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ABSTARCT

Charge Simulation Method (CSM) is the calculation in order to find electric field at the
whole of coordinate. That isn't very  accuracy because of estimation. When it was compared
with the  electric field which Finite Element Method (FEM) calculated , it was accuracy less than
the another method. But also, in this project which is the electric field analysis in homogeneous
insulator that was,in the resnit which did the calculated electric field of CSM with the calculated
electric field of FEM in same. The value of error of electric field equal three percents.

When this method become the program of the calculation , the time is considerable.
bécause time of the calculation of CSM is less than the calculation of FEM , the calaulation of
CSM is choosen.

For this program is written with C - language which could be created image of the
distribution of the electric field. This could be displayed image of two-dimention and three
dimention. Include the graph which plot between the electric field at any position with gap,radius
and voltage input. The calculation of electric field at any coordinate by input value of

position(x,y,z) is included too.
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START

INPUT GHAPE

ROD
OR
SPHERE
v 4
INPUT RADIUS INPUT RADIUS
v A 4
INPUT GAP INPUT  GAP
INPUT VOLTAGE INPUT VOLTAGE
GRAPH GRAPH
OR IMAGE OR OR IMAGE OR
FIND E? FIND E?
L 4 ] 4 ¥
FIND E? IMAGE FIND E? IMAGE

FLOWCHART  DISPLAY ABOUT MENU



Y

e

CALCULATED

ELECTRIC FIELD

BY E(X,¥,2) =
Exyz(X,¥,2)

A

FIND COLOR
OF E(X,Y4,2)

¥

PUT COLOR
IN PIXEL
AT (X,Y,2)

GRAPH 1§

THO OR THREE

DIMENSIONS

e
| g

YES

NO

¥=0
v
s
¥=___
RADIUS
¥
X=0
VES
*—_‘_—_—
¥
CALCULATED y { GAP

ELECTRIC FIELD
BY E(X,¥,2) =
Exyz(X,¥,2)

={ GOTO MENU >4—— No

¥

FIND COLOR
OF E(x,4,2?

Y

PUT COLOR
IN PIXEL
AT (%,4,2)

X C 150

NO

FLOWCHART DISPLAY ABOUT IMAGE
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START

¥

SEE GRAPH BETHEEN
E,GAP E(x,y,z} WITH E,VOLT
INPUT UOQLTAGE OR
GAP OR RADIUS
E,RADIUS
GAP = @ RADIUS=9 VOLTAGE=Q
—| P 4y
v 4 .
CALCULATED CALCULATED CALCULATED
E(x,y,2) BY E(x,4,z) BY E(x,y,z) BY
INCREASE VALUE INCREASE VALUE INCREASE VALUE
GRP RADIUS INPUT VOLIAGE
¥ 4 l
FIND COLOR FIND COLOR FIND COLOR
OF E(x,y,2} OF E(x,y,2) OF E(x,4,2)
|
PLOT PINEL PLOT PIXEL PLOT PIXEL
HITH COLOR HITH COLOR WITH COLOR
! ! :
| |
. s
YES
GAP { 189 RADIUS < 198 VOLTAGE { 160

NO

—o

FLOUCHART DISPLAY THE PLOTTING OF GRAPH
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START

¥
LOAD DATA AND
INITIALIZATION

¥

READ DATA OF
POSITION
OF CHARGE

¥
COMPUTE POTENTION
COEFFICIENT AND
FORM METRIX
OF COEFFICIENT

A

BOUNDARY CONDITION
FROM
CONTOUR POINT
AND FROM
MATRIX OF BOUNDARY

L4

SOLVE FOR
EQUIVALENT CHARGE BY
GAUSSIAN ELIMINATION J

WITH
MAXIMUM PIVOTING

COMPUTE ELECTIRIC

FIELD AT
L POSITION REQUIRED
COMPUTE POTENTIAL !
AT
DISPLAY
POSITION REQUIRED
ELECTRIC FIELD

'

DISPLAY
POTENTIAL END

FLOUCHART  DISPLAY THE CALCULATION OF ROD -ROD



4-16

START

i

READ DATA AND
INITIALIZATION

D s
v

START AT POSITION
OF Q1=1 ; 02=X=0

¥
COMPUTE
POTENTIAL COEFFICIENT
FROM X
AND FORM
MATRIX OF COEFFICIENT

4
SET BOUNDARY
FROM CONTOUR POINT
AT P1 AND P2
AND FORM
MATRIX OF BOUNDARY

¥
SOLVE FOR
EQUIVALENT CHARGE @1,Q2
WHEN [P1LQI=[V]
BY GAUSSIAN ELIMINATION
HITH MAXIMUM PIVOTING

¥
COMPUTE ACCURACY

FROM

2
ERROR = (1-@(C))

FLOWCHART DISPLAY THE CALCULATION OF SPHERE - SPHERE
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ERROR < ERROR
M1n

YES

¥

SAVE VALUE OF
01,02,X,AND ERROR

GET 01,02,X
AND ERROR

¥

COMPUTE POTENTIAL
AT
POSITION REQUIRED

¥

COMPUTE
ELECTRIC FIELD
STRENGTH AT
POSITION REQUIRED

¥

HRITE POTENTIAL,
FIELD STRENGTH

Y

@

FLOWCHART DISFLAY THE CALCULATION OF SPHERE - SPHERE (CONTINUE)




VOLTAGE DISPLAY

S <F1> GOTO SuB MEMNU

namin 2 FAnaaemanuduanainihienhadanlnsanuunsnay

nunsenan Taedl Voltage = 100 kv , Gap = 10 cm , Radius = 10 cm

"

o
Z location: P
Valtage : 3080.00 kv

Gap : 10.00 cm
Radius : 10.00 cm

VOLTAGE PISPLAY

PRESS <¥1) Goto sump MENU

nrwidn 2 NRnaasmanuduanyliihsznhedanlatauuunssnay

nunsanay Inefl Voltage = 300 kv , Gap = 10 cm , Radius = 10 cm
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VOLTAGE DISPLAY

PRESS CF1) GOTO SUB MEMU

nrHn 2 Fdnasesmanutuanaliihiznhdianlasanuunsanay

nunsanay Taefl Voltage = 100 kv , Gap = 10 cm , Radius = 30 cm

X location:
¥.location:

Z location!

, Eeh o kvZcm

Emax = kv/cm

Vaoltage : 100.00 kv
Cap : 39.90 cm
Radius : 10.00 o

ELECTRODE
I SPHERE TO SPHERE l

COLOR VALUE

ar 1A E=587
UOLTACE DISPLAY ll o

FRESS <Fi)> GOTO SUB MENU

asmifn 2 DRnaasranutumna sz rihsdaaiasanuunsanan

funisnaun 1aen Voltage = 100 kv , Gap = 30 cm , Radius = 10 cm



nyminn 3 RAnaasmanuumny s nhedanlntauuunsenay

flunssnan Taah Voltage = 100 kv , Gap = 5 cm , Radius = 5 cm

'

e oL

SHAPE cap VOLTAGE D1SPLAY
PRESS <ry

> GOTO SUB MEMU

nidn 3 Nanaasmanuuawilihiznihsdanlasanuunsenan

flunssnay Taefl Voltage = 200 kv , Gap = 5 cm , Radius = 5 cm
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ELECTRODE
I SPHERE TO SPHERE l

AN 3 Nanaasmanutamnn iz nrihedanlasanuunienay

ffunsanay Tnadi Voltage = 100 kv , Gap = 5 cm , Radius = 10 cm

Voitage : 1om.om 4.
Cap : 19.00 s

UOLTAGE DISPLAY

> . COTO SUPD mMENU

nIiHn 8 NAnaasmanuvuany I s nihsdalasatuunssnan

funssnay aed Voltage = 100 kv , Gap = 10 cm , Radius = 5 cm
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ELECTRODE

ROD TO ROD

COLOR VALUE

LR Mg p RN sl

asmidn 2 Nanaasmanudnawndivitisznihdaslasauuy ROD

iy ROD TaeH Voltage = 100 kv , Gap = 15 em , Radius = 3 cm

X location:
¥ location:
Z location:

VOLTAGE DISPLAY

FRESS <F1)> GOTO SUB MEMU

nsmHn 2 Tanaasmanunandiiwisznihedanlasatuy ROD

iU ROD Taeifi Voltage = 200 kv , Gap = 15 cm , Radius = 8 cm
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om
" o

Voltage : 1900.00 v
Radius : 5.00 cm

VOLTAGE DISPLAY

PRESS <F1) GOTO SUB MEMNU

nrmidn 2 AdnaasmanuurnnInisznisdeanlasaiuy ROD

iU ROD Taef Voltage = 100 kv , Gap = 15 ¢m , Radius = 5 cm

¥ location:
¥ location:
Z location:

UOLTAGE DISPLAY

PRESS (F1)> GOTO SUB MEMU

e 2 TRuaasmanudumnuinisznhedienlasanuy ROD

i ROD e Voltage = 100 kv , Gap = 10 cm , Radius = 8 cm
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ELECTRODE
I ROD TO ROD I

COLOR VALUE

K= 108

)TO SUB mMENU

nIiHn 8 NAnaaesmanunmnd iz nhdanlasauuy ROD

iy ROD Taaf Voltage = 100 kv , Gap = 15 cm , Radius = 5 em

-
Cap © 10.0w cwm
Radius @ 3.900 cm

QOLTACE DISPLAY

armidn 8 NAnaasmanuvuann Wiz nedianlnsauuy ROD

iy ROD Taefi Voltage = 100 kv, Gap = 10 cm , Radius = 8 cm



COLOR VALURE

naidn 8 NAvassmanuvnann i rznisdaalasauuy ROD

iy ROD Taedl Voltage = 100 kv , Gap = 15 cm , Radius = 8 cm

X location:
¥ location:

2 location:

Voltage : 200.00 .
Radius : 3 .00 om

COLUK VALUE

> GOTO SUB MENMU

nIiHn 8 NAnaasmanuvua sz nhedalasanuy ROD

fiu ROD Tlaa#i Voltage = 200 kv , Gap = 15 cm , Radius = 8 cm



nrmammathiiifigala 4 Ao

TnIadninsanuy ROD s ROD

T tvmibhifigala ¢ fummyviig

wnndanlninuuy SPHERE 1y SPHERE
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YOLTAGE

namd udia arwahivila ¢ fulame
ndfevhigmanTnasisrasnuy ROD #u ROD

YOLTAGE

nad mua nrhbhila q sulame
fevlviBianlnafiswaaruy SPHERE iy
SPHERE
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nad mn3ta aeuuhidils q oo Faduea

fanlamnaweasuy ROD ¥ ROD

o7 e arvathiila 9 40 Failvea

BranlnIanaweanuy SPHERE 7y SPHERE
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sfosnouiftouniifieg 1A%l

1. nsmszomvesdadWid Gir = 200

HAN3AI14IB1U09 ABOU-SEADA

. . ve=da-a? L1}

1 /A t.C o.1 d.2 0.3 m""”")‘.'in“""u;:r " u’o.a 0.7 , c.8 2.9 lev
290.0¢ L N - ad LIS 12218 fN.988n ’ 0,973 0.9582 0."3ns 0.9176 ¢.090 0.8748 C. 2338 C.0)46
199,80 " gueend 0,902 c.ove 0.9277 0.0147 o."". " o.en2y 0.8652 | 0.0e7% 2.0333 0.8130
1994l 0.%01% [ 1e 1Y B.A950 c.08172 O.AT70 Coboa® C.0%]8 0.8371 . 6.0223 0.007¢ .('.1030
179.70 O.P8ds C.B821 f.098) 0.0521 Oomasl 0.0 C.223) 0.8115% 0709 2% 1 TYY C.T300
179,80 D.030% 0.8298% 0.8204 0.8215 o.a15¢ 0.5070 ; . 7008 nLT080 Q.7117 G.7070 C.T361
l’l':!{ D.ROLN €. 10 5.7y 0.79a% 0. 7821 C. 7029 0.77%0 0.7607 0.7579 0.7e87 C.7TV9)
179,80 Ge778% C 7788 2.7737 2.7704 0.76080 0.7608  0.7341 07473 ©.7393 0.3 0.71”'
1ev53n 0.79%% ﬂ.;\‘) G.2%16 07480 9.74%1 0. 7608 (0. 7391 n, 7201 0.7226 0.7157 [ %4~}
l'l'i?( c.?;lt '-7‘); 0.7317 0.72%) 0-771; 0. 7222 0.T17e 2.717¢ 0.7008 0.7508  © ‘C.esas
17,10 .G.Y\Q? 0. 7148 Ou710 . 'J.Yll'& 0.7089 ©0.70%% 0.7015% 0.097] P.!VZI C.ohee [ XYt Y
Jee.00 C.Lv08 D.0902 D.0971 Q.8054 O.8921 C.e901 C.one? C.0827 O.618n 0.8738 p,.'.ly

[ - - 4
HAMIAIuIUYB T YN US

POTENTIAL DISTRIBUTION IN GAP

I\R 0.0 0.t 0.2 03 0.4 05 0.6 0.7 0.8 09 1.0
200,00 1.000 0.997 0.989 0.975 0.958 0.939 0.918 0.896 0.875 0.854 0.834
199,90  0.946 0.944 0.938 0.928 0.915 0.899 0.883 0.865 0.847 0.830 0.813
199.80  0.901 0.900 0.895 0.887 0.877 0.865 0.851 0.837 0.822 0.808 0.793
199,70 0.863 0.862 0.858 0.852 0.844 0.834 0.823 0.811 0.799 0.787 0.774
199.60  0.831 0.829 0.826 0.822 0.815 0.807 0.798 0.788 0.778 0.767 0.756
199,50  0.802 0.801 0.798 0.794 0.789 0.783 0.775 0.767 0.758 0.749 0.739
199.40 0. 776 0.774 0.770 0.766 0.760 0.754 0.747 0.740 0.732 0.723
199.30 0. 753 0.752 0.749 0.745 0.740 0.735 0.729 0.723 0.716 0.709
199.20 0. 33 0.732 0.729 0.726 0.722 0.718 0.712 0.707 0.701 0.695
199.10 0. 15 0.714 0.712 0.709 0.706 0.702 0.697 0.692 0.687 0.681
199.00 0. § 0.697 0.695 0.693 0.690 0.687 0.683 0.678 0.674 0.669
198.90 0. 30.682 0.681 0.678 0.676 0.673 0.669 0.666 0.662 0.657
198.80 0. 9 0.668 0.667 0.665 0.663 0.660 0.657 0.654 0.650 0.646
198.70 0. 6 0.655 0.654 0.652 0.650 0.648 0.645 0.642 0.639 0.636

0. 4

0
g
9
8
§
§
1
1
1
1
¢
b
b
6
198.60 b 0.643 0.662 0.641 0.639 0.637 0.635 0.632 0.629 0.626

0
b
3
02
76 0.
56 0.
36 0.7
15 0.7
99 0.69
83 0.68
69 0.66
56 0.65
bh 0.64
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2. mynszowveranndvhaunyad ¢ ) 7 Gir = 200

T/ c.0
2n0.00 c.0
19e.9¢C c.C
19v.né ?.0
1ne. 70 0.7 X
109,00 G0
179.9% 6.0
139,49 T.0 T
LU 14 (2%
tee, 20 0.t
17110 “.C

179,00 N 7Y

I\R
200.00
199.90
199.80
199.70
199.60
199.50
199.40
199.30
199.20
199.10
199.00
198.90
198.80
198.70
198.60

WANISAIUINUDY ABOU-SEADA

0s=06-07
=ANTAL CUMPUNENT OF FICLD
fol (2% 4 0.4 0.5 0.7 0.8
f.0581 Jel167 Ge1938 9.10%2 0.20%0 0o 2148 o.zl’v_ 0.2100
C.ued? * J.0M3% %119 Colavt 0.181) °:l111 0.17e8 0.1Te06
0.0330 0.0438 2.0904 0.312¢ L0120 o.1)0¢ C.1059 Q.88
L7298 b.090% [APS-R 31 ] 2.00°00 B.104) C.ltse no121 0.124%
0.029% 0.0601 2.05T8 ©.97131 C. 0828 C.0930 o.1017 0.1060
b.oxao 3.0‘35. 0.0577‘ 0.000% o.070¢ e.079 n, 0060 8.0909%
[N 1%24 [ NY o.0e1 0.0300 0.059% 0.0872 0.0732 0.0777
C.0tte 0.022¢ 0.02327 0.20¢21 0.09%03 0.0872 O.0820 0.0072
€003 0100 “s.0217 0.73%7 0.0429 0.048] 0.0%43 0.0%00
penser S.010 2,023 0.0308, A 0.03e% 0.042% f.0472 0.0511
S eseara — 30108 DI04 T 0.926% 0.0320 "7 0.0370 0,608 o.gesn
.

HaMsAINVeSygfinud

RADIAL COKPONERT OF BLBCTRIC FIBLD (Er)

0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
00 0.058 0.111 0.154 0.185 0.205 0.214 0.216 0.212 0.203 0.193
00 0.043 0.083 0.117 0.143 0.161 0.172 0.177 0.177 0.173 0.167
0 0.033 0.064 0.091 0.113 0.129 0.140 0.146 0.148 0.147 0.144
0 0.026 0.050 0.072 0.090 0.104 0.115 0.121 0.125 0.126 0.125
0 0.021 0.040 0.058 0.073 0.086 0.095 0.102 0.106 0.108 0.108
00.017 0.033 0.047 0.060 0.071 0.080 0.086 0.090 0.093 0.094
0 0.014 0.027 0.039 0.050 0.059 0.067 0.073 0.078 0.081 0.083
011 0.022 0.033 0.042 0.050 0.057 0.063 0.067 0.070 0.073
10 0.019 0.028 0.036 0.043 0.049 0.054 0.058 0.062 0.064
08 0.016 0.024 0.031 0.037 0.042 0.047 0.051 0.054 0.057
70,014 0.020 0.026 0.032 0.037 0.041 0.045 0.048 0.050
6 0.012 0.018 0.023 0.028 0.032 0.036 0.040 0.043 0.045
50.010 0.015 0.020 0.025 0.029 0.032 0.035 0.038 0.040
50.009 0.014 0.018 0.022 0.025 0.029 0.031 0.034 0.036
4 0.008 0.012 0.016 0.019 0.023 0.026 0.028 0.031 0.033

0.0
0.0
0.00
0.00
0.00
0.00
0.00
0.
0.
0.
0.
0.
0.
0.
0.

0.
000 0.
000 0.0
000 0.0
000 0.00
000 0.00
000 0.00
000 0.90
090 0.00

9

0.9
0.2034
0.1728
OelaTr2
©.12%8
d.1Q30
0.0332
0.0n08
0.2704
C.0816
0. 0542

T0.0879

t.0

[£352 11

0.1867
0.0643
0.1200
0. 1088
€.0%¢4
€07
c.072%
¢.0639
0.0%68

.03
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3. mynszowvesawi Ivhn iy Z 9 Gir = 200

HANISATUINYDY ABOU-SEADA

04-08vs
) : : . SXIAL COWPONENT OF KIFLD -
Trn 00 3.1 0.2 < .0.3 0.t 0.9 t.? c.8 ot U
V0.5 0002 baml0 5349 . 03131 0.eear 0.4103  G.3ene %3226 6.2010 _  O.2ea8
! 19,90 0.6 0Bz f.eamh 0,475 0.4081 - D.re1e 61301 L LI B T I WO
TR0 C.alla O.anTs Bdas2 0370 0,317 0.3268 c.zeez o.nm 9.2018 _ e.a170
1T 03S28 eadaam . 2.0438 T 032em 0.308YT  0.2ass 0.2esé 2240 S 0.202¢
. 1%e0 )?:?o.: 0.\961. L0291 L 0.2A7t Y 0.7 ‘0.2970 " f"‘?’ 0.22% o:aoou =t: o.18s
19933 2.2691  A.2eTe T D.2a26 0.23a%  0.2042  0.2320 0.7186  0.2068 001905 o.17e7
e T by e a2 enms 0.2v o.zoee To.fesz  o.iaty 01763 o.1ses
Ivae T 9l e2ize bazo 2.20em 0.9 6.1708 4 8.13227 04730 0.1638 0,180
120220 0.1927 C.1%18 2,189 RLISST  0.1806 O.1%es . O.leTe  0.1%48 0.1520 0.163e
VIR DTS 0TAY CaT2e Mee) €107 0i1e81  0.1%e8  Bules? 6.lete  o.13e8
‘o.3rr sanz o.ares

1o 00 0.1597 0.19492 C.1877 0.1%82 Colold O.1e77

C. 1429

I\R

200.00  0.590 0.581 0.555 0.516 0.469 0.418 0.369 0.322 0.281 0.245 0.214
199.90°  0.488 0.482 0.465 0.438 0.404 0.367 0.330 0.294 0.261 0.231 0.205
199.80  0.412 0.408 0.395 0.376 0.352 0.325 0.296 0.268 0.242 0.217 0.195
199.70 0.353 0.350 0.341 0.327 0.309 0.288 0.267 0.245 0.223 0.203 0.184
199.60  0.306 0.304 0.298 0.287 0.274 0.258 0.241 0.223 0.206 0.189 0.174
199.50  0.269 0.267 0.262 0.255 0.244 0.232 0.219 0.205 0.190 0.177 0.163
199,40 0.239 0.237 0.234 0.227 0.219 0.210 0.199 0.188 0.176 0.165 0.154 °
199,30 0.214 0.213 0.210 0.205 0.198 0.191 0,182 0.173 0.164 0.154 0.145
199.20  0.193 0.192 0.189 0.186 0.181 0.174 0.167 0.160 0.152 0.144 0.136
19910 0.175 0.174 0.172 0.169 0.165 0.160 0.154 0.148 0.142 0.135 0.128
199.00  0.160 0.159 0.158 0.155 0.152 0.148 0.143 0.138 0.132 0.126 0.121
198,90 0.147 0.146 0.145 0.143 0.140 0.137 0.133 0.128 0.124 0.119 0.114
198.80  0.135 0,135 0.134 0.132 0.130 0.127 0.124 0.120 0.116 0.112 0.107
198.70  0.125 0.125 0.124 0.123 0.121 0.118 0.116 0.112 0.109 0.105 0.102
198.60  0.117 0,116 0.116 0.114 0.113 0.111 0.108 0.106 0.103 0.100 0.096

[ - ) 4
Nnﬁﬁﬂ1u1mﬂ0§ﬂimm1uwu5

AITAL COMPOFERT OF BLBCTRIC PIELD (Bz)
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1.0
C.214)

© 0.2090

. C.lwas

[N
o.inst
cllofs'
0.1831-
C.lees
C.1)99
o.1200
0.1208
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4 \l %! an o wl?‘sy da
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#include <math.h>

#include <alloc.h>

#include <conio.h>

#include <stdio.h>

#include <stdlib.h>

#include "f:\sdk\svgadrv\driver\screen.c" /% $W1971IWE screen.c ,evel.c, */
#include "f:\evel.c" /* stos.c t¥wnsusunsuvandie %/

dde gB
#include "f:\stos.c" /% IAusTyYRuMmiaRiividuueg %/

void sub_shapell(int *i,int xl,int yl,char *hl);
void sub_shapel(int *i,int x1,int yl,char *h,char *hl);
void sub{int *i,int x1,int yl,char *hl,int ql);
void sub_displayl(int *i,int x1,int yl,char *h,char *hl);
void sub_displayll(int *i,int x1,int y1,char *hl,int *answer);
void sub_displayl2(int *i,int x1,int yil,char *hl,int *answer);
int sub_run(int x1,int y1);
void get_num(int cond,int x,int y,char *ch,double *ans,char sss[18],int *dig);
void gef_xyz(int X,int y,char *ch,int *ans,char sss[],int *dig);
void findE(int cond,int x0,int yO,char *h,double radius,double g,double™Qx,
double kv);
void text(char charac,int number,int x,int y,int color);
void location(int *x1,int *x2,int *x3,int *y0,int *yl,int *y2,int *y3,
int *y4,int *yS,int *y6,int *y7,int *y8,int *y9);
void locat_num(int *xlg,int *x2g,int *x1v,int *x2v,int *xlr,int *x2r,
int *ylrs,int *y2rs,int *ylrr,int *y2rr,int *ylgv,int *y2gv);
void centertext(int numchar, int *delx,int *dely);
int centerhor(int wideframe);
void PIc2D(double kv,double g,double radius,int s,double *Qx);
void PIc3D(double emax,double g,double radius,int s,double *Qx);

int findcolor(double e);



void sed(int n);

void sedl(int k);

void sphere(double radius,double g);

void rod(double radius,double g);

void framel();

void axis();

void plgl(double x,double y,double z.double radius,double g,double vmax,
int s);

void plg2(double x,double y,double z,double radius,double g,double vmax,
int s);

void plg3(double x,double y,double z,double radius,double g,double vmax,
int s);

void settablel();

void puttable(int order,int r, int g, int b);

#define SHAPE O
#define GAP 3
#define VOLT 2

#define DISPLAY 1

#define UPPER O

#define LOWER 1

#define SPHERE O
#define PLANE 2

#define ROD 1

#¢define IMAGE O

#define GRAPH 1



#define YES 1

#define NO 0

int table256[3500][3],table448{5121{3],j[10000];
double aspect=500./1200;

double x01,y01;

int digit=5,point=3;

int blankttoi=10;

int x=0,y=400, /% set location of menu */
width=30, length=100, /% set bar %/
blankx=0.blanky=15, /* set blank between bar in submenu %/
between=20, /* set blank between submenu */
fblankx=5,fblanky=5, /% set blank between frame and bar in submenu *
framewidth=40, /% set width of get_num */
frameblankx=15, /* set blank between text and frame in get_num x/
fbetweenx=40, fbetweeny=50; /* set blank between get_num and submenu x/

int colordel=0,
colorin=235,
colorval=236,
coiorbar=257,
colortext=238,
colortswap=239,
colorframe=240;

int x00=430,y00=0,

width00=17;

void main()

{

double Qx;



double volt = O.gap = O;
double up_rsphe = 0,lo_rsphe = 0;
double up_rrod = 0,lo_rrod = 0;

int display = 0,up_shape=0, lo_shape=0;

char chl=0,ch3=0,ch5 = 0; /% second byte of key */
char ch=0,ch01 = 0; /* first byte of key */
char srp=0,ch02=0; /* first byte of key */

int z = 0,a = 0,s = 03
int al = 0,s1 = 0,s52=0;
char sgap[18],svolt[18];
char s_upsphe{18],s_losphe[18];
char s_uprod[18]},s_lorod[18];
int dgap=0,dvolt=0;
int d_upsphe=0,d_losphe=0;
int d_uprod=0,d_lorod=0;
int x1,x2,x3,y0,y1,y2,y3,¥4,Y5,y6,¥7,¥8,¥9;
int xgl,xg2,xvl,xv2,xrl,xr2,yrsl,yrs2,yrrl,yrr2,ygvl,ygv2;
int run=0;
int xx0,yy0;
char stri[8]; /% use in sprintf() */
double radius;
if(topengraph()}) {
printf("Not installed driver");
exit(0); }
setdac(0,0,0,0);
setdac(235,250,0,0); setdac(236,0,250,0);
setdac(237,0,0,250); setdac(238,250,250,0);
setdac(239,0,250,250); setdac(240,250,250,250);
location(&x1,&%2,&x3,&y0,&y1,&y2,&y3,&y4,&Y5,&y6,&y7,&y8,8y9) ;

locat_num(&xgl,&xg2,&xvl,&xv2,&xr1,&xr2,&yrsl,&yrs2,&yrr1,&yrr2,&ygvl.&ygvz);



framel();

xx0 x00 + width00/2;

yy0 = y00 + width00/2;

11

frame (x00,y00,x00+202,y00+6%¥width00,colorframe);
frame(xOO,y00+6*width00,x00+202,y00+8*width00,colorframe);

frame (x00,y00+8%width00,x00+202,y00+10%width00,colorframe);

frame (x00,v00+10%width00,x00+202,y00+12%width00,colorframe);
line(xOO,y00+7*width00/2,x00+202,y00+7*width00/2,colorframe);
line(xOO,y00+7*width00/2+1,x00+202,y00+7*width00/2+1,colorframe);
1ine(xOO,y00+7*width00/2+2.x00+202,y00+7*width00/2+2.,olorframe);
outtextxy(xx0+20,yy0+9*width00/2,colortext, "Emax = kv/cm'):
outtextxy(xx0+44,yy0+7*width00/2,cciortext,"E = kv/cm");

box(430,265,632,470,colorval);

outtextxy(xx0,yy0.colortext,"X location: cm");
outtcxtxy(xx0,yyO+width00,colortext,"Y location: cm")
outtextxy(xx0,yy0+2*width00,colortext,"Z location: cm");
outtextxy(xx0+9,yy0+13*width00/2,colortext,"Voltage : kv'");
outtextxy(xx0+41,yy0+17*width00/2,colortext,"Gap : cm");
outtextxy(xx0+17,yy0+21*width00/2,colortext,"Radius : - cm");

outtextxy(xx0+92,yy0+13*width00/2,colortswap,"0.00");
outtextxy(xx0+92,yy0+17*width00/2,colortswap,"0.00");

out textxy(xx0+92,yy0+21*width00/2,colortswap,"0.00");

JERERERKRRKRRE KRR R RKREE KKK KK/
frame (x00,y00+13%*width00,x00+202,y00+15*width00,colorframe);
box(x00+63,y00+13*width00—5,x00+142,y00+13*width00+5,colordel);

outtextxy(x00+68,y00+13*width00-4,colortext, "ELECTRODE") ;

/**************************/

outtextxy(1,460,colorin,"PRESS <F10> TO EXIT");



do {

ch = 03
srp = 03
ch02 = 0O:
chS = 0;
ch3 = 0;

if(chl == 59 || chl == 68)
chl = 0;

outtextxy(170,460,colortext,"PRESS <F1> GOTO SUB MENU") 3

sub(&z,X,y,&ch,chl); /% sub -> x,y,x3,y0 */
if(ch == 13 || chl == 1 chl == 77)

{
if(ch == 13)
box(3,3,407,377,colordel); /* delete picture *)
if(z == SHAPE)

{
do{

sub_shapel(&a,x,yZ,&chl,&chOl); /* sub_shapel -> x,y2,x1,yl %/

if(ch01 == 13) /* sub_shapel —> X,y5,x1,y3 x*/
{
do {
sub_shapel1(&s,x,y5,&srp);
if(srp == 13)
{

if(a == UPPER) {

up_shape S;

lo_shape S}



if(s == SPHERE)
get_num(z,xrl,yrsl,&chS,&up_rsphe,s_upsphe,&d_upsphe);
else if(s == ROD)
get_num(z,xrl,yrrl,&chS,&up_rrod,s_uprod,&d_uprod);
else

break; 1}

&
/¥%% aususunsuiitge Tufevidarudiedneiwsiedianinsa L nllounu

/* else if(a == LOWER) {
lo_shape = s;
if(s == SPHERE)
get_num(z,xrl,yrsl,&ch5,&1o_rsphe,s_losphe,&d_losphe);
else if(s == ROD)
get_num(z,xrl,yrrl,&chS,&lo_rrod,s_lorod,&d_lorod);
else
break; }

*/

}
} while(srp != 27 && srp != 59 && srp != 68 & chS != 13
&% ch5 !'= 59 && chS5 != 68);

if(chs == 13) {

*xkk [

box(x00+5,y00+14*width00—5,x00+197,yOO+15*widthOO—5,colordel);

if (up_shape == SPHERE)

out textxy(x00+40,y00+14*width00-3,colortswap, " SPHERE TO SPHERE" ) ;

if(lo_shape == ROD)

out textxy(x00+66,y00+14*%width00-3,colortswap, "ROD TO ROD"); }



box(x+3,y5,x1,y3,colordel); /% delete all box of sub_shapell */

}
} while(chO1 != 27 && chl != 77 && chl != 75 && chl != 59 && chl != 68
&% sTp !'= 59 && srp !'= 68 && chS '= 59 && ch5 != 68);
box(x+3.y2,x1,y1-2,colordel); /% delete all box of sub_shapel
}
else if(z == DISPLAY)
{

do { /% sub_displayl -> x2.v¥2,x3,y1 *
sub_displayl(&al,x2,y2,&chl,&ch01);

if(ch0l == 13)

{
if(al == IMAGE)
{
do {
sub_displayl1(&s1,x2,y4,&ch02,&display); /% if display = 0, it’ s 2-
if(ch02 == 13)
run = sub_run(x2,y7);
} while(chO2 != 27 && ch02 != 59 && ch02 != 68 && run != YES
&& run !'= -1 && run != —2);
box(x2,v4,x3-2,y3,colordel); }
else if(al == GRAPH) {
do {

sub_display12(&s2,x2,y5,&ch02,&display);

if(ch02 == 13)

run = sub_run(x2,y9);

} while(ch02 != 27 && ch02 != 59 && ch02 != 68 && run != YES
& tun != -1 && run != -2);

box(x2,y5,x3-2,y3,colordel); }

}



} while(chO1 !'= 27 && chl != 77 && chl != 75 & chl != 59 && chl != 63

&& ch02 '= 59 &&% ch02 != 68 && run != YES && run != -1
&& run !'= -2);
box(x2,y2,x3-2,y1-2,colordel); /% delete all box of sub_displs

else if(z == VOLT) {

get_num(z,xvl,ygvl,&chl,&volt,svolt,&dvolt): /* get voltage value */
box(xx0+92,yy0+13*width00/2,xx0+157,yy0+13*width00/2+10,colordel);
sprintf(stri,"%4.21f",volt);

outtextxy(xx0+92,yy0+13*width00/2,colortswap,stri); }

else if(z == GAP) {

get_num(z,xgl,ygvl,&chl,&gap,sgap,&dgap); /% get gap length %/
box(xx0+92,yy0+17*width00/2,xx0+150,yy0+17*width00/2+10,colordel);
sprintf(stri,"%3.21f",gap);

outtextxy(xx0+92,yy0+17*width00/2,colortswap,stri); }

if (run == YES)

{

run = NO;

if (up_shape == SPHERE && lo_shape == SPHERE)
radius = up_rsphe;

else if(up_shape == ROD && lo_shape == ROD)
radius = up_rrod;
box(170,460,428,470,colordel);

outtextxy(340,460,colortext,"< WAIT! >");

switch(display) {
case 1 : PIc2D(volt,gap,radius,up_shape,&Qx); break; /xS 1A waDaifi*/

case 2 : Plc3D(volt,gap,radius,up_shape,&Qx); break; /*ﬁ%ﬂﬁﬂWNﬁﬂuﬁﬁ*/



/* 119NS ISR ﬁﬂﬁuﬁﬂﬁﬂﬁﬂﬁ@ﬂ1ﬂ 9 fu Traimafides q 1udouly %/
case 3 : box(430,265,632,470,colorval);
axis();

plg2(x01,y01,x01,radius,gap,volt,up_shape); break;

/% 1ANSINSEAINN ﬁﬁﬁuﬂnﬁwﬁwﬁgﬂﬂﬂ q fiy Srflveedioninsafido q 1uRuuly */
case 4 : box(430,265,632,470,colorval);
axis();

plg3(x01,y01,x01,radius,gap,volt,up_shape); break;

/% AT MSENING Aduiwihiigaia 9 fiu STuEmINsenined Laninsafidos o 1U8uwly %/
case 5 : box(430,265,632,470,colorval);
axis();

plgl(x01,y01,x01,radius,gap,volt,up_shape); break; }

}

if(ch == 59 || chl == 59 || ch02 == 59 || run == -1 !| srp == 59
i1 ch5 == 59) {

box(170,460,428,470,colordel);

frame(x,y,x3,y0,colorframe);

/+ Amdauniwiniyaia 9 wdeuiefuaneirfinmoatdacwuseday =/

findE(up_shape,x00,y00,&ch3,radius,gap,Qx,volt);

box(170,460,428,470,colordel);
run = NO; }
} while(ch != 68 && chl != 68 &% ch02 != 68 && run != -2 && srp != 68

&& ch5 != 68 && ch3 !'= 68);



closegraph();

void PIc3D(double emax,double g,double radius,int s,double *Qx)

{
register i,T; /% defigudoudng =/

int color,ordercolor,m,1,n,e2; /% MANMEER  */
double e,a,b,al,x,y,z,x1,yl,er,error,el;
char ch,tre[10];

int ycol;

for(i=0;i<234;i++)

{
setdac(i,0,0,0);
}
if(s==0){

Q=(double *)calloc(2, sizeof (double));
initial Q StoS(g,radius,Qx,&error);}
else{
Ql=(double *)calloc(9, sizeof(double));
initialQ(g/radius,1);}
settablel();
1=0;
a = cos(-1.3813); /* qwﬁﬂ%ﬂunﬂswguunu z (%q%aawnﬁnaa)1u 30 a9 iy */
/% uUnUu z 16y (nuu1ﬂ1uﬁﬁnqoaanawnﬁ1 %/
/% g5 mElif 90 -V -> 0 */
for (y=g;y>0;y--){
yl = y/radius;

for(x=150;x>0;x~-)



x1 = x/radius;
z = X1;
if(s==1){

e = Exyz(xl,yl,z);}

else{

el = Exyz_StoS(x1,y1,z,*Qx);

e = el/Exyz_StoS(0,g/radius,0,*Qx);}
er = e¥emax;

ordercolor=findcolor(er);

j[1] = ordercolor/2.2;
table256[j[111[0]=tabled448[ordercolor]{0];
table256[j[1}]1[1]=table448[ordercolor][1];

table256{j[1]1{2]=tabledd8{ordercolor][2];

for(al=0jal<x;al++){

o
]

sqrt(x*x - al*al);

[on
1

b*a;

A o -
putpixel (a1+205,-b+190+y+g, j[11); /* 21A9Adatuusn toIH i ianmaIuild */

putpixel (-a1+205,-b+190+y+g, j{1]);

box(430,265,632,470,colorframe);
/* g&ramwiauuiasiivawii finandieey Ao 990 0 -> +V x/
for(y=1;y<=g;y++){

m=1 - y¥150;ycol=0;



for (x=150:x>0;x--)
{
for(al=0;al<x;al++){

b

1]

sart(x*x - al*al);

b = b*a;
putpixel(a14205,-b+190-y+g+2, j[m]);
putpixel(-al+205,-b+190-y+g+2,j[m]);
}

if (y==g){

line(455+ycol,380,455+ycol,395,j{ml);

m++;ycol++;}}

sed(n);
outtextxy(340,460,colordel,"< WAIT! >");
if(s==0){
sphere(radius,2*g);}
else{
rod(radius,2*g);}
if(s==1){
e = Exyz(0,g/radius,0);}

else{

e Exyz_StoS(0,g/radius,0,*Qx);}

er = exemax;

e2 100%*er/20;
if(e2>=100)

e2 = 100;

outtextxy(490,300,colorin,"COLOR VALUE");

sprintf(tre,"%3d",e2);



outtextxy(601,370,colorval,tre):
outtextxy(585,370,colorval,"E=  %"):

outtextxy(440,370,colorval,"E=0%");

/% Sefguiindunsadreanmdoiii +/
void PIc?D(double kv.double g.double radius.int s.double *Qx)
{
register i.k,r:
int color.ordercolor,d,e2:
double E.x.v.z,x1,Er.error.El:
char ch,tre[10];

int vcol;

for(i=0:1<235;i++)

{
setdac(i.0,0,0);

}

if(s==0){

Q=(double *)calloc(2, sizeof(double));
initial Q StoS(g,radius,Qx,&error);}
else{
Ql=(double *)calloc(9, sizeof(double));
initialQ(g/radius,1);}
settablel();
k=0;y=g/radius;
for (x=0;x<150;x++)
{

x1 = x/radius;

z = X1;



if (s==1)
E = Exyz(x1,y,2);
else{
El = Exyz_StoS(x1,y,z,%Qx);
E = E1/Exyz_StoS(0,g/radius,0,%Qx);}
Er = E % kv;
ordercolor=findcolor(Er);
table256[k][0]=table448[ordercolor]{0];
table256[k][1]=table448[ordercolor][1];
table256[k][2]=table448[ordercolor]{2];
circle(205,190,2*x/3,aspect,k):
k++;
}
sedl(k);
outtextxy(340,460,colordel,"< WAIT! >");
box(430,265,632,470,colorframe);
outtextxy(490,280,colorin,"COLOR VALUE");
for(ycol=0;ycol<150;ycol++)
line(605-ycol,380,605~ycol,395,ycol);
if(s==1){

E = Exyz(0,g/radius,0);}

else{

E = Exyz_StoS(0,g/radius,0,%Qx);}
Er = E¥kv;

e2 = 100%Er/20;

if(e2>=100)

e2 = 100;

sprintf(tre,"%3d",e2);
outtextxy(601,370,colorbar,tre);

outtextxy(585,370,colorbar,"E=  %");



outtextxy(440,370,colorbar,"E=0%");

‘v A

/% Wansufrdauns 1fivud  x/
int findcolor(double e)
{
double x;
int order;
x=(30-1.5%e)*35.5/2.2;
order = (int) x;
if (order<=0) order = 0;
if (order>=511) order=511;

return order;

a

/¢ Adunsiddaammnadifiiindontude ndrefuusd e dnmuadnd  x/

void sed(int n)

{
int i;
for (i=0;i<n;i++)
{
setdac(jlil,table256[j[i11[0],table256[j[i]1]1[1],table256[j[i]1]1[2]);
}
setdac(255,255,255,255);
setdac(0,0,0,Q);
}

/% 1$1un151 438 wunnde AR fndontuud19 nd e CI N mundn g */
void sedl(int k)

{



int i;
for(i=0;i<k;i++)
{
setdac(i,table256[i]1[0],table256[1]1{1],table256[i]1[2]);
}
setdac(255,255,255,255);

setdac(0,0,0,0);

/% addurunsadianinsefifunsenan */
void sphere{double radius,double g)

{

int temp_r,d;

if (radius == 1)
temp_r=5;
élse
if (radius >= 20)
temp_r=25;
else

temp_r=radius+5;

floodcircle(205,180,temp_r,aspect,255);
floodcircle(205,190+temp_r+g,temp_r,aspect,255);
for(d=0;d<40;d++){
xpixel (205, 180-temp_r-d,255);
xpixel (205,d+g+2*temp_r+180,255);}
outtextxy(197,180-temp_r-54,255,"+V");
outtextxy(197,47+g+2%temp_r+190,255,"-V");

line(370,180+temp_r,375,180+temp_r,255);



outtextxy(390,180+temp_r-7,255,"0V");

/% Wadtulunsnedieaiasail fuguuie +/
void rod(double radius,double g)

{

int tempr,d,X;

tempr = radius+5;

floodcircle(205,180, tempr,aspect,255);
floodcircle(205,190+tempr+g, tempr,aspect,255);
box(203—tempr,180—g,207+tempr,180,colorframe);
box(203—tempr,190+tempr+g,207+tempr,190+tempr+2*g,colorframe);
outtextxy(197,185-g-16,255,"+V");
outtextxy(197,185+tempr+2%g+8,255,"-V");
line(370,185+tempr/2,385,185+tempr/2,255);
outtextxy(390,185+tempr/2+g-7,255,"0V");

}

s+ adfufadansousufudaenmandifuasdoedl =/
void framel()
{
int x,¥y;
for(x=0,y=1;x<410;x++)
xpixel(x,y,240);
for(y=0,x=1;y<380;y++)
xpixel(x,y,240);
for(x=0,y=380;x<410;x++)
xpixel(x,y,240);

for(y=0,x=410;y<380;y++)



xpixel(x,y,240);

void axis{)
{
1ine(450,290,450,450,colorin);

line(450,450,620,450,colorin);

/% a5 sEring dduwriwihiigaia 9 My szuemesendnedianinsafifey q Uduwly x/
void plgl(double x,double y,double z,double radius,double g,double vmax,

int s)
double e,f,el,error,Qx,x1,x2,y1,y2,a=0;

outtextxy(340,460,colordel,"< WAIT! >");
outtextxy(447,277,colorin,"E");
out§extxy(581,455,colorin,"GAP");
for(f=g;f<150;f++){

if (s==ROD){

Ql=(double *)calloc(9, sizeof(double));
initialQ(f/radius,1);

e = Exyz(x/radius,y/radius,z/radius);}
else if(s == SPHERE){
initial_Q_StoS(f,radius,&Qx,&error);

e = Exyz_StoS(x/radius,y/radius,z/radius,Qx);}
el = e*vmax;

if (a==0)

if(s==1){



x1 f+445;y1 = 450-6%el;
X2 = x13y2 = yl;

at+;}

else {

x1 ='f+445;y1 = 450-el/1.5;

n

x2 = X1;y2 = yl;

at++;}
else
if(s==1){

x2 = f+450;y2 = 450-6%el;}

else{

x2 = f+450;y2 = 450-e1/1.5;}

line(x1,y1,x2,y2,colorin);

x1=x2;yl=y2;}

/% IANTINGENINN fhau'm‘lwﬁ'lﬁ@ﬂ‘m q iy Srateefisos 9 1UAuwly */
void plg2(double x,double y,double z,double radius,double g,double vmax,

int s)
double e,f,el,Qx,error,x1,x2,y1,y2,a=0;

outtextxy(340,460,colordel, "< WAIT! >");
outtextxy(447,277,colorin,"E");
outtextxy(581,455,colorin,”"VOLT" };
if(s==ROD){

Ql=(double *)calloc(9, sizeof(double));
initialQ{g/radius,1);

e = Exyz(x/radius,y/radius,z/radius);}

else if(s==SPHERE){



Q=(double *)calloc(2, sizeof{(double));
initial_Q_StoS(g,radius,&Qx,&error);
e = Exyz_StoS(x/radius,y/radius,z/radius,Qx);}

for ( f=0 s f<=vmax ; f++) {

el = exf;

if(a==0) {

if(s==1){

x1 = f+440;y1 = 420-el;
x2 = x1;y2 = yl;

at++;}

else {

x1 = f+440:y1 = 420-el/2;
X2 = x13y2 = yi;

a++;} }

else {

if(s==1){

x2 = f+440;y2 = 420-el;}

else{

x2 = f+440;y2 = 420-el1/2;}}

line(x1,y1,x2,y2,colorin);

x1=x2;yl=y2;}

/% MANTMsENINN Mrauiwihiigale 9 v Selveedianiaseafidos 9 1ufouly =/
void plgé(double X,double y,double z,double radius,double g,double vmax,
int s)

double e,f,el,error,Qx,x1,x2,y1,y2,a=0;

outtextxy(340,460,colordel,"< WAIT! >");



outtextxy(447,277,colorin,"E");
outtextxy(581,455,colorin,"RADIUS");
for(f=1;f<20+radius;f++){

if (s==ROD){

Ql=(double *)calloc(9, sizeof(dpuble));
initialQ(g/f,1);

e = Exyz(x/f,v/f,z/T);}

else if(s==SPHERE){

Q=(double *)calloc(2, sizeof(double));
initial_Q_StoS(g,f,&Qx,&error);

e = Exyz_StoS(x/f,y/f,z/f,Qx);}

el = e¥vmax;

if (a==0)

if(s==1){

x1 3%f+425;y1 = 415-3%el;

x2 = x1;y2 = yl;

at+;}

else {

x1 3%f+425;y1 = 415-el/1.5;

x2

x1;y2 = yl;
att;}

else

if (s==1){

x2 = 3*%f+425;y2 = 415-3*el;}

else{
x2 = 3*f+425;y2 = 415-el1/1.5;}
line(x1,y1,x2,y2,colorin);

x1=x2;y1=y2;}



/% d¥remstanasginvesi il 9 15idend i fosdianatd s/

void settablel()

{

int ng,k;

puttable(0,0,0,0);
for(i=1;1<64:i++)
{
j=2%1+20;
puttable(i,j,0,0);
}
for(i=0;1i<64;i++)
{
j=3%i+60;
k=3*i+60;

puttable(i+128,j,k,0);

for(i=0;i<64;i++)
{
j=3%i+60;k=3%i+20;
puttable(i+64,j,k,0);

}

for(i=0;i<64;i++)
{
j=4*1+9;
puttable(i+192,0,j,0);
}

for(i=0;i<64;i++)



j=3*i+40;k=4%149;

puttable(i+256,j,0,k);

}
for(i=0;1i<64;i++)
{
J=4*149;

puttable(i+3éo,0,0,j);
_ }
for(i=0;i<64;i++)
{
j=3%1+30;
puttable(i+384,0,j,j);
}
for(i=0;i<64;i++)
{
j=T%i/3+100;
puttable(i+448,j,3,J);

}

void puttable(int order,int r, int g, int b)
{

table448[order][0]=r;

tabled448[order}[1]=g;

table448{order}[2]=b;

}

void findE(int cond,int x0,int y0,char %*h,double radius,double g,double Qx,



double kv)
{
char ch7;
char hl;
char lastx[5],lasty[5].lastz[5];
int xdig=0,ydig=0,zdig=0;
int xlocate=0,ylocate=0,zlocate=0;

int i,s;

double e=0.0,emax=0.0;
int z1l,width=17;

char stre[10],stremax[10];

int X,y;
x = x0 + width/2;
y = y0 + width/2;

frame(x0,y0,x0+202,y0+6*width,colortswap);
frame(x0,y0+6*width,x0+202,y0+8%width,colortswap);

frame (x0,y0+8*width,x0+202,y0+10*width,colortswap);
frame(x0,y0+10*width,x0+202,y0+12%width,colortswap);
line(x0,y0+7%width/2,x0+202,y0+7*width/2,colortswap);
line(x0,y0+7*width/2+1,x0+202,y0+7*width/2+1,colortswap);
line(x0,y0+7*width/2+2,x0+202,y0+7*width/2+2,colortswap);
outtextxy(170,460,colortext,"PRESS <F2> GOTO MAIN MENU");
box(x+92,y+9*%width/2,x+148,y+9%width/2+9,colordel);

*h = 0;

hl = 13;

do {

if(h1 == 13)

{

i=0;



box (x+92,y+7*width/2,x+148,y+7*width/2+9,colordel);

outtextxy(x,y,colortswap,"X location: cm" )
outtextxy(x,y+width,colortext,"Y location: cm");
outtextxy(x,v+2*width,colortext,"Z location: cm" )

get_xyz(x+105,y,&ch7,&xlocate, lastx,&xdig);
do {
if(eh7 == 72) {
switch(i) {

case 2: outtextxy(x,y.colortswap,"X location:

outtextxy(x,y+width,colortext,"Y location: cm');

get_xyz(x+105,y,&ch7,&xlocate, lastx,&xdig);

break;

case 1: outtextxy(x,y+width,colortswap,"Y location:
outtextxy(x,y+2*width,colortext,"Z location:
get_xyz(x+105,y+width,&ch7,&ylocate,lasty,&ydig);
break;

case 0: outtextxy(x,y+2*width,colortswap,”Z location:
outtextxy(x,y,colortext,"X location: cm");
get_xyz(x+105,y+2*width,&ch7,&zlocate, lastz,&zdig); }

i=(i+1)%3;}

if(ch7 == 80) {

i=(i+2)%3;

switch(i) {
case 0: outtextxy(x,y,colortswap,"X location:
outtextxy(x,y+2*width,colortext,"Z location:
get_xyz(x+105,y,&ch7,.&xlocate, lastx,&xdig);
break;

case 2: outtextxy(x,v+width,colortswap,"Y location:

cm");

cm");

cm");

cm");



outtextxy(x,y,colortext,"X location: cm");
get_xyz(x+105,y+width,&ch7,&ylocate,lasty,&ydig);

break;

case 1: outtextxy(x,y+2*width,colortswap,"Z location:

outtextxy(x,y+width,colortext,"Y location:

get_xyz(x+105,y+2*width,&ch7,&zlocate,lastz,&zdig); }}

} while(ch7 !'= 27 && ch7 != 60 && ch7 !'= 68);

if(ch? == 27)

{

switch(i) {
case 0: outtextxy(x,y,colortext,"X location:
break;
case 2: outtextxy(x,y+width,colortext,”Y location:

break;

case 1: outtextxy(x,y+2*width,colortext,"Z location:

x01 = xlocate/radius;
z1 = x01;

y0l = ylocate/radius;
if(cond;=ROD){ \

Exyz(x01,y01,21);

e

e = e¥kv;

emax = Exyz(0.0,g/radius,0.0);

emax*kv;}

emax

else if(cond == SPHERE){

e = Exyz_StoS(x01,y01,z1,Qx);

e = exkv;

emax = Exyz_StoS(0.0,g/radius,0.0,Qx);
emax = emax¥kv;}

sprintf(stremax,"%4.21f",emax);

cm");
em');
cm");
cm");
cm"); }



outtextxy(x+92,y+9*width/2,colortswap,stremax);
sprintf(stre,"%4.21f",e);

outtextxy(x+92,y+7*width/2,colortswap,stre); }

}
if(ch7 !'= 60 && ch7 != 68) {
hl = getch();
if(hl == 0)

*h = getch(); }

} while(*h !'= 60 & *h != 68 &% ch7 != 60 && ch7 != 68);
if(*h == 60 || ch7 == 60) {
frame(x0,y0,x0+202,y0+6*width,colorframe);
frame(x0,y0+6*width,x0+202,y0+8%width,colorframe);
frame (x0,yO+8*width,x0+202,y0+10%width,colorframe);
frame(x0,y0+10*width,x04202,y0+12*width,colorframe);
line(x0,y0+7%width/2,x0+202,y0+7*width/2,colorframe);
line(x0,y0+7*width/2+1,x0+202,y0+7%width/2+1,colorframe);
line(x0,y0+7*width/2+2,x0+202,y0+7*width/2+2,colorframe); }
if(ch7 == 68)

*h = ch7;

void sub_shapeil(i,x1,yl,hl)

char *hl;

int *i,x1,y1;

{

int dx1,dx2,dx3,dy; /% set location of text */
int x,y;

char h;

Xx = x1 + fblankx;



sss[0] = 0’
box(x,y,x+9%b,y+8,colordel); } }

for(n=0;n<*dig;n++)

text(sss[n],n,x,y,colorval); }

if(c == 27)

*ch = c;

} while(c != 27 && *ch '= 72 && *ch '= 80 &% *ch !'= 60 && *ch != 68);
box(x,y,x+9%(ndigit+1),y+8,colordel);

for(n=0;n<*dig;n++)

text(sss[n],n,x,y,colorval);

void text(charac,number,x,y,color)

char charac;

int number,x,y.color;

{

switch(charac) {
case ’0’:outchar(9%number+x,y,color,'0’);break;
case '1’:outchar(9*number+x,y,color,’1’);break;
case ’'2’:outchar(9*number+x,y,color.’2’);break;
case '3’:outchar(9*number+x,y,color,’3’);break;
case ’4’:outchar(9*number+x,y,color,’4’);break;
case ’'5’:outchar(9*number+x,y,color,’5’);break;

case '6’:outchar(9*number+x,y,color,’6’);break;



v = y1 + fblanky;
box(xl,yl,x1+2*fblankx+1ength,y1+2*fb1anky+2*b1anky+3*width,colordel);
frame(xl,yl,x1+2*fb1ankx+length,y1+2*fb1anky+2*blanky+3*width,colorframe);
centertext(6,&dx1,&dy);
outtextxy(x+dxl,y+dy,colortext,"SPHERB");
centertext (5,&dx2,&dy);
outtextxy(x+dx2,y+dy+b1anky+width,colortext,"PLANE");
centertext(3,&dx3,&dy);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortext,"ROD");
switch(*i) {
case O:box(x,y,x+length,y+width,colorbar);
buttextxy(x+dx1,y+dy,colortswap,"SPHERE" ) ;
‘break;
case 2:box(x,y+b1anky+width,x+length,y+b1anky+2*width;colorbar);
outtextxy(x+dx2,y+dy+blanky+width,colortswap,"PLANE");
break;
case 1:box(x,y+2*b1anky+2*width,x+length,y+2*b1anky+3*width,colorbar);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortswap,"ROD");
break; }
do {
h = 0; /% reset second byte */

*hl = getch();

if(*h1 == 0) /% if it’s special key #*/
h = getch(); /* get second byte */
if(h == 72) { /% arrow key is up */

switch(*i) {

case 2:box(x,y+b1anky+width,x+length,y+blanky+2*width,colordel); /* delet
outtextxy(x+dx2,y+dy+b1anky+width,colortext,"PLANE");
box(x+2,y,x+length,y+width,colorbar); /¥ create new

outtextxy(x+dx1,y+dy,colortswap,"SPHERE");



break;
case 1:box(x,y+2*b1anky+2*width,x+length,y+2*blanky+3*width,colordel);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortext,"ROD");
box(xj2.y+b1anky+width,x+1ength,y+b1anky+2*width,colorbar);
outtextxy(x+dx2,y+dy+b1anky+width,colortswap,"PLANE");
break;
caseyO:box(x,y,x+1ength,y+width,colordel);
outtextxy(x+dx1,y+dy,colortext,"SPHERE");
box(x+2,y+2*b1anky+2*width,x+1ength,y+2*blanky+3*width,colorbar);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortswap,"ROD");
break; }
#i = (*1i+1) %3}
else if(h == 80) { /% arrow key is down */
¥i = (*i+2) % 3;
switch(*1i) {
case 0:box(x,y+2*blanky+2*width,x+1ength,y+2*b1anky+3*width,colordel);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortext,"ROD");
box(x+2,y,x+length,y+width,colorbar);
outtextxy(x+di1,y+dy,colortswap,"SPHERE");
break;
case 2:box(x,y,x+1ength,y+width,colordel);
outtextxy(x+dx1,y+dy,colortext,"SPHERE");
box(x+2,y+b1anky+width,x+1ength,y+b1anky+2*width,colorbar);
outtextxy(x+dx2,y+dy+blanky+width,colortswap,"PLANE");
break;
case 1:box(x,y+b1anky+width,x+1ength,y+b1anky+2*width,colordel);
outtextxy(x+dx2,y+dy+b1anky+width,colortext,"PLANE");
box(x+3,y+2*b1anky+2*width,x+length,y+2*b1anky+3*width,colorbar);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortswap,”ROD");

break; } }



} while(*hl != 13 && *hl != 27 && h != 59 && h!= 68);

if(h == 59 || h == 68)

*hl = h;
}
void sub_shapel(i,x1,yl,h,hl) /* hl is first byte of key */
chat *h,*hl;
int *1,x1,y1; /% h is second byte of key */
{
int dx,dy;
int x,¥;
x = x1 + fblankx;
y = yl1 + fblanky;

box(xl,yl,x1+2*fb1ankx+length,y1+2*fblanky+b1anky+2*width,colordel);
frame(xl,yl,x1+2*fb1ankx+length,y1+2*fb1anky+b1anky+2*width,colorframe);
centertext(5,&dx,&dy);
outtextxy(x+dx,y+dy,colortext,"UPPER");
outtextxy(x+dx,y+dy+blanky+width,colortext,"LOWER");
switch(*i) {
case 0:box(x,y,x+1ength,y+width,colorbar);
outtextxy(x+dx,y+dy,colortswap,"UPPER");
break;
case 1:box(x,y+b1anky;width,x+length,y+blanky+2*width,colorbar);
outtextxy(x+dx,y+dy+b1anky+width,colortswap,"LOWER");

break; }

do {
*h = 03 /* set second byte of last key from externs
xhl = getch();

if(*hl == 0)



*h = getch();
if(*h == 72 || *h == 80) {
switch(*1i) {

case 1:box(x,y+blanky+width,x+length,y+blanky+2*width,colordel);
outtextxy(x+dx,y+dy+blanky+width,colortext,"LOWER");
box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx,y+dy,colortswap, "UPPER" );

break;

case 0:box(x,y,x+length,y+width,colordel);
outtextxy(x+dx,y+dy,colortext, "UPPER");
box(x,y+blanky+width,x+length,y+blanky+2*width,colorbar);
outtextxy(x+dx,y+dy+blanky+width,colortswap, "LOWER");

break; }
*i = (%1 + 1) % 2; }
} while(*hl != 13 && *hl != 27 && *h != 75 & *h != 77 && *h != 59

&& *h != 68);

void sub(i{xl,yl,hl,ql)
char ¥b1;
int *i,x1,yl,ql;
{
int dx1,dx2,dx3,dy;
int x,¥;

char h;

x = x1 + fblankx;

y = y1 + fblanky;
frame(xl,yl,x1+2*fblankx+3*blankx+4*length,yl+2*fblanky+width,colortswap);
centertext(5,&dx1,&dy);

outtextxy(x+dx1,y+dy,colortext,"SHAPE");



centertext (3,&dx2,&dy);
outtextxy(x+dx2+blankx+length,y+dy,colortext,"GAP");
centertext(7,&x3,&dy);
outtextxy(x+dx3+2*blankx+2*1ength,y+dy,colortext,"VOLTAGE");
outtextxy(x+dx3+3*blankx+3*length,y+dy,colortext,"DISPLAY");
switch(*i) {
case 0:box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx1,y+dy,colortswap, "SHAPE" ):
break;
case 3:box(x+blankx+1ength,y,x+b1ankx+2*length,y+width,colorbar);
outtextxy(x+dx2+b1ankx+1ength,y+dy,colortswap,"GAP");
break;
case 2:box(x+2*blankx+2*1ength,y,x+2*b1ankx+3*length,y+width,colorbar);
outtextxy(x+dx3+2*blankx+2*length,y+dy,colortswap,“VOLTAGE");
break;
case 1:box(x+3*b1ankx+3*1ength,y,x+3*blankx+4*length,y+width,colorbar);
outtextxy(x+dx3+3*b1ankx+3*1ength,y+dy,colortswap,"DISPLAY");

break; }

do {
h = 03
if(ql t= 75 & ql '= 77) {
*hl = getch();
if (¥hl == 0)
h = getch(); }
if(h == 75 |} ql == 75) { /* arrow key is left %/
switch(*1) {
case 3:box(x+b1ankx+length,y,x+blankx+2*1ength,y+width,colordel);
outtextxy(x+dx2+blankx+length,y+dy,colortext,"GAP");

box(x,y,x+length,y+width,colorbar);



outtextxy(x+dx1,y+dy,colortswap,"SHAPE");
break;

case 2:box(x+2*blankx+2*length,y,x+2*blankx+3*1ength,y+width,colordel);
outtextxy(x+dx3+2*b1ankx+2*length,y+dy,colortext,"VOLTAGE");
box(x+blankx+1ength,y,x+b1ankx+2*1ength,y+width,colorbar);
outtextxy(x+dx2+b1ankx+length,y+dy,colortswap,"GAP");
break;

case 1:box(x+3*blankx+3*length,y,x+3*b1ankx+4*1ength,y+width,colordel);
outtextxy(x+dx3+3*blankx+3*1ength,y+dy,colortext,"DISPLAY");
box(x+2*blankx+2*1ength,y,x+2*blankx+3*1ength,y+width,colorbar);
outtextxy(x+dx3+2*blankx+2*length,y+dy,colortswap,"VOLTAGE");
break;

case 0:box(x,y,x+length,y+width,colordel);
outtextxy(x+dxl,y+dy,colortext,"SHAPE");
'box(x+3*b1ankx+3*length,y,x+3*b1ankx+4*1ength,y+width,colorbar);
outtextxy(x+dx3+3*b1ankx+3*1ength,y+dy,colortswap,"DISPLAY");
break; }
¥1 = (*i +1) %4 ; }
else if(h == N\a1E=,77) /% arrow key is right */
*i = (*i43) % 4;

switch(*i) {

case 0:box(x+3*b1ankx+3*1ength,y,x+3*b1ankx+4*length,y+width,colorde1);
outtextxy(x+dx3+3*blankx+3*length,y+dy,colortext,"DISPLAY");
box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx1,y+dy,colortswap,"SHAPE");
break;

case 3:box(x,y,x+1ength,y+width,colordel);
outtextxy(x+dx1l,y+dy,colortext, "SHAPE");
box(x+b1ankx+1ength,y,x+b1ankx+2*1ength,y+width,colorbar);

outtextxy(x+dx2+b1ankx+1ength,y+dy,colortswap,"GAP");



break;

case 2:box(x+b1ankx+1ength,y,x+b1ankx+2*1ength,y+width,colordel);
outtextxy(x+dx2+b1ankx+1ength,y+dy,colortext,"GAP");
box(x+2*b1ankx+2*1ength,y,x+2*b1ankx+3*1ength,y+width,colorbar);
outtextxy(x+dx3+2*b1ankx+2*1ength,y+dy,colortswap,"VOLTAGE");
break;

case 1:box(x+2*b1ankx+2*1ength,y.x+2*blankx+3*length,y+width,colordel);
outtextxy(x+dx3+2*b1ankx+2*1ength,y+dy,colortext,"VOLTAGE");
box(x+3*b1ankx+3*length,y,x+3*b1ankx+4*1ength,y+width,colorbar);
outtextxy(x+dx3+3*blankx+3*1ength,y+dy,colortswap,"DISPLAY");
break; } }

} while(xhl != 13 && *hl != 27 & h != 59 && h != 68 & ql '= 75

& ql '= 77);
if(h == 59 }ih == 68)
*hl = h;

void sub_displayl(i,x1,y1,h,hl)
char *h,*hl;

int *i,x1,y1;

{

int dx,dy;

int x,y;

x = x1 + fblankx;

y vyl + fblanky;
box(xl,yl,x1+2*fb1ankx+length,y1+2*fblanky+b1anky+2*width,colordel);
frame(xl,y1,x1+2*fb1ankx+1ength,y1+2*fblanky+blanky+2*width,colorframe);
centertext(5,&dx,&dy);

outtextxy(x+dx,y+dy,colortext,"IMAGE");



outtextxy(x+dx,y+dy+blanky+width,colortext, "GRAPH");
switch(*1) {
case 0:box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx,y+dy,colortswap,"IMAGE");
break;
case 1:box(x,y+blanky+width,x+length,y+blanky+2*width,colorbar);
out textxy(x+dx,y+dy+blanky+width,colortswap,"GRAPH" ) ;

break; }

do {
*h = 0;
*hl = getch();
if(*h1 == 0) {
*h = getch();
if(*h == 72 |} *h == 80) {
switch(*i) {
case 1:box(x,y+blanky+width,x+length,y+blanky+2*width,colordel);
outtextxy(x+dx,y+dy+blanky+width,colortext, "GRAPH");
box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx,y+dy,colortswap,"IMAGE" );
break;
case 0:box(x,y,x+length,y+width,colordel);
outtextxy(x+dx,y+dy,colortext,"IMAGE");
box(x,y+blanky+width,x+length,y+blanky+2*width,colorbar);
outtextxy(x+dx,y+dytblanky+width,colortswap, "GRAPH");
break; }
*i = (*i + 1) % 2; } }
}while(*hl !'= 13 && *hl != 27 && *h != 75 && *h !'= 77 && *h != 59

&% *h !'= 68);



void sub_displayll(i,xl,yl,hl,answer)
char #*hl;

int *i,x1,yl,*answer;

{

int dx,dy;

int X,¥;

char h;

x = x1 + fblankx;

it

v = y1 + fblanky;
box(xl,yl,x1+2*fb1ankx+length,y1+2*fb1anky+b1anky+2*width,colordel);
frame(xl,yl,x1+2*fb1ankx+length,y1+2*fb1anky+b1anky+2*width,colorframe);
centertext(11,&dx,&dy);
outtextxy(x+dx,y+dy,colortext,"2-DIMENSIO ")
outtextxy(x+dx,y+dy+blanky+width,colortext,"3—DIMENSION");
switch(*1i) {

case 0:box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx,y+dy,colortswap,"2—DIMENSION");
break;

case 1:box(x,y+blanky+width,x+1ength,y+b1anky+2*width,colorbar);

outtextxy(x+dx,y+dy+blanky+width,colortswap,"3—DIMENSION");

break; }

do {
h = 0;
*hl = getch();
if (*h1 == 0) {
h = getch();

if(h == 72 1} h==280) {



switch(*i) {
case 1:box(x,y+blanky+width,x+1ength,y+b1anky+2*width,colordel);
outtextxy(x+dx,y+dy+b1anky+width,colortext,"3—DIMENSION");
box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx,y+dy,colortswap,"2-DIMENSION");
break;
case 0:box(x,y,x+length,y+width,colordel);
outtextxy(x+dx,y+dy,colortext,"2-DIMENSION");
box(x,y+blanky+width,x+length,y+blanky+2*width,colorbar);
outtextxy(x+dx,y+dy+b1anky+width,colortswap,"3—DIMENSION");
break; }
*i = (%i + 1) % 2; } }
}while(*hl != 13 && *hl != 27 && h != 59 & h != 68);
//box(xl,yl,x1+2*fb1ankx+1ength,y1+2*fb1anky+b1anky+2*width,colordel);
if(*hl == 13)
*answer = *i+l;
if(h == 59 || h == 68)
*hl = h;

}

void sub_display12(i,x1,yl,hl,answer)

char *hl;

int *1,x1,y1,*answer;

{

int dxi,dx2,dx3,dy; /* set location of text */
int Xx,¥;

char h;

x1 + fblankx;

X

y = y1 + fblanky;

box(xl,y1,x1+2*fb1ankx+length,y1+2*fblanky+2*b1anky+3*width,colordel);



frame(xl,yl,x1+2*fb1ankx+length,y1+2*fblanky+2*blanky+3*width,colorframe);
centertext (8,&dx1,&dy);
outtextxy(x+dx1,y+dy,colortext,"E & VOLT" ) ;
centertext(7,&dx2,&dy);
outtextxy(x+dx2,y+dy+b1anky+width,colortext,"E & GAP");
centertext(10,8&dx3,&dy);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortext,"E & RADIUS");
switch(*i) {
case 0:box(x,y,x+length,y+width,colorbar);
outtextxy(x+dxl,y+dy,colortswap,"E & VOLT");
break;
case 2:box(x,y+blanky+width,x+length,y+b1anky+2*width,colorbar);
outtextxy(x+dx2,y+dy+blanky+width,colortswap,"E & GAP");
break;
case 1:box(x,y+2*b1anky+2*width,x+1ength,y+2*b1anky+3*width,colorbar);
out textxy(x+dx3,y+dy+2*blanky+2*%width,colortswap,"E & RADIUS");
break; }
do {
h = 03 /* reset second_byte */

*h1 = getch();

if(¥h1 == 0) /% if it’s special key */
h = getch(); /* get second byte */
if(h == 72) { /% arrow key is up */

switch(*1) {

case 2:box(x,y+blanky+width.x+length.y+blanky+2*width,colordel); /* delete
outtextxv(x+dx2,y+dy+blanky+width,colortext,"E & GAP");
box(x,v.x+length,y+width.colorbar); : /*¥ create new b
outtextxy(x+dx1,y+dy,colortswap,"E & VOLT");
break;

case 1:box(x,y+2*blanky+2*width,x+1ength,y+2*b1anky+3*width,colordel);



outtextxy(x+dx3,y+dy+2*blanky+2*width,colortext,"E & RADIUS");
box(x,y+blanky+width,x+1ength,y+b1anky+2*width,colorbar);
outtextxy(x+dx2,y+dy+blanky+width,colortswap,"E & GAP");
break;
case 0:box(x,y,x+length,y+width,colordel);
outtextxy(x+dx1,y+dy,colortext,"E & VOLT"};
box(x,y+2*b1anky+2*width,x+length,y+2*b1anky+3*width,colorbar);
oqttextxy(x+dx3,y+dy+2*b1anky+2*width,colortswap,"E & RADIUS");
break; }
¥i = (%1 + 1) % 3 ; }
else if(h == 80) { /% arrow key is down */
*i = (*i42) % 3;
switch(*i) {
case O:box(x,y+2*b1anky+2*width,x+length,y+2*b1anky+3*width,colordel);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortext,"E & RADIUS");
box(x,y,x+length,y+width,colorbar);
outtextxy(x+dx1,y+dy,colortswap,"E & VOLT" ) ;
break;
case 2:box(x,y,x+1ength,y+width,colordel);
outtextxy(x+dx1,y+dy,colortext,"E & VOLT");
box(x,y+b1anky+width,x+length,y+b1anky+2*width,colorbar);
outtextxy(x+dx2,y+dy+b1anky+width,colortswap,"E & GAP");
break;
case 1:box(x,y+blanky+width,x+1ength,y+blanky+2*width,colordel);
outtextxy(x+dx2,y+dy+blanky+width,colortext,"E & GAP");
box(x,y+2*b1anky+2*width,x+1ength,y+2*b1anky+3*width,colorbar);
outtextxy(x+dx3,y+dy+2*b1anky+2*width,colortswap,"E & RADIUS");
break; } }
} while(*hl != 13 & *hl != 27 & h != 59 && h != 68);

if(*hl == 13)



*answer = *i + 33
else if(h == 59 't h == 68)
*hl = h;

}

int sub_run(int x1,int y1)
{

int dx,dy;

int X,¥;

char hi,h;

int n;

x = x1 + fblankx;

i

y = y1 + fblanky;
box(xl,yl,x1+2*fb1ankx+1ength,y1+2*fblanky+width,colordel);
frame(xl,yl,xl+2*fblankx+1ength,y1+2*fblanky+width,colorframe);
centertext(7,&dx,&dy);
outtextxy(x+dx,y+dy,colorbar,"R U N")3;
outtextxy(x+dx—4,y+dy—4,colortswap,"R U N");
do {

h1 = getch();

if(hl == 0)

h = getch();
} while(hl != 13 && hl != 27 && h !'= 59 && h!= 68);
if(hl == 13) {
for(n=4;n>0;n—-) {
box(x,y,x+1ength,y+width,colordel);
outtextxy(x+dx,y+dy,colorbar,"R U N");
outtextxy(x+dx—(n-1),y+dy—(n—1),colortswap,"R U N");
delay(40); 1}

box(xl,yl,x1+2*fb1ankx+1ength—2,y1+2*fb1anky+blanky+2*width,colordel);



return 1; }

else if(h1l == 27) {
box(xl,yl,x1+2*fb1ankx+1ength-2,y1+2*fb1anky+b1anky+2*width,colordel);
return 0; }

else if(h == 59) {
box(xl,yl,x1+2*fb1ankx+1ength-2,y1+2*fblanky+blanky+2*width,colordel);
return -1; }

else {
box(xl,yl,x1+2*fb1ankx+length—2,y1+2*fblanky+b1anky+2*width,colordel);
return -2; }

}

void get_num(cond,Xx,y,ch,ans,sss,dig)

char *ch;

char sssl]; /* keep last input */

int cond,Xx,¥y;

int *dig; /% number of characters of last input */
double *ans;

{

char s[18]; /% get characters of input #*/
int i2,i13,i35,w,e,g,h,m,n;

int sign,a,b;

int sipoij; /* number of sign(-) and point(.) */
int x1,y1; /* begin point of text %/

int yd;

char c;

char cc;

double i[16],power[6];

int x2,y2;



char stremax[8];

x2 = x00 + width00/2;

y2 = y0O + width00/2;

x1 = x + frameblankx;

yd = centerhor(framewidth);
yl =y + yd;

if(cond == VOLT) {
sipoi = 2;
box(x,y,x+9*(digit+point+sipoi)+64+2*b1ankttoi+24+2*frameb1ankx,y+framewidth
frame(x,y,x+9*(digit+point+sipoi)+64+2*blankttoi+24+2*frameb1ankx,y+framewid
outtextxy(xl,yl,colortext,"Voltage:");
outtextxy(x1+9*(digit+point+sipoi)+64+2*blgnkttoi,yl,colortext,"kv.");
h = x1+64+blankttoi; }
else if(cond == GAP) {
sipoi = 1;
box(x,y,x+9*(digit+point+sipoi)+88+2*b1ankttoi+24+2*frameb1ankx,y+framewic
frame(x,y,x+9*(digit+point+sipoi)+88+2*b1ankttoi+24+2*frameblankx,y+framev
outtextxy(xl,yl,colortext,"Gap length:");
outtextxy(x1+9*(digit+point+sipoi)+88+2*b1ankttoi,yl,colortext,"cm.");
h = x1+88+blankttoi; }
else if(cond == SHAPE) {
sipoi = 1;
box(x,y,x+9*(digit+point+sipoi)+56+2*blankttoi+24+2*frameblankx,y+frame
frame(x,y,x+9*(digit+point+sipoi)+56+2*b1ankttoi+24+2*frameb1ankx,y+fra
outtextxy(xl,yl,colortext,"Radius:");
outtextxy(x1+9*(digit+point+sipoi)+56+2*b1ankttoi,yl,colortext,"cm.");
h = x1+56+blankttoi; }
for (n=0;n<*dig;n++)
text(sss[nl,n,h,yl,colorval);

do {



sign = 1;

i2 = 0;

i3 = 03

b =

=]
g =
ifQ

pow

0;
] = 0;

er(0] = 1.0:

do {

*
c
C

i

if(c
if(

cc =

e

*

i

if(c
if(b
sign
s(b]

text(

ch = 03
c = 0;
= getch();

f(b == 0) {

if((c >= ’0" & c <= '9’) 't (¢ == '-’ && cond == VOLT))

box(h,y+1,h+9*(digit+point+sipoi),y+framewidth—1,bolorde1); }

::O){
cond == SHAPE)
= getch();

1se

/* if it’s spacial key */

ch = getch(); } /* get second byte */

A k]

f(e < digit |} ¢ == ".7 || 13 ==
if(g < point) {

if(cond '= SHAPE && cond != GAP)
== '-") { /%
== 0) { /%

-13 /¥
=C;
c,b++,h,yl,colorin); } 1}

if(c == '0’) {/* if it’s '0’ %/

) {

{ /% because radius or gap is
if it’s negative */
if it’s first character ¥/

set sign to be -1 */



if(i2 == 0 !} ile] 1= 0.0 !} i3 ==1) { /* if it’s never be 0 %/

s[b] = c; : /% or it follow point or the value isn’
text(c,b++,h,y1l,colorin);

i2 = 13 /% show that it’s ever be ’0’ */

ile+l] = 10.0 * i[e] + c - '0’;

e++; } }

if(c == ’.7) {/x if it's point(’.’) */

if(i3 == 0) { /% if it’s never be point */
if(e > 0) { /* if it isn’t first or second characte
s[b] = ¢;

text(c,b++,h,yl,colorin);
i3=1; } }} , . /* show that it’s ever be point */
if(c >= 1" & c <= '9’) {
if(e > 0 & ife]l > 0.0) {/* if it’s integer */
s[b] = c; /* (it hasn’t point) */
text(c,b++,h,yl,colorin);
ile+1] = 10.0 * i[e] + ¢ - ’0’;
e++; }
else if(e == iz == 1) { /% if it’s first digit */
s{b] = c;/* or follow point */
text(c,b++.h,yl,colorin);

ile+l] = 10.0 * ife]l + ¢ - '0’;

e++; }
else if(e == 1 && ile] == 0.0) { /% if first digit = '0" %/
b-—;
€3
if(b == 0) _ /% if ’0’ is first character */
box(h,y1l,h+9,y1+8,colordel); /% delete it %/
else /% if ’0’ is second character */

box(h+9,y1,h+18,y14+8,colordel);



s{b] = ¢;
text (c,b++,h,yl,colorin);
i[e+l] = 10.0 * ife] + ¢ - 073
e++; } }
if(i3 == 1) {

if(c >= '0" & c <= ’9") {

power[g+l] = 10.0 * power[gl;g++; } } 1}

if(c == 8) { /*x if key is backspace ¥*/
if(b > 0) {
box(h+9*(b—1),yl,h+9*b,y1+8,colordel); /%% delete character **/
b--; /%% decrease b **/
if(s[b] == "..") /* if character is point */
i3 = 0; /* set i3 for get point again x/
if(s[b] != ’.’ && s[b] != ’-" )
e—3; /% decrease b */
if(g > 0)
g3 /% decrease b */
if(b == 0) /% if it's first */
sign = 1; /% set sign is 1 %/
if(e == 0)
i2 = 0;
}}

~J

} while(c '= 13 && c != 27 && %xch '= 75 && *ch '= 77 && *ch != 59
&& *ch '= 68 && cc != 59 &% cc != 63);
if(c == 13)
{
if(b 1= 0) {
*ans = sign * i[e] / power(gl;

for (n=0;n<b;n++)

sss[n] = sinl;



n--;
if(s{n] = ".")
*dig = n + 13
else {
xdig = n;
box(h+9*(b—1),yl,h+9*b,y1+8,colordel); }
if(ife] == 0.0) {
*dig = 13
sss[0] = ’0°;
box(h,yl,h+9*b,y1+8,colorde1); 1}
for (n=0;n<*dig;n++)
text(sss[n],n,h,yl,colorval);
switch(cond) {
case VOLT : box(x2+92,y2+13*width00/2,x2+157,y2+13*width00/2+10,colordel);
sprintf(stremax,"%4.21f",*ans);
outtextxy(x2+92,y2+13*width00/2,colortswap,stremax);
break;
case GAP : box(x2+92,y2+17*width00/2,x2+150,y2+17*width00/2+10,colordel);
sprintf(stremax,"%3.21f",*ans);
outtextxy(x2+92,y2+17*width00/2,colortswap,stremax);
break;
case SHAPE : box(x2+92.y2+21*width00/2,x2+150,y2+21*width00/2+10,colordel)
sprintf(stremax,"%B.Zlf".*ans);
outtextxy(x2+92,y2+21*width00/2,colortswap,stremax); }
}
if(cond == SHAPE) {
if(c == 13 |} ¢ == 27)
¥ch = ¢;
else if(cc ==59 'oce == 63)

*ch = ccC;



box(x,y,x+9*(digit+point+sipoi)+56+2*blankttoi+24+2*frameblankx,y+framewidth,
} while(c t= 27 &% *ch != 75 && *ch != 77 && *ch != 59 && *ch != 68
&% cc '= 59 &% cc !'= 68 && cond != SHAPE);
if(cond == VOLT)
box(x,y,x+9%(digit+point+sipoi)+64+2*blankt toi+24+2*frameblankx, y+framew
else if(cond == GAP)
box(x,y,x+9*(digit+point+sipoi)+88+2*b1ankttoi+24+2*frameb1ankx,y+framewidth,c

}

void get_xyz(x,y,ch,ans,sss,dig)
int x,y;
char *ch; /* keep last input #*/
int *ans;
char sss[1;
int *dig; /% number of characters of last input */
{
void text();
char §[71];
char c; /* get characters of input %/
int i2,b.e,n;
int sign;
int ndigit=3;/*% blank between text and input */
int i[6];
do {

sign = 1;



do {
*ch = 0;

c = getch();

if(c == 0) /* if it’s spacial key */
xch = getch(); /* get second byte %/
if(b == 0) {

.

if((c >= 0" & c <= '9’) |} ¢ == '-7)

box(x,y,x+9%(ndigit+l),y+8,colordel); }

if(e < ndigit) {

if(c == '-") { /% if it’s negative */

if(b == 0) { ‘ /% if it’s first character */
sign = -1; /% set sign to be -1 %/

s[b] = ¢;

text(c,b++,x,y,colorin); } }

if(c == ’0") {/* if it’s '0’ %/

if(i2 == 1l i[e] !'= 0) {/* if it’s never be '0’ */

s[b] = c; /% or it follow point or the value isr
text(c,b++,x,y,colorin); -

i2 = 1 /% show that it’s ever be 0’ %/

ife+l] = 10 % i[e] + ¢ - '0’;
e++; } 1}
if(c>= "1" & c <= ’'97) {
if(e == 0 !} (e > 0 && ile] > 0)) {/* if it's integer */
s[b] = ¢;
text(c,b++,x,y,colorin);
ife+l] = 10 * i[e] + ¢ - '0’;
et++; }
else if(e == 1 && i[e] == 0) { /* if first digit = ’0’ %/

b—-;



e—=;

if(b == 0) /% if '0’ is first character */
box(x,y,x+9,y+8,colordel); /% delete it */
else /% if '0’ is second character */
box(x+9,y,x+18,y+8,colordel); /% and '-' is first character */
s[b] = ¢;

text(c,b++,x,y,colorin);

ife+1]) = 10 * ife]l + ¢ - '07;

e++; } } }
if(c == 8) { /*% if key is backspace **/
if(b > 0) {
box(x+9*(b—1),y,x+9*b,y+8,colorde1); /%% delete character *%/
b-—; /** decrease b *%x/
if(s{b] 1= '-" )
e——; /¥ decrease b */
if(b == 0) /% if it’s first */
sign = 1; /* set sign is 1 %/
if(e == 0)
i2 = 0;
b}
} while(c != 13 & c '= 27 && *ch != 72 && *ch != 80 && *ch != 60
& *ch != 68);
if(c == 13) {
if(b 1= 0) {

*ans = sign ¥ ife]l;
for(n=0;n<b;n++)
sss(n] = snl;
*dig = n;
if(ife] == 0) {

*dig = 1;



case ’7’:outchar(9*number+x,y.color,’7’):break:
case '8’:outchar{9*number+x,y,color,’8’);break;
case '9':outchar{9*number+x,y,color,'9’);break;
case '-':outchar(9*number+x,y,color,'-’):break;

case :outchar (9*%number+x,y,color,’.’); }

void location(x1,x2.x3,y0,v1,y2,y3,y4,y5,v6,¥7,vS.y9)
int *x1,%x2,*x3,%y0,*y1,*y2,%y3,%y4,*y5, *y6, *y7,*y8,*y9;
{

*x1 = x + length + 2*%fblankx;

*x2 = x + 3*length + 3*blankx;

*x3 = *x2 + length + 2*fblankx;

*y0 = vy + width + 2*fblanky;

*yl = y - between;

-\{
«
o
i
*
«
-
1

2*width - blanky - 2%*fblanky;
*y3 = *y2 - between;
*y4 = *y3 - 2*width - blanky - 2*fblanky;
*y5 = *y4 - width - blanky;
*y6 = *y4 - between;
*y7 = %*y6 - width - 2*fblanky;
¥y8 = *y5 - between;
*y9 = *y8 - width - 2*fblanky;
if(x<0 !} *x3>639 !! *y0>479 !! %y9<0)

outtextxy(100,50,3,"I can’t believe it.");

void locat_num(xlg,x2g,xlv,x2v,x1r,x2r,ylrs,y2rs,ylrr,y2rr,ylgv,y2gv)

int *x1g,*x2g,*x1v,*x2v,*x1r,*X2r,%ylrs,*y2rs,*ylrr,*y2rr,*xylgv, *y2gv;



int flengthg,flengthv,flengthr;

int hxl,hx2;

flengthg = 2*#frameblankx + 9%(digit+point+l) + 2%blankttoi + 38 + 24;

flengthv

flengthr

hxl =

X

2*frameblankx + 9%(digit+point+2) + 2%blankttoi + 64 + 24;

il

2xframeblankx + 9%(digit+point+l) + 2*blankttoi + 56 + 24;

+ 3*%length/2 + blankx + fblankx;

hx2 = hxl + length + blankx;

*xlg =
*xX2g =
¥x1iv =
*¥X2v =

*x1r =

*x2r1

*yirr
*y2rr
*ylrs
*y2Trs
*y2gy

*ylgv

"

hxl - flengthg/2;

*x1g + flengthg;
hx2 ~ flengthv/2;

*x1v + flengthv;
X + length + 2*fblankx + fbetweenx;
*x1r + flengthr;

y - 2%between - S5*width/2 - blanky - 3*%fblanky - framewidth/2;
*yirr + framewidth;

*yirr - 2*%*width ; 2*%blanky;

*ylrs + framewidth;

y - fbetweeny;

xy2gv - framewidth;

void centertext(int numchar,int *delx,int *dely)

{

int longtext;

longtext = 8 #* numchar;

if((longtext < length) && (width > 38)) {

*delx

*dely

(length - longtext ) / 2;

(width - 8) / 2; }

else if(longtext < length) {



*delx

(iength - longtext ) / 2;
x*dely = 0; }

else if(width > 38) {

*delx = 0;
*dely = (width - 8) / 2; }
else {
*delx = 0;
*dely = 0; }
}

int centerhor(int wideframe)
{
int y;
if(wideframe>8)
y = (wideframe - 8) / 2;
else
y =0;

return y;



/% SCREEN.C header file for set VGA and SUPERVGA mode %/

g . g AW 1Y)
/% Tal ANt T lun178719amn 148N */

tinclude <¢alloc.h>
tinclude <dos.h>
tinclude {stdio.h>
#include <(stdlib.h>
tinclude <process.hd
char far #FONTADDR;

void #*VIDEOADDR;

#define SCR_INT Ox8f

Jkkkopk kool NORMAL - FUNCTION skbkkdpiohikdbbt koo b k4% /

void setdac(int index,int R,int G,int B);
int getmaxx(void);

int getmaxy(void);

int opengraph(void);

void closegraph(void);

void putpixel(int x,int y,int index):

void directpixel(int x,int y,int R,int G,int B);
long getpixeltint x,int y);

void xpixel(int x, int y, int color):

void line(int xi1,int y1,int x2,int w2,int index):

void box(int x1,int y1,int x2,int y2,int index);



void
void
void
'v'Oid
void

void

void

void

void

void

void

void

¢frame(int x1,int ¥1,int x2,int ¥2,int aindex,int hindex,int lindex);
botton(int x1,int ¥1,int x2,int y2,int mindex,int hindex, int lindex)s;
circle(int xc, int ye, int radius, double aspect, int color)s
floodecircle(int xec, int ye, int radius, double aspect, int color);
symmetry(int x, int y, int xe¢, int yc, int color);

frame(int x1,int yi1,int x2,int y2,int color);

outchar(int x,int y,int index,char character’;

outtextxy(int x,int y,int index,char *stringin);

ffloodput (FILE #ffile,int bank):;

ffloodget (FILE ¥ffile,int bank)s

setbankread(int x);

setbankwrite(int x);

/RO ROk DYNAMICS FUNCTION skktskbkbitbpiiblkiik /

void

void

int

int

void

void

long
void

void

((%Setdac)) (int index,int R,int G,int B);

((*%_setdac)y (int index,int R,int G,int B);

{ (¥Getmaxx) ) (void);

( (¥Getmaxy)) (void)s

((¥kPutpixel)) (int x,int y,int index);

((¥Directpixel)) {int x,int y,int R,int G,int B);

{ (kGetpixel)) tint x,int ¥y
((*Setbankread))(%nt X)s

( (¥Setbankwrite)) (int x);

7 Aok oocoblokkokbk MODULE DECLARATION kdsiokiiokiorkdiokioestiokk /



tdefine setdac(index,R,G,B) {(*¥Setdac) (index,R,G,B)
tdefine __setdac(index,R,G,B) (*_setdac) (index,R,G,B)
tdefine putpixel(x,y,index) (%Putpixel (x,y, index)

#define directpixel(x,y,R,G,B} (¥Directpixel)(x,y,R,G,B)

tdefine getpixel(x,y) ((%Getpixel) (x,¥))
tdefine setbankread(x) (¥Setbankread) (x)
tdefine setbankwrite(x) (¥Setbankwrite) (x)
int getmaxx(void) { return((¥Getmaxx) ()); }
int getmaxy(void) { return((¥Getmaxy)()); }

double ratio = 500./1200;

int opengraph(void)

{

_AH = 0Ox11;
_AL = 0x30;
_BH = 0x03;

geninterrupt (0x10);

FONTADDR = (char¥)MK_FP(_ES,_BP);

VIDEOADDR = (void#)MK_FP(0xa000,0);

_AH = 0;
geninterrupt (SCR_INT);
_DX = peek(0,0x1b8);

if (_DX!=1) return 03

_AH = 1;
geninterrupt (SCR_INT);

Setdac = (void (%) ())MK FP(peek(0,0x1ba),peek(0,0x1b8));



_AH = 2;
geninterrupt (SCR_INT);

_setdac = (void (#) ())MK_FP(peek(0,0x1ba),peek(0,0x1b8));

_AH = 3;
geninterrupt (SCR_INT);

Getmaxx = (int (%) ())MK_FP(peek(0,0x1ba),peek(0,0x1b8));

_AH = 4;
geninterrupt (SCR_INT);

Getmaxy = (int (%) () )MK_FP(peek(0,0x1ba),peek(0,0x1b8);

_AH = 53
geninterrupt (SCR_INT);

Putpixel = (void (%) ())MK_FP(peek(0,0x1ba),peek(0,0x1b8));

_AH = 63
geninterrupt (SCR_INT);

Directpixel= (void (%) ())MK_FP(peek(¢0,0x1ba),peek(0,0x1b8));

_AH =73
geninterrupt (SCR_INT) ;

Getpixel = (long (%) ())MEK_FP(peeki0,0x1ba),peek(0,0x1b8));

_AH = 8;

geninterrupt (SCR_INT);

Setbankread= (void (%) ())MK_FP(peek(D,0x1ba),peek(0,0x1b8));
—AH = 93 4

geninterrupt (SCR_INT);

Setbankwrite= (void (%) ())MK_FP(peek(0,0x1ba),peek(0,0x1b8));



return 1;

void closegraph(void)
{

—AH = 03

AL = 33

geninterrupt (0x10) s

void line(int x1,int yi,int x2,int y2,int index)

{
int a;
int ydif = y2-yi1;
int xdif = x2-x1;

if (abs(ydif) > abs{xdif))
{
if (ydif == 0) returns;
if (y2 > y1)
for(a = ylsal=y2sat+)
{
(#¥Putpixel) (x1+(int) ((((long)xdif#*(long)(a-y1)))/¥dif),a,index);
}
else
for(a = yi1sa>=y2sa--)
{
(¥Putpixel) (x1+(int) ((((longiyxdif#*(long) (a-y1)))/ydif),a,index);

} a

else



if (xdif == 0) reburn;
if (x2 > x1)
for(a = xlsad=xZ;a++)
{
(¥Putpixel)(a,y1+(int)( ( (long)ydif*(long’(a-x1) »/xdif’, index);
}
else
for(a = xlsad>=x23a--)
{
(¥Putpixel) (a,y1+(inty ¢ ( (long)ydif*(long) (a-x1) ) /xdif),index’;

}

void box(int x1,int yi1,int x2,int y2,int index)
{

unsigned int a,bs

for(b=yls;b<{=y2:b++)

for (a=xl1sad=x2sa++){ (¥Putpixel){(a,b,index);}

void gframe(int x1,int yi,int x2,int y2,int mindex,int hindex,int lindex)
{

box(x1+1,y1+1,x2-1,y1+8,nindex);

box(x1+1,y2-8,x2-1,v¥2-1,nindex);

box(x1+1,y149,x1+8,y2-9,nindex);

box(x2-8,y1+9,x2~1,y2-9,mindex);

box(xl,yl,xz,yl,hindéx);

box(x1,y1,x1,y2,hindex)s



box(x1+9,y2-9,x2-9,y2-9,hindex);

box(x2-9,5149,%2-9,y2-9,hindex);

box(x1,y2,x2,52,lindex)s
box(x2,y1,x2,y2,1lindex);
box(x1+9,y1+49,x149,y2-9,1index);

box(x1+9,y1+9,x2-9,y1+9,lindex);

box(x1,y1+9,%x1+9,y1+9,1lindex);
box(x2-9,y1+9,x2,y1+9, lindex);
box(x1+9,y1,x149,y149,1lindex);

box(x2-9,y1,x2-9,y1+9,lindex);

box(x1+3,y1+4,x1+6,y1+4,hindex);

box¢x1+3,y1+5,x146,y1+5,lindex);

void botton(int x1,int y1,int x2,int y2,int mindex,int hindex, int lindex)
{ -

box(k1+1,y1+1,x2-1,y2-1,nindex);

box(xl,y1,x2,¥1,hindex);

box(x1,y1,x1,y2,hindex);

box(x1,y2,x2,¥y2,lindex)s

box(x2,y1,x2,y2,lindex);

void outchar(int x,int y,int index,char character
{

char far #af;int as

af = FONTADDR + (unsigned int)character#0x0008;

forta = 0s3a<Bsa++)



ifCC#(af)d»>7)a0x01) 1=0)

{(¥Putpixel) (x,y+a,index);}
if(((*(af)))ﬁ)&OxOl)!;O)

{(¥Putpixel) (x+1,y+a, index); 3
1fCC(*(af)>»5)80x01) 1=0)

{(¥Putpixel) (x+2,y+a, index); }
ifCCi*(af)»»4)60x01) 1=0)

{(¥Putpixel) (x+3,y+a, index); }
if (C(af)»>2)20x01) 1=0)

{(%Putpixel) (x+4,y+a,index) }
IECC(af)»>2)80x01) 1=0)

{(#¥Putpixel) (x+5,y+a,index); }
1fCCOkCaf)»>1)60x01) 1=0)

{(#¥Putpixel) (x+6,y+a, index); }
if ((k(af)el) i=0)

{(*Putpixel)(x+7,y+a,index); }

af++3

void outtextxy(int x,int y,int index,char ¥stringin)
{

char ¥strinsint a=x;

strin = stringin;
while((#(strin)!= 0)&& (a<1024))
{
outchar(a,y, index,*(strin));
a+=8;

strin++;



void circle(int xc, int yc, int radius, double aspect, int color)
{

int x, y, d;

ratio = aspect+0.6;
y=radius;
d=3-2%radius;
for(x=0s5x<ys)
{
symnmetry(x, ¥, xc, yc, color);
£ (d<0)
d+=44x+83

else

‘d += 4%(x-y>+103

--¥3

X3
}

if( x==y ) symmetry(x, y, xXc, yc, color);

void symmetry(int x, int y, int xe, int yec, int colorm
{
int x_start, x _end, x oubt;

int y_start, y_end, y_outs;

x_start = x#ratio;
x_end = (xtl)#ratio;
y_start = y*ratio;



y_end = (y+1) #ratio;

for (x_out = x_start;

{
xpixel{ x_outt+xec, ¥ytyc,
xpixel( x_out+xe, -y+yc,
xpixel (-x_out+xe, -y+yc,
xpixel (-x_out+xc, y+ye,

}
for (y_out = y_start;

{
xpixel( y_out+xec, xiyc,
xpixel( y_out+xe, -xt+yc,
xpixel(-y_out+xec, -xtyc,

xpixel(-y_out+xc, x+yc,

1
J

void floodcircle(int xec,
{
int i;
forti=0si¢=radiuss;i++)

{

x_out ¢

color)s
color)s;
colory;

color);

y_out <

color);

color);

color);

colory;

int yec,

x_end; ++xout)

y_end; ++y_out)

int radius, double aspect, int color)

circle(xc, ye¢, i, aspect, color);

s

void xpixel(int x, int y, int color)

{

putpixel(x,y,color);

putpixel(x+1,¥,color);



putpixel(x-1,y,coler);
putpixel(x,y+1,colors;

putpixel(x,y-1,color’;

void frame(int x1,int y1,int x2,int y2,int color

{
line(x1,y1,x2,y1,color);
line(x1,y1+1,x2,yi+1,colory;
line(x1,y1+2,x2,y1+2,color);
line(x1,y2-1,x2,y2-1,color);
line(x1,y2,x2,52,color);
line(x1,y2-2,%x2,y2-2,color);
line(x1,y1,x1,y2,color);
line(x1+1,y1,x1+1,y2,color);
line(x1+2,y1,x1+2,y2,color);
line(x2,¥1,%x2,y2,color);
line(x2-1,y1,x2-1,y2,color);

line(x2-2,y1,x2-2,¥2,color);

void ffloodput(FILE #ffile,int banln
{
setbankwrite(banlk);

fread (VIDEOADDR, 16384,4,ffile};

void ffloodget(FILE #ffile,int banlD
{
setbankread(bank); -
furite(VIDEOADDR,162384,4,ffile);

setbankvwrite(bank);



1 J 3 1 1 o [v)
/% TuTunTuaaant i1 78 1unA qu N THH 7511198 13ATATAUUL ROD DU ROD %/

tdefine array(name, ncol, row, column) (#( (name) + (row)#(ncol) + (column)

¢define sqrix) (CO*(x))
double G, F, ZL71, Aj[931, *ql, Qp;
int numofQl=9;
void gaussian(double #Pcoeff, double *Boundary, double #X, int nj;
double VrzA(double r, double z, double A4j);
void print(double *A, int row, int column)
{
int x=wherex(),y=wherey();

int 1,43

for(i=0sidrowsi++)
for(j=0sj<columnsj++)
{
gotOXY (X+j*T+1,y+1);

printf ("47.41f", % (A+i%column+ji);

—~

3
double VrzaA(double r, double z, double Aj)
{

double temp_double;

temp_double
temp_double = log(temp_double);

return (double)temp_double;

double Prz(double r, double z)

{

( (Aj+z+sqri(sqrirry+sqr(aj+z)))/(Aj-z+sqri(sqrir)+sqridj-z)))

)



double temp_doubles;

temp_double = 1/sqrt! sqr(r)+sqr(G+1-2z) )
- 1/sqrt( sqr(r) + sqr(G+1i+z} )3
return (double)temp_double;
}
double Pc(double ¢)
{
double temp_double;

temp_double= 1-1/sqri(sin(ci)*sin(c) + (2%F-cos(c))*(2¥F-cos(cl));

return (double) temp_double;

double Veca(double ¢, double A)
{
doublé temp_double;'

temp_double= log( (A+F-cos(c)+sqrt( sin(cr#sin(c)+(A+F-cos(c))*{A+F~cos(c)) ).

return (double) temp_doubles;

double Pde(int order,double ¢
{
switch(order){
case 1: return (double)0.0;
case 2: return (double) ( 2%F/pow(2%¥F-1,2) )3

case 4: return (double) ((-2%F/pow(2#F-1,3) 3 - ( 3B6%F#F/pow(2%F-1,5) ) 3

}
double VdcA(int order,..double ¢, double &)

{



switch(order) {
case 1: return (double) 0.0;
case 2: return {double; ( 1/(A+G) + 1/(A-G) + 0.5/sqr(A+G) - 0.5/sqr(A-G) )
case 4: return (double) ( (9.0/4:0)*( -1/pow(A+G,4) + 1/pow(A-G,4))
-6%( 1/pow(A+G,3) + 1/pow(A-G,3))
+5%(-1/pow(A+G,2) + 1/pow(A-G,2))

-(1/(A+G) + 1/(A-G)) )3

}
double Erzr(double r, double 2)
{

double temp_double, sum=0.0;

int 1i;

for¢i=0si<numofQl;i++)
{
sum = sum+ (HF(QI1+i))*(

r/

sqrt ( sqr(r)+sqr(AjLil+z) ) #

( AjCil+z + sqri( sqrir)+sqr(AjLil+z) )
-r/

sqrit ( sqri(r)+sqr(Ajfil-z) )#

( AjLil-z + sqrbt( sqrir)+sqr(AjLil-z) ) )

temp_double = Qp#( r/pow(sqr(r)+sqr(G+1+z>,3.0/2.0) - r/pow(sqr(r)+sqr(G+1-:

temp-double + sum;

temp_double

return(double’ (~temp_double’;



}
double Erzz(double r, double 2z)
{

double temp_double, sum=0.0;

int i;

for(i=0si<numofQl;i++)
sum = sum + Ck(QI+I))#((1+(AJCil+zZ)/sqrb(sqri(r)+sqr(AJLil+z)))/(AJCiT-

+ ( 14(AjJLil-z)/sqri(sqr(r) + sqr(AjLil-z)))/(AjCil-z+ sqrt

temp_double = Qp¥( (G+142)/pow(sqr(r)+sqr(G+1+z),2.0/2.0) + (G+1-2)/pow{sq
+ sum;
return(double) (-temp_double);
}
double Exyz(double posx, double posy, double posz)
{

double Ez, Er, r, z;

r = sqrt(sqr(posz)+sqr{posx)’;
Z = pOSY;

Ez = Erzz( r, 2);

Er = Erzr( r, 2733

return (double) (sqrt(sqr(Ez)+sqr(Er)));
3
double Phi_rz(double r, double z)
{
double temp_double;
double sums;
int j;
sum = 0.03
for(j=03j<¢numofQl;j++)

sumr = sum+t+ (¥(Ql+j))*VrzA(r, z, AjLj1):



temp_double = Qp#*Przi{r,z) + sunm;

return (double)temp_double;
) .
double Potential(double posx, double posy, double posz)
{
double z, r;

double temp_double;

1

Z = DOSY;

r sqrt (sqr(posz)+sqr(posx));
temp_double = Phi_rz(r, z);
return (temp_double);
}
double #*multi_matrix( double #A, double #B, int m, int n,
{

register 1, J, ks

double #C = (double #)calloc(m%p, sizeof (double));

for(i=03icm3its)
for(j=0s3j<psj++)
for(k=03k<nsk++)
array(C, p, i, J» = array(C, p, i, Jj» + array(a, n, i,
return (double %) C;
i
void initial._Pcoeff( double *P
{
int i, J;
double temp;
for(i=03i<731i++)
{

for(j=03j<9s:j++)

int p)

loy*array(B, p, &k, JjJ;



tenp = (double )Vrza(i, ZCLil, AJLj1);

array(P, 10, i, J) = temp;

}

]

array(P, 10, i, 9)
}
for(j=033j¢9s:i++)

{

array(p, 10, 7, )

Prz(1i, 2Cil);

Vrza(0, G, AJLID);

array(P, 10, 8, Jj) = VdecA(2, 0, AJLj1);

array(p, 10, 9, J)
3

array(pP, 10, 7, 9) Prz(0,G);

array (P, 10, 8, 9) Pdc(2,0)3

array(P, 10, 9, &

Pdc(4,0);
}

void initial_Boundary( double #%B)

{
int i;
for(i=03i<8;i++)
¥(B+i) = 1.0;
*¥(B+8) = 0.03
*(B+9) = 0.0;3
}

void initial_Z A(void)
{
/4% initial Z %/
ZL01=G+1;
Z011=G+23
Z021=G+53

ZL31=G+15;

VdcA(4, 0, AJLi1)s



Z041=G+40;
Z2051=G+140;
Z2L61=G+440;
/% initial Aj¥/
Ajl01=G+1;
AJL11=G+1.1;
AjL21=G+1.2;
AjL3]1=G+1.5;
AJC41=0+42;
AJ[51=G+10;
AJL61=G+25;
AJL71=G+90;
AjL81=G+240;
}
void initialQ(double gap, double radias )
{
double #Pcoeff=(double #)calloc( sqr(numof@l+1’,sizeof (double));
double *Boundary=(double *)calloc(numofQl+1,sizeof(double));

double *tempQ=(double *)calloc(numon1+1,sizeof(double));

int i;

4

gap/radias;

F = G+1;

initial_Z AC;
initial Pcoeff (Pcoeff);
initial Boundary(Boundary);
gaussian(Pcoeff, Boundary, tempQ, numofQl+1);
for(i=03i<numofQl;i++)
#¥(Ql+1) = #(bLempQ+ids
Qp = #(LempQ+i)s

free(Pcoeff);



free(Boundary);
free(tempQ);
}
void gaussian(double *Pcoeff, double #Boundary, double #X, int n)
{
double #A=(double #)calloc((n+1)*n, sizeof(double));
register int i,
s
I,
kl,
X3
double xmult, sum, temp;
int #pivot=(int *)calloc(n, sizeof(int));
double *temp_pivot = (double #)calloc(n, sizeof (double));
struct {
double value;
int row,
columns;

} maxpivots;

for(i=0;i<n;i++)
{
for(j=0s53j<nsj++)
array(4, n+l, i, j)=array(Pcoeff, n, i,j);

array (A, n+l, i, n)= ¥(Boundary+i);

for(i=0;i<nsit4)

¥ (pivot+i) =1i; -

for(k=0dk<n-1;k++)



PN

/% may be pivot #/
if ¢ k¢n-1
{
maxpivot.value = array(a, n+1, k, s
maxpivot.row = k3
maxpivot.colunn = k;
for(i=lsidnsi++)
for(j=ksidn;j++)
{
if(array (A, n+1, i, j) > maxpivot.value)
{
naxpivot.value=array(4, n+1, i,J);
maxpivot.row=1i;

maxpivot.column=j;

3
if( maxpivot.row != k)
{
for(x=l; x<n+l; x++)
{
temp = array(A, n+i, k, x);
array(A, n+1, k, x) = array(A, n+l, maxpivot.row,

array(A, n+l, maxpivot.row, x) = teamp;

}
}
if ¢ maxpivot.column != ky
{

for( x=0; x<n ;x++)
{

temp = array(A, n+l, x, lJ;

array(A, n+l, x, ) = array(i, n+l, x, maxpivot.column);



array(A, n+l, X, maxpivot.column) = tenmp;
}
temp= *(pivot+k);
#(pivot+lk) = *(pivot+maxpivot.column);

*¥(pivot+maxpivot.column) = temp;

}
ittty
kk=k+1;

for(i=kk;i<n; i++)

xmult=array (4, n+1, k, k) /array(4, n+1, i, k;
for(j=kks;j<n+1sj++)
{
array(A, n+l, i, J) = array(A, n+i1, k, j)-xmult¥array(a, n+1, i, i);
}

array(A,n+1, i, k)=0.0;

}

/% substitution #/
*(temp_pivot+n-1) = array(A, n+1, n-1, nj/arrav(4, n+l, n-1, n-1J;
for(k=n-2; l>=03k--)
{
sum=0.0;
for(j=k+1;j<n;i++)
sum=sum+array(i, n+l, k, j)*(k(temp_pivot+j);
¥(temp_pivot+k)= ( 1/array(A, n+1, k, k) y¥(arrav(a, n+1, Ik, n)-sum);
3
/# change to correct answer %/
for{i=0sicnsi++)
¥(X+ (#(pivot+i))) = #(temp_pivot+iy;

free(tenmp_pivot);



free(d)s

free(pivot)s

void getmatrix(double *A,int row, int column)
{
int i,J;
int x=wherex(),y=wherey();
double temp_doubles
for(i=0sicrows;i+¥)
for (i=0;5j<column;j++)
{
goboxy(x+j¥column+2, y+ir:
scanf ("#1f",atenp_double);

#(A+i%column+j)=tenp_double;
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/% SPHERE fiu SPHERE x/

#define array(name, ncol, row, column) (%( (name) + (row)*(ncol) + (column) ))
tdefine sqr(x) ((xX)#(x))

tdefine PI  (3.141592654f)

double G, #*Q;

double Pi11(double g)

{

double temp_double;

temp_double = 1 - 1/(2%g+1);
return (double) temp_double;
3
double P21(double g
{

double temp_doubles;

temp_double = 1 - 1/sqri(l+d4%sqrig+l)) ;
return (double) temp_double;
}
double P12( double g,double x)
{
double temp_doubles;

temp_double = 1/x - 1/(2%g+x);
return (double) temp_doubles;

3

double P22(double g, double x

{

double temp_double;



temp_double = 1/sqrt(l+sqr(l-x) ) - 1/sqrt( 1+ sqr(2¥g+x+1));
return (double)temp_doubles;

}

void initial_P_StoS(double #%P, double g, double x)

{

array(pP,2,0,0) = P11(g);
array(p,2,0,1) = P12(g,x);
array(P,2,1,0) = P21(g);
array(P,2,1,1) = P22(g,x);

3
void initial_Boundary_StoS(double %B, int npoint)
. )

int 1i;

for(i=0si<npoints;i++)
¥(B+i) = 1.0;
)
double PcQl(double g, double ¢
{ 2
double temp_double, f;

f= g+1;
temp_double = 1 - 1/sqrt(sqr(cos(c))+ sqr(2*f-sin{c) ) )3
return (double) temp_double;

}

double PcQ2(double g, double c, double x)

{

double temp_double, y;

y=1-x;

temp_double = 1/sqrt( sqr(cos(c)) + sqr(y-sin(c)) )



- 1/sqrt( sqr(cosfc)) + sqr¢ 2%(g+x)+y-sin(cl)) )3

return (double) temp_double;
}
double Phi_c(double ¢, double g, double x)
{
double temp_double;

double Q1,Q2;

Ql
Q2

#(Q+0)3

¥(Q+1)3

temp_double = PcQl(g,c)*¥Q1l + PcQ2(g, c,X)¥QZ;

return (double) temp_doubles;

double LS( double g, double x)
{
double ¢, step = 5.03

double radian, least_square= 0.0;

for(c=03;c¢=903c+=step)
{
radian = PI%c/180.0;
least_square += sqr(i-Phi_c(radian,g, Xx));
}
return (double)least_squares
}

void initial_Q_StoS(double gap, double radias,double *Qx, double #uw)

{

double *Pcoeff

(double #)calloc(4,sizeof (double)};

double *Boundary

(double ¥)calloc(2,sizeof (double))s;

double px=0, x, step_x = 0.01;



double error,least_error=1;
double tempQl,tempQ?;
G=gap/radiass;
x=0.013
do {
initial_P_StoS(Pcoeff,G,x)3
initial Boundary_StoS(Boundary,2);
gaussian(Pcoeff, Boundary, Q, 2);
error = LS(G,x);
/% printf("\nx = #5.231f error = %8.61f",x,error);s*/

ifterror¢least_error)

pX=X3
least_error=errors;
tenpQl=#Q;

tenpQ2=#(Q+1);

X +=step_xs3
Ywhile(x¢1.00J)3
#QX=DpX5

¥y = least_errors;

*Q temnpRls
*(Q+1) = tempQZ;
free(Pcoeff);
free(Boundary’;
}
double Prz_StoSi(double r, double 2)
{

double temp_double;

temp_double = 1/sqrt( sqr(r)+sqr(G+1-z) )

- 1/sqrt( sqr(r) 4+ sqr(G+i+z) J;



return (double)temp_double;
)
double Prz_StoS2(double r, double z, double Qx)
{

double temp_double;

temp_double = 1/sqrt( sqr(r) + sqr(G+@x-z) )
-1/sqrt( sqr(r) + sqri(G+Qx+z) J;

return (double) temp_double;
}
double potential StoS_rz(double r, double z, double Qx)
{

double temp_double, Q1, Q23

Q1
Q2

*(Q) ;5

¥(Q+1)3
temp_double = Prz_StoS1(r,z)#Q1+Prz_StoS2(r,z,Qx)*Q2;
return (double)temp_doubles;
}
double potentiallstos_xyz(double px, double py, double pz, double Qx)
{
double r, z;

double temp_double;

Z=Dy5
r = sqrbtisqripx)+sqr(pz)i;
temp_double = potential_StoS_rz(r, z, QX);
return {(double)temp_double;
3
double Erzr_StoSt(double r, double z, double x
{

double dPirz, dP2rz;



double temp_doubles;

double Q1,32;

Ql = #Q;
Q2 = #(Q+1);
dPirz = r/pow{ sqr(r)+sqr(G+i+z) ,3.0/2.0)

- r/pow( sqr(r)+sqr(G+l-z) ,3.0/2.0);
dP2rz = r/pow( sqr(r)+sqr(G+x+z) ,3.0/2.0)
- r/pow( sqr{r)+sqr(G+x-z) ,3.0/2.0);
temp_double = -(Q1%dP1rz+Q2%dP2rz);
return (double)temp_double;
}
double Ezzr_StoS(double r, double z, double x)
{
double dPirz, dP2rz;
double temp_double;

double Q1, Q2;

Ql
Q2

#Q3

#¥(Q+1); \

dPlrz = (G+1-7 /pow(sqri(r) + sqr(G+i-z),3.0/2.

+{G+1r2) /powi(sqrir) + sqr(G+1+42),3.0/2.07;

dPirz = (G+x-z)/pow(sqri(r) + sqr(G+x-z),3.0/2.

+(Gtx+z) /powi(sqrir) + sqr(G+x+z),3.0/2.07;
temp_double = -(Q1%dPirz + Q2%dP2rz;;
return (double)temp_double;
}
double Ezr_sStoS(double r, double z, double x:
{
double Er, Ez:;

double Ezr;

0)

0)



Er Erzr_StoS(r, z, XJ);

Ez

Ezzr_StoS(r, 2z, x);
Ezr = sqrt( sqr(Er) + sqr(Ez)};
return (double)Ezr;
H
double Exyz_StoS(double px, double py, double pz, double Qx)
{
double r,z,X;

double Ezr;

X =QX;
Z = Dys
r = sqrt( sqr(px) +sqripz) );

Ezr = Ezr_StoS(r, z, X3

return (double) Ezr;
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FIELD CAICULATIONS AROUND NON-STANDARD ELECTRODES USING
REGRESSION AND THEIR SPHERICAL EQUIVALENCE

]
H.. Anis, Member, IEEE A. Zeitoun
Cairo University
Egypt
ABSTRACT

A fitting-oriented modification to the
charge—-simulation method in estimating ele-
ctric fields is introduced which appreciably
reduces computation time and cost. Multiple
linear regression makes it possible to reduce
the size of the simulating charge systeu
without alterin%hthe selected potential bou-
pdary points. e technique suits irregula-—
rly shaped electrodes with pointed termina-
tions. An attemt to standardize the end
profile of high vcltage electrodes is prese-

- nted by matching the -formation of the initial
' corona cluud of a given electrcde to that of
. a standard heri-spherically terminated elec-

% LUI'RODUCTION
;

With the ever increasing variety in the
ﬁprofilesof high voltage apparatus more atte-
“ ation is being given to the estimation of
L ire field and pobential distributions at the
{ surface and in the viciuity of tiese bodies.
§Sharply tipped terminations of high voltage
felectrodes are of special importance in that
t.they are possible sources of undesirable
.local ionization.

1 iethods based on charge sirulaticn of the
electrode system have been frequently euplo-
yed to obtain a pumerical solution of the
snon-uniforuly disvributed field arouad taat
"system. Of particular interest, assuming
fone form of symmetry or another per each
kitem of the high voltage electrode complex,
Ethree forms of charge arrangeucnts have been
f seen to cover almost all possible needs of
Esinulution to cope with the system configu-
ration[1,2,3). <{hese are the point charge
& which suits spherically shaped suriuces, the
lire charge (finite or infinite) known to
suit cylindrical configurations, and the
ring charge to simulate, in general, axially
symmetrical proiiles. An adequate .combina-
tion of the three forms of charge can be
made Lo simulate almost any practical elec-
trode system[2].

However, as the electrode configuration
increases in complexity, computa ion cost
and time bDecome excescive. 4 compromlse is
hen to be reached between the prospective
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cost and the attained accuracy. It is the
first intention of this work to overcome this
difficulty by reducing the system of simula-
ting charges,thus reducicg computation time,
without significantly altering the precisdon
of the solution. This is achieved by apply-
ing multiple linear repgression to the systenm
of surface points ageinst the system of
simulating charges. This amounts to equa-
ting the maximum likelihood of the electr-
ode's surface potentials to their specified
counterparts.

Finally, the true influerce of non-stan-
dard terminations of rods in rod-plame air
gaps is investigated. On physicsl grounds
the corditions for the formation of the
first. corona pulse in the inter gap is dete-
rmined. It is, then, taken as proger bases
for the standardization of pointed electro-
des by seeking their hewmi~spherically capped -
equivalent termination which leads to an
equal corona formation.

The principle used in this standardization
is superior to the conventional way of des-
cribinz non-standard rod terninations by the
field's form factor. The latter is only a
function of the maximun surface field.

CHAKGE SINULATION OF AXIALLY SYutETRICAL
ELECYRODES

The three forms of charges (point, line
and ring) used to )simulate axially symmet-
rical electrode systems are collectively
given in reference{2]. The conventional way
of putting them to .use ard the novel propo-
sed modification are as follows.

Conventional Nethod

For a given electrode arrangewent the
system of simulatipg charges is made up of k
charges of the three described forms
q; G = 1,k). Bgual number of surface points
are selecved at which the potential
vi (i = 1,k) is to be satisfied. The charges
and potentials are linearly interrelated

k
D, Py = Vi S
J=1
where Pij is a function of the position .of
the i¥A Jpoint relative to q3[2].

In matrix form +this becomes, for the whole
system
[P K,k * [Q]k,l = [V]Kal (2)
whose solution is
-1
B, = Bles [e,1 (2
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_ae solution (2') is normally obtained by
the pivotal condensation (gaussian elimina-
tion) technique in which the computation
time is approximated by [4]

T= B KT s (3)

where, 8 = a constant, having a value Dbet-
weep 2 and 3.

and T = multiplication time of the compu-
ter.

Multiple Linear Regression Scheme

This scheme calls for a number of surface
(boundary) points n > k (the system's degree
of freedom). It amounts 0 fitting these
boundary points by the maximum likelihood of
their respective surface potentials. The
least-square principle is the most common
for such a fitting. The <fitting process
seeks

n k 2
Min Z ((Z Py qj)—vi)
i=1 =1

By partially differentiating the sbove fun-
ction with respect to g5 (j = l,k) and equa-
ting to zero a syste& of k simultanious
linear equations is created which are known

as the regression equations[5].

bs] k
> ( < Pij 9y - vi>pij 21 fr gk
izl | §=i

In matrix form, this becomes

[D]k,k . [Q]k,l ¥ [F]x,l (%)
whose solution is T
= D] - [ ] 4t
Eﬂk,l [ K,k Fle,1 %)
where,
n
dij (the entry of D) = E: Ppi Paj i,j=1,k
m=1
(5)
n
£iq (the entry of F) = E: Vo Ppi
m=1
In other words,
D| = l?ﬂ . {P] (5")
and [r] = *1 . [v] (5")
where, the superscript t denotes the ftrans-
pose.

In the special case when n =k a return
is made %o the determinstic (conventional)
solution (2). This can be proven by premu-
1tiplying both sides of equation (5") by

TR -0

and, then, substituting for
for D from (5').

A

F from (&) and
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Computational Gaims .

As a simple, yet conclusive, application?
of the modified charge simulation techniw
que, a hemi-spherically capped rod-to-plane
configuretion is treated. In reference iﬁ
a total number of 10 charges was used to
similate the system. The pumber of surfacs
points. totaled 8 plus 2 extra constraints i
were added to satisfy the surface field
derivatives. The same system was solveq
using the present technique but with the
pumber of charges reduced to 5 as shown
Fig. (1) [k =5, n = 10]. 4 fitting ratio
n/k is sald to have been taken equal to 22
The axial potential distribution of the two
solutions is presented in Fig. (1) where
deviations of less than 0.5% are encountere

.

: Present Ref (1)
work
__L cm cm
' ] 1% @TASO
].O"' |
|.9Line &
PO Fitling charges
0.8 points 7boundary.
i | points
3
O | e =lcm 1
\ - S0cm
= 0.6+ L
‘é \ T 7 fﬁ??i?
[ \
e \
o \ . ) ]
0.4 N _ _ _ Previous calculations
4 :
.. ____ Present calculations
N
0.2F
OO i I $ 1
0 10 20 30 40
Distance fr.om rod em)
Fig. (l1): Modified charge simulation as app=
lied to hemi-spherically capped:
rods.

Computer time is substantially saved

the present method as & result of two facts;
1) According to Eq. (3), computer til%
ratiQ

wguld be r%duced by the cubic fitting
R’ = (n/k)’ when n is maintained constantfa

2

2) As seen in Eq. (5'), the matrix D %f
symmetric, a fact which can be taken advellyg
tage of to reduce the solution time by o
ther factor of nearly 2 [4].

In the above comparison with <referenceé

(]




saving in computation time by a factor of
approximately 2 x 23 = 16 is belisved to have
Rbeen accomplished.

PERFECTING THE FITTING SCHEME

A pumber of further modifications to the
present technigue are studied aiming at be-
tter accuracy and/or more suitability to
practical applications. A fully worked out
example of a cone~terminated rod of a rod-
to~-plane gap Fig. (2) is used to illustrate
these modifications systematically.

)

Fig.(2) : Cone-terminated rod and its equi-
potential contours.

The Optimal Fitting Ratio

For a fixed charge simulation system, an
increase in the number of the fitting sur-
face points reduces the potential ripples on
that surface as displayed in Fig. (3). This
improvement, however, tends to level off as
R increases. Figure (4) demonstrates this
fact by showing the root mean square ripple

&2 as a function of R. A limiting value
of R that may be termed +the "saturation
fitting ratio"™ is reached beyond which no
s8ignificant improvement is gained. In the
case of Fig, (4) it is about R = 2. To
ingure result credibility, the __b_gu.nda::y
points used in the evaluation of aVe were
not only those used in the regression scheme
but &t least three times as many.

Constrained Surface Potentials

. The boundary points bearing special impo-
Itance or having greater sensitivity to the
Titting routine, may be exempted from that
routine. They are therefore considered as
Potential constraints. This class of points
Ray norually include sharp corners, edges and
electrode tips. .

-~ If the total number of boundary points is
D of which M points are constraints, ' the
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tial and fisld distributions.
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Fig. (4): Effect of fitting ratio on fitting
efficiency.

fitting routine would then seek

k 2
Min 2 ((; Py qj)-vi)

which is partially differentiated (x - M)
times with respect to q; (J = 1,k-M) and
equated to zero to give k<M linear equations
in Q3. The extra M deterministic equations
are




) 2: Pij 93 = V4 i=1,M (6)
J=1
The final matrix system will appear as
Phet e .l Q Teill ()
D2y x k1 | P,
k,k 1
where n-N
i=1,k-M
dljy = EZ Pni Pmj 3=l:k
me=
i=k-M,k
213 = Py j=Ll.x’
n-M (8)
1 = > Vg Py i=1,k-M
\ mn=1
£2,, = V3 i=k-i,k

It is to be pointed out that the partitioned
matrix D is po longer symmetric. The li cha-
rges g3 (Jj = k~M,k) are usually taken as the
closest to the constrained surface points.

In Fig. (5)’
tributions are

the potential and field dis-
given for the ccnical termi-
pation with one surface point (M = 1) taken
as constraint at the very tip of the elect-
rode. As expected, the new solution came on
!the expense of the overall efficiency of thse
fitting process where Table I indicates an
increase in the R.w.S. ripple due to the
constraint from 0.86% to l.22%.

Table I

Fitting Efficiency for a Cone-Terminated rod-
to-plane gap

Fitting : . =N
k n Ratio Constraints Veight AV
R %
7 7 1.0 M=1 No 4,90
7 14 2.0 B =1 No 1.70
7 28 4.0 #o= 1 No 1.49
4 28 2.0 M=0 No 0.86
14 28 2.0 8 =1 No 1,22
14 28 2.0 =0 Yes C.93
14 28 2.0 M=1 Yes 1.83%

Weighted Surface Potentials

A situation may arise where portions of
conductore surfaces are to be given a spe-
cial attention but not necessarily on the
expense of the fitting scheme as the fore-
going section supgests. 4 compromise would
thus be propésed whereby all surace poten-

tials lend themselves to weighted regression.
Surface points

are assigped larger welghts

according to either:
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Fig. (5): Role of potential constraints.

1. The superiority of treir role in pra
tical applications.

their conmtributiorn tc the fitting pr
cess with greater sencitivity, as wi
be outlined in +the next section, 4
to their posential, relative positi
or otherwise. "

or 2.

If for the system of n fitted bound4ry
points, the weights wi; (i = 1,n) were assig

ned then the fitting routine would be
king n e
- 2
Min E ¢ E, Pij qj) - vy LA
1= j=1

o
[
c
1}
]

fo)

5]

Q.

H
'.n
,—l

i
N

Of special interest to high
engineers are the points of higher
gradient where corona is liable to



.. the welght at any surface point may thus be
£ made proportional-to the value of surface
¢ gradient at that point. This is the case in
b Fig. (6)._ The surface fields based on equal
‘weights [Eq. (4)] were taken as® initial
i values in.a rapidly converging  iterative
£ algorithm to determine the weighted field
. and potential distributions% The weight, in
P the rih iteration, at the itk point was

. 30
N G P a
LS

.

gap =50 cm

3 K =14

:ﬁ} R - 2 108
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{: 106 4
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. <’ o
) c
g o -096 ©
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(VXA

— 1 b, A 1 o]
L L6 48 Fg S0S  SI 52 5L 56
!
L*gap——a-u— ConNe --wla—ie rod ——-—-any

. ;Fig. (6): Role of weighted potentials.

wi = const. Eﬁ"l (10)
twhere Eﬁ—l is the surface field after (r-1)

Kiterations. Table I shows that assignment
of weight comes on the expense of the overall
fefficiency of fitting as indicated by the
in H.d.S. ripple from 0.86% to

. Constrained and weighted surface poten-
Btials can be combined, a result of which is
falso given in Table I.

B Optimal Selection of Fitted Points
fand Simulstion_Charges

The presert solution is found to be sen-
®sitive, to some extent, to the location of
the simulating cherges relative to the sur-
flace fitted points. Therefore, optimal sele-
gCtion of such reletive positions should be
Escught. The logical -sequence in this regard
|is to select the n surface locations of

fitted points first, and follow it by a
determination of +the simulating charges in
location and then in value. This is accom-
plished in two major steps:

1) Surface points are optimally distri-
buted along the corductor!s surface in acco-
rdance with its profile [Fig. (?7)]. A point
%ensity function g(z) expresses this in the

ornm

T
i
Z]
Fig. (7): General profile of an axially
symmetrical rod.
g(z) = (35 +38 )/ (35 + 1) (11)
where r & 2z are the cylindricsl coordinates

of the conductor. The constant § is arbit-
rary and represents the ratio of the minimal
desired point density (i.e., dr/ 3z = 0) to

the maximal acceptable one (i.e., dr/dz=
© ). For practicel purroses, 5§ is given a
value of 1/5.

If the total axial length of the conduc~
tor L is divided into equal segments each h

in lengthﬁ then the pumber of surface points
per the m*l segment is

hm ‘

ﬁ[ glz) dz
n, = —B@=1) . n (12)
f g(z) dz
0 -
2) The optimal deteruination of the
sigulating charges may be carried out for-

the entire system at once ip which case the
final results are reached directly. Alter-
natively, for larger systems, optimization
can be carried out for each axial section
separatelby giving the optimal location of
charges which can then be combined for the
complete system and used in turn to deter~

mine the charge values. The analysis to
follow wuses, for ease of comprehension, a
conductor system of k pre-determined surface
points and an equal number of charges unk-
nown both in location and value. The analy-
sis can be simply extended for sectionalized
systems and to fitting ratios grater than
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e d

unity.

The k charges can be of mixed types acco-
rding to the pature of curvature of conduc~
tor surface as outlined earlier. A total of
k linear equations are available in 2k unk-
nowns, namely, k charges g5 and k correspon-
ding axial coordinates z; {the radial coor-
dinates r are execludgd based on axial
symmetry ).

k

z: Py (2932590002,) 9y = vy 1,3=1,k(13)

J=1
The available k equations (13) in qj and zj
are taken as constraints of a more generai
function which is to be optimized producing
thus +the k more equations needed to solve
the system. This pew function ¢ (q,z) is
taken as the mean square deviation at k inte-
rmediate surface points located successively
nidway between the original surface points.
Lagrange's undetermined multipliers theory[6]
is used to optimize such a function., A
general function known as the Lagrangian

takes the form.
k
{J;l(pijqj) 3 vi]

(14)

where, Aj(i = 1,k) are the lagrange multip-
liers or sensitivity coefficients. rhysica-
1ly, Aj indicates the sensitivity of the
optimized function 9(q,2) to the constraint
at the it8 position. And,

k

k
2
2(q,2) = Z ( Z (pquj) ~ Vm> at k¥ (15)
. m= J=1

intermediate
points

k

Qa,2) = 9(q,z) + Z Ay

i=1

The derivatives of S)(q,z) with respect to
Ay are the k constraints® themselves, which
by equation (13) must be zerg at a feasible
point. The derivatives of ()(qa,z) with res-
pect to g, and z;, 1f equated to zero, add
2k more efuationf to (13) making it a  total
of 3k equations in 3k unknowns (qj,ZJ and
Ai).
J
If so desired, +the values of Ay
examined and +the original surface point
whose A is ©relatively pegligible can be
deleted from the simulation algorithum.

can be

APPLICATION RESULTS

To demonstrate the suitability of the
present technique to a wide range of elect-
rode profiles, the sharpness .of the conical
termination was varied throughout a wide
range by changing the cone angle 6, +tip
radius of curvature r, and gap length. Based
upon the foregoing analysis the following
measures were taken:

1) Constraints at the electrode tip are
imposed in cases of noticeable sharpness,

i.e. small cone angle © and radius of curva-
ture rg.

the simplist and the besh

th 2) iing charges are dispensed with as
e ang increases and/or r approac
the rod radius. ¢ PP Bes

3) locations of fitted points are optimg. -
11y adjusted as 6 and r_ vary. a4

Figure (8) displays the effect upon the
potential distribution in the intergap of the

1.0
08
2
2 06
% 20cm gap =100 cm
G 0.4
(o]
a
0.2}- ':
/ - - s
- | W= :
Ok;é;:"ﬂ__n-_.wm_«.L .
0 20 50 100
Distance from plane (cm)
Fig. (8): Effect of gap length upon poten-—.

tial distribution.

gap length, while Fig. (9) demonstrates the &
eXfect upon the maximal surface gradient'(atn%
electrode's tip) of the electrode configura—
tion. It appears, as one expects, that the 3
maximal surface field increases as the angle§§
© decrezses und/or the radius r, decreases-j

effactive. This:%

with the latter wmch more

effect 1s specially pronounced at very small.d
values of 8. The hemi-spherical termination-
with a radius equal to the radius of curva-.
ture appears &s a patursl extreme where ©-%
takes a zero value. Obviously, hen 2
radius of curvature equals the rod radiusig
only a zero value for & is fezsible. &

SPHERICAL EQUIVALENCE OF POINTED ELECTRODES:

A great variety of electrode shapes an
terminaticn profiles are e..countered in hig
voltage systews. Although the present study’
offers a tool to estimate the potential and;
field distributions at the surface and ing
the vicinity of those terminations an effort:
to standardize these sbapes would be credisg
ble. ‘This act of stendardization is carried;
out on corcna bases and ig thus considered:
complewentary to the ¥-factor (gap factor
which refers the breakdown strength of a &
to that of a standard rod-plane gap. Beib
defined, hemi
spherical terminations zre chcsen as standal




two boundaries|{?7]:
gap-50cm 7]

i) The outer boundary below which (away
from the electrode) the net ionmization coe-
fficient (a-7) vanishes, where a is the
) coefficient of ionization by collesion and 7
O hemi-spherc is the coefficient of attachment. Experimen-
tally,this boundary coincides with the egqui-
field line at about 25 kV/cwm.

{
20

fe ey ii) The inner boundary is defined by a
A s distance from the positive electrode long
Y T enough to permit the avalanches created by
the electron movement towards thet electrode
to forw corona streamers. This ic given by
0.3 the rcot X of the following Townsend-based
’ equation

field , {p.u.)

X
_— . f (a-m) é&x
¢ = &°

(a~7n) being a function of field and hence
of space, while ¢ is the degree of multipli-
city &an electron should acquire to Zform
c streamers _and. is reported to take values.
0 15 30 45 60 between 107 and 10% 7]. Figure (10) dis-
plays the grovth of cdrona cloud for a npum-
o, (degrees ) ber ef electrodes.

Maximum
o_
[
™

J

cR AL AL A

>Fig. (9): Effects ofelectrude cornfiguration Basis of Equivalence
2 upon the maximum field at elect-
rode tip.

4 certain hemi-grhericsl termination is
said to be equivalent to a given electrode

to which nop-standard rod terminations are according to one of three criteria:
. referred. For each given rod termination 1)
. there eXxists a hemi~spherical termination
= which, under the same stress, proeduces egual
corona cloud. The latter is defined as- that

when it gives, under the same voltage
a maximum surface gradient equal to that of
the given elecirode,

{yolume of air enclosed between the following

o

4 - I P e .. - .
L 35|. Equivalent / ]
‘ Coné Herr - sphere @
! o
13 '
{ 30} <A
~ 25}
e
¢ A
{ - 20|
% 3
¢ 3 '
o w -
1.5}
b
=
' 2
(e}
S 10| Core
gap-50cm
0.5
0 ! | e A UiV SU0 VAN A SN (U SR
0 10 20 30 40 50 60- 70 80 . 90
Voltage , (kv)
Fig. (10): Zgﬁisgigﬂcgf corona cloud with applied voltage as means of establishing spherical
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2) when it shows a corona inception vcl-
) tage equal to that of the given electrods,

or %) when it produces & corona cloud equal
to that of ‘the given electrode at the wmean
corcna inception time of that electrode.

The first criterion bases electrode equiva-
lence upon equal field uniformity factors
(ratios of maximum and aversge fields). Itis
simple, yet it does not account for streamer
formation as outlined ubove, neither it
accounts for the form of the applied impulse.
The second uses the criterion for streamer
formation but disregards the applied form of
stress. Only the third criterion takes
account of the true growth of corona cloud
under a specified impulse. It is this third
criterion that is recomwended for the exact
estimation of hemi-spherical eyuivalence of
electrodes.

In Fig. (10) a chart made up of a npumber
of characteristics of hemi-spheres of diffe-
rent radii is used to estimate the equivale-
nce of a given conical electrode termination.
The result is given in Fig. (ll) where equi-
valence is carried out using the above three
criteria. For the tbird criterion an impu-
lse of200uxstront was used, and the wean
corona delsy, at which ccrcna clouds are
equated, was calculated using the distribu-
tion of corona inception times of ref.[7].
Deviations as large as 20% are noticed among
the equivalent radii based on the various
criterie. In Fig.(10), a conical terwination
(0 = 30°, Te = 0.3 cm) is sketched toegther

b with its bemi-sphericzl equivalent. lndica-
tions of the growth of their respective
corona cluuds sre demonstrated.

Equal corona at mean inception
Equal maximum field
Equal munimum nception

0.7

Radius ot equivalent hemi-sphere, (cm)

£ 1 I
03O 15 30 45 60
Cone angle 6 ,(degrees)
Fig. (11): Equivalent hewi-spheres of a cone

terminated rod.

1In a work by Menemenlis and Anis|8],a cxﬁ‘\
cal rod termination of © = 30° and C;l’= 2 "’
cm ina 3 m gap was used to investigate corog.,
inception under switching impulses. Thaty
configuration when treated with the present
techniques and using the third equivalencg
criterion it gave a hewi-svhericsl electrodg
equivalence of radius 12.5 cm. This outcome
fits reasonably among the rest of the experi- &
mental results of the cited reference where:

actual spherical electrodes were also used,:<%
e,

CONCLUSIONS

1) The use of mltiple linear regression
modification of the charge simulation method$
permite reduction in the size of the systemy
of charges ard thus saves in computation:i¥
time apnd cost. Conversely, better coverages
of the electrode surface may be achieved by:
increasing surface points without increasing&y
the charge system correspondingly.

2) The formetion of a symmetric cofacto
matrix in the system of linear equations
further saves computer time. e

3) The sclution is improved to suit the;
needs of practical engineering problem
through the assigpment of constrained pote
ntials and distributed potentisl weights.

4) The relative locations of surfaceH
points and simulating charges can be optimaty
11y deteruined using the Lagrange Multiplier
optimization technique. ;

5) The technique is valid for a wig
range of electrode configurations.

6) Corona-based spherical equivalence o,
any irregularly shaped electrode cen b
‘attained using the growth of the
cloud of that electrode under the trus
lence of the applied voltage.

T

7) Radii of equivalent hemi-spheres baseds
on corona cloud growth are larger than thosej
given by the simple field uniformity factox
concept.
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Discussion

M. Abdel-Salam (Faculity of Engineering, Assiut University, Assiut,
Egypt): The authors should be commended for their field calculations
around non-standard electrodes and their spherical equivalence.
: It seems that the authors has overlooked paper! by the discusser
¢ with others, which must be of special interest to them. In this paperl,
¥ the charge simulation technique was used to compute the electric
¥ potential and field in the vicinity of bundled conductors of overhead
‘transmission lines with any number of smooth or stranded subcon-
ductors. Each strand or subconductor of the bundle was simutated by a
-¢ number of line charges and their images with respect to ground were
{ considered. A number of equations for determining the potential at a
‘. number of points greater than the number of line charges were formu-
& lated and solved simuitaneously using the least square principle. They
“yielded equipotential surfaces which almost coincided on the subcon-
¥ ductor surfacesl. Considerable improvement over previous methods was
t: achieved! as regards the accuracy and the computational time. The
4 same idea was applied in the paper under discussion and only termed as
L “field calculations using regression”. On the other hand, the authors
2 here are congratulated for their optimal selection of fitting (boundary)
’ points and simulation charges. ’
The discusser with others have extended the charge simulation
E technique to compute field values in the vicinity of hv bipolar trans-
£ mission linesll. The simulation technique was modified!!l to calculate
F electric fields near protrusions!V from hv transmission line conductors.
A The reproducibility of the results reported in Figs. 1 and 2 of the
paper needs by necessity to define the coordinates of the simulation
B8 charges either semiinfinite line charges simulating the cylindrical
profiles or ring charges simulating the axially symmetrical profiles. Not
only the coordinates of the simulation charges but also the locations of
fitting points are required. The authors’ comment in this regards would
B be appreciated.
3 It is very satisfying to observe that optimal fitting ratio equals 2 in
B this paper agreed with ﬁrevious findings regarding field calculations near
B monopolarl or bipolarll transmission lines.
oy The inception voltage was considered as corresponding to avalanche
E sizes in the range 107 — 109, Strictly speading, this is only correct for
g highly electronegative gases such as SFg. For air, the onset criterja for
¥.both positive and negative coronas were previously reportedV, VI
| For the completeness of the information reported in this interest-
b ing paper. we would like the authors to give comments on the following:
; 1) The value of the constant involved in eqn. (10) is not defined.
# How to evaluate such value?
2) What is the meaning behind standard rod-to-plane gap? Is it
IR having gap length to hemispherical-tip radius = 160?
3 Apart from questions, the authors again are commended for this
@ Intcresting paper.

i, K T 1oAY T e Y T e Ty o
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H. Parekh, M. M. A. Salama, and K. D. Srivastava (University of
Waterloo, Waterloo, Ontario, Canada): The authors have presented an
interesting method for the computation of electric fields around high
voltage electrodes. We have several questions regarding the method'and
the results presented in the paper.

Fig. | of the paper shows a comparison of the conventional method
(Reference | of the paper) with the method presented by the authors.
Although the authors have given a general description of how the
locations of the fitting points and the axial line charges can be chosen,
it is not clear to us what locations they have chosen in Fig. 1. Would
the authors give some information regarding these locations?

We wrote a computer program (for the configuration of Fig. 1)
based on the method proposed By the authors. The [BM 360 computer
available at the University of Waterloo was used for the computation.
The locations of the fitting points, Cj, chosen are shown in Table [ with
Fig. [. The starting points of the axial line charges were varied by trial
and error to obtain a better fit at the electrode’s surface. The results we

R
kCio
S
< CB
+Q, 3C7
= 5
! Q. 1% 140
4 [c
Q, k S
Q2Q, C,
C
" R={ 3
Fig. 1. i, C,
Rod-to-plane geometry. 10
boundary points (Cj), one point =50
charge (Q1) and 4 line charges ' . D=
(Q2,Q3, Q4, Qs). z-axis
V=0 . '
77 7777777777 .
{0,0) Y—-axis
Table |
Point Y-Co-ordinate Z~-Co~ordinate
YC ZC
Cl 0 50
C2 0.5 50.134
C3 0.866 50.5
Ca 1.0 51.0
C5 1.0 52.0
Ce 1.0 55.0
C7 1.0 70.0
C8 1.0 90.0 e
C9 1.0 140.0
. 190.
C10 1.0 90.0

Co-ordinates of boundary points

Manuscript received February 22, 1977.
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Table 11

g:::::emen't Z-Co-ordinates of axial line charges :::!:?Tnz X
Scheme # | Z20(1) 0(2) 20(3) W) zq5) | ST e
boundary points

1 st s1 52 53  S4 11.5% ac ¢,

2 51 51 52 55 60 8.52 at C,

3 s1 51 52 60 70 7.5% ac Cg

4 51 51 52 70 90 3.8% at ¢,

5 51 sl 52 90 130 5.72 at Cg

6 51 51 55 70 90 4.9% ac ¢,

The effect of changing positions of the axial line charges on-the error in the

potential at the boundary points.

obtained are shown in Table II. It can be seen from this Table that the
lowest error in the potential at the electrode surface was 3.8% at C4 for
scheme No. 4. This error cannot be considered satisfactory since our
experience with the charge simulation method (1, 2] indicates that
even a very small error (as for example 0.2%) in the potential gives rise
to a large error (about 3.5%) in the electric field at the electrode's
surface.

A correct way to compare the two methods would be to show the
variation of the electric field on the electrode’s surface. The accuracy
of the proposed method could also be tested by showing that the
direction of the electric field at the electrode’s surface is normal to the
surface. Would the authors like to show some results on this point?

We wrote a computer program based on the conventional method
for the configuration of Fig. 1. We calculated the values of 10 charges
in the system and then calculated the potentials at 8 fitting points.
There was no error in the potential at these points. (The calculated
potentials at these points were all equal to 1.000000.). The compu-
tation time for these calculations was 0.44 sec. The computation time
for the similar calculations by the proposed method (with R=2) was
0.18 sec. but the error in the potential at the fitting point was about
4%. The reduction in the computation time by the proposed method
over the conventional one is about 2.5 as compared to 16 reported in
the paper which is merely a theoretical prediction. This discrepency
may be due to the fact that the proposed method required additional
operations like transposing and multiplying matrices (egs. 5° and 5 of
the paper).

Fig. 3 of the paper shows an error of more than 2% in the potential
at the electrode’s surface even with R=4. We believe that the error in
the electric field will be much greater at the electrode’s surface. Have
the author’s computed actual field values by different methods?

Fig. 4 shows the variation of AV2 with the fitting ratio R. We
think that since AV?2 is ve?' small (0.02 to 0.05), 14V} is greater than
AVZ2, This means that AVZ is not the best parameter to describe the
accuracy of the fitting system. Would the authors like to comment on
this point?

The effect of the constrained surface potentials and the weighted
surface potentials increases the overall error in the system. (Table I of
the paper). How does this help in improving the values of the electric
filed at the constrained points?

Fig. 10 of the paper shows the variation of the volume of the
corona cloud (or critical volume) with the applied voltage for equiva-
lent electrodes. At the minimum corona inception voltage, there is
only one point in the gap where if a free electron exists an avalanche
of a critical size would be produced thus leading to the corona
inception {3, 4]. Thus, at the minimum corona inception, the volume
of the corona cloud is zero. Now as seen from Fig. 10, the minimum
corona inception voltage for the cone is 46.6 kV and for a hemi-sphere
of radius - 0.4 cm, it is about 41.5 kV. Does this mean that a hemi-
sphere of a radius 0.4 cm has a lower corona inception voltage than that
of a cone of radius 0.3 cm? or we have misunderstood the results
shown in Fig. 10?

Since most of the high voltage apparatus are designed for the
minimum corona inception, we believe that the equivalence basis on the
criterion of minimum corona inception is the most desirable.
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H. Anis, A. Zeitoun, M. El-Ragheb, and M. El-Desouki: The authors
thank the discussers for their interesting questions and remarks. Re-
garding Messrs. Parekh, Salama and Srivastava enquiry about the datég}.j
behind Fig. (1) of the paper, the used simulating charge system, com
prising one point charge and four line charges, was as follows:

g
D

Q | P/0.7811 | L/-0.3795 | L/0.5563 | L/-0.0454 L/-0.037§: =
YA 51. 51. 52. 55. 65.
(cm)
which was to fit the following system of fitting points: .
R [0.992]0.998]1.000[1.000{1.000]1.000]{1.000{1.000{1.000{1.000
(cm) v
Z |50.87(50.94]51.00(53.67}56.33[59.89(64.33|85.44(113.2{141.0°
(cm) i

We do not know how the variation of surface field could be takenas .
criterion for the accuracy of calculations. We do agree, however, that
the direction of that field is truly relevant. Such a direction had been. ;
constantly monitored throughout our calculations and, for the case of3
Fig. (1), for example, the maximum deviation from normal was 3.86_;_"3
degrees, and an overall average deviation of less than 0.5 degrees. ° '
The paper does state that an overall potential error may increase
upon the use of the weights and constraints. However, we believe that«‘}g
in this way a redistribution of the surface potential error may beé
effected to the favour of one or more special portions of the electrode
surface and consequently its spatial vicinity. — i
The discussers apparently misinterpreted the quantity AV2, This
said in the text to be the ROOT mean square of the potential error,
M&ough the symbol may not be adequate for this significance. Thez
AVZ values of Table I could not have been expressed in percent uniess:
they were truly the r.m.s. potential error referred to a surface poten
of unity. -
Indeed, the 0.3 cm-radius cone has a higher corona inccgtl_ Il
voltage than a 0.4 cm-radius hemi-sphere. This ceases to be surprizing
in view of the effect of the slopy sides of the cone which terminates
rod 2 e¢m in diameter as compared to the 0.8 cm-diameter rod whi
terminates in the hemi-sphere. .
We refer Dr. Abdel-Salam to the above data concerning the charg
and fitting point systems in response to his first comment. The constan
of proportionality of eq. (10) of the paper, according to general sta
tical mechanics, is that contineous value {or, discrete function) whi
makes the weight sums up to unity over the given space of interesti
this case the area over which the surface field is treated. P

Manuscript received April 14, 1977.
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AN OPTIMIZED CHARGE SIMULATION METHOD FOR THE CALCULATION OF HIGH VOLTAGE FLELDS

A. Yializis, E. Kuffel, P.H. Alexander
Electrical Engineering Department

] University of Windsor
Windsor, Ontario, Canada,

R ABSTRACT
A new approach for the
fields is described, based on the application of opti-’
mization techniques to the charge simulation method.
The charge simulation technique is briefly considered
and the optimized version is formulated. The potential
distribution of the rod-plane configuration is solved
as a sample problem for comparative purposes, and con—
sideration is given to the solution of field distribu-
tions with non-axial symmetry. The new optimized app-
roach proves to be more efficlent, minimizing the time
required to set up and implement a soluticn of this?*

kind.

computation of electric

1. INTRODUCTION

In calculating electric field configuratious, analy-
tical solutton of Laplace's equation can only be ob-
tained for relatively simple charge distributions and.
conductor configurations. However, field distributions
of some of the geometries that are frequently used in.
high voltage apparatus cannot be generated by such sim—
ple charge distributions, and therefore, cannot be ex-~
pressed in simple analytical terms.

As an alternative to purely analytical techniques,

numerical methods are often used to solve such
problems. These include the Finite Difference method,
the Finite Element method, and the Charge Simulation
technique. The latter is basically a numerical method
but it results in an analytical expression for the
field quantities of interest, expressed in terms of a
number of fictitious charges or finite charge distribu-
tions. These charges are placed outside the region
where the field is to be calculated (that is, usually
inside the volume occupied by the electrodes),and their
exact positions and values are found so that the bound-
ary conditions of the particular configuration are sat-
isfied to a certain degree of accuracy.

Usually the method of solution used is a direct one
which involves a priori assumptions about the location
of the equivalent charge distribution which are made on
the basis of experience, and may be different for var-
ious researchers. The assumptions determine the degree
of accuracy in the result.

The work described here applied optimization techni-
ques to the selection of simulation charge distribu-
tions in order to maximize the accuracy with which the
system is modelled. It has the advantage of minimizing
reliance on personal experience and making the achiev-
able accuracy optimally related to the’ computing re—
sources available to the worker. It is felt that this
contribution will enable practical electrostatic appar-
atus to be modelled with greatly improved accuracy in a

F 78 179-4, A paper recormended and approved by
the IEEE Insulated Conductors Committee of the IEEE
Power Engineering Society for presentation at the IEEE
PES Winter Meeting, New York, NY, January 29 -February
3, 1978. Manuscript submitted April 13, 1977; made
available for printing November-21l, 1377.
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routine manner. -

2. CONVENTIONAL APPROACH

2.1. General

For a given distribution the potential Vy = V(rj,zj)
is a gummation of the potentials resulting from the in-
dividual charges.

n
$) - 1.2.1 Pyg @ =¥y 3= L 2w (1)

_where n is the number of charges in the system

n is the number of points at which the potential
is specified
Pji are the.potential coefficients which are also

written as
Pji = P(rj,zj,r'i,z;.) (2)
where (rj,zj) are the coordinates of a point on the

electrode boundary and (r',z;) are the coordinates of
the source point charge Qz.

For a set of m points selected on a surface at pot="—

ential v(3) , equation (1), when written in matrix form
becomes
Piy P12 * ° Pln-l QJ v .
P21 P22 Qf V¢V
e @
Pu1 Pmn{ |{% L"m -
| ZL _
-~ 7 r
V=V-| . V=V2
P 'ty -
(z].r)) e
¥ Line
Charges — |7
( Boundary
_Points (r;,z:)]
. 374
RN\

\
pS Point Charge / -

G Ring Charges—
¥=0 V=0
(a) (b)
Figure 1. Simulation of the field dis-

tribution of a Rod-Plane gap. (a) Using
one point charge and several line charges.
(b) Using a number of ring charges, and

a number of semi-infinite or segmented
line charges.
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Ordinarily, the number of boundary points m 1is equal to
the number of charges n. Giyen a particular configur-
ation the coefficients Pjj will be determined by the
position of the charges, and the boundary conditions.
Hence, equation (3) can then be solved for the value of
the charges Q4.

One of the first applications of the charge simula-
tion technique in high voltage problems was in the cal-
culation of the field distribution of rod-plane gaps.
As shown in Figure 1, there are. a number of ways that
one can simulate this distribution. A solution imnvolw-
ing the charge distribution of Figure 1(a) was present-
ed by Abou-Seada(2) and earlier by Loeb(3). They-used
one point charge and nine semi-infinite line charges.
The solution yielded an equipotential surface with an
error of $3% in the neighbourhood of the spherical tip.
‘However, the error increased substantially for values
of G/R < 50 (Fig. 1). This increased error the authors
found to be due to a system equation slightly differemnt
from the present equation (3) (2), Thus,using the posi-
tions (ri, Z:D and (ry, zj) as given by Loeb and then
forming equation (3), “the accuracy for the values of
G/R down to G/R = 1 was greatly improved.

2.2. Limitations in Using the Conventional Approach

In applying the charge simulation method to calculate
field distributions, the main task is to find the pro-
per positions (ry, zy) and (ry,z4). In order to gauge
the amount of effort required to solve the rod-plame
configuration, a number of calculations were made dis-
regarding previous qurmat'ion on the positioms @,3),
Different sets of (ry, z4) and (ry, zy) were carefully
selected by considering the distribution of each of
these locations with respect to each other, and to the
electrode boundary. The results showed that even after
the first few adjustments, the error in the neighbour-
hood of the spherical tip was larger than 10Z.

A solution of the field distribution for the Ccase of
Figure I(F) was attempted using ten ring charges and
five semi-infinite line charges. Again the results in-
dicated that a considerable amount of time would have
to be spent in finding a good combination of points

..(r4,-z§) and (rj, zj) in order to produce a uniformly
equipotential surface.

The difficulty increases when one attempts to solve:
more complicated field distributions. Figure 2 shows
two peometries that are frequently used in high voltage
apparatus. A solution of such potential distributions
by the charge simulation technique, and especially the
ones with no axial symmetry (Figure 2a), would have to
involve line and ring charges of variable density 1)
As will be shown later, this requires a thorough know-
ledge of electrostatics, and perhaps a large amount of
educated guess work. Hence, many experimenters might
dismiss the technique in favour of other methods.

However, the charge simulation technique has a very
important property - that is, given the positions and
the values characterizing the charge distribution, the
field at any point can be calculated analytically. This
is important because it eliminates the need of a grid
node at that point, and in addition if a space charge
is included in the calculations, the field at any point
will be given by the summation of the field components

due to the individual charges constituting the whole
system.
Hence, 1n view of this advantage and the task of

constructing a three-dimensional grid if one of the
difference methods is chosen, an attempt is made here
to simplify the conventional approach using optimiza-
tion techniques.

‘squared error,
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(a) A trigatron, with non-axial
field distribution.

(b} A high voltage divider, with
field controlling electrodes. .

Figure 2.

3. PRESENT APPROACH

3:1. General

One of the most important parameters in the optimi-
zation of any design or processes, is the- cholce of the
optimization criterion or objective function. This
usually varies according to the nature of the problem.
The objective function used here is the accumulated
) which 1s very simple to apply and has
the form

1
1
| ?

(V- ¢,(x;2))?ds
3 °
where V is the value of the potential at the physical
conductor positions, .
¢j(r,z) the value of the simulated potential,
m~ the number of points (rj, zj)on the electrode
boundary,
and S represents the electrode surface.
The variables of optimization which primarily ‘are
the position of the charges and their values, are sub-

ject to the following equality and inequality con—
straints.

£(xg) = A; f(xg) < B; £(xy) s C; D < f(xg) S E (&3]

where £(x4) can be any one of the variables xq, or, a
linear or non-linear expression involving a num-
ber of variables (e.g., x; + X + 5x3 = F). ’

- A, B, C, D, and F are constants related to the
physical system.

The final consideration‘is the choice of-the optimi-
zation technique or algorithm. The technique must be

capable of handling highly nonlinear objective fumc-
tions, equality and inequality comstraints, and con-
straints that are described by linear or non~linear




functions of the variables, Furthermore, it should be
possible to change the constraints or the objective
function without modifying the opcimizati_on algorithm ,

The availability of the first and
of the obj

will be used.
available in the FORTRAN and WATI-‘IV( icientific subrou-
4

tine manualsg. Rosenbrock's method is one of the

earlier and most reliable cecEniques. Eu: W -
vely slow rate o <] €ence., ne of the fast-con-
glng techniques 1s Davidson's method as mo e

y
etc nd Powe » ¢pmined with the Created Res-
ponge Surface Techniqueof Carro11(6),
—

3.2. Example of Solution

In demcmstrat:ing the principle, let us for compari-
son purposes simulate the potential distribuyrion. of
Figure 1(a). ~

The analycic expression for the potential ¢(r, z) of ~
the nine-gemi-infinite charge lines and one point charg
with their corresponding image charges, 1sg

9 z'+z+(ri+(z'+z)2)%.
1 1
9(r,z) = 7§ Q laf = , L
1=] z,~z+(x24(z -z)2)
b 1
1 1
+ QIO Y i y - L (6)
- (1'2“'(210-2)2) (1‘2"'(210‘.*2)2)
n Y, =
and U= § (v- ¢J(r, z))? %))
i=1
vhere VvV ig set equal to unity, and =65 which corres—
ponds to fifteen points on the spher~
ical part of the electrode and fifty on the
¢ylindrical part from G + R to G+ R+ 50.
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Fiqure 3. Percentage error of the simulated

potential along the spherical part of the
electrode. (a) Results obtained using the
constraints of Table II. {b) Results obtained
using the constraints of Table I.
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Figure 4. Percentage error of the simulated
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The problem was solved for

sets of constraints.

of the nine line charges between ¢ + R and G +

as shown in Table I,

straining the line. charges between

as shown in Table I,
were described above.

The initial values

I respectively.

two arbitrarily

chosen

One, constraining the positions
R + 250,

Appendix l; and the other con-
G+Rand 6+ R + 0,

In both cases the points (rj ,zj)

of the optimization variables
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(_ri,zi) and Qi, were selected arbitrarily within their
corresponding constraints.

The authors have used Rosenbrock's optimizatica tech
nique for the minimization of the objective function
modi fled accordingly to account for equality and inequ~
ality constraints. The results for two different gap
lergths G are shown in Figure 3, 4 and 33 where the pF
centage error of the simulated potential is plotted ver-
sus position on the surface of the electrode. ¢(r, 2z)
{s calculated for a number of points other than the ork
ginal (r ,zj) to check for possible non-uniformities of
the simuilafed potemtial. The resulting values of (ri,zi
are shown in Table III and IV (Appendix 1).

The objective fumction was in all cases minimized to
U = 0.01 for comparison purposes. The computation time
depends mainly om the rate of convergence of the opti-
mization method used to minimize the objective func-
tion. Fast converging techniques should be used if com
-puter time is an important parameter. Other factors
that could influence the computation time are the ini~-
tial values of the optimization parameters and the eff-
ectiveness of the cbjective function. The latter factor
is very important, gince for more complex configuratioms
it is possible that the minimm  accumulated square
error may not be an efficient criterion. :

3.3.Field Distributions in Systems With Non-Axial Sy~
ety

As mentioned earlier, charge simulation solutions of
field distributions with non-axial symmetry are not far-
oured due to the introduction of variable density char—
ges. Let us for example- consider the trigatron case of
Figure 2(a). Figures 6(a) and 6(b) show two cross-sec=
tions of electrode 'A’, ome at the spherical tip, and
one at the cylindrical part respectively. The variable
density rings of Figure 6(a) are obtained by dividing
the originally charged distribution, in two parts. Acon~
stant part, and _a_yariable part consisting of
soidal harmonics with unknown peak values Ay. The charg
distribution is a function of the angle al and is given
by .

Aa) = ] A, cos(ua). (8)
=0 ¥ .

n
. \ -/ 0o _
(b) "2y

(a)

Z
(@) =6
To
(d)

(e)

Figure 6. (a) Cross-section of the spheri-
cal part of the electrode V, of figure 2(a).
(b) Cross-section of the cvlindrical part
of the same electrode. {c) and (d) repre-
sent similar cross-sections as that of (a),
before and after the optimization of the
system. (e) Cross-section of electrode V;
of figure 2(b).
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In this way the ith ring contains mi + 1 number of
charges. In order to determine the values of these char
ges, and equal number of boundary points Lry,24) should
be placed around the circumference of the ezectrode A,
when compared with thaZ of Figure 1(b).

However, the problem can again be simplified with
the proper choice of optimization parameters. The vari-
able density ring charges can be obtained as shown in
Figure 6(c) and 6(d). In this case the ring of vradius
ry s fixed, and the centre of ring rz 1s free to move
on the plane of the page along the r-axis. This move-
pment is constrained in a region Ty such that

” T $ T = T}
where. ry < I'p << R

Therefore, a variable density ring is simulated with
the addition of only two variables, that is the charge
of ring r;, and-its position r' with respect to the 2z~
axis. :

a number of new optimizaton
de-

It becomes apparent that
parameters can be introduced, the nature of which
pends on the particular configuration.

As another example, we consider the potential divid-
er of Figure 2(b). The field configuration of the dougr
nut shaped electrode at potential V;, can be simulated
with one ring charge as shown in Figure 6(e). Assuming
V; and Vp to be. positive potentials, the ring charge at
Vo will be slightly displaced from the physical centre
of the electrode. However, since we do not know the ex-
act position of the ring, we can constrain its centre
to move between zg and Zg -~ dz, where dz < ro. The rad-
fus r, could also vary and therefore it will be 'set as
an optimization parameter, since we suspect that if the
ring moves dowm, it could also change in diameter. Sim
{lar arguménts will apply to the top electrode and the
system will be solved simultaneously, considering the
image charges with respect to ground. :

Furthermore, one can proceed to simulate even more
complicated field distributions by the use of non-lirex
constraints, which could force point charges to move Of

predetermined contours, and line charges to tilt, or,
simply change size and position.
CONCLUSION -
The solution of the potentiai distribution of th

rod-plane configuration with the present optimized app
roach, indicates that the time required in setting up

problem of this kind is drastically reduced, and it 1
believed to be the shortest when compared.to any othe
technique achieving comparable accuracy. When compare
with the conventional charge simulation approach, ¥
find that unnecessary guess-work is eliminated, ar
some of the imsight required in solving such problems

replaced by computation time.

the solution of field distr:
symmetry becomes more manag

In view of the above,
butions with non-axial

able, and the overall efficiency of the charge simul
tion technique as a method of solution increasés C¢O
siderably.
APPENDIX 1
Constraints imposed on the variables of optimiz:
tion, the Qi's, the value of the charges, and tr
(T:'L- z4)'s, their positions 1 = 1, 2,..4, 9 for ti

end of each semi-infinite line charge and 1 = 10 £
the point charge in ‘this example) are presented ‘
Table I and I1.
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TABLE I
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TABLE II

0, zy). =

@+ Rs (0,

Where A is a large
positive number.

negative number, and B a  large

The optimized positions (0, z'i) as derived from the

constraints of Tables II and I are shown in Tables IIL
and IV respectively.
TABLE IIT TABLE IV

i G = 200 G-lo\ 2 G=200 | G= 10
1 201.00 11.00 1 201.00 11.00
2 201.11 11.00 f 203511, 11.10
3 201.15 kvl 3 201.19. 11545
4 201.18 11.38 4 203585, 1187
5 201.35 11.49 5 202.16, -1 7 12.18
6 201.45 12.22 6 210. 20.20
7 202.03 23.25 7 | 228.94 41.60
8 212.29 46.30 < 8 296.06 110.99
9 231.12 58.81 & & 9 410.80 238.59
10 201.00 11.00 10 201.00 11.00
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Discussion

H. Parekh (University of Waterloo, Waterloo, Ontario, Canada): The
authors should be commended for presenting an interesting and useful
method for the calculation of high voltage fields.. The method gives
good results for a rod-plane geometry. Have the authors applid this
method for other practical geometries like bundle conductor transmis-
sion lines, toroids etc.?

For the field calculations of h.v. transmission lines{1] and axially
symmetric electrodes[2] (two parallel toroids, toroid inside or outside a
cylinder), the conventional charge simulation method has been suc-
cessfully applied by the discusser. The conventional method did not

require any guess-work regarding the most suitable positions of boun-_

dary points on the electrodes’ surfaces and the fictitious image charges
inside the electrodes. These positions were selected symmetrically
around the electrode axes. The results obtained were accurate and the
computation time was of the order of 10 to 20 seconds. Moreover, the
computer programming was short and simple.

On the other hand, the authors’ method requires some guess-work
in choosing proper optimization parameters and the-computation time
is greater compared to the conventional method.™

In conclusion, the authors’ method could be most suitable only for
solving high voltage field problems where the conventional charge
simulation method becomes too complicated and requires a great
amount of computation time in choosing proper positions of the boun-
dary points and the image charges.
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S. Berger (Swiss Federal Institute of Technology, Zuerich,
Switzerland): The authors should be commended for their efforts to im-
prove the appligability of the charge sxmulanon method for the calcula-
tion of high voltage fields. Y

In the rod/plane-example presented in this paper the used objective
function was the accumulated squared error of the electrostatic poten-
tial at the electrode surface. In the discussor’s opinion this objective
function is suitable if the field gradient distribution of the electrode
configuration is the aim of the computation. On the other hand this op-
timization criterion may lead to greater errors if the field gradient at the
electrode surface is the main result of the calculation.

]
IIV =1

fictive charges

|
!
!/,

Potential comparison poi'nts

Fig. 1. Comparison of an existing,
surface.

-, and a simulated, -- -, electrode

o]
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Fig. | displays a possible cxample of an electode contour with the
potential equal to unity, with a small accumulated squared potential
error but with a greater field strength error.

In this case a better objective function would be the accumulated
squarcd value of the angle-a;. Did the authors use other optimization
criterions besides the accumulated squared error of the electrode sur-
face potential?

Figures 3-5 of this paper display a comparison of the percentage
errors of the simulated potential. These figures show potential errors in
the range of some percent. It would be of interest to get some informa-
tion from the authors about the corresponding field gradient errors.

Finally it seems that the rows 2-5 in table | are not correct, for in-
stance the row “G + R € (0, ;) € 1.5"" should be replaced by G + R
£(0,228&G +R + L.5".

Manuscript received February 22, 1978.

Y. L. Chow and C. Charalambous (University of Waterloo, Waterloo,
Ontarjo, Canada): The application of the optimization techniques to -
thecharge simulation method makes the method a powerful technique
both in the rate of convergence and in the ease of formulation. These.
“desirable properties have been demonstrated not onty by the examples
given in this paper but also by the examples that we have tried. The
details of two of our examples were contained i in the paper, *‘Static field
solution by the method of optimized images’’, presented in_the URSI
eeting in_Boulder, Colorado, January 9-13, 1978,

Our method and the method given in this paper are very similar,
except that we arrived at the method by investigating the possibility of
obtaining charge images other than the simple ones in spheres, cylinders
and planes, For this reason, our method bears the name of *‘Optimized
Images’’. iy

“Our method differs from that by Yializis ef al. by the fact that we
used only the unconstrained optimization. We have applied such op:
timization to a host of geometries, from spheres to prolate spheroids, -
toroids and spheres on top of a -dielectric coated conducting plate.-
Therefore we believe that for normally encountered geometries, the use.
of equality and unequality constraints as outliried in this paper is an un-+/*
necessary complication and an unnecessasry drain on the compul
time.

€ Optimization algorithm used in our-examples is due t% E!etcher
(Comp. J. 13, 1970, pp. 317-322) which is currently considered as orie

Of the most power lechniques for unconstrained optimization. This
algorithm has the advantage of rapid convergence by a skillful use of*
the gradient g (where g = YU with U being the objective function given -
in Eq. (r) of this paper). Tt has been a further advantage by the fact that
as the gradient g is computed, the electric field intensuty E (= —V$) on —
the calculating boundary is implicitly computed Therefore it can be ex-
tracted without extra computation. This is a very desirable property
especially in the applications for high voltage engmcenng.

Finally, we wish to say that froem our experience, this method of
optimized simulated charges usually gives surprisingly good accuracy in
capacitance calculations. The accuracy in potential and electric fields is
relatively not as good. The accuracy in field calculations deteriorates
when corners and edgps are encountered.

Manuscript received February 22, 1978.

R. G. Olsen (Washiggton State University, Pullman, WA): A variety
of techniques have been used to find solutions to LaPlaces equation
(eq. ) .

Vé=0 a1y --
for the electric potential in a given region. Analytical methdds can be
used to find closed form solutions to a limited number of problems
[1,2]. Usually these methods are successful only when the geometry is
simple and even then a large amount of mathematical sophistication
may be required. !

Recently the use of numerical techniques for solving LaPlaces
equation has become more common [3,4]. This is because the modern
digital computer is available and efficient and because computer pro-
grams based on numerical techniques can be used to solve problems
with few geometrical constraints.

Probably, difference techniques such as the finite difference
method and the finite element method are more familiar to power
engineers than any other numerical technique [5]. For two dimensional—
problems (the potential does not vary with one coordinate) the dif-
ference techniques require that a two dimensional region over which the
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potential is desired be defined. Within this region points (clements) are
defined at (over) which the potential will be determined. The number of
points (clements) will be proportional to the areg of the region defimed
and the number of linear equations to be solved is equal to the number
of points (elements). It is not difficult to see that the number of equa-
tions to be solved can easily become very large and that as a result the
computation time will be lengthy,

Difference techniques arc very powerful when the region of interest
contains a number of different materials or a dielectric constant which
varies in space. In more simple cases (such as the case where only con-
ductors are present) difference techniques may be more cumbersome
than necessary due to the large number of linear equations that must be
solved.

This brings up the subject of numerical techniques based on in-
tegral equations such as the charge simulation method discussed by the
authors. The integral equation is obtained from eq. | by an application
of Greens identity and is given in eq. 2.

$, = 1/4ne, JodX') ds'/R(X", X) 2)
$, is the known potential on conductor surface. R is the distance from
source to field point and g, is the unknown surface charge density. One
distinct advantage of techniques based on eq. 2 is that (for-a two dimen-
sional problem with only conductors) the number of linear equations to
be solved is proportional to the perimenter of the boundary surface.
Thus for the class of problems discussed by the authors integral equa-
tion techniques will require that a smaller number of equations be
solved and will usually be more efficient,

The charge simulation method used by the authors is based on an

‘approximation to eq. 2. Instead of using surface charges (as in eq. 2)

point, line and ring charges with unknown amplitudes are used. Since
this is done the charges must not be located on the boundary surface.
This is because the potential near point, line and fing charges is un-
bounded unlike the required behavior of the boundary potential (i.e_: the
potential is constant on a good conductor). Since the charges are
removed from the boundary the next logical question is, ‘“Where
should they be located in order to optimally match boundary condi-
tions?"” The authors are to be commended for successfully answering
this question. ; y

It is not certain, however, that the direction taken by the authors is
the best. An alternative is to solve eq. 2 numericaily by the moment

_method [6]. Essentially this reduces to approximating the boundary sur-
" face by a set of small surfaces with unknown but uniform charge den-

sities. The potential of each of the small surfaces can be simply com-
puted. (In the axially symmetric case the surfaces look like surfaces ob-
tained by cutting a small section from a cone.) A set of algebraic equa--
tions for the surface charge density is then set up and solved. Oncethe-
charge density is determined the ﬁeld_anywhcré can be found. A solu-
tion based on this idea has been discussed briefly in reference [7] and
more completely in reference {8].

It appears that this scheme is more straightforward and more effi-
cient than the scheme which optimizes charge locations. Since programs
based on both ideas are available thiey should be compared to see which
produces results for a given problem to a given degree of accuracy in a
smaller amount of time.
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A. Yializis, E. Kuffel, and P. H. Alexander: The authors would like to
thank the discussors for their interest in this work and for the relevant
questions they have raised.

Berger questions the nature of the accuracy of the electric field in-
tensity at the electrode surface when accumulated squared error in
potential values has been used as the objective function to be mini-
mized. The authors have recognized that one of the few readily
available exact measures of error in electric field intensity is an accum-
mulated square of the tangential component of electric field intensity
evaluated at several boundary locations. Since this is the directional
derivative of the potential along the electrode contour, it is implicitly in-
cluded in the objective function by using a greater density of boundary
points in regions where error in electric field- intensity is of greater con-
cern. This distribution is readily accommodated since the number of
boundary points at which the objective function is evaluated can be
substantially greater than the number of unknowns (charge amplitudes

and locations). The ratio of the number of boundary points.to the .

number of unknowns in the present calculation is between 3 and 4.
-Since our primary interest was in the electric field intensity along
the axis of symmetry where its transverse component is identically zero,
a detailed study of such errors was not undertaken, nor was optimiza-
tion with respect to criteria-of a different nature attempted.

The authors gratefully acknowiedge the typographical omissions-

from Table [ which have been drawn to our attention. .

Chow and Charalambous refer to their use of optimized images
which the authors agree to be a useful extension of the traditional
charge simulation technique. We look forward to seeing the details of
their application of this method in the literature.

Their comments on the suitability of particular optimization
algorithmsfor special needs have been noted. Our requirements did not
include the value of electric field intensity at every boundary location.

It should be noted that since capacitance can be formulated as a

stationary functional of the field, the better accuracy in its determina-,
tion, to which they refer, is expected.
Olsen suggests that the optimized charge simulation approach be com-
pared with a moment method involving an approximation to charge
distributions at the location of the electrode surface(s). The authors
agree that the results of a comparative study would allow workers to
utilize methods that are especially efficient for their particular needs.
Steps have been taken to perform such a comparison.

This method has been presented specifically as an alternative to
trial-and-error approaches to charge placement when symmetry, ex-
perience and intuition have been exhaustively applied in the conven-
tional charge simulation method. We, therefore generally concur with
Parekh’s closing comments.

Manuscript received May 3, 1978.
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Digital Compuier Calculation of the Electric

Potential and Field of a Rod Gap

MOHAMED S. ABOU-SEADA, MEMBER, IEEE, AND E. NASSER, SENIOR MEMBER, IEEE

Abstract—The electric field and potential distribution in the gap between
a cylindrical rod having a hemispherical tip and an infinite plane perpendicular
to the cylinder axis was determined using a charge simulation technique.
This method assumes a charge gt the center of the hemisphere and a finite
pumber of‘semi-infinite axial charges in the cylindrical portion of the rod
clectrode. Boundary conditions in the cylindrical and spherical portions en-
abled the formulation of simultaneous equations whose digital solution yielded
the assumed lumped charges. The digital computer program provided values
of the potential and both field components anywhere in the gap with an
accuracy of about 2 percent.

INTRODUCTION

N THE INVESTIGATIONS of electrical breakdown of
]I gases, particularly in the study of corona phenomena in
atmospheric air, the asymmetrical nonuniform field
configuration has been a valuable tool for experimental
observations due to the local confinement of prebreakdown
ionization around theé stressed electrode.!!! However, the
nonplanar electrodes have been a real obstacle in the
theoretical and analytical approaches to the study of the
phenomena because of their inaccessibility to field calcula-
tions. Many approximations have been used for some elec-
trodes such as noncoaxial cylinders and spheres.
Analytical determination of the potential and its gradient
was conducted for some boundary configurations where
coordinate transformations, such as prolate spheroidal
coordinates and bispherical coordinates, led to solvable
forms of the Poisson equation for those particular bound-
aries.1?}-13) Examples of the configurations that have beer
solved with such transformations are

b
2)
3)
4)
5)
6)

confocal paraboloids!!}

concentric cylindrical electrodes!®)

hyperboloid of revolution and a plane!>+t¢]

sphere to plane and concentric spherest”

sphere on orthogonal cone!®!

two semi-infinite (or with one finite) cylinders lying
along the axis of a surrounding infinite hollow
cylinder.!%!

Approximate solutions using the method of images have
been used in cases where equipotential planes are known
to exist. Such cases include a system of two identical
spheres,’% a system consisting of a sphere between two

Manuscript received October 16, 1967; revised February 26, 1968. This
work has been supported by a grant from the National Science Founda-
tion.

M. S. Abou-Seada is with lowa State University, Ames, lowa, on leave
from the General Organization for Industrialization. Cairo, Egypt.

E. Nasser is with the Department of Electrical Engineering, lowa State
University, Ames, lowa.

planes with the sphere at the potential as one of the
planes,!'!! and also a sphere-to-plane system.!'?! Vibrans
computed the fields around a hemispherically capped
cvlindrical projection by distributing the charges along its
axis and requiring that the potential of the surface of the
cylinder approach this boundary as closely as possible.l!3]
Many of the basic breakdown studies were carried out,
however, with rod-to-plane electrodes or with two rods.!*]
For the sake of result comparison and repeatability, the rod
electrode chosen was standardized as a cylindrical shaft
with a hemispherical tip of equal diameter,!*} as shown in
Fig. 1. This rod electrode has been adopted by many re-
searchers in the area of corona and gaseous breakdown,
including this research group.
A’s mentioned, the disadvantage of'the rod-plane gap lies
in the difficulty of analytical derivation or numerical calcula-
_ tion of the electrical field intensitigs in the gap. Electrolytic
“madels were necessary for the experifiental estimation of
thé electric field. Though yielding a great deal of numerical
data, this could never be completely relied upon be-
cause of the approximations and errors inherent in such
models. #1116 :
For the sake of an analytic derivation of the field, this gap
was approximated by two confocal patraboloids where the
smaller one represents the point and the other the plane.t!*}
The radius of the sphere at the rod tip can then be made
equal to the tip curvature of the inner paraboloid. Such an
approximation yielded expressions for the field intensity
along the axis only, and, despite its limitation and inherent
error, was used for the theoretical analysis of impulse

corona ‘breakdown in an effort to correlate experimental -~

findings.[**! This analytical approximation was far from
satisfactory.

The first attempt to use charge representation with hand
solution of several simultaneous equations -was made by
Dodd1}113) to obtain the potential of any point in the gap.
Digital computers are new tools that should provide an
easier, more accurate, and faster method of calculating the
potential and the electric field anywhere in the gap of the
previously mentioned electrode configuration.

Although the principle used was applied only to the
previously mentioned configuration, it can be extended to
many other electrodes and boundary conditions. This par-
ticular geometry, however, was of prime importance for
the present corona research program.

Future studies will apply the same principle to many engi-
neering applications where knowledge of the electric field
between similar or different electrodes is extremely im-
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Fig. 1. Hemispherically capped cylindrical electrode against plane.

ortant. In the design and development of circuit breakers,
eclosing switches, and also lightning arresters, the designer
wishes to be able to estimate the electric field between given
lectrodes of various shapes. Also in the design of electron
fubes, exact field values are badly needed. The charge
simulation technique reported in this paper is therefore
recommended as an inexpensive approach to the solution
for various boundary configurations.
b In scientific research, field knowledge will certainly help
explain many gaseous ionization phenomena and elucidate
the processes of gas breakdown.

SIMULATION TECHNIQUE
Derivation of Potential and Field Equations

The following notations are introduced in considering
the specific problem of the boundaries as defined by a
hemispherically capped cylinder and an infinite plane per-
péndicular to the cylinder axis as illustrated in Fig. 1:

GPL=gap length from the extremity of the hemi-
sphere to the plane
PTRAD =point radius
GPOT=actual potential difference between elec-
trodes.

To simplify computation procedures, and to make solu-
tions possible for different gaps and boundary parameters,
a per unit representation is illustrated in Fig. 2 where the
Wmap length G is the ratio of the
actual gap length to the actual point radius. The plane is
substituted by the electrode image. Further, the potential
difference is unity and a constant permittivity is assumed.
Actual potential can then be easily obtained using the per
unit values.

Choosing a cylindrical coordinate system with the origin
located at the intersection of the cylinder axis (z-axis) with
the plane, and because of symmetry with respect to the
z-axis, the coordinates of any point need only be specified
by r and z. '

The potential ¢ at any point P(r, z) is the algebraic sum
of potentials due to any number of charges. The charge of = -
the rod electrode will be represented by a point charge
located at the center of the hemispherical portion of the
boundary having coordinates (0, G+1). A series of semi- ¥:
infinite line charges will be represented along the axis of -
the cylindrical portion starting at points of coordinates
(r', A), where r'=0 and A= G+ 1. This series of n charges
together with their images in the z=0 plane must produce

b
OA ] } PRy
0p I i |
+
2 ' ]
é=1 Voo Z :

- Pt A e
6 N

z =

z:0 N

’ 12 G A
[ A 1 :—“.
7 -
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(image) =

Oa ! i
(image) f .
iﬁ‘j

Fig. 2. Modified problem with image charges.

an equipotential suriace of unit potenﬁmh
the electrode boundary. If this condition can be satisfied
with an arbitrary distribution of charges.within the above
constraints, the simulation is sound. The z=0 plane will X
always be assumed at zero potential. This is achieved here
by taking the exact charge images with respect to this plane.

Considering Fig. 2, the potential ¢ at any point (r, z) is

- g %_Qp = ' . .
¢(r"')—(11 12>+j;1[QJJA, \/r2+(zl“z)z

Q,=total point charge )
Q;=charge per unit length of any line charge of the n

and the functions of the final form are

7)= -
JrP+G+1=22 JrP+(G+1+2p?

dz' _.

@K dzl
- QjL, Jrr+ @@ + z)z]

= QP2+ 3 OVl ziA) 1)
ji=1

line charges starting at (0, 4))

1 i
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<,
¥

and

V(r,z:4) = log. (A" trh /r At Z)2>. 3)

Aj—z+Jrr+(A;—2)?

The electric field E at any point (r, z) can be obtained from
0 d
E(r,2) = = Vo(r,z) =~ [5; #(r,z) r + 5, ¢ z)-z__‘-

Using (1) the equation derived is

a il 0
E(r,z) = _{[Qp'a_;P(r,z) +ZQ}'EV(,"Z;A)]."

0 L0
+ [nggP(rl, 2+ Y05 Vin z.A)]-z} 4
where the subscript j of A is dropped for simplicity, and
where 9/dr P(r, z), 3/Cz P(r, z), 8/0r V(r, z,;A), and d/dz
V(r, z ;A) are obtained by differentiating (2) and (3) partially
with respect to r and z, as follows:
a —r
= P(r,z) =
or J[P+(G+1-27]
+ r
JIPP+ (G +1+2)7)°
_ G+1-—2 . .
JIP+HG+1-2

G+14+z
V[P + G+ 142

)
. P()‘, Z)
6z

0 r
—V(,z;A) =
5 A {\/rz+(A+2)2[A+Z+\/r2+(A+2_)2] .

r
R 7
1+(A+2)//rP+(4+2)? gﬂfw‘s’

é
— V@, z:4) = .
0z ( ) { A+z+ JrP+A+2)?

+1+<A_z)/¢m}_

"TA=z+./r* 4+ (A~ 2z)?

-

Boundary Conditions

The boundaries of the rod electrode are assumed to have
two portions, the cylindrical and the hemispherical. The
other boundary is the plane at z=0. There are therefore
three different boundaries to satisfy.

1)} Cylindrical Portion of the Rod Electrode

The potential of any point on the cylindrical portion of
the boundary will be assumed equal to the rod potential
which is unity. To satisfy this assumption, selected values
of z designated z,, greater than or equal to G+1, with r=1,
are substituted in (1), together with (2) and (3), thus

¢(1’ zi) = 11

2 G+ L. )

815

R=l
sin ¢
P N -
c3
G+l
G+l~-cos ¢
1
L
Fig. 3. Point electrode coordinates in terms of parameter c. "

2) Hemispherical Portion of the Rod Electrode

The potential of any point on the hemispherical portion
of the boundary is also unity.

Considering Fig. 3, where ¢ is the great circle displace-
ment from ¢=0 at the point (r, z)=(0, G), and applying the
transformation

r=sinc
z=G + 1 —cosc.

Then (1), together with (2) and. (3), results in

Be) = QP + X OV(c:4) (RY
where -
1
=1- {2.1
N &Pg ‘ Jsin? ¢ + (2F —cos c)? @1

and

V(c A)

T [A+F—-cosc+\/sin-2c+(A+F—cosc)2:| )
‘ A—F+cos c+./sin? c+(A~F +cos c)? '

where F=G :liTo satisfy the boundary.condition assump-
tion of unit potential on the hemispherical portion of the
boundary, the potential at the point ¢=0, [(r, 2)=(0, G)] is
set equal to unity. The even derivatives (second, fourth, . ..)
of ¢(c) with respect to ¢ evaluated at the point ¢=0 are set
equal to zero. The constraint imposed on the even deriv-
atives, and the fact that the first derivative of ¢(c) at ¢=0
is also zero (as will be shown), preclude that ¢(c) attains
either a maximum or a minimum value in the neighborhood
Wﬂl Therefore, a unit
equipotential surface will result, having a unit curvature at
¢=0, i.e. coinciding with the hemispherical part of the
point electrode boundary. Thus the former condition yields
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$(O)e=0 = $(0) = 1 (6)

and, from the latter constraint,

"lg“—fl{ = $l0) = Q,Pul0) + ¥ Q)Vil0:4) = 0
¢ c=0

n=24--. (7

According to (7), P,.(0) and V,(0;4) for even values of n
must be obtairred. However, values of n greater than four
will not be used since the resylting expressions for P, (0)
and V,(0:4) become too cumbersome without improving
the accuracy of the results. Using n=2 and n=4 results in
a unit equipotential surface aacyuarely close to the hemi-
spherical portion of the boundary. Differentiating (2.1) and
(3.1) with respect to ¢ yields the following expressions for
P.(0)and V,(0,4), forn=1,2, 4:

Py (0)=0 (8)
2F

P,(0) = GF =17 )
_ 2

V105 4) = 0 T\ ¢~
%m“”={AiG+Aic}
I 1 1

+§&4+GP_L4—GVB N

9 -1 1
%&m‘%huww+m—®4

A\, 1
“Naxor T A =op
J_=1 1
] laror T m=o7]

o amo)
“lurot w0

As (8) and (11) shdw, the first derivative of qS((':) \;\rit‘ll—‘respcct
to ¢, at ¢=0, is zero.

(13)

3) Plane Portion of the Boundary

The potential of any point on the plane z=0 is set equal
to zero. This condition is automatically satisfied by image
charges which are symmetrically located with respect to
this plane.

Choice of Parameters

To obtain a unit equipotential surface on the rod elec-
trode boundary, care must be taken in choosing the parame-
ters z; and A;. Two factors are taken into consideration—
the distribution of these parameters with respect to each
other and with respect to the point electrode boundary, and
the number-of these parameters.

—
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The potential distribution of the rod electrode surface
was computed for different choices of z; and 4 and for differ-
ent values of practical gap ratios G between 50 and 500.
Various results with different values for z; and 4; indicated
that the unit equipotential surface fits the rod electrode
boundary best when i=7 and j=9 and when 4, to 4; are
lying fromrz, =G+ 1 to z,=G+ 2 and the remaifder values
of A; (A¢ to Ay) are chosen alternately between successive
values of z; to z.

The choice of values presented in Table I for z; and A4;
has yielded the best results, with most of the boundary sur-
face having a unit potential as assumed and only a few points
departing by less than 2 percent.

A further increase in the number of the parameters z; and
A; resulted in an incorrect solution of the boundary simul-
taneous equations. This was due to the excessive number of
equations and the-fact that the row vectors in the matrix
of coefficients became very close to each other, leading to
accumulation of propagating roundoff error.

. TABLE ]
2 G+l G+2 G+5 G+15 G+40 G+140 G+440
A4;G+1 G+11 G+1.2 G+1,5 G+2 G+10 G+25 G+90 G+240

<

PROGRAMMING

The program is written in FORTRAN 1v language for the
IBM 360 computer available at the Iowa State University
Computation Center. Double precision arithmetic is used
throughout the main program and the subroutine.!! 7}

Data Format

The input data consist of the title, date, study number,
study type, gap length from the extremity of the hemisphere
to the plane, point radius, and potential across the gap..

_The study type indicates the kind of results sought and is

denoted by either 1, 2, 3, or 4. The number | means data for
potential, axial, and radial components of the electric field
throughout the whole length of the gap (with smaller z-
-increments near the point electrode) and for r-increments of -
one-half unit up to and including r=35. The number 2 is as 1
except calling for data in the vicinity of the point electrode-
with z- and r-increments of 0.1 unit. Then 3 requests the
potential and axial electric field on the z-axis only, and 4
indicates potential, axial, and radial components-of the
electric field through the length of the gap and for r-incre-
ments of 20 units up to and including r=160. Data cards
are prepared according to the instructions listed in Table II.

Procedure
Considering the flow chart of Fig. 4, the main computa-
tional steps may be outlined as follows.

1) From the gap length (GPL), point radius (PTRAD),
and gap potential difference (GPOT), the fo]loyving
values are computed :
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TABLE 11
lem Card Columns  Format* Description
1 1-60 A Title card
2 1-20 A Date card
3 1-20 A Study number card
4 1-8 F Gap length card
5 1-5 F Point radius card
6 1-8 F Gap potential card
7 10 1 Study type card

* For definition of these formats see Organick.''8!

\

Read . Compute
preliminary data potential, axial and radial
fields in gap according to

kind of data required

\

Write
preliminary data

Write
potential, axial and radial
) fields in gap according to
Compute kind of data required
Gap length/pt. radius;
z-coordinates of axial lie charges;
z-coordinates on cylinder boundary

\

where potential is set equal to unity Compute
potential on cylindrical portion
Y of boundary
Compute and form
matrix of coefficients \
. 2 Write
= 1 potential on cylindrical portion
of boundary
Write
thatrix of coefficients \
.- .- - - \ = - z 7. & N — . - -
potential on spherical portion
Compute and form of boundary
vector of original constants
\ e -
rite
Write potential on spherical portion
vector of original constants of boundary
‘ \
Solve for @
equivalent charges

A

Write
equivalent charges

Fig. 4. Flow chart of main computational steps.
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POTENTIAL OISTRIMUTION IN CAP
1R 6.C 0.1 d.2 c.3 ale 0.3 0.4 [} c.s 2.9 [
270.3¢ t.0000 n.vemy L TTTS 0.973) 0.9982 0.93ns 0.917 c.a%60 0.2768 0.8334 C.0340
194,90 0. %an3 0.9442 c.917e 0.9277 0.9147 0,099 0.8827 0.8852 6.9475 0.8399 0.4130
1e9.a¢ 0.701% e, 0098 5.8950 c.e872 c.a170 FTYY) 0,854 0.0371 0.222) 0.8076 ¢.7930
17,70 RIS c.AA2tL c.e58) 0.8521 0.nesC 0.8%4) 0.4233 0.8115 0.7991 0.7ne8 c. 1740
179.40 n.A30% 048298 0.8208 0.821% 0.8150 6.4070 0.7979 n.1881 c.1777 0. 1670 3% 9%
199,52 2.A01N C.ACL0 I ZTTY 0.7943 0.78m 0.782% 0.7750 0. 7667 0.7579 0.7487 6.7393
199,80 ©-7788 c.77%8 0.7737 2.7706 0.7580 0.760% 0.7541 D.7471 0.7395 0.1318 0.7234
199,305 0.7939 0.7%%3 [T 23T 07884 5.7¢81 07405 0.7381 n.7291 0.7226 0.7157 0,708
190, 2¢ 6.7338 oI 0.7317 5.729) 0.7282 0.7222 6.7176 2.T174 0.7068 0.7308 C.e0s8
17%.10 c. 7152 0.7168 0.7136 n.1118 0.1089 0.705% 0.7015 0.4971 0.6921 0.8R89 0.481)
199,00 0.090% 0.8942 0.0971 9.09% 0.4931 ¢.0901 C.o867 C.082% 0.678% 0.8738 C.6689
04=06-067 92
AXTAL CUMPONENT OF FIFLU
Z/8 e.6 KN 0.2 0.3 0.4 0.5 9.6 c.? c.8 0.9 1.0
700,09 0.3902 9.3A10 5.35%0 0.5157 0.46A7 0.418) 6.3686 043226 0.2010 0.2049 c.2161
199,30 0. 488 0.4822 [IYTS 0.4375 0,404t 0. V674 0.1301 0.2942 0.2610 0.2312 0.2050
109,80 0.4118 G.enTs 6,397 Q.30 0.3517 0.3248 0.2962 r.2681 0.2615 0.2170 c.1942
179, 7¢ 0.3528 c.367 3,349 0.3268 03089 0.2n84 0.2066 0.2445 0.2221 0.2029 6. 1043
197,50 0.3084 0.3061 0.297% 0.2871 0.7718 0.2579 602409 0.227% 0.2061 0.1894 0.1737
199,53 3.2691 n.2076 2.2024 0.294% 0.2442 0.2320 0.2188 €.2048 0.1905 0.17a7 C.1638
199,47 0.2387 f.2178 6.2338 0.227% 0.2194 0.2098 0.1992 0.1879 0.1763 0.1648 0.1537
199030 9.2134 c.2126 0.2094 9.20e8 0.198% 0.1708 0.1822 0.1730 0.1838 0.13539 C.148%
199,20 0.1927 ¢.1919 2.1895 0.1857 0. 1406 0a 1704 0.1074 0.1599 0.1520 0.1439 ©.1359 .
199,10 9.17¢0 041743 C.1724 0.169) c.1652 C. 1601 C.1544 0.14827 0.1616 0.1348 c.1280
199,06 0.1597 0.1592 c.1sT7 0.1552 0.1510 0.1477 0.1429 0.1377 0.1322 0.1264 0.1206
04-06-67 L}
RADIAL CHMPUNENT OF FIELD
/0 e.c fal 0.2 a3 0.6 0.5 0.6 0.7 0.8 0.9 1.0
200,00 0.0 f.0581 2.3107 5.1838 0.1852 0.2050 0.2145 0.2159 0.2118 0.203% €191
199.9¢ 0.0 C.0832  * 2.083C 9.11e9 0.1431 0.1613 0.1722 0.176A 0.1766 0.1728 0.1667
199,80 2.0 2.0330 0.043A n.0908 0.1128 0.1209 6.1398 ©.1459 0.1481 0.1472 0. 1481
199,70 0.2 c.0790 0.0%01 0.0T18 9.0900" 0.1063 C.ilan 6,121 0.1247 0.1258 0.1248
199,68 C.0 0.020% 0.0401 2.0578 0.9731 0.085% 6.0950 9.1017 0.1060 0.1080 0.1084
199,59 G.0 .0188 3.0326 0.0672 0.0601 0.0709 0.079% 7.0860 0.0905% 0.0932 €.0944
- 199,42 00 T 001 €.03e8°  0.0391 0.0500 0.0%9¢ 0.,0672 0.0732 0.0717 0.0n08 c.097 . ) ’
fev. 30 6.0 G.0l14 0.0224 0.0327 0.0421 0.0503 0.0872 0.0628 0.0872 0.9704 c.072%
199.2¢ 0.0 €.0098 f.0189 9.0277 0.0357 0.0429 0.0491 0,084 0.058% 0.0616 ¢.0639
177,10 ¢.c 0.0082 2.0181 0.0236 0.0308 0.036% 0.042% n.0672 0.0511 0.0%62 0.0566
. - 179.00- Gu0 - — - 03001 — 3.013R ‘050204 0.026% 0.0320 ' 0.0370 0.6613 " 0.0%e9 0.0479 ¢.0503

Fig. 5. Sample output showing the potential distribution and potential gradient (field) in the vicinity of the
rod for a gap distance to rod tip radius ratio of Z/r=200. These values are per unit potential difference and
per unit tip radius.

G = gap length/point radius=GPL/PTRAD V1, z(1); A1) - - - V(1, 2(1); A©9)  P(1, z(1))]

POTFCR=pOtCnUal faCt0r=gap potential diﬁ‘erence teeensassusasses s s seearercasee et rssteeree .
=GPOT V1, 2(7); AQD)--- V(1 2(T); AQ9)  P(1, 2(7)) -

FLDFCR=field factor=gap potential/point radius V(0,G; A(1)). --*V(0,G;A9) PO,G)
=GPOT/PTRAD _ , . Vad0; A1) - 1ad0; A0)  Pad0)

A, J=1,2,---,9=z-coordinates at which the semi- V05 4(1) - VallO; A©9)) P.(0)

infinite axial line charges (Q;) start

2, I1=1, 2,---, T=z-coordinates at which the po- o) 1]
tential of the cylindrical portion of the boundary is cen .
_set equal to unit y(r=1). O(A(T)) 1
2) The equations representing the boundary conditions, Q(A(B) 1
(5) through (7) together with (8) through (13), are Q(A9) 0 )
formed. These boundary equations are stored in the | O(P) | 0

matrix form:
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Ca-Co-67
POTENTIAL DISTRIBUTIUN U4 CYLINDCRICAL PURTION UF Tue BUUNDARY
®» 1.0
t POTCNTIAL
1. 0050
1.0000
1.00&2
0.9974
1.0Cn0
1.0083
1.0103
1.01%
1.0127
210.00 1.0C€59
711.20 Q.79N04
212.00 0.996C
21Y.00 Co. V904
214.00 0.9779
215.00 1.0000
1.0C?3
217.00 1.0C48
211.00 1.0097
219%.00 1.0(86
220.00 1.0111
221.29 1.0112
222.09 1.0114
223.00 1.017%
224.50 1.0072
72%.00 1.0001
226.C0 0.993%0

227.00 0.989%

04=0n=07
POTENT LAL DISTRISUTION JN SPHERICAL PORTION UF THC BUUNDAKY

H f R PUTENT 1AL

200.90 0.0 © 0.999r

200.10 0.4359 1.0029

200,20 J.6000 0.9999

200.130 Q.7141 G.9999

200.40 L. 8000 0.999A

20C.%0 J.8840 C.99948

20C.40 9.9105 C.9997

200,70 _ .9539 0.9998. _ . . —. - . —

0.9998
200.90

«99%0 0.9998

[}
200.80 2.9738
3

231.70 1

Fig. 6. Sample output of the potential at the electrode surface
assumed to be at 1.0 per unif.

«9020 1.000C

3) Subroutine SIMQ is called, and the simultaneous
solution of the boundary equations {for A[(J)],
J=1,2,---,9,and Q(P)} is obtained. This subroutine
uses the Gaussian algorithm. The method of solution
is by elimination using the largest pivotal divisor. Each
stage of elimination consists of interchanging rows
when necessary to avoid division by zero or small ele-
ments. The forward solution to obtain variable N is
done in N stages. The back solution for the other vari-
ables is calculated by successive substitutions.

4) The potential, axial, and radial components of the
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electric field in the gap are computed and printed out,
together with the potential distribution on the hemi-
spherical and cylindrical portions of the boundary,
according to the type of study required.

Data Output

An example of data output of the second type is repro-~
duced in Fig. 5 showing the potential and both field com-
ponents in the vicinity of the rod. Fig. 6 shows another
part of the output that checks the potential of the rod along
the cylindrical portion as well as on the spherical surface.
There was no need to test fhe potential at the plane since
it will always be zero even with the presence of computa-
tional errors. The values of Fig. 6 are within 2 percent of the.
assumed potential of 1.0 and illustrate the accuracy of the
computational technique.

DiscussioN OF RESULTS AND CONCLUSION

The potential and electric field distributions in the air gap
for different gap ratios as computed, together with the po-
tential distribution on the point electrode boundary, are
shown in the curves of Fins. 7 ard 8, where the axial gap
potential and axial gap fields are plotted for different gap
ratios G. Fig. 9 shows equipotential lines for a- gap ratio
G =180 using linear interpolation of the gap potential
distribution.

Examination of the results obtained indicates that the po-
tential at the rod boundary surface is accurate with an error
of less than +2'percent. A comparison of the computed
gap potentials in rod vicinity with those measured experi-
mentally using a tank model for a gap ratio of 160 is given
in Table I11. This comparison indicates that the difference is
bounded by +1.2 percent and —4.8 percent.

The method of computation described in this paper for the
hemispherically capped cylindrical rod electrode is based on
the assumption of a charge distribution producing poten-
tials and electric fields that satisfy the boundary conditions.
This method seems to be superi c utational
method based on the finite difference approximation of
Poisson’s equation and the boundary conditions. It is ad-

_ vantageous not only because of simplicity of computational

procedure but also because of greater economy since the
computer usage time is about 20 seconds.

The digital computer determination of electric potential
and potential gradient distribution based on the principle of
lumped charge simulation could be applied on various other
symmetrical as well as asymmetrical gap configurations.
A direct example in which the present program can be used
with slight modification is that of multiple-point electrodes,
against a plane, or a rod-to-rod gap with the rods of equal
or unequal diameters. Using the same simulati hnique,
a program can be devised for a sphere with a recessed shaft,
a hollow cylindrical electrode against infinite plane, and a
sphere against a point electrode. Moreover, the important
problem-of parallel cylinders with large spacings can_Be
trodes or bundle conductors. This problem is presently

under study.
S AT G S
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TABLE I

CoMPARISON OF COMPUTED AND TANK MODEL POTENTIALS
NEAR POINT SURFACE FOR G = 160

z/R Computed Potential Tank Model Potential
160.0 1.0000 1.000
159.9 0.9453 0.933
159.8 0.8996 0.897
159.7 0.8607
159.6 0.8272
159.5 0.7980 0.824 .
159.4 0.7721 g
159.3 0.7491
159.2 0.7285
159.1 0.7097
159.0 0.6927 0.725
158.0 0.5779
157.0 0.5125 0.556
156.0 0.4680
155.0 0.4349 0.483
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fn—dinmeter spheres at gap spacing of s = 0.5...
.5 mn. The computed field strengths were compared
3ith those of two isolated spheres, which can- be
walculated anslytically. In this way the influence
if connecting tubes was investigated. The results
£ these computations with the field sirengths at
ihe upper and lower sphere have been represented
n Table II. For bYoth arrangements the maximum
'jeld strength occurs at the high voltage sphere;
this field strength is reduced by the influence of
he conneoting tube, whereas the fleld at the low-
r sphere increases. The greater the distance be-
ween the spheres the greater is the influence of
he connecting tube. While the variation amounts
o 0.4 % for 0.5 m gap spacing, for 1.5 m gap
pacing the difference is around 3 %. Indeed for a
phere diameter of 2 m this distance is Just
eyond the range, which is foreseen by IEC for a
easuring sphere-gap. For each distance the influ-
nce on the field is greater on the earthed sphere
han on the high voltage sphere. More detailed
alculations concerning the influence of ad%gcent
onductors have been done for rod-plane gaps<®.

[
O

1200 ——-——-———-11000}——
|

Fig. 8 Sphere-gap with connecting tubes and
earthed plane; dimensions in cm.
Lz o—-i
'-d dD'U ' ¢’=U
arrangement S

IO¢_0

S
i ifcb -0

s s (cm) field factor variation

High voltage sphere

| 150 1.909 -2.1%
100 1.517 -1.7 %
50 1.199 -0.4 %

Earthed sphere

150 1.209 +3.4 %
100 1.201 +1.9 %
50 1.146 +0.4 %

Table II. Field factors EB' = E%g of a sphere-gap.

. As the second example, the influence of the
tower window on the field near the middle phase of
a 735-kV three-pbase overhead-line is calounlated.
Fig.9 ehows the dimensions of the tower and the 4-
pundle conductor<!. For the computation, the tower
was slightly simplified, assuming particular cone
contours, each of them with an axisl symmetry as
ghown in Fig. 9. The cross arm was approximated by
a cylinder. Thesec simplifications are allowable,
as a good- accuracy of results is needed only near
the bundle conductors.

The calculztions show that the maximum field

strength occurs on the upper conductors of the
middle bundle at the moment when +this phase
reaches the maximum voltage. The maximum field

strength is abowt 8 % higher than in a distance of
more than 20 m from the tower (Fig. 10).

- z
P . T -ﬁ-T
1059 —e=— 1076 —]

1218 -

—=X

\

| %84
L) e
1250

Fig. 9. 735-kV gZngle-circuit tower; dimensions in

em ( y Zs the in-line distance from the
tower).
Deviation of the tield stremgth

e

8 4

6 4

b

2 - \

0 - T v y

0 5 10 13 0om —=

Distance y from the tower

Fig. 10. Maximum deviation of the field strengths
at the middle bundle near the tower
from the field strengths without tower
(arrang==ent ‘of Fig. 9).
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ELECTRIC FIELDS WITH SPACE CHARGES

By means of the charge simulation method it
is also poesible to calculate electric fields
with space charges. These calculations are mainly
used to investigate the physical principles of
breakdown mechanism. There are two possibilities:
known or unknown space charge distribution.

The first case may be illustrated by an ex-
ample__involving a cloud of ions travelling in a
f1e1d“~. The ion cloud has known charge density
and can be approximated by point or ring charges.
Ring charges can be used with greater advantage
as they cover a greater area than a point charge,
and therefore fewer ring charges than point
charges are needed for the simulation of an ion
cloud.

Because of the field-induced motion of the
ions, the calculation is time-dependent, and the
ion motion must be considered by =a step-by-step
procedure. After each step the field strengths at
the places of the space charges are computed anew,
and all the space charges are shifted according to
the amplitude and the direction of the field
strengths. This calculation procedure is continued
until the ions reach the opposing electrode. As
the space charges are known, it is only necegsary
to calculate the charges required for simulating
the electrodes. The potentials of the contour
points result from

[e]- (o} + [2a) (%] = [#c]"

with [pg] as matrix of the potential coefficients
of +the space charges and {Qg] as vector of the
space charges. As [pg] and [Qg] are kmown they can
be multiplied and brought to the right side of the
equation system and subtracted from the potentials
[®#.] . In this way the right side becomes a vec-

e ) 1) = (8] - (5] 4,]

Thus i1t i1s not necessary to enlarge the matrix of
the potential coefficients and the calculation of
the charges within the electrodes is done in the
same way as without space charges. The potential
of any point in the field is then calculated by

n

n
s
b= Ukt Yt Vg G -
k=1 k=1
ng denotes the number of +the space charges, n the
number of contour points and charges which simula-
te the electrodes. The field strength is calcu-
lated in a corresponding way.

If on the other hand the space charge distri-
bution i3 unknown, the space charges have to be
calculated from physical conditions. This case is
illustrated by fields associated with discharge

channels, e.g. the simulation of a "leader" chan-
nel29 in the breakdown of a long air gap. Experi-
nental date suggest that a reasonable physical

model is given by the assumption that a constant
potential gradient occurs along the channel, for
instance 1 kV/cm. Assuming this, the "leader" ig
congidered as a quasi-electrode. At its boundary,
some contour points are given (with different po~-
tentials), and inside as many charges as contour
points are arranged. Straight 1line charges are
most suitable for the simulation of long channels.
These unknown charges are determined by fulfilling

—2 azmmmeeme -

the conditions for the potential gradients alo:
the channel together with the charges within t]
electrode. Thus the matrix of the potential coe
flcients {p] is enlarged.

CALCULATION OF TWO-DIELECTRIC ARRANGEMENTS

In a dielectric, dipoles are re-aligned
the electric field. In the interior, they compae:
sate each other; but, on the surface of the di
lectric they have the effect of a net surfa
charge’Vr .Therefore, in the digital computati
of electrodes, a dielectric boundary can be sim
lated by discrete charges. There are only two ix
portant differences from the previocusly considexre
gituations:

(1) In general the dielectric boundary does n¢
correspond to an equipotentiel surface.

(2) It must be possible to caloulate the eleatr:
field on both sides of the dielectr]
boundary; this is necesgsary for the formatic
of the system of equations.

4s shown in Fig. 11, a simple example with

small number of discrete charges is chosen to ex
rlain the method. At the electrode, there are r
contour points and charges, ngp of them are c
the side of the dielectric (No.?? and np-npp az
on the side of the air (No.2,3). These ng charge
are valid for the calculation of potentials an
field strengths in both media, i.e. for the die
lectric and for the air. At the dielectric bounda
Ty there are ny contour points (No.4,5) with n
charges in the air (No.4,5) - valid for the die
lectric - and np charges in the dielectric (No.6
7) = valid for the air. In total there are ne

g + ng (=5) contour points and Ng mnE + 2 * 1
(=7) charges.

X contour point
+ charge

*5

electrode

o7

allily — DIELECTRIC —

Fig. 11. Discrete charges at an electrode-and at
dielectric boundary.

The system of equations required for determi.
nation of the simulation charges is formed by de-
fining the boundary conditions which must te sat.
igfied:

(1) the potential of the contour points of the
electrode on the side of the dielectric
(No.1) must be D¢

ng np oy
Z Q.j ¢ pj + Z Qj . PJ - ¢c,
J=1 J=nE+1

(1..3) (4...5)
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]
§) it must be also @ on the

side of the air
(Ro0.2,3),
i ngt2ny
53 Q, * Py + Q *py = P, -
J=1 3 3 J-nE+nB+1 J 3 ¢
(1-.3) (6-.7)

?) the potential of the contour points on the di-
electric boundary is unkmown, but for each
point it must be the same in the air (®4) and

‘ in the dielectric (@p). Thus for the air-die-

l lectric boundary @, =@p, end henge it may be
shown that22132

g np+2ng og Dg+ oy
- . . - . Z Q;°
2 4 +3_n§,n3+1% Py = JE_:_ IR
ve3) (6.e7) (1-.3)  (4=5)
or simplified,
| PE*"p i
i_ Z Qj . pj + Z QJ . p‘1 - 0 .
j-nE+1 j-nE+nB+1
(4-.5) (6-.7)

4) P4 has been defined as the coefficient consid-
ering the effect of the charge j on the poten-
tial at a given contour point. In the same way
f£3 is defined as the contribution of the
charge j to that component of the field vec-
tor, which is vertical to the dielectric
boundary in a given cantour point. Then, at
the contour points of the dielectric boundary,
the normel field strength in the eair must be
€y times greater than in the dielectric, that

is,
- E gt By - Pty
| £ (0 8y + > Q3~fj)-2Qj-fJ+ 'Z Q£
| =1 Jmng+l 3=1 J=nptng+
| (1..3)  (425) (1..3) (6-.7)
i oT,
g optip ng+2ng
(e,-1)+ Y Qyefyver 3 iy oLy -0
| 3=1 J=ng+1 J=nging+1
(1..3) (4.5) (6..7)
Thus ng + 2 * np ( =7 } linear equations are

given for the calculation of the same number of

unknown charges.
]

As an example a dielectric cylinder ie in-
gerted into the system shown in Tig. 5 (broken
lines). Fig.12 shows the tangential field strength
at the dielectric boundary with the dielectric
constant €. as & parameter.

is given in Fig. 13- which
shows & sphere electrode with a dielectric slab.
The results of the caloulation are pregented in
Table III. The method described above also was ap-
plied to the calculation of the field strength at
theaghielding electrodes of UHV testing transform~
ers’”/.

Another example
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€ =22
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1.04
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i Ey= tangential field strength
% U = voltage
a- length of the dielectric boundary (100Gcm)
7~ height at the dielectric
0.4
0 —_—1
200 400 600 800  1000cm

Fig. 12, Normalised tangential field strength Eg'
along the dielectric boundary of the ar-
rangement shown in Fig. 5.
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Fig. 13. Sphere electrode with Table III.
dielectric slab. Pield factors

of Fig. 13.

It is also of interest to mention that sys-
tematic application of this method led to the dis-
covery of a new effect in electrostatic field
theory concerﬁing electrodes partially embedded in
a dielectric?%.

APPLICATION ASPECTS

For the most effective application of the
method the question of a suitable arrangement of
the charges and contour points is of importance.
A practical criterion is obtained by the defini--
tion of an assignment factor f, = ap/aq with the
distance ay between two successive contour points




.l

and the distance ap between a contour point and
the corresponding charge (Fig. 14a). For curved
contours the distances between the charges should
not be too small, and this necessitates the formu-
1ation of a curvature criterion (radius ¢ ) for

such charges. Based on the geometric mean of a4
and ap the following expression with the notation
of Pig.14 b was derived:
a a
]/ 1,2 . 1
qi/o =T [ 1+ (fa r) +4, 0T }
¢i is valid for convex curvature, g, for concave

curvature. For dielectric boundaries, both cases

must be used accordingly.

.

a) T Ly e
N
¥ .

x contour point . tharge

‘Fig.14. To the definition of the assignment factor.

Experience shows that the assignment factor
fa should be between 1.0 and 2.0. The accuracy of
the calculation depends on the choice of the as-
gignment factor and the density of the contour
points. In the areas of interest, the accuracy
can be improved by an increase of the density of
the contour points. The following criteria can
be used to check the accuracy of the simulation:
(1) potential of various points on the surface of

the electrode
(2) continuity of the potential
boundary -
(3) continuity of the tangential component of the
field strength on the dielectric boundary
(4) relation of the normal components of the field
strength on the dielectric boundary.
An additional check is the derivative of the po-
tential gradient perpendicular to the surface of
the electrode, especially for sreas of the elec-
trode with a small radius of curvature. This de-
rivative divided by the gradient must be equal to
the curvature at this point35. A measure for the
accuracy of the calculation is the ‘potential
error" in various check points on the surface of
the electrode between two contour points. This
"potential error" is defined as the difference be-
tween the known potential of the electrode and the
computed potential. Experience shows that the er-

on the dielectric

ror of the gradient is up to ten times greater
. than the corresponding potential error. Therefore
the potential error should be less than 1 %/, in

an area of the electrode if a field strength accu-
racy of 1 % is desired in this area. The practical
limit for the accuracy of the simulation of elec-
trodes is given by the manufacturing tolerance of
conductorgs. In the same way the accuracy of the
simulation of dielectrics has its practical limit
in the accuracy of the determination of dielectric
constants.

COMPUTATION REQUIREMENTS AND COMPARISON
WITH THE FINITE DIFFERENCE METHOD

In this section some data are presented about
the number of charges and the computation time
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necessary for the calculation of the examples
described in the previocus sections. For thewconm--

putations a digital computer TR 440 was used,.
which is comparable with a digital computer- CDC
6600. The electrode arrangement shown in Fig. 13

was calculated with 15 charges for the electrode
and 40 charges for the dielectric. Without the di-
electric the computation time amounted %o 4 s,
with the dielectric to 13 s. The arrangement shown
in Fig. 4 was calculated with 658 charges, 42 of
them were used for the spheres and the shanks and
16 for the cage. The computation of this example
needed 21 s. The amount of computetion for three-:
dimensional fields is higher. For the computation
of the three-phase overhead-line shown in Fig.9, a
total of 259 charges was used, 172 for the: simu-—
lation of conductors and the ground wires and 87
for the tower. The computation time amounted to

594 =a.

A comparison with the finite difference method
shows that the charge simulation method leads to
shorter computation times in many geometries used
in high voltage technology. This is a consequence
of the fact that in high voltage apparatus curved
surfaces axe generally preferred to sharp edges.
As an example, the electric field of a spheére-gap
gimilar to that shown in Fig. 4 vas calculated with
both methods. The computation time needed for the
charge simulation method was only 25 % of the com-
putation time of that for the finite difference

method. The error of the field strength between
the spheres was less than 1 % in both cases. A
successive overrelaxation technique4v wag uged

in the finite difference method.

There are further advantages of the charge
simuletion method compared with the finite differ-
ence method, such as

(1) the field strength can be calculated analyti-
cally; ’

(2) it is not necessary that the
limited by a closed boundary; .

(3) the computation of three-dimensional fields
without symmetry is possible with reasonable
anount of computation.

fleld region is

CONCLUSIONS

As shown in this paper the charge simulation
method is a suitable way for the solution of many
electric practical fileld problems. The presented
examples give an idea of the variety. of possible
epplications of this method. Of course further
developments are inherent. So the detailed compu-

tation of arrangements with space charges is an
interesting aspect for an improvement of this
method.
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Discussion

others IEEE members.

It would be interesting to hear the authors’ comments on the

relative complexity and time required in setting up a problem using
the method they have developed, as compared with more traditional
electrolytic tank approaches. It would seem that reducing a problem
to a form amenable to digital computation might be as great or greater
than construction of models where a convenient electrolytic tank was
available. Has thought been given to the application of digitizers to
simplify the problem descriptions for digital solution?

Manuscript received February 6, 1974.

H. Singer, H. Steinbigler. and P. Weiss: The authors wish to thank Mr.
Barthold for his comments and for his discussion of the paper.
The authcrsare aware of the fact that not only the computation

time but also the time necessary to prepare a problem for the comp- ..

utation must kb= regarded in order to judge a computation method with
respcct to its =conomy. Therefore emphasis was laid on the develop-
ment of an auxiliary program which caiculates the coordinates of con-
tour points for the case that the contour consists of straight lines or
parts of circles. The coordinates of the charges are calculated auto-
matically for =il parts of the contour. The application of a digitizer
would reduce :he time of preparation too, but we did not have the
possibility until now to use such a device for the purpose of electric
field calculation.

A compar:son with the electrolytic tank depends on the kind of
the field probizm. In some cases the analogue method may have ad-
vantages in comparison with the field computation, if an automatic
tank is availabi=. But in general the computation method needs shorter
preparation timzs than the construction of a model, especiaily if the co-
ordinates of centour points and charges are determined automatically,
For some cases — for instance the tower shown in fig. 9 of the paper —

the application of the electrolytic tank method may lead to difficulties \
especially with respect to the accuracy. |

Manuscript c=ceived April 22, 1974.
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A CHARGE SIMULATION METHOD FOR THE CALCULATION OF HIGH VOLTAGE FIELDS
: E. Singer K. Steinbigler P. Weiss
Technical University, Munich, Germany

ABSTRACT

A numerical method for the computation of
electrostatic fielda ia described. The basis of
the method is the use of fictitlious 1line charges
as particular solutions of Laplace's and Poisson's
equations. Detalls are given of a digital computer
program developed for field calculations by means
of this method, and its application is illustrated
by practical examples inyvolving two- and three-
dimensional geometries.

INTRODUCTION

The calculation of electric fields requires
the solution of Laplace's and Poisson's equation
with boundary conditions satisfied. This can be

' done either by analytical or numerical methods.
In many instances, physical systems are so com-
plex that’ analytical solutions are difficult or
impossible, and hence numerical methods are com-
monly used for engineering applications. The a-
vailable numerical methods are normally based on
difference or integral concepts. Many papers have
baen published on solution of Laplace's equations
by finite difference technique92°-9. The other:ap-
proach to the solution is the use of integrals of
Laplace's or Poisson's equation either by using
discrete chargesd--14 or by dividigg the electrode
surface intosubsectionsof‘charges1 ++1J, The meth-
od described in this Baper is based on the concept
of discrete chargeedl..22 It proved to be suc-
» cessful for many high-voltage field problems. It
is very simple and it is applicable to any sys~
tem that iqg}udes one or more homogeneous media. A
special advantage of this method is the good ap-
plicability to three-dimensional fields without
axial symmetry and to space charge problems.

In this method, +the potentials of fictitious
line charges are taken as particular solutions of
Laplace's and Poigson's cequations. Physically the
distributed surface charges are replaced by dis-
crote fictitious line charges. These charges are
placed outside the space in whioh the field is to
be computed. The nmagnitudes of these charges have
to be calculated so that their integrated effect
satisfies the boundary conditions exactly at a se-
lected number of points on the boundary. 4As the
potentials due to these charges satisfy Laplace's
or Poisgon's equation inside the space under con-
sideration, +the solution is unique inside that
space.

Because of its discrete nature the charge
gimulation method requires the selection and
placement of a large number of charges to achieve

T 74 085-7, recommended and approved by the IEEE Transmission & Dis-
tribution Committee of the IEEE Power Engineering Society for presentation at
the {EEE PES Wintcr Meeting, New York, N.Y., January 27-February 1, 1974,
Manuscript submitted August 28, 1973; made available for printing December
4,1973.
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satisfactory accuracy, and therefore digital coge
putation is necessary. The method is now illug.
trated with suitable examples chosen for the coge
putation of electrostatic fielde with one or mory
dielectrics.

BASIC PRINCIPLE

For the calculatlon of electrostatic fields,
the distributed charge on the surface of condug.
tors is replaced by n-line charges arranged inaide
the conductors. In order to determine the nagni.
tude of these charges, n points on the surface o~
the conductors (contour points) are chosen, and it
is required that at any of these points ithe potes.
tial resulting <{from the superposition of t{hy
charges is equal to- the conductor potential ®°x

n

2 Py

j=1

SCAEIE

vhere Qj is the discrete charge and pj the asse.
ciated potential coefficient.

The application of this equation to the 4 -
contour points leads to a system of n linear equa. ™
tions for the n charges: =

(2] - [e] = [e,] -

This system has to be solved for the charge
[Q). Then it must be checked whether the calca.
lated set of charges fits the boundary condition,,
Yor instance the potential in & number of checy
points located on the boundary can be calculateq,:-
The difference between these potentials and thy
given boundary potential is a measure for the 4. .
curacy of the simulation. Further check possibili.
ties will be described in a later section. If {p
coincidence between the actual conductor surfacy
and the corresponding equipotential surface i, .
sufficiently accurate, the electric fields at ay )
point can be calculated anelytically by superpoat.
tion.

In many cases the electrostatic field betwveey.:
a system of conductors and an infinite plane wity
ground potential is of interest. This plane can 3y
taken into account by the introduction of imypy.
charges.

The basic principle described above is wel}:
known in field theory'. Together with suitsblys
ways of discretisatidn, this known principle forgg,
the basgis of electric field computation in tu,?
and three~ dimensional systems as presented in g
following sections.

TWO-DIMENSIONAL FIELDS

The gimulation of the charge on the surfucy 5
of a conductor by line charges of infinite 1em'f§
is a known principle for the calculation of the ¢
lectrostatic filelds of circular cylinders. Py
ticularly for the calculation of bunlle coniuct
some methods were developed on this basig!0..13,

The discretisation of surface charges by LB;
finite line charges also can be applied to
calculation of the two-dimensional field of avhe:



e —
trarily shaped conductors. As an example, the
maximum gradient of the electrostatic field‘be-

tween a rounded strip conductor and an earthed
plane is calculated by the use of infinite line
charges perpendicular to the x-y plane (Fig. 1).
The arrangement of the charges and the contour
points in the rounded part of the conductor is
shown in Fig. 1b. Agpects for the proper arrange-
ment of contour points and charges are given 4in a
later section.

The potential coefficients of infinite 1lire
charges are defined by the expression?3
2 2
, Y +s)?+ (z-x)
pJ - . 1ln 1
2 2 2'
s v/(y - yd) +(x- xj)
with the permittivity € and the notation of
Fig. 1b. This expression also includes the parts
of image charges for the representation of the

earthed plane. Since the line charges are of in-
finite length, the guentities to be determined are
charges per unit length Aj. After the check of the
boundary conditions, the x- and y-components of
the field strength at any point (x,y) can be cal-
culated by means of the following relations:

o A X-X
Ex _ Z J J d x-xj
2

Jm1 %€ (y-yj)2+(X-xJ)2 (y+yd)2+(x—xj)2

n
E = el Ty . %]
4 2rs: 2 2 2

J=1 (Y—Yj) +(x-xj) (Y+Yj)~i£x'xj)2

The result of the calculation is shown in

-Pig. 2. The maximum gradient Epgy in the field be-
tween the conductor and the plane(point A, Fig.la)
is plotted as a function of the distance s, It is
related to the average gradient U/s, where U is
the voltage between the conductor and ground.

8 {xj. )
P ix,y)

+ line charge
x contour point

Fig. 1. Dimensions and arrangement of charges for
the calculation of the field between a
strip conductor and a plane; dimensions in
cm,
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Fig. 2. Maximum gradient Ep,y related to the aver-
age gradient U/s of thet field between a
strip conductor and & plane as a function
of the distance s (Fig. 1). ‘

FIELDS WITH AXTAL SYMMETRY

For fields with axial symmetry, the applica-
tion of toroidal line charges (ring charges cen-
tred on the axis @f symmetry is a very effective
way of discretisation24., Straight line charges of
finite length located along the axis of symmetxy
are algo used. Both types of charges have a con-
stant charge density. This charge sim:lation tech-
nique 4is illustrated by the arrangement of ring
and straight line charges shown in Fig. 3 for the
calculation of a sphere with a cylindrical shank.

z

!

\‘

12

—

Straight line charge

Fig. 5. Arrangement of charges for the calculation
of a sphere with a cylindrical shank.

Using the
coefficients p

notation of Fig. 3, the potential

and the components of the f£ield
strength Ey ang E, can be calculated with the fol-
lowing expressionszor 3; image charges are again
used to represent the earthed infinite plafe.

Riné charges:

1 2 K(k1) K(kz)
pJ | —_— - * - ]'

4 T &y @z

2 2 2

2 - 55 4L T +(z"za>2]'3(k1)'ﬁh’x(k1)
r 7T

s 4me 2

J=1 %47y

[r?-r2+(2+zj)2]-E(kz)-ﬁg-K(kz)

J

2
@iy



n

P T &y ty ’

" VQ¥+rJ)2+(z-zj)2‘, a, = VQr+rd)2+(z+zJ)2‘ ,

Vi PP oy =Y GemPelanay)?

4ith the complete elliptic integrals of the first

ind E(k) and second kind E(k).

Straight line charges:

9 (232’z+71)'(231+z+72)

P

, 412(232-2J1) (231-z+61)-(232+z+62) g

1 Q z Z
E - D 3 fiizy {5177
T
jur 4mElzgpmzyy) -y w8
zd1+z‘1 zdz+z
]
.7, r-52
n
. QJ [ 1 1 1 1 ]
z " |-t
o1 me(zgpzg) T 8 T 5
Ty = 22+(z -2)2 2 247
1 32 y Ty =V +(zJ1+z) )
2 2 ]/
51 - T +(ZJ1-2) N 52 - r2+(zjz+z)2 =
The application of ring charges and straight
line charges is demonstrated by two examples. In
the first example, the influence of an earthed

cage on the field of a sphere-gap ig investigated.
Fig. 4 shows a 2 m sphere-gap surrounded by a
closed cylindrical cage of 16.5 m height. The dis-
tributed charge on the sphere and on the cage is
replaced by ring charges, the charge on the shanks
by straight line charges. In Table I the increase
4EF of the maxirum field strength at a gap spacing
of 1 m is shown as a function of the diameter d of
ﬁhe cage. AE is related to the maximum field
strength without a cage at this gap spacing.

4E (%)
da (m)

0.6
50

1.0
20

A1)
.
wn

Table I. Increase of the maximum field strength in
a sphere-gap by an earthed cage (Fig. 4).
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Fig. 4. Sphere-gap enclosed by an earthed cage;

dimensions in cm.

Fig.5 shows an electrode arrangement used for
the shielding of a high voltage apparatus. The po-
tentials of the grading rings are fixed at 75, 50
and 25% of the potential @ = U of the top elec-
trode. The result of the calculation is shown in
Fig. 5 for a voltage U = 1 MV. The length of the
arrows is equivalent to the magnitude of the field
strength, the dash-dotted ecirole indicates a field
strength of 5 kV/cm. The maxipum field strength on
the top electrode amounts to 5.6 kV/cm. Only ring
charges were used for this example.

—

-
fﬁ Vs

Fig. 5. Electrode arrangement for the shielding of
a high voltage apparatus; dimensions in cm
(The cylindrical dielectric is used for
calculations in a later section).

THREE DIMENSIONAL FIELDS WITHOUT AXIAL SYMMETRY

The charge simulation method can be applied
with great advantage to the calculation of three-
dimengional fields without axial symmetry. The
principle
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example, a rod-rod gap with a trigger electrode
(Pig. 65.

The original axial symmetry of the field of
the iwo rods disappears because of the presence of
the trigger electrode. Within the half spheres of
the rods and the comical part of the trigger elec-
trode ring type charges are arranged in a aimilar
way to that wused for geometries with axial symme-
try. The rings, however, have a variable charge
density. For the cylindrical parts of the rods and
the trigger electrode, straight line charges are
situated parallel to the axis of symmetry of the
electrodes on a circle on the axis. To consider
the asymmetry with reasonable accuracy it is suf-
ficient to arrange 3 or 4 lines around the ciroum-
ference in the cross section of each electrode.

|
|

arrangement

L
cross section
of the upper rod

Fig. 6. Rod-rod gap with.trigger electrode.

The charge distribution on the rings ia un-
known at first. For this reason the distribution
is divided into a constant rart and several co-
sinusoidal (or sinusoidal) harmonics with unknown
peak values A, similary to a Fourier analysis.
This charge dgstribution is a function of the ro-
tation angle o shown in Fig. 6 and is given by

it
Ala) = 2 A - cos(ux) .
k=0 g

ng denotes the number of harmonics.

The value of i# is not calculated by fulfill-
ing an orthogonality condition as in the case of a
Pourier analysis, but by giving several contour
points with known potential values around the
electrodes.The total number (ng+1) of the constant
charge (u = 0) and the harmonics = 1..ng) must
be equal to the numbor of contour points around
the circumference.

The potential coefficient of a periodically
variable ring charge due to the p-th harmonic in
any point (r,wyz) of a cylindrical coordinate sye-
tem is (without image charges)21725

*3

T

[ G,

27nE

Pyy ) - cos(uy)
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with D° - (z--zj)2+r§+r2 and Q s aa the Legendre
function of the second kind of tgo order p -1/2, a

so-called torus function.The symbols r, and z, are
the same ones as in the case of conutlnt chglgos.

In a similar wvay as it is described before,. a
system of linear equations {s establighed end
solved for A, .

i

The field stirength
differentiation of the
respect to r,y and z, are

2 1 [z,
T “ZE . cos{uy) - R
8¢ e2nE r
.# .

Q /( D +
2r U~y 21‘1‘j . D4-41'

components, obteined by
potential function with

o

&

7

- -
X

{

1 2

2 .2
) 2r3 (2x°-Dp°) -

D2
E>]}.

. PN

2
.1. ’ D .ﬂ n ?
T 07"-2-( rJ) 1 Olw)-

2r

u+

N

r 2

) - )] -

The field strength of any direction is calcu-
lated by addition of the parts, which originate
from constant and periodically variable charges,
for instance, taking one ring charge,

p4_4r

‘p e 02
2rry #‘f erj

<N

D2 2.
2rr.
2

1

.4rjr(z-zj)[Q# (

it
E, = E .
T ur
#:0 —\ ]
In principle it is also possible to arrange

several rings with constant charge distribution
instead of a single ring with variable charge
distribution. Fig. 7 shows an example of this way

of discretisation, where the ocenters of the ring
charges are placed on a circle centered on the
axis of the electrode.  Such an arrangement cannot
be used in the case of toroidal electrodes.

Pig.7. Ring charges of constant charge density for
the simulation of three-dimensional fields.,

The effectiveness of the method for three-di-
mensional electric fields 4is shown in two practi-
cal field problems of high voliage engineerings-
the influence of adjacent conductors on the field
of a sphere-gap, and the field distribution near
the bundle of a three-phase overhead-line - under
thé influence of the tower. T

The first example is shown in Fig. 8, namely
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