.lb(b). And the voltage wave
forﬁs at the final end of the paper insulated cable are also
shown in Fig. 1i.15.

From Fig. l.ik{d) or Fig. i.15, i% 1ls seen that ¢

sient volitage in the case, wnore the vowexr foot wita countaor-

e
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[
%]

poise 1s consldercd, is considerably different from that in the
case wnere only the grounding resistance is considered.
Sspeclally in Pig. 1.15 the ﬁaximum value of the former is
about 1.5 times high as that of the lasier.

The influences ol the tower impedance on the‘surge per-
Tormances 15 consideradly great. wnlle the effect of the skin
cffect‘is small, and on the contrary, the ones o tower imped-
ance is rnot so great wnile the effect of the skin effect is
great as seen in Fig. 1.14(a). Thus we muss cénsider the
efTects of botn tower impedance and the ékin effect in the

analysis of surge performances on the system as adopted in this

tower foot with counterpolse

1

on tne cable end voltage is larger than that of only the tower
impedance as seen in Fige.s 1.14(b) and 1.15. Zence it may be
concluded that the value ol the transient impedance o tower

100¢ with the counterpoise should be reduced. when the counter-

polse is provided.
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Fig. 1.15 Transient voltages at final end of paper 1lnsulated

cable considering tower impedance.



NUMERICAL CALCULATION COF SURGE PER-
FORMANCES IN ELECTRIC POWER NETWORKS

URILIZING CONVOLUTION INTEGRAL

2.1 Introduction

™M
e

ne lightning surge proovlems on electrlic power systen

&}

nave been analyzed by means of numerical calculation with fig-
02),(13) (3)(1%)

ures applying the lattice diagram method or analog computer.

Recently, digital computer analysis of such problems are at-

' (15) ~{17)
tempted by several rescarchers.

o

In thls crapter the author introducces a new digital anal-
(u8)~(2) o Il - ] s A ;
ol surge performances in power networks, which utilizes

b
-l

<
)

(1%

ct
lay
©

principle of the low spced electronic surge analyzexr ‘which

as veen already developed in the authoxr's latoratory.. In the

oy

surge analyzer, the delay of traveling waves along the line is

ved Dy the speclal electronic delay circuit, and the coa-

ct

sizula
puvatvion of the refracved and reflected voltages at the tran-

sition points is carried outv by analog computer circuit.
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And in analog conputer, the computing circuilts of the refracted
and reflected volitages are constituted by means of resolving
the equations of the refraction and reflection coefficlents,
which are generally the nighexr order fractional funciions of};,
into partial fractions.

Thus we derive tne digital calculating mebhod that © . obtain
the {~function of each p-functlon, which is resolved into the
avove-mentioned partial fractlions, and calculate the convolu-
tion integral of the T -function and the values of inconing
voltages, wnich can be numerlically obtained, approxizately tut
with Gizh accuracy, and scel for the numerical valucs of the
refracved and reflected voltages at the transition poiats.

Tnls new analyzing metnod canvbe applicd to tne calcula-
tions of the surge performances in the complicated and loxrg
scale power nctworks with not only linear circuilt elcments,
which ;‘ve-thé nigher order fractional functions at tac transi-
tion points, but élso the nonlinear one as lightning arxrcster.

2

el

-t

Morecover, by the ne thod we can treat the surge attenuation
and disvortion due to skin effceet, though approximate. 4And th
proocss ol surge calculation programing is standardized, cimple

and plain Tor any networks, and we can get the numerical solu-

ct
[
[}
=
2
P
ot
7]
o3
O
L1
C}l‘
O
[e]
3]
J
ct
P
ct
'.\
()
e}
ct

ime and in nignh accuracy.
morcover in thnc next chnapter the author will deseribe the

application of his method to the problems of the surge perfora-

ances on some practical systems, viz. a distribution line sys-

(14

em having distributed pole transformers, an overacad trans—

mission line-cable system, a transmission onc with overhead
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Tnough a calculating method utilizing zZ-transformation was
ra for tne digital analysis of the surge
problems, it 1s thougnt that the author's method is suberior to
Isnlnara's one in points of slmplicity of the surge flow graph,
slmplicity and convenience of calculating process, when espe-
cially the inductances and capaclitances are connected with the
transitlion points, and numbers of the memories required for com-

putation.
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2.2 lNumerical Calculation of Surge

Performances in Power Networks

2.2.1 Surge Flow Grapn

In thls article, the autnor will introduce tne nunerical
calculation of travelling waves wnich ne thinks out for the case,
wnere the lignoining strikes at a poinv of an arbitrary power

ne mevhod by wnlecn Tirst we

=
o}
H
-
L
et
H
FJ‘
o
Y
4
<
4]
g
Q
jab]
5
P
o
x:
-
P.L
cr
[
©
<t

W grapn of a glven power networis and next

Sev up 4 volbage equation at cacn rnode by means of tne flov

integral, which will be explained later.
The finite transmission line conductor of Fig. 2.1(a),
wnlen 1s connected with two infinite ones at the botn ends, can

ve represented by the fundamental grapn of Fig. 2.1(Db

-~
.
H
3
ct
y
o

figures Y, and ¥ are two transitlion point voltages, FA and F;
are refractlion coefficlents av two transitlion points wnen

surges penetrate in the d

]

irection of the arrow, and T 1s the
propagation time of tTraveling wave on the finlte line. 4rd in
ige. 2.1(v), the patnh beside wnich 1, -1, /A oxr F, is writien
i5 the onebwhosc beginning point voltage should be zmultiplied
by these coefficients and the result should be the final point
voltage. On the otner hand, the'pdth beside wnich T is written

represents the time delay patcn.

Next in the case where ligntning strikes at any polnt in
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ie, we can calculate the node voltages in numerical
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2.2.2 JApproiimate Calculation of Convolution Integral
Using tno surge graph of Fige. 2.2(b), we can write the

Tollovwing set of equations.

%r-l“’)'?f}.ruz(f?“—rr), } '
Yor=1,2,3,4
Vi ()= Uspors (£ Ty ), ) :

Upl8) T F ) FNGE) « Pl () + Fatly (2D 2LCED

y (2.1)
Vyog (0= Far Varay(t) r=1,2,3,4

2}:,-*,2({/_)':2/:7(6)”‘?/27-({;)’ )?
r=1,2,3,4

Vsr e 1a(E)= Uy q(t)=Vsp ()

R

where Ur(t) 15 tho v-th node voltage and 2 is the inpu

-

ct
’.h
2]
o]
Q
[}
I

ance viewed from the lightning stroke point. Ve derfinc
Davrin (E-Ty) = 0 an Ver +13(E =Ty ) = 0 wnen i< Tre

nen in Eqes (2.1), since ((&) is a given function and the

values of F,,Ff,----,Fs , T and Z arc knrownm, we can conputce tho
valucs ol Wy(st)  (V=1,2,---,2/) numericil order from Eq.s (2.1)

0y select;ng approprictely time interval vt . Next, similary we
can ¢valuate ths values of Vp(zab) | (V=1,2,---,21) .

ATter repeating vthe same procaesses as avove-nentloned, we
can calculate tho values of Yp(t), (V=1,2,---,21, t=345 4at,---),
Howevef, in ordor to computo numerically the valucs of Virez(t=Tr)

and  Vors3(t=T,), we must choose the values of <4 a comzmon

vever, only in the casc where the refraction coclficient

F=F ,Fy,-~=- Fg and the iaput impedance Z2 are coanstant, wo

13
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can perlorm the numerical calculation with Eq.s (2.1). And

)

inen F and Z are the funcitions of p, the terms FWZE) and Z{(0)

4

-t

in EZg.s (2.1) must be changed as follows:

LHF@ @ vEIH s

L@ eyHe)

where & is the symbol of inverse Laplace transformation, and
® 18 the one of convolution integral. Now as Fp) and Z(p) are
usually some fractional functlons of p, whose nunerator and
deonominator are homogeneous, or the former is less than the
iatvver by one dimension, they can be resolved into the pariial

fraction as follows:

F@) =hor ——AL .y Az, -1 (2.2)
“(p) = - e m e e = S A .

P ° lb+0(/ })f(\'z P+o(m )

wacre Afgy Ay 4----, Am are the constant multipliers and «, =,

---, «n a¥rc the craracteristic roots, wnlch are assumed to be

all distinct. Thcn we nave

& Fipy J® WOHE) = A UCtHE) + ;Z, Ap gs(8) (2.3)



BV L) Ue-at) €V Jat v gite-atie T | (2.4)

;000 = 0 .

These approximate relations will be proved in the next article.
Therefore, in the case wnere F is a function of p, Fvdt) in
Eg.s (2.1) should be displaced by tne recurrence formula of
Eq.5 (2.3) and (2.%4). Through the similar process Z2Z{((¢) can be

calculated.

)

A8 previously descrived, resolving the function F(p) into
the partial fractions as shown in Egq. (2.2), we can calculate
approximately the values of af?Fyﬂ}@?N%%Mﬂby £q.s (2.3) and
(2.4), AT only we could obtain the numerical values of (%) at

t=at,24t,------- admitting that we don't know the functional

Next Ay Ay ,----- , Ao and o, oy ----- , Ym in Zq. (2.2)
are not always real numbers, and generally those consist of
some real numbers and some groups of coordinate compleX numbers.

Supposing A, A, and «,, &, are coordinate complex numbers re-

spectively and each other, these can be expressed as follows:

Ar=hrih o= b = §h, ( 4,4 & real)

’

dﬁ’d+jdx d2=d—Jd,, ( o, : real)

Next, g,&d and y;(&) Wwnich are reduced from Zg.s (2.4), using

the coordinate complex numbers & and «,, become also coordinate
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complex functions. Then we have

Q)= Q)1 jglt),  Gu(t)= Q)= jgle)

(g(£) 97&) : real functions)

Eence the function A,yu%)w~ﬂzy2ﬁi) can be modified as fol-

i

/:llyl(‘t)'t' Azg:(ﬁ)

(A+jadgee g} + Gi-jAl g - jgte)},
= Aglt) = Aplej+ j{A’y{:‘)M?’(—;)}
wAQUe) = Aote) - § 1A + Aglte)}

=2 [Agtt)~A9tar} (2.5)

el

Apparently since this function is a real one, 2 Aj gy (€)
i<
becomes a real functlon, and so the convolution integra
-‘—l - ~—
S Hitpr} @ v(£)H(E)  of Eq. (2.3) also becomes a real functlon.

accordingly in digital coamputation we should compose prograxs

so as to treat of 4;, 4 and 7;(&),(j==7,2, ----- m ) as

lation in the case where Hp) nas the zmultiple roots which is
thought to e very rare case. Wnen o) 1s the ﬁy-ple root, Fqu

can be represented ag follows:



4 4 A 2
Fepy—Ay+ § L1y Ahs L TS AVRY]
/0) 0 g /)-1 o, (/)p((,)? (“.)"-C(l/ [} ]
’ 3! A
4 [ 'JI, f" 4 - e m e - + /'2,/1
L/)le (/”C\) \/Iﬁ)ﬂ‘u)ﬂ’}
»f - —_ - em e e e e o e e om e e ow
{_’.[‘_m_. Ao ' Pt );
/7 1+ ('(m (ID r[( ) (/,)+ a:m)",. .

Tne convolution integral of

this case 1s glven by

m ‘J

LR} @ VCEIHED = AGUCEIH(E) + 30 5 R T

wnere, QJ&Wt) satlisfies

Qia(t) =2

d= k=l

given by Bq. (2.4), k=1

_\[/ 13 ,5_:/ - t
,.(4,_.)7_42_11 Dk(d)v(t",dﬁt)é ,}Ad

£ - -l
# 1" (G Q- 158)E G s 5

and D«(4) is a constant given by

S

De(4) =32 ,(C -1 g -7

out in ordexr to evaluate G;.(+) in Zq.
. Jér

values of gl-ﬁ(t) ’

viz.

the next recurrence formula,
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(2.6)

(2.7)

(2.8)

(2.9)

(2.8), tne following



o 4= '
rad) I f‘ , _‘,.‘r.( - a4t
Fia(dat) = 7-1-"—‘,’—))7 L2 (-9 Vgt g7
K-1) W0

- Loyt e )

~

must oe known. loreover for example, Wnen A=2

Bia(t) = (IES Y(t-at )% 9T

+ 2?}'2(’(’7‘4'{3 )8‘(/!.'“} - gjz(f—.?d?ﬁ)@_yj‘,“

]

9‘/‘2(0) =0 s

Qj2(t) = $(at) ytoy £7%9%,

9j3(t)= —é (at)’ {y(t-at)e "(J‘jt 42)(5'_2‘“{)5‘%'2”

v3g(tmat )€ N

- £
FQy (t=3at) 77
9i3(0)=0

G 3ty £ (at Yviore :

93 (2at) = 4 (67| VUt)E 470+ 4001 E7G27C §

3 ~ol 24T
= 39,5(T=248)E7 00

|
,'?
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(2.10)

(2.11)
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Finally when ®; 1s a complex number, we can apply the same
proccdure as in the case where 0y ls a simple oot to Eq.s (2.7)

to (2.10).

2.2.3 2Prool of aApproximate Calculaiion of Convolution Integral

we Will prove £q.3 (2.3) and (2.4) which are used in

(v}

e
aCX

the preceding article. First putting
()= [ L }® VEIHE) (2.13)
yl /) + dj ' ’

into Eq. (2.2), we can introduce Eq. (2.3). Next we will show
that q; (t) given in Zq. (2.13) satisfies recurrence 2g.s (2.4).

Applying Duhamel's theorem to Zq. (2.13), we get

Git)= == (1-£7% )@ YEIHE),
/l a/‘ v

t

A LT - -

“c.'tJ'o o(j(/ ENVT )Yt~ TIH(E-T)dT,
t

= [ YT ut-Tode, (2.14)
o]

Substivuting t=nat abvove equation, we have



7(:1{:

Q;(?{dt) ==f Fr)dr

0

; 7’2’-’7‘,2, ------ 3
where

{Ty= T ytnat-7).

Now, Eq. (2.15) can be transformed to

.24t , nat

4t
giltmat)= [ frodr el geodra - o fdr

at

n-nat

~ j{o)az-{(.at)dt + z’(dt)+f(24t)dt oo -
2

____________ . .z’Lﬁ—/AL"Z) rf(‘nd‘é)dt ,

Fl

Substituting Eq. (2.16) into the above equation glves

Jitnat)= { ‘é Unat )+ V(=] ab) £ 990 - ..

o (n-1)ab
+

- ~opnat
----- £ U(st)E O

= [ L0+ flats - - - -+ £(TTat )+ L (nat) fat
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(2.15)

(2.16)

(2.17)

Similarly fox the case of t=M-1)at Eq. (2.17) beconmes

0;(=T att) = | $0(7T1 at) v U(R=26t e % o
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T T LN —z’-zz(o)a “’”‘”fl ¢ (2.18)

Hence Qﬂ%) gatlisfles the next recurreace formzula,

-y .
Q;(nat) 22/— Vndt )+ V(7 =Tat )€ /d“j.at+(/‘,'(7"szdt)8‘“/”t

Substituting T=ndt,

T-at =(n-1) 4t into theabove equation
yields

G0 S vt ) vit-at)e™ %t Jat + gitt-at) e %

. vv‘~

) (2.19)
g,(o)f-O.

—_—

3

Zg.s5 (2.19) hre the same &5 Eq.s (2.4) By the above descrip-

-

ct

ion Zg.s (2 3) and (2.4) in the foregoing article are provea
T0 come intvo existence.
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Approximate Calculation of

N
.
W

vistortion of Surges Due

to Skin Lffect

Here a numerical calculation o surge performances consid-
ering skin effect along tne line 1s presented. Now let us
approximate the error functlion, which expresses the distortion

of surges due to sxln effect, by an exponentlial function as

follows:

erfe (SX) = Ker-87), (2.20)

where < is the distortion constant and K and ¥ are constants.

In Eq. (2.20) A must be 1 so that t

I
¢

rignt term may agree with
the left term at t=oo. But as the practical range of T for us
to use for calculation is a finite value, it 1is advantagecous
that we decide the values of K and ¥ so that the cxponential
Tunction may give the good approximatibn to the error function
witnin a finite range of t.

In the case where the skin effect 1s considered,
Varpr2{(t =Ty ) or Uy, 3(t-T¢r) in Zq.s (2.1) rmust ve dis-

placed by the following convolutlon integral

-T/) ~-oX

L' e P e vetHe) |
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{

ey g
Sub itutl

[3

8 2q. (2.20) into the avove equation and modi-
fying tne result with the same procedure as in thne ticle

2.2.2 give

o [ TIP TP N & IS

-~ Le

> j-_'-_w JHE=T ) O WEIHIE)
= K{/- a”’““T’}H(t—ﬂ@ VEIHED

t .
_{){_ K[/_(E“[(('—T)

= i vt -Tdr,

t -
=KYJ/ e 7T T it -y dr,
T

t-

-
:K)’j £~ 77t ?f(l?*T"Z'l)d’(': (¢=7T-T),
[}

= KTh{t) (2.21)

where

t-T ,
) =j e wt-T-7 ) de, (2.22)

0

Since this integral nas the same form as Eq. (2.14), the fol-

loviing recurrence formulas are obtalined.

vC"{ TTP= S L@ vty H L) = KTh(E) . (2.23)



ht)— -2’— [V Ct=T) v vt -T-at)e” ag jat 7,
thit-at)e™ 71t (t>7T),
_ (2.24)
|
hit)= 0 (0st<T). |

accordingly in the case where tne sikin effect is considered,
ve should use this recurrence £q.s (2.23) and (2.24) instead

of the Tirst two equations of Eqe.s (2.1).
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In this article we will introduce the calculating method
for thne case wnerc the circult composition changes in progress
of the transicent phenomena, Tor examﬁle, tne case whnere tne
vack flasnover occurs after some tlme lag from the instant
wnen the lightning strilkes at a transmission tower.

Assuming that lightning stroke current ((¢) penctrates the
tower at -téo and the back flashover along a insulator chain
occurs at ¢-% , thisbis the case wnere the input impedance of
ne circult changes @) to Zéﬂ at t=% . 4And sucan & probd-
lem is equal to the one of solving the translient phenomena ol
the circuit giveﬂ in Plg. 2.3. Tne terminal voltage ;) of
the impedance Z, untill ¢ reaches {, after closing the switch

S, at €= 0, is

Ut) =Lz '))j @ ((EIHED, ot t, . (2.25)

Next when thne switeh S5, is closed at t=7, , the current

(1(t) snown in Pig. 2.3 becones

o

Lt)=oL ] - ISERATS

towwHeE-t), ¢

19
(&

o . (2.26)
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And the terminal voltages y(%) of the impedance Z, is given by

L =L 2@ i), bxt,
Putting Eq.s5 (2.26) and (2.25) in the above equation yields

-1 o) 1
)= | = PP @ N EIH(E- ~
YE) =L | Zip> + 2ol [@ MEIHE-6), t21,,

- "{__“ZQﬂééﬁl.

- @ itrHE-t), t2 1.
20p) + Zo(p)

Supposing Z&ﬂ is the impedance of parallel connection of Zqﬂ

’
and ZO@) y vhe above equation becomes

B =L (2} @ (EIH(E-¢t,)

<t
174
~
[

(2.27)

Therelore, the terminal voltage of the impedance which changes

from Z(p) to Z%n> at T=t, 18 given by

-1

(L {2(pr)) @ LULIHE) 0 t<t, |

Y(E) = (2.28)
=1 ’ . Z
LAz ® UHE-t,), t2t .

Simllarly in the network wnose refraction coeificient of

% the
transition point changes from Ftp) to }47) s the refracted

voltage at this polnt 18 given by the following equations
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‘ (] s 4 v .

i N\ ) C }/(u)/'/( ) DSV<_50

V() = - i | ’ (2.29)
Y (2 Yo k-t txE,

Now, for the flrst equation of Eg.s (2.28) or (2.29), the

autnor nas already derived the digital calculating method in

ct

ne preceding article, and so let us introduce the numerical

adiats

s

I o

a

Q

culatio

[

. of the second equation of Zg.s (2.28) or (2.29).
nere, we w

will acopt Eq.s (2.29) as an example, provided

that F{p) can be OIng into partial fractlons as shown in

Eq. (2.2) like F(» , the second equation of 2q.s (2.29) is rep-

resenved as follows:

7L

,{’,"{F?,o)}@ VEOHt-¢,) = /?o?f('ﬁ)/-/(t—ta)f- YA/ G; (t) - (2.30)

wnare

‘s -t /
G ) = &7 ;)—@--} D VI (t-1,)

=[_;’§Jr (/- 9T Ut - H(E -t T,
)
(t‘ - T

=) & P U-TIH(E-t,~T)dT,
,t-to

=) & VT ue-Tode,

and putting tenat 4in the above equation, glves



&S
Jo_ .
, Nai- T, T -,
()/ (N(l{/—)w }[ }J Y "/(7(‘17.{,;_?.)///’(‘.
. g,
3y utilizing the procidure deriving Eq. (2.17) froz Zg. (2.14)
the above cquation is transformed o
4 ’ P a— —O('du
9, (nat) = [Lutnat) v 0= at )€ 9% -~ - - - --
2z ‘ . -(/'(ﬁ—l)dt / . ’\—O)"/?df
s Wt vty €9 + 5 Ut E fat . (2.31)

Similarly when £t-(m-r)at , Eq. (2,31) is cranged o

154

a4t
A A

Q; (=T at) = 3 V(RETat) 1+ VTS at) g™ 0

s OGn=2)aty, | = GATE
ot te ) I e e T

o
~~
PN

.
W
o
j g

~
-~

©
0
=
H
k3
]
o
o
o

rom 2G.5 (2.31) and (2.32) we can obtain the aex:

N

formula of thJ y

’
o

, ~u; 3t , .
Q; (nat) = 4 [1not) v W(TTat) €V st + g (7=Tat)E

Substituting t=n4t and t-4E¢=(MN-1)4t into above cquation

- a’jdﬁ j 4F

>4

Gictr= L {vee) v vit-at)e

D
-~
N
*
A\
(95}
-

~&rat -
/ : t>%

’
t {/}(t—/t)g



‘(//.'(.{;),-:0, 05t St . J

) N .
And with the same way L'/,(p)f@) L(EIH(t-C,) can be trans-

{formed to the similar equatlons to Eq.s (2.23).

70
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Fig. 2.3 The circuit whose coxmposition changes in progress of transient phenomena.
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2.5 Treatment of Transition Point

.

Tne method calculating the node voltage at tne transition

point having arrester as showvn in Piz. 2.4 1s investigat

o
fo?

+

ncre.  Now, in this figure the node voltage VY, when the surge

voltage €@ arrives at the node from left side of the line, is

Ua = YUpo ~ W‘:a (2.3%)

Ywo= Fe the node voltage when the line has no

arrester,
- 2 %2 - - ~
= ——“%— : refraction coefficlent,
d1t g2
W= — L
g1 2
La : arrestver current.

On tne other hand, from the arrester voltage-current char-

acteristics, we nave

Ua = C(, [;am (2.35)
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where (, and m are constants. Then from Eq.s (2.34) and (2.35),

W& have

Cola + Wia=Uae=0 (2.36)

ilence the voltage of thne node having arrester can be cal-

[¢]
jod
[
8]
ct
o
jof
[v]
%]
P
H
=
ot
9]
cr
H
|3
ct
[¢]
joB
R

n rig. 2.5. Namely we can calculate
the current (. by Eq. (2.36), dnd using the value of this cur-
rent (o, we can do the node voltage by Eq. (2.3%) or (2.35).
And since m in EqQ. (2.36) 4is not an integer gencrally, we use
degula Falsi Method in Sclentific Subroutine Library of FACON

230-60, in order to obtain the root of the equation.
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Fig. 2.4 Transitlon point having arrester.
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Fig. 2.5 Graphical aralysis for arrester circult.
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APPLICATION OF NUNERICAL CALCULATION
DSZRIVED IN CHAPTER 2 T0 SURGE PERFORN-

ANCLES IN VARIOUS ELZCTRI

Q
Y
O
Z5
=
&Y
:';l
ta

-]
o)
£y
w

3.1 Introduction

in the preceding chapter the author has presentcd a new

wmerlical calculatvion of surge performances in electric power

e

o]

euWoTKs utlilizing convolution integral, so in this chapter he
applies this method to the analysis of the surge performances
on the Tour eXamples of practical systems

+

Plrst, he analyzes the surges on tne overnead distribvution

system naving thae distributed pole transformers. The sindle
J )

thecoritical analyses of surge performances on sucn a systexz can
N A e - ' R (12) (22) .

De seen in the L.V.Bewley's writings “and others. Jowever
vhey have calculatved the values of the transient voltages at

t

o

the primary terminals of the transformers by neans of only the
successive refracted voltage waves in tne case, where the so-
called equivalent capacitances of the transformers is con-

sidered, wanicn are decided by the distributed capacitances in
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ae transformers own. Jand they have ignored the grounding re-
y the various reflected waves
which are arisen at the transformer terminals and so forth.

So he 1nvestigates the influences of eguivalent capaci-~
tance and grounding resistance of pole transiormer énd the

front duration of the incident wave on the primary terminal

due vo ligntning stroke against the overhead ground wire arc

- . N . - . (2)(11)(23)
analyzed. Tals prodlem has been studied by many researchers ™

for a long time, and rainly they nave triced to make clear the
surge performances on the overhead ground wire including trans-

migsion towers and thelr analytical investigations have been

&

done witha the theoretical expresslons or the surge simulator,

etCe. nowaver the analysic consldering the effects of the tower

the analysis is carried out by using the equivalent circuit
metnod, 7Tor example, by replaclng the tower with a proper con-
gstant resistance deteralned by the tower impedance, the tower
inductance or the parallel circult of the resistance and in-

ductance. The autnor also introduces the thecretical expres-

. . - - 18 o \
gsions and the digital calculation “of the surge for our systeme
Thnen arter calculating the voltaze rise of the lightning

stroke point and the lst tower wnlch is nearest to the point,

oy
<
-
,2
@
(4]
ct
Pb
[vg}
p
<t
¥}
[
ct
D
[}
Q
&)
ry
o
(¢}
ct
9]
(43
Y
(u]
<4
. P
H
=
o
(4]
O
H
(43
o)
(o]
(o]
Re]
o
}J-
<
(@]
[
(o]
4]
ct
d_
O
«f
-4
o)
H

cr

inpedances, tho duration of the wave front of lightninz stroke

current and tne lengtn of span on the tower voltage rises.
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And ne discusses wnen back flasnhover at the line or the tower

will happen.

Sysvem  walch nas been discussed in Chapter 1 and compares the

-

1
Tesulis witn the ones calculated b ne accuracte solutions

<
ct

wnich nave bdbeen gotv in Chapter 1. [orecover he perforams the
nuxerical calculation in the case where the skin effect of the

L)

cable is considerd by using the method which has been intro-

iastly as the fourth cxample, onc application of the nmeth-
od wnlch has been introduced in Section 2.5 is deseribved. Now,
in oxrder vo protect the insulation of the machines and appara-
tuses in tne station or tne substation froa the abrnoraal voli-
ages caused by the outer or inner ligatning surzges wh;ch occur
in the power system, the arrester is used usﬁally and widelye.
Jor thc abrnormal voltage counterplan at the station and the
RREONEY

substation, the probvlem of insulatlion coordination witn the

cevice

J
H
(o]
[
o
[¢]
ct
[
<
]

o
v .0

H

example the arrester and the grounding
& < )

4]

R}

vwire, etuc. becomes very important. Especially the probdleus,

which are coacernced with the protection azainst the overvoli-—

-

ages in the substatlon connccted to overhead lines by a2 leng:h

o cabvle and the fitted place ol the arresters, have been in-
s 4o - ‘ (/)~N)'(26) o 4= [Na)] ‘
- vestigatved oy many ploncers. Alco racently the 140XV ca-
bles nave been newly laid under the city center with the expan-~
sion o tnc power system within tho big city.

k3

So here the author investigates the effeect of ¢
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on the abnorizal voltage rises of the overnead line-cable sys-
tem simulating the substation one due to the lightning strole
at the tower near the cable end, which 15 one of the important

problems to Dbe clarified fo

H

tne lightning proof design of the
substation system. Namely he persues the surge performances in
tne case when one tower of the overnead line-cable system, with
wnose junction point a lightning arrcester is fitted up, is

Tuck by lightning. ‘In this case, he assumes that the btack

Tlashover nappenes a5 soon as the tower voltage exceedes the
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is utlilized. With the calculated results, the effceet of the

ligatning arrester and the possibility of insulation brealkdown

AS mentloned above the author plcits up the four examples,

and snows thnat the calculation, which nos been 1ntroduced in

ct

he preceding chapter, can be applied simply and usefully to

.

0se. 1t is thougnt that these computation results give man
o

ct

avallable data for the ligntning-proof design of transmission

or digtribution systems.
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3.2 Surges on Overncad Distridbusion

3.2.1 DNumerical Calculation

It 15 very important Lo investigase the surge periormances
on overnead distribution line having the distribused vole
transTormers Tor the lightning protection of pole transforazers.
Tnerelfore in tnls articlic we will analyze the surges on the

1

ovn in Pig. 3.1(a) and it is assumed that the primary
terminals of & transformer are connecied to the overhecad threce-
phase Gistribution line in the lump and the secondery terminals

are grounded with the tank. In the figur

(¢}

e ¢ volvage of a inconing wave,

o ¢ zero-pnage 1mpcedance of the three-phase
distridbution line,

C, and R; ¢ equivalent capacitance and grounding
Tresisvance of the transformer,

L ¢ line length between two transformers,

T ¢ propagation time of traveling waves

batween two transforazers.

Fig. 3.1(b) is a flow graph of this system in the casec
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waere the (7+/) transformers are distributed along the line of
a Tinite length.
Tne numbering Tule in the flow graph dosen't satlisfy the

rule explained in Chapter 2, but for convenience we use the

special numbering rule, which decreases the number of equations
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The refraction coefficient at the junction point of every

transformer is given by

= - 3=« ‘
r M(/'f‘ 7/)_#——..0( R (3'1)
wnere
Ko 2 1
M,-: '_.._(‘_,._.__. O(z: _—Ta = . o2
/:Aa '}n 1] CO(ZK’oi‘—(}o) 1] (6 COIQO (3 )

Tae voltage cquations at the nodes in the flow graph are given

by the following ones

elt) = £, (1- £ %),

Vs (8= Uy (=T, )
? Y=1,2,---7
Vpr(E) = Vanear (t-T) | J
/ -wat
Got)= 3 Lect) v ect-at2€ " pai

-xat

to(t-at)E ,

U
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9, ()= L LU0 + Uy (t-atre™ ) at

+ Galt-at)e™ "t |
Yoy () = M [ e06) + V,08) + (a- ) [ g8) + G: (2] ]

' - dat \
727‘-/("5) = :ZL {Uzr_,.(t)+?/2,_)('t'dt)5 ) }dt w ’ (3.3) .
x4t

+ g:r..,(t"dt)e-

! -oat
?zﬁz(t) =5 { Uy p 0D # Yy, (-0t e lat

T=1,2,--,n=1
~-at
)

+ 9?.7'-1»; (2-42)E

U;nfrfl(f)_:/"ft Uspa tCE) + Vspy2 (t)

l *"(/3““)i?zr-l(t)*fzr.z(t)”sj
()= L { Voo (t)+2/2n_,(t-4t)£'“"t}4t
an ! 2 !

+?zn-l(t‘dt) a-«dt,

Vsnp i (8) =M { Voney () + (B Pon s (€D} |

Vanearat (8= Yynar (81 = Ur €, .

r=1,2,-"", 1

Vartear (8 = Yy (8 - vz;'—l (.

Then we can calculate each node voltage by the above'equatidns

in oxrder.
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the voltage wave form becomes, tut the values

a
&

slope o

¢ne Tinal voltages ax

«
-

C

¢ tne same in any case as previously

nfluence of egquivalent ca-

«4

The initial

C, on thae p

pacleance

%]

harper than the onc

o
a2

<
-~

he voltazes in thce former

e
[%4

casce.

&}

case arc higher than the one

influence on thae terminal voltage

the valuc of
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he equivalent

L
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Incoming voltage wave

e(t):E~1(1x Cous, 2x°°/4$)]

Zero-phase surge (mpedance of
overhead Line

§o=355 N2

Co=1000 pF, 1500 pF

Equivalent capacilance of transformer

Ro=8n,25n,1000

Grounding resislance of transformer
Span. Zenvgﬁz.

L =45m

Propagation time T=0.15us
Number of transformers 7+l =21
Time (nteyval a4t =0.01 us

i
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Co = /000 pF €: 1X00 MS
1.0[_ ——— GCo= 1000 pF €1 2x 00 us
________ C, = 1500 pF € 1x00 us
—_— e C,= 1500 f’F e . 2xoo/us
0.8
06 - e T
/”’ —
> LL? //, /'/,
0-4r- e
e
l// 'I
02r //,’,/
[ o/ 1 st Cransformer
4
! _ | 1
0.0 0.5 1.0 15 2:0 2.5 30 35 40 45
t(ps)

Fig. 3.2 Prirmary transient voltages of 1lst, 5th and 10th transformers.

(C,, e : variable, R,=25n)

o]



1.0

0-2

2.0 2.5 - 3.0 35 4.0 45
t(us)

Fig. 3.3 Primary transient voltages of 1st, 5th and 10th transformers.

( Ro ¢ variable, C,=7/000 pF , €(t):Eo=1(1x cous) )
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G : grounding resistance.
Now lebt us assume that the lightaing strikes at the center

or the 5pan on Yhe ground wire. The Tlov graph of right hals

§ide ol vie system in the case where 70 towers line up on Toth
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nt is prcgented in Fig. 3.4(v).
Now tne input impedance £ and relfraction cocefficients Ao

and F() in this figure are given by rfollowirg cquatlons

Ay Az As
el g +
Proe proy  bads

| S

In the above equations M, Aj, o} (4= 1,2,3) arc the constants

wnose values are doriven from the next equations

Fep) = Lo @+ Qapt Qs
b0l03+ b,ID2+ bzp-r b3

o= 2R L LeC(Rr+Re)



Q=20 LRy o Re R )1 2R ReReC (L v L
‘@w?&/J@fmﬂfzﬂﬂJ&fﬂﬂ,
_ 03”é'<’r/¢£pﬁ- ,
bo= RalyLeCO2R, +2Re +35)

bl= [-TLE(ZAt] + Zﬁef ZPQ f‘}-’)

),

VR R LgC(2FE + 5,0+ ReRelsC (2R +7,) 5

bla_ﬁk'l—r(zpr *ZRQ + ;’f’)
ARLe(2Ret 2R 1390 4 ReReRGC 3,

by Ry Re (2R 1 3,5) .

The voltage equation for cach node of the flow graph in

Fig. 3.4(b) is glven as follows:

(:(t)gro(/-a'”"t)
zr,.(t)= Uner(t=1/2)

Vo (E)m Uane2(t = T/2)
Var- (€)= Vs gp. (2~ T)
Var (6)=Vpns pr (6T

Vg, (£)7 Z 006D+ 2F, V(1)

9/""."({'): é‘ { Var-i(L) 'Uzr-/(f"dt)a_“jdtjd

+?;.2r_[(t—dﬁ)£

—o{jdt

t )

b}

|
|
;

e

Yal,2,-~-n-/

(3.6)

9
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Uvq/rbu'nvg stroke current

Stroke channel impedance

(():I,=1 (1xoous, 2x 00us)
Zo= 4-00 12

Surge (mpedance of overkead ground wire

3,=550 n

Span Zengz%

¥

L =200m , 300 m

Surge prqpagal‘z'on time between span

Time interval

T =0.65us, 1.0 us
7 7/

4C= 0.02 us




™itle

o)

S

3

Jaluaes of cquivalent circult censtantn of

Rr ()| Ly )| Re ()| Lg (uH)| Re(2) | C(w0p%)
11700 70 10 3 | 10 |700

2 100 10| 10 | 27 | 20 6.4
3700 1o} 10 | 27 | 30 4.2

& | 100 10| 10 | 27 | 40 3.2

1| 100 10 20 | 25 30 4.2

B 2’1 100 | 10 20 | 25 | 40 3.2
3| 100 10 20 25 50 2.5

¢ | 100 | 10 | 20 | 25 | 70 | 1.8

tovrer.



L0 h o . -
2 S Maxbliam volitacoes at lightnirg polnt and Fivst touer.,

Span_Length. (m) | 300 300 | 200 200
Lightning stroke current
u%ve ;Cogrm (,ys) [ x00 2x 00 1x00 2x 0
Maximum voltages at
ch/n‘ﬂlﬂcg ’p0[71t (V/Io) 254‘ 7?8 | 227 760
7 8.0 7.8 7.8 7.5
2 /6.2 15.7 15.7 15.1
A 3 22.2 21.5 27.3 20.5
Maximum. volt- 4| 27.8 | 27.3 | 265 | 265
ages at first 17 2100 | 2007 | 204 | 19.7
tower: g | 2'| 265 | 26.2 25.5 24.4
7%
(71, 3| 31.9 | 31.6 30.6 | 29.1
¢ 417 47.0 39.8 37.7




(a) Fower syster.

2r-1 N+2ret

2n+2r-1

2r+2

2n+2r

(b) Flow graph.

2n+2n-1

2n

an-1

2n+2n

sn+l

(c) Equivalent circult

of tower.

Flz. 3.4 1Illustration of lichtning stroke against overhead ground wire.
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Fiz. 3.5(a) Translent impedances of tower foots with

counterpolse belonging to A group.
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Fig. 3.5(b) Transient impedances of tower foots with

counterpolse belonging to B group.
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Translient voltages at the lightnirng stroke polint.
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(Equivalent circult of tower : A, £=300m, ((£):I,=1(Ixoous) )
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Pis. 3.7 Translent voltages at the 1st tower.

(Equivalent circult of tower : A, £=300m, ((t):I,=1(]x oous) )
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considering tower and tower foot impedance

150 —————no- Consider[ng Tower [m,oec{ance

50

t(us)

FPig. 3.8 Transient voltages at the lignhtning stroke point.

(Equivalent circult of tower : B, {=200m, ((€):L,=1(2xc0us) ) . =
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™z. 3.9 Transient ‘.'dltases at the 1lst tower. .
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(Equivalent circuit of tower : B, £=200m,((t):I,=1(2x00uS))
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Fiz. 3.10 Transilent voltages at the lightning stroke point.
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 (Equivalent circult of tower : A, (#):I=1(fxoous)) o




1 1

0 1 2 3 A 5 6 7 8
t(ps)

-
b

Fig. 3.11 Transient voltages at the 1st tower.
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(Equivalent clrcult of tower : A, (@):I,={({xoous)) -3
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Translent voltages at the lightning stroke point.
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3.13 Transient voltages at the 1lst tower.

(Equivalent circult of tower : 2, /=300m)
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are the same constants as described in Article 3.3.1. Let us

considexr th

(v

distortion of surges by fhe skin effect Qf the
cable, which 1s far longer and has the larger values of distor-
tion congstant than the overhcad line between the Junction point
and the neighbouring tower.

The {low grapn of the system as illustrated in Fig. 3.14
(3) becomes as Fig. 3.14(b). The imput impedance Z(p) and
refraction coefficlents F), F., F; and Ff, in Fisg. 3.14(b) is

‘obtained as follows:

Zip) =ty (1 + -p—f’;ii,‘ ' ;‘é'[;,z )y 1

F,(p)ﬁMz(/*'vpr;’ pf’;n‘ ’ : (3.7)
- 2 | | t

Fo=F, = 7%}3'2" : J

In Eq.s (3.7), M:, Ay, i (= 1,2 and 4 = 1,2) ere the con~

stants, whose values can be decided by the next equations

A

VI M) D
Z(In) M, }’2* b//}sz L

plropr G, |
F'(IO)_MZ ID2+c(,la+d, ’ . ;

~ Where
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/”f/’-'dlﬁt/(}/:"ZAt),
C(/='3c//1t .
’ az"'Ct //.1t,

o1 (}lthfrZBz)/ (31t 2hA¢) ,

by= (3,E¢+2Ce) ] (30424¢),

My=2Zohe /L3t 220A0 + 3120} | |

Cr=Be/Ae |
C, = Ct//'t.t, | . ' I '
d; = {(3,+ZZO)Bt + 32,06}/ 13 fZFZOMf t3hlol,
dy={(31+2Z,)0Ce + 3,zoet}/{(g,+zz,)6t.+3,_zo},

A‘5=Rr +RE‘+RQ- .
'Bt = (/QTPE/[-E 1RrRE/erRE/?Q/LE*RTR¢/LT) [y

Ce'= RrReRe/Lrle \

Dc=RE/LETRr/LT‘

Ee=RrRe /lrle | . J

Moreover we approximate the errox function, which expresses the
distortion of surges due to the skin effect of the cable, by

the same next equation as Zq. (2.20).



11
erfe( ‘{/’-f;) = K (/—'8-7?), (3.9)

whoré S is the distortion constant of the cable. |

‘Next we can thain tho voltage equations for cach node of

the _flow graph shown in Fig. 3.14(‘0). 5y using the method which
was explained in the preceding chapter gs folldws:

Lty T,e !

7/,?t)=7/3(t-T,), '

U=V (t-T)), | ’

hit)= 5 {Wolt =T, ) + Vi( t-Ta=at) e~ 74% } a2 ‘

+ /z,(t'—aut)&"nt,
haté)= 5 {v,,(t-%gnr,,(f-Tz-'dwa""‘*}at

+/zz(t~aﬁ)&-nt !

s

W) = KV h(2),

= KT R, (8)
Ve(t)= KV hytt) s . (3.10)

Guter= 5 Lict) ritt-at)e” "4t jat

S

L J—
+ {};j(t—at)é-“'/d",

Q~
|}
-~
v

, s
Goj ()= L {upt) 4 vy (t- sty g™ VT bt

"dzl'dt

e e e

+ c(/“z’.(tv-dt)»é
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Vs(E)= ML LE) v AuGuit) s huzrald)]

+ M

o>~

DU YA GuilE) Az Gaa (6D} |
v, (t)=F, v,(t)+F32f;(t), |
U, () =Fy Uy 2), - f
Vs ()= Vs (2) =V, (8), |
Uy (b= YelE) =V (4),

?/;0(1‘:) i ?/;', (¢) - UQ(I{)’

Vi (8= Ly (t)= Uy (L), )

usins tho above equatlions, we can cvaluated cach node volt-

e Y{t) (from 7 = 1 to 11) at Twul , 24%, ee... successively.

4.2 Calculated Results and Discussions

.

Iin the author's digital calculation, we choose the Tonocsho

Overnead Line~Cadle System” of thne Chugolmt Electiric Poucr Con-

pany as the model system. Thoe line constants and another con-
T

SToNnts usea in vng caloulation are cxhlibited in

able 3.5.

nce 4Lt is very lmportaat to carry out the calculation in-

.

- - b B ¥ - -~a °, 9 - .,
ciuding tae ellfecect of counterpoice thouzh the towerc on the

TOonosiho Lins System have no counterpoise in practice, we per-

&



115

the tower foot imped-

ne value of

da
v

et e
sing

.

the tower

for

obtained

>
e

exr

lectric Po:

. hond
Chugolnu =

cne

5]

o]

o

-

ne Yu

e
v

on

(xn)
sion Line ‘of

I is & double

caougn

orcover,

v

44

this

occu

and

s
vy

plici

@ choose

LA
.

T

o4

¥
c)

.
Pt

¢ by lightnirg.

& 1
is struci

wer

the to

vhen

v
LA]

(3.11)

/ w» 0.331.

K 0.9,

tial function can coincide falrly good

ne exponen

Q. (3.9), %

£ -
P e R

™ in

2 shor

o 50 o

= 0 ¢t

rEOY

S
SC.0X

ca

the

4 am
- dd

unccion

g crror T

"~
da

)

»
...;
4

Wss

ifollo

&G

(3.12)

1760 r 50 =79.34Lx167% (s) .

-7
X

=(7.24x/0

)~
5w

((512 )Z:'

£ =

irly good approxizate

>
Je

(

q.
Ak P t - T gy b 8 -
uwation froa = 0 to about &0us,

-—
e
-~

may use

<

OO
oy

~
v

he value of

+
[%

acccion

conn

tals

ad

A

o

ween

e

jole

-

onc

with the

o

~ et
ran s D

9

vie

.

na curva of

b
L4

ion and &

)]

uy
Y

K = Oo9o

tha conditlion of

udacer

0 to 50 u

he computed trans

e
v

OWS



ale
2y
me

a

(4

crval

1740

oy the

he

onic ve
1

A

-

nter 1 1s
the exact

-
v

a
/,z
“
-~
-
L%

Fot
e
b aloed
o

.

time in
b
w

>

uc oz

od usi

a

the cxac
[V

)

calcula

230-60 in Data Pro-
E™

<

-

o
Qe

ocduccd in C
[¥]

o

ransnigsion systex of
acr
ne v
ACON

W

F
s
1
nou
Iy

ace rnie

SC U
hal
-

.i1e and the ezact one
w

PO
~
[¢]
i

-
“

2

occa
o
by

i3y, i¢v docs only ten scconds to

b
w

-~

la choo

comzu
ona

1
.

solid 1

oove-m:en
1

aXes abvou
Univer

he a
o

v
s
-

da

e
(V]

ne on

on by the nc
it
W)

i

e

£

b
v

unctlion po
ate soiu

™
solution using

Tacor

2

J
2

snow only tae col-

.
™\

)
e

Wwith

skzin
sysoten

the
nely,
n cur

}

-

2

¢ transicant

considered,
3

‘ﬁ

ad
-

J
o=

7

nare t
ve

ults in

-

Q CO

ol
-4

a4

-
very diflicult to 11

Pale]

vt 1is

s

- 3
¢V meenoa a

n
envelope as

7(a) and (b).

smoovn
5e1

—~
(23

scillation.

ND:/

$ b
e



117



-

L['g/zz‘m'nvg stroke current

() I,=1(0x40us)

Stroke._channel (mpedance

Zo=400 n2

vtviead < rineTe irpedarce yi=2%0 o
Zevo-phase surge (mpedance of cable F2=20 0
Overhead Line ALength =75 m, 200m
Cable Length L= 1740 m

Surge fropayaf[on time on Line
conductor

Ti=0.25 us, 0.67 us

Surge propagation. time on cable

T.=10.85 us

Zevo-phase distortion constant of cable

S=7246x10" B/m

Time (nterval

at= 0.05 us, 0.067 us

Egulz/afent cc'rcu[f constant of Tower

Ry=10002 , Re= 500, Re=15
Lr=104H Le=50uH  *°

}

able 3.5 Values of conatants used in computations in Sectison 3.4,

G171
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(a) Power system.

(b) Flow graph.
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(c) Equivalent circult of tower.

Illustration. of overhead line-cable transmission systen.
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Fiz. 3.15 4n approxization of error function by exponential function.
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exact solution
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Pig. 3.16(a)
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Transient voltéges at Junctlon polint of overhead line and cable.
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" 1§ L

15E

skin effect ignored B

10H
c
>t

g Skin effect considered.

1 1 L 1 1 1 1 ]
0 10 20 30 40 50 e0 70 80
t(ps) ,
Fig. 3.16(b) Transient voltages at junotion point of overhead 1line and cable. 5‘3

o)

(Ly=75m, Ly=1740m at=0.05us)
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g« 3.17(a) Transient voltages at Jjunction point of overhead line and cable.
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lab]
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19r

18
2 ¥} £ l
15+ B - -
Skin effect ignored
10}
G
>
5% -
skin effect considered.
t 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80

t(ps)
Pig. 3.17(b) Transient voltages at junction point of overhead line and cable.
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(L =200m, L;=1740m, 4t =0.067 us)
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These coefficlents are given by the following equations

where

Fl(py =y (1+ -2
L (0)~ —2ke
f‘5(f7)—- } + }C ’

- 2.:"’
PTG
- /

f'7(l0) M; P"'o‘, s

F, (/))=Z,(/0) . Fz(,o)'—-Zz(lb) ,

F«’(/O): Fz(F)=F3(P) ,

’

-
ptoy  prog

(i=1,2,-=-,5) ,

Rlo=Fi(p,

F52)0)=F4(/0) .

can be obtained by the next equations

where

F,;’(ID) =

XlAep®+ Bep + Cy)

(A +Y.;)pz-+ (8-¢+9ch)/) +(CetTEY:)

127

(3.13)

My, Ay and vy (L, j= 1,2, ....,5) in the above equations

(3.14)
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X, = ——LZo _ v, = —2%0 _
3 2+32, 37 2 4+3Z, >
270 326 -
X, ma Lo - —
¢ 3132, ° Yo 3+3Z, °
st ’ ] Ysg._g;’ J

» in which Ae, B¢, Ce¢, D¢, Ee are the constants given in Eq.s
(3.8), and we =alke aésumptlo’:‘i that 2=32, in this equations.

ljoreover, M, and o in Eq.s (3.13) are expressed as follows:

MGS }CC ) | . o = }cc . ’ (3.15)

The voltage equations for each node of the flow graph' Fig.-

3.18(b) are given as folldws:
U ()= U (=T, ), - )
Uy (£) = U5 (£~ ),

W(E)=Vya(t=T),

U= Uy (E=T),
Y (E)= Vs (b= Te),
Ve ()= Yyt~ Te) ,

G, 0= Flir+ Lt-at)e M at v g tt-atye” U ]

|
Y : -hiat ~dpyat |
sz(t)""é{L(t)"' ((E-at) &4 pat+ Goj(t-at) & 77, ‘}j-1,2

, —tsigt |
0y &)= 5 {Unlt)+ Ylb-atde™ e}t + Gy (t-at)e™ 0|



R

, . ! . s __d‘~,’f,' 1y . = al
4,,/-(f)”"idf,_(rﬁ)sz(z:-dt)é Vv gut-a)e

. BTN . U dE . RPN
75J ()= 5 V) + Yplt-at) e Y }Jﬁ‘ + ?5/(‘,-JZ'I)C 5/’ J

Uplt)= My {{(E)+ At Fuil) 1 /?,2?/2(t)}

, . N ] .
+ /“’f:,{-U}{C)*‘/?3/?3,(1};/'1‘/132?32(':)I, Oa‘lé(to,

Uy €)= M2 { L) + Ao Goy(8) 4 A2 Q2 ()]
*"Mé {U}(t)’ AH?" (t)+ /‘192952(’(’;)}

P MU A G (2) rhsaGaalEi} T2t

-, , ~ gt \
?‘/“)”s'iv,(f)fv,(t—at)ﬁ*"‘“”C}“t*?{j(“dz‘)t‘ /, =12
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COLY T =100 £44 (2XAOUS ), Rp=100 ; will arresier,

; A B . r - . - eal Poai
L) D la=/00 £A (2 x FOMS), Re=10:1, wilnouv arresion,

L) [,= 80 /A (7;(40/13‘)’ Ke=2041; Wit 6(/‘&5'“’

' o] . . ,'-;'l ) -+
L(3) o= 50 /A (1Xx40 ps), K= 201 5 LUROUT Grresier.
rig. 3.22(a)

WKE) L= RO RA (2XGOJS), Rp= 20205 witly arrester.

L08): T,= 10044 (1% 90 s | 2x 4045 ), Re= 2002

>

and
W) Tom 00 FALTIX GO NS | 2xabpus ) Ke=)0 3%,
are carricd ouc, tThough we don't Allustirate herc.
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l:;g/zz‘ning stroke current

((£): I= 100 RA( 1 x 40 us)

Zo= 400 n

Stroke channel impedance

Surge impedance. of overhead line and | 3-3 - 500 o
Qround wire 7
Surme (mpedance of cable %= 20 n

Surge propa ation time on overhead Lirne

T=Ty=l.0/us

and _groun wive :

Surge prqpagai’cbn time on cable Te= 2.0 MS .
Egua/a[ent capacitance of transformer C = 5000 pF

Time _interval at= 0.1 us

Eguz'ya/ent circuil constant of tower

R=100n , Re=25a
Lr=10/.tH, LE=25/-(H

RG':: on

s

wn



Tarle 2.7 Famtinoun voltages at beglnning and final end of cadble.
Maxium  vollage ., Mazxium voltage .,
( without arrester) () ( with arrester) (3;)
Case L(t) Re (\Beginning end | Final _end_|Beginning end Fina? end

1 J100RA(f X 0us) | 70 7709 1706 705 756

2 100RA(2x40us) | 10 1702 7708 724 F&2

3 100#A (1 x4ous) | 20 2747 2833 754 &8 1

& 100RA(2 X4‘0/1$) 20 2719 2823 755 90

5 s0kA(1x40us)| 10 1393 7378 689 $08

6 80#A (2x40us) | 10 dontt  flashover don't flashover

7 SO 1x40ps) | 20 22718 2290 728 £30

g S04 ( 2x40us) | 20 2188 2272 749 940

Gl
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V(kv)

2500
2000 |t
tower struck by Lghtning
1500:
final end of cable
10001 beginn[n; end of cable
ﬂe[g/lbarﬁnad Tower
500t
——————- —\_\__\
0 = 1 1 i 1 1 1
0 10 20 " 30 40 \\:50
t(us)
Fig. 3.19(a) Transient voltages at tower which is struck by lightninz, neighborhood tower and
both endsof the cable, whan arrester is connsoted. ( {(2):1,=100A(1x40us), Re=10N)
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2000¢ tower struck by &';;/.Z‘n[n;
beginning end of cable

final end of cable

1000F

V(kv )
(@]

i ‘ne{yﬁborﬁaod tower

. Plg. 3.19(b) Trsnsicnt voltazes at towsr which 18 struck by lightning, naishborh;:od tower and both
endsof tha cable, vhen arraster 1o not connsoted. ( {(£): I,=100A(7x40us), Re=1040 )
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- 2500

200011

V(kv )

15007

1000

500

Pig. 3.20(a) Transient voltages at tower which 1s struck by lightning, neighborhood
tower and both endsof the cable, when arrester 1s conneccted.

(iCt):I,=100AA(2%x 40 uS), Rg=100 )

—— tower struck by [@Al‘n[ﬂy

final end of cable

‘/beglnm'ng end of cable
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| tower struck by lightnin
2000 7 beginning end of cable
final end of cable
1000+
neighborhood tower
- W[\‘ N7
> 0 1 : 1 1 ] /\\/A |
= o 10 20 30 40 %0
> t(us)
-1000[- Pig. 3.20(b) Transient voltages at tower which 1s struck by
lightning, neighborhood tovwer and bofh endsof
= the cable, when arrester is not connected.
(CCE):Ia=100 AA(2x40uS), Re=10n )
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2000

1500

V(kv )

1000

500

|

e tower struck by [{yﬁl’m’ng

. final end of cable

beginning end of cablle’

neighborhood tower

? 1 1 1 J

-500

0 30 20 30 40 50

t(ps)
Fig. 3.21(s) Translont voltcges at tower uwhich ia atruck by lizhtning, oighborhood towor and

toth cndsof ths cable, when arrostsr 1s connsotod. (((£):I,=302A(1x40us), Re=200 )
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1000

V (kv)
o

-1000

-2000

tower  struck —————— final end of cable
by lightning
be‘g[m[ng end of cable

1 1 1

10 20 30 40 \/\,\50

t (us)

ne[g/é borhood tower

Pig. 3.21(b) Transient voltages at tower which 1s struck by lightning, neilghborhood tower and

btoth endsof the cadble, when arrester is not connected. ( ((#):1,=80 44 (2x40us), Ry=200)
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2500

b4

2000

_v 15‘00- <——— Tower slruck by lightning

final end of cable

V(i )

1000+ / bey[nm'n? end of cable

' wez’;ﬁbﬂéqod tower
l-.‘l [ =

o M

t(ps)
Fig. 3.22(a) fTransient woltages at tower which iz struck by lightninz, neighborhood towor

&nd both endsof the cable, when arrcster 1s conneotod.
( L(t):I,=BOAA(2x40US), Rem2002 )
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2000 tower struck .
. by lz‘yél‘nmg final end of cable
beginning end of cable

1000
2 0 ' ' : 3
> P 10 20 30 « S50

t(us)
- nec’y/zéar/zooé{ tower
~1000F
-2000+
Pig. 3.22(b) Translent voltagea et tower which is struck by lightninz, nalghborhood tower and
both endsof the oable, when arrsstor 1a not connactsd. ( {(#):I,=B80#A(2x40us), Re=204 )
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tric cquipment in power plants and substations against light-
ninge.

[ €]

everal tneorctical investigations have been reported on
the problem of attenuation or distortion of traveling waves
duc to corona losses sucn as the lecaliage-loss theory and the
one proposcd bj Skxilliing and Dykesf“) According to the latter
€0y, Ynhno traveling waves arce distorted by the increase in
¢ assunption that the quad-
ratic chnaracteristic cquation §evclopcd by Pcel for the eval-
uation of ac corona losses 15 applicabvle to izpulsive corona

losses, they have derived the cquation to cvaluate the surge
dlstortion due vo corona losses. Thnis equation has veen in-

-~

)

. 5 . . 2) . N
veéseligated Jurvher by Sunde,  Who has succecded in qualita-
vively Tcasoning tho digtortion of crest waveforms due to

corona losses. However, furithner exploration ceems neecssary
i oxdcex Yo provide gquantitative cxplanation of 2 nunber of
{ield-test regulvs whica havo been obtained so far.

Moreover the other researchsrs have proposed the approx-
imate nunerical calculation of the attenuation and distorticn
of traveling waves due to corona loscsese ™ However cssentiale
ly ©this problem involves the solutlon of a scet of nonlinecar
parcial dirferential equations. Becausce of inherent difri-

culties involved, no approacn aas becen conpletcely successiul.

Zurinz the past decade, in the authoxr'c latoratory, they

-

¢ to

f.

nave analysed the surge attcnuation and distvortion di

ct

corona 1losses DYy using a surgo analyzer speclally designed

3

o]

. " (35)~(58)
include the effect of corona losses.
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4
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4

nerently
he nunmerical co
Toxr

.
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cilitate con
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lcgion 1
oxipmatcly the
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loss constants of traveling

iclal tranc

«
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on an arci

ic

(23

and in Chapter 6

(40) ~{42)
(430, {44)

£ numerical c¢

.
Oula

nerimencal res

[Sh}

3

o Wethod 3.
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i35 proviem requires the golution of the two-point tound-

~ ~ - S - R N i o~ R LI T iyt
AQTY=Vaiug pronicm oF nonlincar nartial diffcerential equations

(k.8) oxr (%.7), subject Lo the iniltial conditions
'} (4.3)
J

&4 the ooundary coadlitions
(o, c)r=¢eE), (b olp)
VL, E)= R il ), (%.5)

’

Waen YUY, or

IRV,

T
A
O

—‘-Jl»'\’— = ot ! (k'.’

-
~ - s
Waen V=Y, and 5’; 20,
v
Y S
-l = LT A}
A v

)
{
" R { (5.7)
S T LA D g aa Fy e (Ui
5% =Ciy + 2y e (V=Vol t K052 J
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Up ©o now, no unified approach has deen developed for the
aumerical solution of partial differentisl equations. It is

aecs

9]

sary o devise a paxrticular methed of solution

%)

or cach

0O

proolen under consideration. The cuthor has originated the
tarce metnods Ll.e. Methous 1, 2 and 3 for the solution of the
alforementioned provlems. In this chapter lethods 1 and 2 arc

desoribed and in tho next chapter lethod 3 will be presented.

)
o
[}
o,
}J-
%]
ct
[e]
H
(42
P
[a]
&3
£
£
(&)
ct
[a]
ct
o)
©
4]
Y
}.).
41
(o]

ffect of vraveling waves can be

duc to corona losscese.

L.2.2 Pleccwise Lincar-Approximation of Linc Zguations
vwo metnods off numerical czleulation, viz. lMeth-
i

ods 1 and 2, approximate tne surgce cguatioas by lincar
] J

A

-

Slthougn lincarization always incvitably iavolves cecae crrors
anG thc accuracy of calculavion obecomzes worsce in comparison
wilh the case withnouv lincarization, it 15 provided with the
agvantage tndt all methods cmployed for the surge analyzer
TuGy can ve uvilized without any nodification.

Rearranging the second cxpression in Eq.s (F.7) we obtain

o

oL ] 2 oy Ay VN s ’
.._;_.::C:)—t: +r\?fm(-.)~(;’-2( Ve { 409 Z/;o)\rr(?fw(vm />/(UE-}' (4.8)

-
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L] - ,4.’ -~
Wnea vy Y%, and ;g,:o, l.e. for mode 3

1
r (4.11)
C v G U= v G (V- V). J

waere

Com iibly . o flH, — 1) R

$ equivalent distributed capacitances,
(%.12)

[l"o”KHo,, GI-:K(H/’“Ho,)

e e —

s cquivalent distriocuved leakxage conductances.

b.2.3 DNumerical Calculation of Picccuwise Linear Lpproxirated
(1)

1) i3 approximoted by lumped consiants for the

9]

T2 - e
Line Zquation

Ges (&

Movnod 1.

b
2
t

=Y

D)

uit showm in Fig.

’_L
<
"
|
8
F\
<t
9]

ecimal distance 44X, the equivalent ci

4]
[¢]

L.3 may result, where
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$ output voliage and current of the

ens,

-
e

Y=tnh ele

onecs of

-
v

-

Y=th element or outnu

ion of picce-

Ve

total elcments.

nuzber of

nd outpuc

~
—

or the irnput

Ok L da 2 i 4 A el
Tinitcesimal cdistance 4x T

.
as

the 1

ol

-
-~

b

dip-(8)
di

Uy (£) = V(L) = Lax

(4.13)

(%)

3

Let (8) = p(E)=(C +Cov C ) ax LY,
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sives the following difference equations

Yo ()= V() = L Cooi(8) = (oo (=t} | )
Lpet (B) = L) = (C e Clr U () - V) (- 22))

G UV} v & -},
) (4.14)

L'el ax/at R C=cax/at R x

!

!

/’ ’ :
Cy=Coaxfat Cr=C,ax /at

Go':: C;—Oﬁx N G; = G/ dz N t

Under thoe assumption that tho voltaze and current catlisfly

Lo (E) = Qop(£)U,(£) + byy (2) )

f
. z, (415)
Uy (£)= Bap( (E) Ly () + bypy (8) !

wWe can egsvablisn thc following relations arons the atove coctf-

ct

Ticients Dy substituting Zq.s (4.15) into Eq.s

T
L]

’_!
r

A,y (Ei =1/ 1L 4 Qopri (ED),

bz.’(t)”{L'(:w(t"’t)“ Do (OIS L7+ Gapei(E)} s

Qap ()= 1/ {C+Clr /e Gl G 4 Q0 (8D , (ka16)
, |

D=1 (E)= [ (C+Co v C Iy (=0 8) + Gy Ve + G Ver = Doy (41}

[ O C Gt G+ Qo (8D )
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L.2.4 Jumerical Calculation of Plecewise Linecar-ipproxircated
Line Zquations (2) — Method 2.
dethod 2 L5 a ilmprovemeant of Nethod 1, and has the sane
computing algoritim as i{ethod 3 which will be introcduced in the
NeXT chnapter. Mesthod 3 45 the method to get the numerlcal so-
S

lutlon of monlinecar partial differencizl cquations (4.6) and

(4.7), and on tnc otner nand, rMethod 2 15 the onc to scek Tor

hercfore the detalled computatlon procedurc will be described

in Tho nexv chapter, and so, nore we will show only the last

By applyins the same treatment ac the one, which will be
developed for Hethod 3 in the next chapter, to Eg.s (4.9),

and (%.11), wWe hava a sat of differencc equations.

(Lo (tmat) s - 42 ST o () -V, ()}, (4.18)

, for . Lo (t-at)x 0,
":)-l(t)."' <

Ntk

. a1
Loilt-at)+ L 47

/ , on g2
-ﬂ- {U,;_/('C)" !/,\(t)}’ (4.19)

j-OT (:,)_/(f-dt):-'o,



oy
\n

o

ro 1Ak ;
AR SR VRO RN (4.20).
: for Up(t)<Uy o7 V(23K (E-at)

& L7 oan '
+ (':“z:;ﬂu t?})(t)-.z&o_}) ' (

1=
[ ]
o
(33

-

w(tvat) = { FOV Veo SUNEICY,, o7 Vp(2)z k= 4t),

[

'Zf,,(f) + “““-:("; ;; i(.,) /( ) (';’(«)J

i ( .
; . E'%T{:FC‘, at {VU(t) = Ve, }

: ' men —— at {_U;(f)_vcl}
+C,

; i : (4.22)

o T0r W (E) DUy and U (E)2 Yy (E-at).

Tne voltage and currcnt at cach point and incicnt azc nunori-
cally calculated by applying the same proccdure as in MNothod 3

v0 Zq.s5 (4#.18) through (4.22).



'—'—> [(X,f)
wﬁﬂﬂﬂm I ~ it
(o, {

=0 Yixt) xX=f

£

T 77777 ST S

Pig. 4.1 A Single-conductor systen

[

a

O



I
164

Plg. 4.2 Two (V/Veo) -y curves and those plecewlse

linear~approximations.
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order of 1/20 to 1/LG of thc onc coasumcd

Y
b e b A,

tioned successful calculasion by lictrod 1.

in the



Line Zenvqt/a {= 2067 m

Hc’g;/zt of Conductor h= 3.1 m

Radius of conductor y= 1.15x10"> m
AX=51.7 m

Length of subdivisions
Time inlerval

4t = 0.005 wus

Receiving-end resislors
L4

Re=516 n

Inductance of conductor

L= 1.72 /w‘//m

Capacitance of conductor

C= 6.47 ,,({,UF/m

A/Vuméer of egawa/ent cLreuil e/emenz"s

n= 40

Vo =28.3 AV

Critical corona voltage

=42.1 RV

Break point volfage

691



Tavle 4.2 Optimum values of &

and negative surges.

and g for positive

Wave tacl time Posilive surge Negative surge
constant T Se =7 Cc Sg
5 us 32 30 x 10 17 18 x 10°
20 us 32 18 x 10 17 19 x 10°
80 _us 25 27x 10 12 27 x 10°
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2 Se=40,55= 20x70°
II
- ; computation, g
1
S T experiment
,/
A 1 1 i 1
6 7 8 9 10 11 12
t(ps)
a. E=95kV (7=20us)

iz. b.5 Examples of calculated voltage waveforms

and the corresponding experimental ones.
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!
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Fig. 4.5 Examples of calculated voltage waveforns

and the corresponding experlmental ones.
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Fig. 4.6 Comparison of computed and experimental

I

; 80 AV computalion

2 1 § { 1

7 8 9 10
t(ws)

a-1, E,= 80kV (T=5 us)

examples of flnal end voltages.
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Filg. 4.6 Comparison of computed and experimental
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Va( kV )

100

40r

20

95 4V ez;oen'ment
75 4V computation

. *
-

- N \ 76 #V experiment

/ 76 AV Compufaftbn

1 { | 1 |

Fig. 4.6

a-2.

7 8 9 10 11 12
t(ps)
Eo=95 kV, 76 kV (7 =20us)

Comparison of computed and experimental

examples of final end voltages.

.
172



Va( kV )

-100

- 80

- 60

-40F

-20

=104 £/ experiment \ LR e e
-104 4V computalion ,,’,
-78 AV experiment
-78 AV compulation
", ! 1 1 | |
6 7 8 9 10 11 12
t(us)

b-2. E,=-104 kV,-78 kV  (T=20us)
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Fig. 4.6 Comparison of computed and experimental

examples of final end voltages.
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Fig. 4.7 Comparison of computed results by digital

computer and by surge analyzer.
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i OTGCT o taka away this defect, the author orizinaied
the third numerical calculaiing meirod (¥ethod 3), which can
dizitally solve the original nonlincar cquations without plcce-
wise lincarization. In this cuanter, by using dNethed 3, the
author solves the same problems as in the preceding chapter,
and agalin he cstimates the values of coronz loas constants and
correets the ones obitained by Method 1 or 2. The volicge wave-
foras computved by Method 3, donft préscnt the cbove—-neantioned

et -~ 4a

o hels Y — - o - ) . -
Svlp pacnomena, and Jurthermore tihose are in good agrecments
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’
nave the following equationss:

WhGn [.’\ ,(f.' /1{:)‘\' 0 »

N N / "/; v o =

Cosy (1) = Ty b=l v 5 L LU (2) =0 (00 (5.7)
vhen o, (£)7 %, or ()< (t-at),

J .
V(L at) = Yy(£) 4 é— Lo d Ly (8= ()} (5.8)

Wnen ([, ,(t-4t)~0 , e obtain

L&) iy (B-at) s j{{i {Up- () = U (2D} (5.9)

by making second-orday approximation for the purvose of im-

0
3

proving tne accuracy ol approximati
When corona dischinrge occurs, tnat is, Za.c (5.5) are
valid, the Tirst equation is the same as the cic of Eq.c (

-

5
nd so no wmodification is necessary for Z0.s (5.7, 2nd (5.9).
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J-\., hlu) (/,(.‘L’) -+ u.'f/{(:' 2}{"‘2/('7/1‘0/?/:'('{;)_}

CCipas (3= 00 /o = K{ () =2 afZ-a/J,m}J.
(5.10)

4]

ArTangling vae uppoer equations, we get

. At . \
(,,w_,(f-dt)f 'Z:‘ ;]—A‘ }7})-/(5) - ?fr\"ﬁl} y (5. 11)

‘ j,OT (:)../('C—At)"\‘- o,
bo-1(t)=5

Lo ) (B=at )t —?Z-A-’—{?},: ,‘u)-ll‘(u)J (5.12)
. for (;y-/(f—‘}t\‘\‘o,
i L . :
| ’zi,(~£/+—(;» ic,,_,\é)%,.(t);, (5.13)

Jor Ui Uy or UHBSTEmaE),

. , -
, Uy )+ “‘E‘—*—~——-7' Y i em
%\'t?‘ﬁf):{ (Lrdn - ?h 0({; /U»(..)

(L=tEL b)) o sy v ), (5.14)

for K@) >V and V)2 U, (E-21)
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(it v at) = U (t+at)/ R,

(Lv) Poerforam Steps (14) and (111) repeatedly for every time

interval to coampute the voltage and current at each insiant.
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Fig. 5.1 Equivalent lumped constant circuit for

voltage lower than corona onset level.
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Table 5.1 Values of maln quantities availled in computations.

Line ]envgt/l. { = 2067 m
quq/zt of conductor h=231 m
Radius of conductor Y =115« /0'_3 m
[envgt/z of subdivisions aX=25.8 m
Time (nlerval at = 0.025 us
Final end resistors Re= 516 n
Inductance of conduclor L =172 uH/m
Capacitance of conduclor C =647 uuF/m
Number of eguivalent circuit elements n= 80

Critical corona Volfage Veo=28.3 4V

\FO)
o



Table 5.2 Optimum values of S and S¢ for postitive

and negatlve surges.

Wave tail tome

Postlive surge

Negative surge

constant T Se Se Se S¢
& us 32 20 x 10° /5 20 x 10°
20 us 32 16 x 10° 5 16 x 10°
80 us 32 30x10° 75 30 x 10°

[

O
(Y]



Vn( kV )

100

T

60

201

b

1 3 1

Fig.

7 8 9 10 11
t(us)

Ue=16%x107 Eo,=95kV, T=20us

5.2 Example: (1) of calculated wavefornms

of the line cnd voltage.

12
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Va( kV )

100

80

T

60

I

40

T

20

6
dG= 30x10

S, =50x10°

| 1 1

FPig.

7 8 9 10 1
t(ps)

Ge =32, Eo=95kV, T1=20us

5.3 Example. (2) of calculated waveforms

of the line end voltage.
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Vn( kV )

100 — : I l |
80 Sc=29, S¢=/3x /o‘\ _______ =
Sc=29, Sg=19x/0"
60 \ -
/ Sc=35, Se=13x10°
40r N =35, op=19510°
computation
200 4y mmmmees experiment -
0 ; L ! I .
t(us)
a. Eo=95 kV (7=20us)

Fiz. 5.4 Examples of calculated voltage waveforms

and the corresponding experimental ones.
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-100

Vn( kV )

T I I T I
Se=17, Se=15x10°
-80k dc=74, 6(;.:/8'\'/06 ‘ |
- 60k \ Sc=20, S5¢=18x10° 4
/[ ,
S so=17, Se=21x10°
-40L .
com,oufaf[on
10 S experiment -
O 1 | I
6 7 8 9 10 11 12
t(us)
b. Eo =-104 kV  (T=20us)

Piz. 5.4 Examples of calculated voltage waveforms

and the corresponding experimental ones.



Va( kV )

100 : - - ey

Or -

8 120 A/ com,oaz‘a_z‘[on
720 4 experiment
60
40+
S0 AV Compufa?f(bn
20+ 80 AV experiment -
O i 1 1 1
(o) 7 8 9 10 11 12

t(us)
a-1.  E,=120 kV, 80 kV (7=5pus)

Fig. 5.5 Comparison of calculated and experimental

examples of final end voltages.
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-100 ] 1 T l ]

Vn (kV )

=120 AV computation
~80r =120 AV experiment
- 60 -
~40r -100 AV compulation
-100 £V experiment
- 20 .
0 L 1 .
6 7 8 9 10 11 12

t(us)
b-1., E,=-120kV, =100 kV  (7=5 us)

Fig. 5.5 Comparison of calculated and experimental

examples of Tinal end voltages.
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Va(kV )

100 . , | | |
80 95 AV compulation. ~—_ .-=====
9% A/ experiment. ) _o====ZTTT777
601 - 7
\ 76 AV experiment
40+ 1
76 AV CO)??/DL(Z‘aZ‘('an
20r i
0 1 1 1
© 7 8 9 10 T 12

t(us)
a-2. FE.=95kV, 76kV (7=20us)

Fig. 5.5 Conaparison of calculated and experimental

examples of final end voltages.
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Va( kV )

~100 1 1 | , !
-104 #/ compulation ~— - -TTT
-80F
-104 #V experiment [~
- 60 |
-78 AV computation
- 40+ ~78 #V experiment -
- 20 -
0 1 ! L
5] 7 8 9 10 11 .12
t(ps)

b-2. Eo=-104kV, -78 kV (r=20ps)

Flg. 5.5 Conparison of calculated and experinmental

exanples of final end voltages.
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100 T T I I T

80+

Vi ( kV )

20

T

O /3 1 1 1 1 | )
6 7 8 9 10 11 12

t(ps)
a-3. E,=115 kv, 100 kV (r=80us)

Fig. 5.5 Comparison of calculated and experimental

<

examples of final end voltages.
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Va(kV )

- 100 T T T T T
-115 AV compuz‘az‘[on
- 80+ A N Sl
-115 &V experiment
- 60 -

- 100 4V computation
~40F - 100 AV experiment -
- 20 L -]

-0 | ! 1 I
6 7 8 9 10 " 12

t(ps)
b-3. E,=-115kV, ~100kV (7=80us)

Fig. 5.5 Comparlson of calculated and experimental

exanples of final end voltages.
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Vy( kv )

=120

-100r
% W
80} l”""’
7
-60F
U,
[ g
-40k- 6/
Y
-20F
1 1 | ! 1 1 1 1 ] 1 J
0 1 2 3 4 5 6 7 8_ 9 10 1 12
' t(us)
Pig. 5.6 Calculated voltage waveforas at the distances of 1/4, 1/2 and 3/4 line length. .
(Eo=—/b4ﬁv, T=204S ) 2
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Va( kV )

100 , . , : :
80} o= 32 =r
60
40r
------- Method 1, 4t =0.005 ps
— — — Method 2, 4t = 0.00%5 us
— - — Method 2, 4= 0.0§ us
201 Method 3, 4t=0.005 us |
— =~ — Method 3, 41=0.05 us
0L ) ! !
6 7 8 9 10 11 12

Fis. 5.7 Comparison of flnal end voltage waveforms

calculated by Methods 1, 2 and 3.
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O

two~point voundary-valuc problex of solving the
nonllnear partial differential Eq.s5 (6.1) under thc follouing

initial conditlons,

G YRR k

.

e, n) - 10]

L3

ae bdoundary conditions,

and ¢

(orca, 2))- (e, | (8.4)

But we snould take care that Eq.s (6.1) arc available only if
votn ¥, and 7, are over the corona volizge, and when v, or U,

ha corona voltage, we must remove the cororna loss
»

Thc auther nas Tound the three metheds, wWnich can solve

nuerically the 1line equations abv sinslce-conductor svyssens aco
\ 2

mentionad in Chapters & and 5. ietheds 1 and 2 are the oncs to
solve the approximate plocewlise lincar cecquations of the origincl

nonlinear equations, and Method 3 1z the one to do Ig.s (6.1) a3

1% 1s. 1In this paper we snall solve tihls prodlem by licthod 3



6.2.2 americal Calculation of

Linc Zquations of Two-conductor
Sysceens
in tals section we show tho calculating =method of =q.s

(6.1) by digital compubter. Now, from Zq.s (6.1) we can intro-
duce the Tollowinzg difference eguations concerning x and 2
artter the same procedure as in the case of singie conductor
Ssysvem. Namely, wnen -, (¢-ad)¥ 0 0L Ly p-1{t-42)%0,

(o (BT Thoaa(t=at) "L, L, “;"z'v,_,-,(t)-zf,,,(t) )

f~.-f Ly P " (6.6)

N i;,y’—/(ll;) _‘l ;(:z‘,b_l\,t—lﬂ‘;).)}

whon Co,o-1(t=at)=0 and
- . I
: L,",)-/(t) j| ! LI '),,(t"dv);
| i =! ;"'
. i N
Llgua=1CC) 5 Ly o-i(t-at)]
WhRGITO
I ’ [ b
bl L ' Y Ly Ly :
) ’ ’ ; h “'1": i
L [412 [.u J H [-/2 [_zz 4

o Ul ()= 0]

tzyw-1(t=-2d)=0 ,

’ ’ ,"I,_ . Ly h
ir L, Lt U= V0(50 ! (6.7)
H ! : 7
- *
2, , N R .
i [,, Loy N 2/'2',:-/(“) - 'Z/z')('t) N ,
‘l

: voliaze and current of > (6.8)
the P -th clezent of the

4 =un conducvor,



=
o

luaped distance of the

?=th clemaont,

4t 3 time interval,
& numoer of total elements. ,
Jext, from thoe lower two cquations of the Zg.s (6.1), we can

arrive at the following cquations, when
T, ,(£)< Vo, (Ve (LI Uy (E-at) |
{ or <
LY (8D sy, LU (I U (7-at)
f(6.9)
- - r ’, ’ _’/,._- i . -
i Ul,v(‘t’f‘ﬁt) .1. {U,,v(t) [ i C, C,‘, ! l (,_,u_,\u)-!.,,»('é) :
? P Py |
TL Vay (t +dt)_2 L lfza(u) VRS CII Ca ! L Z’l."'/(i)'ézv(f)'i ,
' J
wanen
i 1
[U,,(zf)k Vo, ( U ()2 Y, 1
i 4 . ‘
: i !
4 ?’( ,‘(f);} U/,‘(t—/l't‘./), Or \‘ ?;/v’('(’;)‘\i U/f{t"dt)' i
i | :
) ‘ i !
L2 )< Y0, L V(< 0y (E-at), z
1 T 1 g ’ 4 7’ = 7 6.10
{u,dwat)g "m,&)i L Cot 2m =0/ 0y (60} ¢y \ ( )
! P + ‘ :
‘LUZJ\/IL/"(”&)J L Ya0(t) | ’L Cau C;z J
.. . L, L I
| c,,,,_,(t)—l,,,.(t)—n,d:r:z/,,(t)—zzf,on,,o/y,,(:);5 i
| |
Llowrll)=0yy(t) I



whaon
U, ()<, LY (eI Y u(t-at) !
i [ :
LU (2 Y, or 1 V,(nu, . !
LYo ()2 Uy (st { U () 20y, (- a2)
- . - 5 - , ’ ,"l
2//»'(1"*"11{) ! ; 7/,,'(t/. z ! C// CIZ l 7 (6'11)
‘ ' = : !f- 1 ' 1
: [ | ! ’ » ’, ! ‘
WU+ al)) L UWR) L L Ca Gt 2R {1t/ U (D)
r (:/'V-I(t)-l:li(t) . 7
x |
Cay-1(£)= Loy ()~ KyaX [V, ()= 20,0t Ui /Uy ()] | ,
when

(U082 e | )
|

Ui (E)2 Uy old-at), :

U {82 Uy,

PR

J ( DR/} sJ(U dt)

E— V() -‘ [ CHTZ@:LI“U}g/?/,)(*)I G
' +

|

l ! |
L 112)(")' IL_ C?." C72+ f;{/ zj.‘ /?fz){é)}

L ?/;,:(u*dt) |

U/y‘(uf(; )-l
|
]

|r Coter (€)= LoD~ IG8X{Up(E)= 2004 g/ Uy (5D} I
| :
.

. ' . ' 2 !
Cop-{E) = Ly )- /\’241{ U2o(T) "Zyza"’?/zo/?/:;('f)}j ’J



‘)—:,'2’ ______ vn' \;
f ’ v 7’ ,’ E
1 Co G ! AX Co G, 1{ E .
v Coy 22 ) | Cor Coal . l
|
|
SO .
“vA:t', ; (j=1,2). J

Using Eq.5 (5.3) to (6.13), we can calculate the fincl end voli-
S3C5 accordqing to tho following process.

P
[y
~
)]
ct
O
H
(o)
¢t

o)
o

Initial values of voltages and currents given by

ty
)
.
9]
o
L
(WA
P

E’U,'\/O)::=J$
, L ol , v=t,2,----,12,
[cr@] = [01] , =0, 7,

thao otner hand, we can obtain the valucs of LV, (¢+4t)] Tro:

[#]
co

-

the boundary condition Zq.s (6.4), as follow

(£11) Caleulato tho values of [ (- {(t+sE)) (v=1,2,---- 1)

from Eg.5 (6.9) or (6.10), using the valucs of [v(t+4%)]
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Flg. 6.1 Two-conductor systenms.
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6.3 Numerical Investigation

6.3.1 Numerical Conditions

1

In this section, the numerlcal velues of the system con-
stants given in the Reference (39) are used in tae couputa-
ions, since wo intend to compare the resulits, wiilch are ob-
ained by the diglital computation method descridbed ih the fore-
going soction, with the experimental oncs obitained oy Fujitdka

and A50. Surther we use the values of the corona loss con-

whicn was obtained in the singlce-conductor

Tavie 6.1 shows thnc values of the constants used in the

calculations. Jand we assume thoe form of the appiled impulse

in oxder to coinclde it with tne cxperinmentzl onc. Taen, o
perfora tane nunerical caleulations for the cascs of the threc
genaling end conditlons correcponding to thne ciperimental oncs,
namely the case wners impulse voltage is impresced on one con-
ductor and the otherome is grounded at multiple points, the cace

wnore voltage 4is appilied to onc conductor and:&eoﬁer@@lfloa Sy

ts)
0

Tho elemonts o7 the voltage matrizt in the rignht cide of

(6./) vary corrosponding to the three sending end conditions a

(]
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First, wnen impulse voltoge 4 oppiicd to one conductor

and the otherome is grounded at multiple poinis, Eq. (6.4) is ex—

(6.15)

NoxXte, whon volt aoe is applied to one conductor cnd the other one

+hy

loats, Eq. (6.4) oecomecs

Y (otﬂ [ e(t)
(6.16)

r J
U, (0,t) | b ($)J

r—

where

f surge impedance,

W
e
)
o
}.J

mutual surge impedance,

4
)

5 applied vo ©oth conductors simultone-

(S

Iastly, wnhen voltage

1usly, Eqe. (6.%) is expressed by tne following eguation.
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On thc other hand, the surface potential gradient 2 0o

concuctor is given by

g =2 10" 254
,J.
Subsvivuving
"
i ’y =CuUi+CLV, ,
107
e 29 Caqltht C 5,

(R

(6.25)

<5 vhe potventlal of the / -th conductor reaches the critical
voltage Yy, wnenm 1vs surlace potential gradient 9 risc‘ﬁill the
insulation'brcakdown strengtn ¢, ol air, we can obtain the
corona voltage from Eq. (6.25) as follows.

Since V,=0 waen iopulse voltaze is inopressed on one con-

ductor and the otherome is grounded at many points, we have

_ /0

Uysp = s 71 4o 7Cy .
Considering the quality ol the
rolative density of air, =Zq. (6

(6.26)

onductor suriace, wWeather
25) 15 chanzed as follows:

(6.27)
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appliecda vo one conductor and at the recelving end it L5 open-

clircuited oxr grounded through nmatching resistance or 20i0-re-

sisvor, and the othor conductvor is grounded at the zmultlple

[

points. lere the followlng three kinds of impulse voltages

i, = X 230xV, T = Sus,
g, =% 180%V, T = 5 us,

E, =~ 80XV, T » 20 MS

0y

the waverorm by computation are in good azrcement with the ex-
peérimental ones. Therelore, we can cec taat the value orf the

=

nich nove been estimated in

ad
-y

corona loss constants o, and o,
tho sinzle-conductor system are adequate valucs.

Noxt Pige. 6.5 shows tho voltage waveforas of the final end

ne case, where the voliaga

Eo» 230kV, T 5 us

end, and the two cornductors are tched with suxrge impedance
maftrix, and they are open-circulted at the fincl end. It will
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seen that the computed resulis of the waveforms on the ap-

plicd conductor show tine same teandency ac the experimental re-

« Dbutv 1t 1s vhouzht unavoldable that the computed wave-

forms on thne other conductor 1s somewhat dirfercnt froa the

oXpexrlmental ones in cthe rising portion, since the skin effect

Lastly, in Fig. 0.6 the waveiorms of the fincl cnd volt-

arc plotted in the case, wnere the following voliages

appliecd to voth conductors, wnich are btound at the scnding

~aS

end and grounded througn the matching cireult at the final end.

Tigures we can sce vnav tne calculated wavelormc éiflfers

guantitatively a little from tac experizmental ones, becouse the
1

s more strongly when the impulse 1s applied To both con-

ductoirs simultaneously than when it 1s done to only onc con-

twic

7

morecover, rem another view of Fig. ©O.
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(o]
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D;J
'.J-
03]
*
(02N
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w

sec that the open-circulted end voltages x»ise till almost

e oFf the matcning cond voltages of tinc shnary wiave front
AD O - &

palow the corona voltage, however the former veltages cxceeding
(G ]

-~ - 3 A de da ‘ e ] P PR A ) de
cOoTOna one are more disvortod and atienucted than the latter

ones, since In the foraoexr case the corona loss cn the conductor
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Table 6.1 Values of main quantities

availed in computation.

Line lengt/L { = 2067 m
Hight of conductors h =31 m
Radius qf conductors Y= 1.15 x10°m
Length of subdivisions aX=25.8 m
Tcme (nlerval 4T = 0.025 us
Self -surge impedance of line 3 =516 &
Hutual-surge impedance of fine ¥ =707 N

Self - inductance of conductor

LM:ng: 1.72 ,,UH

Mutual-inductance of conducior

L/2=L21= 0- 3\5—6 rluH

Self- capacitance of conductor

C:1=622=6-72 ’,tﬁllF

Mutual- capacilance of conductor

C12=Cz{ = '/'40 /u/uF

Number of eguc‘z/a/ent cireuit elements

n =80

<



Table 6.2 Optimun values of S and S, for positive

and negatlve surges.

4V
N

Wave tail time Positive surge Negalive surge
constanls T Se Se Se S
5 us 32 20 x 10° 15 | 20x10°
20 _us 32 16 x 10° 15 16 x 10°
80 ms | 32 30 x 10° 15 30x 10°
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Fig., 6.2 Final end voltage weveforns vhen the inpulse veltage (E,=22304V,7=5us) is applied
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to one conductor and the other one is grounded at the multiple points, P
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'Fig. 6.5 Firzl end voltage waveforns when the impulse voltage (E,=2304V, T=5us) is applied ‘;3

to one conductor znd the otrer one is floated.
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Pig. 6.6 Pinal end voltage waveforms when the impulse voltages (£,=t240 RV, 2115 &V, ‘(-5/us) are

applied to both conductors simultanéoualy.



CHAPTER 7

SUMMAR

AT tho concliusion of the repoxrt, the author summaxizes thne
~maln results of nis studles, which he has descrited in Chapters

1 %0 6, in ¢

sy

¢ Tollowing.

9]
e}
%
g
cr
(v}
H
[y
L]
“

umerical Analysis of Surges on Transailcsion Sys-
tcus of Overhead Line-Cablo Consldering the Distortion Tue to

Skin Zffect:

1. 1In the caso congsidering the wave front distortion by
the silin efTect of the line and the covle conductors and tnc

cround Teturn, tnc theoretlical cxact solutions of the travelinz
[&3 ’

o]

b o, da
WAves on uone ¢

H

onsnission systems of overhecad line-cable have

0]

been obvblained oy using the convolutlon intcezral and the numeri-

cal calculation of tne solutions has been introducced.

2., A5 the model of the transmission syctem of overhead

line=-subzaring cable, tne author has plcized out the 221V

2
o
5
o
4]
o
)

Tansmlsslon Line of the Cayuzolimu Elcectric Power
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along tne insulator chain at the tower, 1% is neeessary ©o re-
duce the values of the cquivalent transicnt impcdance of tower
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by vhe new calculation with the one by the accurate solutions
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tne case wnere the surge distortion due to the skin effect is
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