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Appendix A

Single Phase-to-Earth Fault Loop

The theoretical equation derivation to determine the type of sequence network and
the positive sequence impedance for an A-phase-to-earth fault is shown below. It is
important to note that these derivations are made from a simplistic radial network

with a single source of supply.

A-Phase
B-Phase
C-Phase

O O O 3G-Er?t:.'arsalteicm Re
Neutral

Figure 1: A-Phase-to-Earth Fault.

From figure 1 the following conclusions can be made at the point of fault for Re = 0
[Error! Reference source not found.], [Error! Reference source not found.],

[Error! Reference source not found.]

V, =0
l,=1,=0

Writing Ib and Ic in their respective symmetrical components gives
I, =a’l,+al,+1,
I, =al, +a®l,+1,
Through subtraction of I; from I, we get
I, -1, =(a2 —0:)I1+(0{—052)I2 =0

—(a2 —oz)l1 :(oz—cxz)l2

and by addition

2 2
Ib+IC=(a +a)|1+(a+a )I2+2I0



also
(a+a2)=—1
Which gives
l,+1.,=-1,+(-1,)+21,=0

therefore

From this we can draw the positive-, negative- and zero sequence components in a

series configuration as shown in Figure 2 below.

21 o
F

N,

Fs
w
\Z 2
N, v
lo
i
Fo
Vo
N v

Figure 2: Symmetrical components.

If we now write the voltage Va at the point of fault in its symmetrical components we

get

V,=V.=E-1,Z,-1,Z,-1,Z,
and
V, =3I,R;

therefore



3R =E-1,Z,-1,Z,-1,Z,
E=1Z+1,Z,+1,Z,+3I,R;
add and subtract lpZ;
E=01Z+1,Z,+1,Z,+1,Z,—-1,Z,+3I,R:
Zy = Z; therefore
EzZl(I1+I2+IO)+%(%—

1

ZJL+3%&

therefore
E=Z,(,+1,+1,)+31,K,Z, +3I,R;:
E=2,(1, +31,K,)+3I,R:

_ E-3I,R;
C(1,+31K,)

E 31,R,

z
(1, +31,K,) (1, +31,K,)
For a radial system I, = 3lo. Replacing I, with 3lp in the second term gives

S _ E _ 3IR:
(1, +31,K,) 31+ K,)

therefore
,_ E R
(1L +31,K,) ([1+K,)

Should the fault resistance be equal to zero, the equation simplifies to the well
known equation for single phase faults.

E
Z =——
(1, +316K,)
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Appendix B

Phase-to-Phase-to-Earth Fault Loop

A-Phase
B-Phase
C-Phase
O O o ?‘:}-::;Sa?ion
Neutral

Figure 2: B to C-Phase to Earth Fault.
From figure 2 the following conclusions can be made;

At the point of fault [Error! Reference source not found.], [Error! Reference

source not found.], [Error! Reference source not found.]

|, =0
V, =V, =0

Writing Vb and Vc in their respective symmetrical components give

V, =a’E-a’l,Z,-al,Z, - 1,Z,
V. =of —al,Z, - 1,2, - 1,2,

Multiplying Vc by o and subtracting Vc form Vb gives

V, —aV, = (1-a)l,Z, - (- a)l,Z,

therefore;




After assigning Vb and Vc to its symmetrical components and through some
mathematical manipulation it can be shown that [Error! Reference source not
found.]

and

lL=L+1,+1,=0

~ jW3E(Z, - oZ,)

2.2, +2,2,+7,Z,
jW3E(Z, - a?Z,)

2.2,+2,Z,+2,Z,

- —
l,=a’l,+al, +1, =

— 2 —
I, =al,+a’l,+1, =
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Appendix C

Phase-to-Phase Fault Loop

A-Phase
B-Phase
% C-Phase
OO O senartion
Neutral

Figure 3: B-C-Phase Fault.

From figure 3 the following conclusions can be made
At the point of fault [Error! Reference source not found.]

V, =0
V, =V, =V

Again after assigning Vb and Vc to its symmetrical components and through some
mathematical manipulation it can be shown that [Error! Reference source not

found.]

E=1,(2+2,)
and
l,=1,+1,=0
~ JV3E
1+ 2
j+/3E

Z,+27Z,

— 2 —
I, =a’l,+al, =

— 21—
l,=al,+a’l,=
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i) Three-phase and three-phase-to-earth fault loop.docx

i) Three-phase and three-phase-to-earth fault loop.pdf
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Appendix D

Three Phase and Three Phase-to-Earth Fault Loop

A-Phase
% B-Phase
C-Phase
3-Phase
O O O Generation
Neutral
Figure 4: Three-Phase-to-Earth Fault.
From figure 4 the following conclusions can be made

At the point of fault [Error! Reference source not found.]

V,=V, =V, =0
I, +1,+1,=0

After assigning the currents and voltages to their relative symmetrical components
and through some mathematical manipulation [Error! Reference source not
found.] has shown that

- -
1 Il
o O HN||'|'|

o

and;
V,=E-1,1Z,-1,2,-1,Z,=0
V, =a’E-a’1,Z,-al,Z,—1,Z,=0
V.=aE-al,Z,—a?1,Z2,-1,Z,=0

Also;
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Appendix E
Line Impedance Measurement Results

These measurements were done in conjunction with and were obtained from [Error!

Reference source not found.].

Measurements: R[Q] X[Q] Z[Q] Phi(°)
A-B:Zp+ Z3 1.269/15.328|15.380 85.27°
B-C: Zg + Z¢ 1.128113.808/13.853 85.33°
C-A: Zc + Za 1.127/13.631|13.677| 85.28°
A-E: Za + Z¢ 1.952 9.96010.149 78.91°
B-E: Zg + Z¢ 1.937/10.187|10.370, 79.24°
C-E: Zc + Z¢ 1.913110.235/10.412| 79.41°
A-B-C-E: ZallZpllZc + Zg 1.541) 5.356 5.573 73.95°
Calculation of impedances:

Za 0.634| 7.576| 7.602| 85.22°
Zg 0.635] 7.752| 7.778| 85.32°
Zc 0.493 6.055 6.075| 85.35°
Zg from Measurement A-E 1.318 2.384 2.724 61.07°
Zg from Measurement B-E 1.302 2.435| 2.761| 61.87°
Zg from Measurement C-E 1.420 4.180| 4.414 71.23°
Impedance results:

Line impedance Z, 0.587| 7.128 7.152| 85.29°
Earth impedance Zg 1.345] 2.980, 3.269 65.70°
Zero sequence impedance Zg 4.62316.067|16.718| 73.95°
Earthing Factor:

kon=Zel Z, 0.457-19.591
Re /Ry and Xg / X, 2.2911 0.418

Zol Zy 2.338-11.344




PowerFactory / DigSilent: Simulated Line Data:

Z1: Section 1: T1 -T20
Z1: Section 2: T21 - Tel

abs Error - Z1

% Error - Z1

Z0: Section 1: T1-T20

Z0: Section 2: T21 - T61

abs Error - Z0
% Error - Z0

0.181

2.286

0.373

4.481

0.554 6.767| 6.790

85.32°

-0.033

-0.361] -0.362

-5.65%

-5.06%-5.06%

1.713

5.383

2.493

10.452

4.206

15.835(16.384

75.12°

-0.417,

-0.232 -0.334

-9.03%

-1.44%|-2.00%




Appendix F

i) 19 Strand steel earth-wire conductor GMR.pdf
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Appendix G

i) GMR and inductance of a single Dinosaur conductor.pdf
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Appendix G

GMR for Stranded Earth Wire Conductor taking Metal
Resitivity into account.

All calculations are done in meters.

Number of strands in the Steel-core.

n.:= 19

S
Steel Strand Diameter

-3
dgg = 2.6510

C s
s : 2
Number of strands in first steel layer

nsl =6
Number of strands in second steel layer

nsz =12

Permeability of steel

b = 875107 *Hm T

Permeability of air

o= 410 "Ham T

Relative Permeability of steel
Mg

W g=—
r_s io

Hr g = 696.3029



GMR of single steel strand D..

Hr s

4

Dss =rge

Dy = 332.7297856981603 x 10

Number assignment to first strand in first steel layer
is:=2

Number series for other strands in first steel layer
fis:=is+1.ng +1

Angle between centre strand and two successive strands within first steel layer.

27

%17 ngp-deg

0y = 60

Distance calculations between 1 strand in first steel layer and other strands in same layer

g, = (25 + (2t ~ 2 (argore cososy o)

s

3

d =265x 10

sI2 3

s

g, = (25 + (21" - 22t cos20y )

s

dgj, , = 4:589934640057525 x 10 3

s

g, = (25 + (215" - 2.2t (2 cos3ay )

s

3

d =53x10

sI2 5

s



dy, = (2 + (21" - 22t co{ )

s

3

d = 4.589934640057526 x 10

sI2 6

s

dy, = (25 + (21" - 22t (2 o)

s

3

d = 2.6500000000000017 x 10

sI2 7

s

Product of distances in first steel layer (j).

Ns1
Ns
dspy = [H A jjsj

iis

Method 1

dg| 1 = 150.37402601294065 x 10 °
Method 2
o
n

(1) 2 2 S

dgj 1= H (2rs> + (2rs> - 2-(2rs)~(2rs)-cos(k asl-deg)
k=1
6

dgj | 1 = 150.37402601294065 x 10~

Number assignment to first strand in second steel layer
is2:=8
Number series for other strands in second steel layer

jis:=1is2+1..ng



Angle between centre strand and two successive strands within second steel layer.

27

%2°= ngy-deg

Ogp = 29.999999999999996 x 10O

Distance calculations between 1 strand in layer 2 and other strands in same layer

A, 4 J(ar)? + (arg)? = 2-(ary)(arg-cos{agy-cea)

3

d =2.7435x%x 10

sls’9

Aoty 1o = (419" (4" - 2 () cos{20 g

d — 5.299999999999999 x 10 °
slg 10

Aoty 1, = (819 (4" ~ 2 () cos{30y g

d _ 7.495331880577402 x 10 °
slg 11

Aty 1, = (419" ()" - 2 () cos{any g

d — 9.17986928011505 x 10 °
slg 12

Oy 1y J(ars)? + (arg)?  2:(ary)(arg-cos(Sergy )

d _ 10.238813758664124 x 107 °
slg 13

Oy 14" J(ars)? + (arg)?  2:(ary)(ary-cos(Bergy )

~106x 10" °

8,14

dsI



g = J(‘"s)z + (4rs)2 - 2-(4rs)-(4rs)~cos(7ozsz-deg)

d :
8,15

3

d = 10.238813758664126 x 10

slg 15

g = J(‘"s)z + (4rs)2 - 2-(4rs)-(4rs)~cos(8asz-deg)

d :
8,16

3

d = 9.179869280115051 x 10

slg 16

g = J(‘"s)z + (4rs)2 - 2-(4rs)-(4rs)~cos(9ozsz-deg)

d :
8,17

3

d = 7.495331880577408 x 10

slg 17

o = \/(‘"5)2 + (4rs)2 — 2:(4rg)-(4rg)-cos( 100 -deg)

d :
8,18

3

d = 5.300000000000003 x 10

slg 18

d5|8, 19 = \/(‘”5)2 + (4rs)2 _ 2.(4I’s).(4rs).cos(11a52.deg)

3

d = 2.743481878086728 x 10

slg, 19
Product of distances in second steel layer (j).
Ns

d = d
SL2 [H s'isZ,jjsj

iis

Method 1

dg) o = 743.5226394242576 x 10 18



Method 2

(ns2-1)
dgj 2= H J4rs 4rs - 2-(4rs)~(4rs)-cos(kasz-deg)

- 18
dg| | o = 7435226394242576 x 10

Product of Distances between first and Second Steel layers

Ns1

Ng

dgL1 2= H J 2rs 4rs - 2-(2rs)-(4rs)~cos(kozsz-deg)

-9
dgp 1 p = 2.377769808946266 x 10

Product of Distances between Second and First Steel layers

Ns2

Ng

dgp 1= H J 2rs 4rs - 2-(2rs)-(4rs)~cos(kozsl-deg)
-9

dgpp 1 = 2.354418484718064 x 10
Product of distances between First Steel Layer and Centre strand

G

dgp 1 c = 153.5635596771246 x 10~

dsLy c=

3



Product of distances between Second Steel Layer and Centre strand

i

dgp p = 36.534279690638954 x 10~

dgi2 ¢ =

3

Product of distances between centre strand and first layer

G

dgc 1 = 153.5635596771246 x 10

dsc 1=

3

Product of distances between centre strand and second layer
Ns

dgc o = 36.534279690638954 x 10~

dSC_2 = (4FS)

3

GMR of 19 Strand Steel Earth Wire

n
S
GMRgs:= [Dssdg 1-ds 2:ds1 1 2ds12 19511 c'dsi2 cdsc 1dsc 2

GMRg = 533.566957 x 107 ° m



Appendix H

MathCAD example programs for conductor impedance
i) EMTP conductor calc.xmcd
i) GMR StrandedAluminiumCond.xmcd

REL531 relay test folder inclusive of the following folders with test results
i) A-phase-to-earth faults
i) Clasic test method
i) Phase-to-phase faults

REL531 Impedance plots and calculation EXCEL file

i) REL531 Impedance plots and calculation.xls

REL531 folder with sub-folders containing test injection results.
i) A-phase-to-earth faults
i) Classic test method

i) Phase-to-phase faults
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Appendix |

7SA513 impedance characteristics and associated calculations are found in this
appendix. File 7SA513-REL comparisson.xlsx shows the relevant relay
characteristics for different fault and load conditions. Original test result files for the
characteristic plots done in the above file can be found in this appendix under
directory 7SA513, sub-directories:

i) Classic method (no series cap bank — radial feed),

i) Classic method (series cap bank — radial feed),

iii) Export load (no cap bank — radial feed),

iv) Export load (series cap bank — radial feed),

V) Export load (no cap bank — dual feed),

Vi) Import load (no cap bank — dual feed),

vii)  Import load (series cap bank incl.),

viii)  Result calculations,

iX) With series cap bank (radial feed).
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Appendix J

Simulation study results performed in PowerFactory software and Matlab routines
written for this purpose are located here in the following files respectively;

)] Phase-to-earth PowerFactory simulation results.xIsx

i) MatlabStudyResults.docx
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Appendix K

Matlab routine m and asv-files are located here.

)] FaultPosNew.asv
i) FaultPosNew.m
iii) ImpCalcNew.asv
iv) ImpCalcNew.m

V) PlotGraph.asv
Vi) PlotGraph.m
vii)  VariablesNew.asv

viii)  VariablesNew.m
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Appendix L

)] Magnetic permeability.docx

i) Magnetic permeability. pdf
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Appendix L

Magnetic permeability & susceptibility for selected materials

Medium Susceptibility Initial Permeability
Mumetal 20,000 U 25,000 pN/A® at0.002 T
Permalloy 8000 M 10,000 pN/A? at0.002 T
Transformer iron 4000 ™ 5000 PN/A? at0.002 T
Steel 700 M 875 UN/A? at0.002 T
Nickel 100 ™ 125 uN/A? at0.002 T
Platinum 2.65x 107 1.2569701 puN/A?
Aluminum 222 x107° 2 1.2566650 PN/A?
Hydrogen grxz?zojm_g @ 1.2566371 pN/A2
Vacuum 0 1.2566371 uN/A?
Sapphire -2.1x 1077 1.2566368 UN/A?
Copper ;f'_g"z‘ 101_ 2_6 o 1.2566290 UN/A
Water -8.0x 107® 1.2566270 uN/A2



Permeability varies with flux density. Values shown are approximate and valid only at
the flux densities shown.

[edit]

References

1 Aadbcdewn

————— Relative Permeability", Hyperphysics
2. A2beClarke, R. Magnetic properties of materials, surrey.ac.uk




Appendix M

)] Siemens performance guarantee.docx
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Appendix M

Siemens. Performance Guarantee for 7SA513 V2.2 - PG1
Operating Time

2) The operating lime ©f the 75A513 prolaction re!ay‘ is spocll'cd in lables 1 .3 forthe 131 zone (21).

b) The fault delection {or favlls cutside the 1st zone has the {oliowing operatcng fimas provided the fault
cuirents and vollagas exceed Ihe sclvalues, in panticular for ground faulls the residual current andies
residual vollage:

max, 3oms. for non compensated lines >50) secondary

‘max. 40ms for ines <50 secondady and ser2s compeasated lines ) .
c) Time delays fer all the zcanes era s!a.ned by he fault detaclion signal and therelore lhe tolal ‘.npplng
depends ca b).

Thc influenca of thé CVT cn the operating ime of the TSAS13 prefection relay 25 shown in the iables
1..3 degends on the characleristic of tha CVT. The specifled CVT Influgace was observed using 3
CVT modal with secondary burden of 40 @ 2t 57 V. By reducing the 40 ) r2sistance, the. d:ms:mg waill
iacrezse and the cvr influence on the ulppmg timas will reduce. *

P

-

Phase Selection '

The 784313 prolection celay will bip.wilh comect phase selection for &l faul's on the prolecled lineg,
This carrest phzse scleclion is guaranteed for all faults with actusl fault resistance vp 1o 10 0 secon.
dasy and the isult delaction polygon is sat as shown ia the enciesed Siemans recominendalion.
Forlozds > 0.3 <y i is possthla 1o have additional locp flagging, which 122 no Infieence on the ¢arrecl
Ifigplng.

¢
Dircct[onal Determination

The 788513 proleclicn relay will always promde coaecl directicasl dcler[rmatm under bhe fcllcmng -
cireumstances:

Overall transmission angle of the system {generator angles) y 5 60° elé¢, and the relsy seiting zlong
he R-axis £ 20 1 secondary
With smaller Iransmission angles, larger R-axis settings can be icleraled.

The nen-directional ¢ecision has lhe same signifizance and r2aclion as lhe raverse decision, A nea-
directicnal decision e2nnot ceour for a forward fault,

Reach

The steady slale reach measuring eccuracy of the TSAS13 relay !s 3% of reach sctiing. Transiant
Cvern2ach adds no mare (han 1C% in Ihe c2se of nea-series compensaled Enes. The presenca of



sanas compensalicn adds a further §% to the measwing ermor. If sct 38 f¢llows no underreach or
overreach occurs:

Reach Setling Limilalien
Nen-Series Comgensaled Lines __Series Comgensaled Lines
Single Lina Parallel Line Single Line Parallel Line
3 Pale Tripping | X1=B5% X, X1=85% X, A1 8 B0% (X-Xe) [X1=80% (X-X¢)
X1b = 125% X, X1b = 150% X, %1b = 125% X X1b = 150% X,
143 Pole X1 = 80% X_ X1 =80% X X1=75% (KX | X1=75% (X Xe)
Tripping X1b = 125% X, X1b = 150% X, X1b = 130% X, X1b = 150% X,

with X, = line reactance, X = sedes capacilor, X1 = zone 1 setting, X1b = gverreach wone 2elling,
Parrallel Line = bolh Eaes i service

Faull recislance Is assumed 1o cnly appear belween phase and earth, The etfect of favil resistancs
under load flow condillons on the reach of the 7SAS13 protestion relay Suring single phase ta ground
faults is compenseted {or underiha following corditicns:

a) The fault resistance is less than 10  secordacy.
b) The earth faull cwerent is greatar than 20% of the mmma! current Ine

Inthe case of phase to phasa lo ezrh faults, the block laading phase selting must be salacted 1o aveid
an unwanted overreach.

For fault resistances that are greater than 10 © secendary, (e 2ltached curves indicete the influenca
on the raach aceuraey. -
Ccempensation for reach changas that may occur with sequential faulls during Ihe single pole dead lime
is not evailable. With load cusrents greater than 0.5 » Iy and s&ilings accerding to Ihe abave table

phasa-phase-faulls during the single pole deed time may lead lo overreach of underreach on -ong
lines,

The influence of the coupling effect of a para¥el line cn the reach accuracy of Ihe TSAS13 relay can be
camgansated by using the comesponding feature in the TSAS3 relay,

Timing of Alarm Output Contact

Timing diHarence betweean alasm and trip signals ace due to two effacts. Firstly the command (trip)
telays have a fasler cperating lime than (he alacm releys, Maximum differenca is 6 ms. Seccaaly,
cerlain alarms are taated as fast alarms and are availabla at the same speed as o big signal while
olher atarms are lreatad as slow alarms and are subject to an 2ddillonal delsy.

Trip Contect {Command Relay) | Alacm Ceatack (Alarm Relay)
Teép Cemmand . oms +4ms
Fzst alarm (29 No, 510} 1-8ms 3-10ms
| Slow alarm (eg No. 151) ~ 10-30ms 14 - 34 ms
Enclosures

|
1. Tabla 1, Table 2, Tatle 3

2. Sicmens recannandation foe seiing lhe relay fzult detection characlensl:c
3. Efect of fault resisiance on relay reach
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I‘!ecorpmendation for sctling of fault deteclion (ZA), zoae 1 (21}, overreach xone (Z218), (1) of (2)
lorg siagle line

A48 X [(ha]
axample

i XL = S0 0 zek.
! X1 « 0.8 XL 1 = RE . 0,5 X1
I X13 = L,25 4L 313 = RI3E » 0,.5°XLH

218 ¢ 2IL X+d = 1 XL FAL = AALT-s 15 1 sek,
] X-A = 0.5 X.A A2 = RA2Z « 45 01 2ak,

FHI A » 40 PaL A2 - w0
R (Ow), -
\ -
- -
: long parallel lins
e sxanpls
\ - b+ = 58 00 eek,

i XL » 0.3 XL X1 = R1Z = 0.3 X2

218 7 2L T A 318 = RI9E = 0.5 X13
[ XA = 2 XL 221 = RALE = 15 £} zek.
3 e = 0.5 Xep AAT = RAZE & 43' 02 pak,
L, PHL A = 40" FAL A2 w 40°

~ 21 % 22 £ 23
1\\\ b //
lo.c 2 el

\_
-/




Recommendation for setting of fault detectien (ZA), zone 1 (21), overresch xone [Z1B), (2) ef (2)

#e0iie3s <ospensated siagle lipe

A4S 1 (dew)
exansla:
S XL & %50 0 sek. XC
i X1 m 0.75 (XL = XO)
218 » U X127 -1 X
Xl - 2 XL
X-3 = 0.3 %A
THMI A - 30
]-\23. /
100
. ’ J'\., Q [Cow)
- -
stort lira
exzaple:
X ten Xt = 2 9 sek.
' X1 - 0.30 XL
X13 » 1.25 XL
' XeA = 10 0 mek
3 X-A - 0.5 Xea
a hﬁp
‘\\ - ]
ZFEEZ’I\Q:-.
‘-\\
e \ R (al
F

= 25 {1 zek.
R = R1T = 0.5 * 0.75 XL
RiD » 215 « ¢.5 X122
RAL = RALT = 15 T sel.
AN2 = RAZE - 15 I pak.
29I A2 - SO0°
¥
N x
l,.
AL = ML e 4 x2
ALB = RLIE = 4 Xi3
AAL = RALE = 20 (0 seokx,
A2 = RA2S » 30 0 sev,
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Appendix N

Table of Resistivity

Resistivity (Q-m) at 20

Temperature coefficient*

Material >4 oc K] B8 Reference '
Silver 1.59%x107® 0.0038 2
Copper 1.72x107® 0.0039 21
Gold 2.44x1078 0.0034 =
Aluminium  [2.82x1078 0.0039 i
Tungsten  [5.60x107® 0.0045 =
Iron 1.0x1077 0.005 =
Tin 1.09x1077 0.0045

Platinum 1.06x107’ 0.00392 =
Lead 2.2x1077 0.0039 1
Manganin  |4.82x107’ 0.000002 (31
Constantan |4.9x1077 0.000 008 1




Mercury 9.8x1077 0.0009 (2l
Nichrome™ |1.10x107° 0.0004 il
Carbon!® 3.5x107° -0.0005 [
Germanium® [4.6x10™" -0.048 [11[2]
Silicon®® 6.40%x10? -0.075 =
Glass 10" to 10™ [1112]
Hard rubber |approx. 10" 11
Sulphur 10" [
Quartz 7.5x10" 11
(fused)

1. Serway, Raymond A. (1998). Principles of Physics (2nd edition). Fort Worth,
Texas, London: Saunders College Pub. pp. 602. ISBN 0-03-020457-7.
2. Giriffiths, David (1999) [1981]. "7. Electrodynamics". in Alison Reeves (ed.).

Introduction to Electrodynamics (3rd edition ed.). Upper Saddle River, New
Jersey: Prentice Hall. pp. 286. ISBN 0-13-805326-x. OCLC 40251748.
3. Giancoli, Douglas C. (1995). Physics: Principles with Applications (4th

edition.). London: Prentice Hall. ISBN 0-13-102153-2.

(see also Table of Resistivity)

4. John O'Malley, Schaum's outline of theory and problems of basic circuit
analysis, p.19, McGraw-Hill Professional, 1992 ISBN 0070478244
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Appendix O

Temperature Coefficients of Resistance, at 20°C

Material Element/Alloy a per °C
Nickel Element 0.005866
Iron Element 0.005671
Molybdenum Element 0.004579
Tungsten Element 0.004403
Aluminium Element 0.004308
Copper Element 0.004041
Silver Element 0.003819
Platinum Element 0.003729
Gold Element 0.003715
Zinc Element 0.003847
Steel * Alloy 0.003
Nichrome Alloy 0.00017
Nichrome V Alloy 0.00013
Manganin Alloy +/- 0.000015
Constantan Alloy 0.000074

* = Steel alloy at 99.5 percent iron, 0.5 percent carbon

Lessons In Electric Circuits, Volume | — DC

By Tony R. Kuphaldt

Fifth Edition, last update October 18, 2006




Appendix P

The following results files can be found in this appendix:
i) MatlabLineParameters.pdf
i) PowerFactory conductor results file 1.pdf
i) PowerFactory Dinosaur conductor model.pdf
iv) PowerFactory earth-wire results file.pdf

V) PowerFactory tower geometry.pdf
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Mumber of el huncl
Ground resistivity (ohm m): 700 i 2= O RS (e Y 2
Commerts: Coneuctor Phase X ¥ tovver ¥ min Conductor
Example of & 400-kY three-phase line - Cbundle] number (m) (m) [m) Chundle) type
R 1 6.2 21 96 1
Dinosaurt ACSR conductors | two 19
strand steel ground wires P2 2 0 21 9B 1
3
“iowver and Ymin are the average & 3 82 e 38 !
heights of conductors a1 1] -8.3 26.25 15.95 2
=l 92 0 8.3 26.25 15.94 2

Conductar and Bundle Characteristics

Conductor internal inductance evaluated from
Geometric Mean Radius (GWR) d

Mumber of conductor types

or bundle types: 2

¥ Include conductor skin effect

Conductor Conductor Conductor Conductor  Conductor D Conductor Mumber of Bundle Angle of
(bundle)  outside dismeter TiD GMR resistance relative conductors diameter conductor 1
type [(=10] ratio (cm) (Ohmfkm) permeshility per bundle (cm) (degrees)
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Line Geometry
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Conductor Conductor Conductor Conductor  Conductor D Conductor Mumber of Bundle Angle of
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1 0.3554 0.001 0.1437 0.0478 1 1 1] 0
2 0135 0.001 335641045 1.9085 1 1 1] 0

3 'C'Dmpule RLC line parameters

Load Save
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Type w | = | Transmission LibranTower Geometn®517A(1)
Teminal i w | = | 2008 Morth East* Teminal(4)*Cub_1 Teminal(4)
Teminal j w | = | 2008 Morth East’\Teminal{5"Cub_1 Teminal{5)
Zone iTenﬂinaI i __:i
[T Out of Service
— Mumber of — Resutting Values
parallel Lines |-| Rated Cumert 1. kA
Pos. Seq. Impedance, £1 04233456 Ohm
ps e Pos. Seq. Impedance, Angle  83.89563 deg
Pos. Seq. Resistance, R1 [.04501 855 Ohm
Length of Line 1. fem Pos. Seq. Reactance, X1 0.4209452 Ohm
Derating Factar !1. Zero Seq. Resistance, RO 0.4194278 Ohm
Zero 5eq. Reactance, X0 1.15465 Ohm
Earth-Fault Curmrent, lce 1.485053 A
Type of Line Tower Geometry Type Earth Factor, Magnitude 06768084
Earth Factor, Angle -19.71762 deg
- Line Model —Owerhead Line Configuration
* Lumped Parameter (PI) Type of Phase Conductors v! +| .. se Conductors\DINOSAURSD
r - o
Ptubofed F e Type of Eatth Conductors~ w| | .. 19419/.104 13/265 19/27)

Foutes/Cubicles/Sections

Max.Sag, Phase Conductors |‘I 1.4 m

Max. Sag, Ground Wires |'ID.3 m
Earth Resistivity I?{H}. Chmm

¥ Transposition

QK
Cancel
Figure ==
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Conductor Type - Transmission m Cul:ilsctursiDIhKJSA].JRED.Tprun ﬁu

Full Short-Circuit | ANSI Short-Circuit | RMS-Simulation |  EMT-Simulation ==
Hamuonics | Optimization I State Estimator I Reliahility I Description

Basic Data |  LloadFow |  VDE/EC ShortCircut PR
Norme
MNominal Voltage I-i{lll]— kW
Nominal Curent [ kA

Mumber of Subconductors |1 5:

{Sub-)Conductor

[DC-Resistance |ﬂ.ﬂ43? ChmAm
Diameter |355-l mm

>

Relative Permeahility Iﬂ.m

[V Skin effect




Conductor Type - ... \Earth Conductors\S19 -(19/.104 19/2.65 19/2.7).TypCon (i etiiems
Full Short-Circuit | ANSI Shot-Circuit | RMS-Simulation |  EMT-Simulation

Hamuonics | Optimization I State Estimator I Reliahility I Description s
Basic Data |  LloadFow |  VDE/EC ShortCircut =

MName 519 {197,104 15/2 65 19/2.7)
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MNominal Currert 0.105 kA

Mumber of Subconductors |1 5:

{Sub-)Conductor i’_l
[DC-Resistance |‘I 88 ChmAm
Diameter |13.5 mm

Relgtive Permeability |D.ﬂﬂ??

[V Skin effect




Tower Geometry Type - Transmission

. i

| Geometry | Description I oK |
Mame B17AL1)

| Cancel |
Number of Earth Wires 2 = S
Mumber of Line Circuits 1 :
Coordinates Earth Wires [m]:

= Earth Wire 1
Earth Wire 2

Coordinates Phase Circuits [m]:

Mum.Phases *1
pCircuit 1 54




Appendix Q

The following results files can be found in this appendix:
i) EMTP conductor calc_4.2 rev 3.4.pdf
i) PowerFactory conductor impedance results.pdf
i) PowerFactory earth-wire values.pdf
iv) PowerFactory phase conductor values.pdf

V) Tower geometry information.pdf
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Series Self Impedance of a single conductor with earth
return.

System Frequency
f := 50Hz
w:= 2-7-f

GMR for Stranded Dinosaur Conductor taking Metal Resitivity into
account.

Conductor values entered in milimeters and conductor clearances in meters.

Number of strands in the Steel-core.

Ne := 19

S

Steel Strand Diameter

dgg = 2.36mm

dss
rg == ——
2mm

Aluminium Strand Diameter

dy = 3.95Mm
Y
al ™ omm

Conductor Diameter

dC = 35.94mm

Conductor Radius

dc
fo=—"—"—
2mm

e = 17.97

Number of strands in first steel layer

nsl =6



Number of strands in second steel layer
nsz =12
Number of strands in first aluminium layer

n; =12

J
Number of strands in second aluminium layer
nk =18

Number of strands in third aluminium layer

nL =24

Total number of Aluminium strands in Conductor

na| = nJ- + I']k + n|_
na| =54

Permeability of steel

g := 52150438-10° OH-m™ T

Permeability of aluminium

gy i= 47107 Hm T

Permeability of air

pgo= 4m10 THm T

Relative Permeability of steel
Hs

B =
rs o

My ¢ = 415



GMR of single steel strand D..

Hr s

Dgg = 1.0323561580048832 x 10 45

Total GMR for the steel core with one centre strand and two layers

Distance calculations between strand in first steel layer and other strands in
same layer

Number of strands in first steel layer

Ngp =6

Number assignment to first strand in first steel layer

is:=2

Number series for other strands in first steel layer

is=is+1l.ng +1

Angle between centre strand and two successive strands within first steel layer.

27

ng1-deg

OLSl =

OLSl =60

nsl—l

e
dg 1 = H J(2 + (215)? - 2:(2re)(215)-cos{kagy )

0
dgy 1 = 6.831882675163027 x 10

Number of strands in second steel layer

nsz =12



Number assignment to first strand in second steel layer
is2:=8
Number series for other strands in second steel layer

jis:=1is2+1..ng

Angle between centre strand and two successive strands within second steel layer.

27

Ngp-deg

OLSZ =

OLSZ =30
Distance calculations between 1 strand in steel layer 2 and other strands in
same layer

Ns2

Ns

(ns2-1)

tsio=| ] J (8 + (a15)? - 2: () (4r5)-cos{k agp-ce)

3
dgy o = 231.05294815176742 x 10

Product of Distances between first and Second Steel layers

Ns1

n

Ns2
st 2= | [ (297 + (419" - 2:(2r5) (4] cos{koy )
k=1

S

0
dg| 1 o = 357.97440969562405 x 10

Product of Distances between Second and First Steel layers

Nso

Ng

Ns1
dsio 1= | T (297 + (419 - 2:(2rs) (4] cos{koy )
k=1

dg| p 1 = 354458856



Product of distances between First Steel Layer and Centre strand
Ns

0
dgp 1 c = 1:3114800396778374 x 10

ds 1 ¢ = (2r)

Product of distances between Second Steel Layer and Centre strand
Ns

0
dgp  C = 2.6646954360176722 x 10

dsp o ¢ = (4rs)

Product of distances between centre strand and first steel layer
)

dgc 1 = 1.3114800396778374 x 10°

dSC_l = (er

Product of distances between centre strand and second steel layer
)
)

dgc p = 2.6646954360176722 10°

dSC_2 = (4rs

n
S
GMRgs:= [Dggdgy 1:ds 2ds1 1 2512 1°ds11 cdsL2 cdsc 1dsc 2

GMRg = 19.2456 x 10 °

The above calculations for the geometric Mean Radius for steel obtains an overall GMR value of
near zero. This clearly shows that the steel core of an ACSR conductor can be ignored when
determining the GMR for this type of conductor. The steel strands are therefore ignored due to their
hvery high resistivity. The impact on the conductor inductive reactance would therefore also be
neglectable.



Calculating the conductor GMR for the Aluminium Layers.

it is important to note from the equation above and those given for bundle conductors that the GMR
for each strand is multiplied by itself for the number of strands in the conductor, provided that all
strands has the same GMR. As shown above the GMR for the steel strands are ignored, since for
all practical purposes this equates to zero..

Figure 1: Method for determining distances between strands within a conductor

GMR for single aluminium strand (Dg_4)).

Relative permeability of aluminium

o Hal
ral—= "
!
Bra=1
Hr al
4
Ds al:=Trare

Dy g = 1538132



Defining the distances between strands within the first aluminium layer
Number of strands in first aluminium layer

nj =12

Number assignment to first strand in first aluminium layer

ij:=20

Number series for other strands in first aluminium layer

ji=ij+ 1..(nj + ns)

Angle between centre strand and two successive strands within first aluminium layer.

27
nj-deg

OL1 =

OL1=30

Distance calculations between 1 strand in layer and other strands in same layer

Catyy =515 T (57 + )~ 2515 Fal (51 ra os{ g
al,y 5, = 40764

Catyy 1y =515 T (57 + )~ 255t (57 ra o020y )
da'zo,zz = 7.875

Catyy 3y =515 T (57 + ) — 255 ral (57 ra o3y )
alyy 5, = 111369

Catyy =515 T (57 + ) — 2515t (57 ra (i en)
d = 13.6399

aly,

s



dal20,25 = J(Srs + ral)z + (5rs + ral)z _ 2.(5rS + ral).(Srs + ra|)'COS(50L1-deg)

d = 15.2133

alyy 25

dalzoj% = \/(Srs + ral)2 + (SrS + ra|)2 - 2~(5rs + ral)'(srs + ral).cos(Gal.deg)

=15.75

d
alyy 26

daI20!27 = \/(Srs + ral)2 + (5rs+ ra|)2 ~ 2:(5rg + ryy)(5rs + ryy)-cos( 7oy -deg)

d = 15.2133

alyy 97

da|20,28 = \/(Srs + ral)z + (5rs + ral)z _ 2.(5rS + ral).(Srs + ral)'COS(BOLl'dEQ)

d = 13.6399

alyy 28

da|20529 = \/(Srs + ral)z + (5rs + ral)z _ 2.(5rS + ral).(Srs + ra|)'003(90L1-d69)

da = 11.1369
20,29

daI20!30 = \/(Srs + ral)2 + (5rs+ ra|)2 ~ 2:(5rg + 1yy)(5rs + ryy)-cos( 100 -deg)

d = 7.875

aly, 39

da|20,31 = \/(Srs + ral)z + (5rs + ral)z _ 2.(5rS + ral).(Srs + ra|)'003(110L1-deg)

d = 4.0764

aly, 31



Product of distances in first aluminium layer (j).

R

dy 4= d
L1 (H alij,jj]
1]

dj 1 = 269.5583

Method 1

Method 2

J
dai 1= H \/(Srs + ra|)2 + (Srs + ra|)2 - 2~(5rs + ra|)-(5rs + ra|)-cos(ka1~deg)
k

. .

1

dgy L1 = 269.5583

Product of distances in second aluminium layer (k).
Number assignment for first strand in second aluminium layer

ik = ”j+n3+1

ik =32
Number series for other strands in second aluminium layer

jki=ik+ L. (n +ik - 1)

Angle between centre strand and two successive strands within second aluminium layer.



Distance calculations between 1 strand in second layer and other strands in same layer

Olal32!33 = \/(S'rs + 3ral)2 + (5~rs + 3ra|)2 - 2-(5-rS + 3ra|)-(5.rS + 3ra|)~005(1~0c2-deg)

d = 4.1068

al3y 33

OIaI32,34 = \/(S'rs " 3ra|)2 +(5rs+ 3ral)2 = 2:(51g + 3rgy)(5:1 + 3rgy)-C08(2-01p-dleg)

d = 8.0888

al3y 34

Olal32!35 = \/(S'rs + 3ral)2 + (5~rs + 3ra|)2 - 2-(5-rS + 3ra|)-(5.rS + 3ra|)~005(3~0c2-deg)

d = 11.825

al3y 35

da|32!36 = \/(S.rs + 3ra|)2 + (5.rS + 3ra|)2 _ 2.(5.rs + 3ra|).(5.rs + 3ra|)~COS(4~0L2-deg)

d = 15.2019

al3y 35

OIaI32,37 . \/(S'rs * 3ra|)2 +(5rs+ 3ral)2 = 2:(5:1g + 3rg)) (515 + 3rgy)-cos( 501 deg)

dgy = 18.117
32,37

dal32!38 = \/(S'rs + 3ral)2 + (5-rs + 3ra|)2 - 2-(5-rs + 3ra|)-(5.rs + Sral).cos(G.az.deg)

dgy = 20.4815
32,38

dal32!39 = \/(S'rs + 3ral)2 + (5-rs + 3ra|)2 - 2-(5-rs + 3ra|)-(5.rs + 3ra|)~005(7-oéz-deg)

d = 22.2237

al3y 39

dal32!40 = \/(S'rs + 3ral)2 + (5-rs + 3ra|)2 - 2-(5-rs + 3ra|)-(5.rs + Sral).cos(s.az.deg)

d = 23.2907

al3, 40



dal — \/(S.rs + 3ral)2 + (5~rs + 3ral)2 - 2-(5-[’5 + 3I’al)-(5-l's + 3I'a|)~COS(9'OL2'dEQ)

32,41

d = 23.65

al3y 41

d :
al3y 42

d = 23.2907

al3y 42

= J(5~rs + 3ra|)2 + (5~rS + 3ra|)2 - 2-(5-rs + 3ra|)-(5-rS + 3ra|)-cos(10~a2-deg)

dal — \/(S.rs + 3ral)2 + (5~rs + 3ral)2 - 2-(5-[’5 + 3I’al)-(5-l's + 3I'a|)~COS(1l'OL2'deg)

32,43

da = 22.2237
32,43

dal — \/(S.rs + 3ral)2 + (5~rs + 3ral)2 - 2-(5-[’5 + 3I’al)-(5-l's + 3I'a|)~COS(12'OL2'deg)

32,44

d = 20.4815

al3y 44

d :
al3y 45

d = 18.117

al3y 45

= J(5~rs + 3ra|)2 + (5~rS + 3ra|)2 - 2-(5-rs + 3ra|)-(5-rS + 3ra|)-cos(13~a2-deg)

dal — \/(S.rs + 3ral)2 + (5~rs + 3ral)2 - 2-(5-[’5 + 3I’al)-(5-l's + 3I'a|)~COS(14'OL2'deg)

32,46

dgy = 15.2019
32,46

dal — \/(S.rs + 3ral)2 + (5~rs + 3ral)2 - 2-(5-[’5 + 3I’al)-(5-l's + 3I'a|)~COS(15'OL2'deg)

32,47

d = 11.825

al3, 47

dal — \/(S.rs + 3ral)2 + (5~rs + 3ra|)2 - 2-(5-[’5 + 3I’al)-(5-l's + 3I'a|)~COS(16'OL2'deg)

32,48

d = 8.0888

al3, 48



dal32!49 = \/(S'rs + 3ral)2 + (5-rs + 3ra|)2 - 2-(5-rs + 3ra|)-(5.rs + 3ra|)~005(17~(x2-deg)

d = 4.1068

al3, 49

Product of distances in second aluminium layer (j).

&

dy o= d
L2 (H al, jk}
ik

6
dy o = 3.1451 x 10

Method 1

Method 2

(me3)
daf_L2:= H J(S-rs + 3ra|)2 + (5-rs + 3ra|)2 - 2~(5~rS + 3ra|)-(5-rs + Sra|)-cos(ka2-deg)
k=1

6
dgy L2 = 31451 x 10

Product of distances in third aluminium layer (L).

Number assignment for first strand in third aluminium layer

iL = nj+”s+nk+1

iL =50

Number series for other strands in third aluminium layer

jL=il+1.(n +iL-1)



Angle between centre strand and two successive strands within third aluminium layer.

360
OL3 = OL3 =15

nL
&
(nL—l) al
daf 3= { H J(Srs + 5ra|)2 + (5rs + 5ra|)2 - 2~(5rs + 5ra|)'(5rS + 5ra|)-cos(ka3~deg)]
K=

12
dg L3 = 72333 x 10

[EEN

Product of distances between first and second aluminium layers.




al

dig 2= H J(Srs + 1ra|)2 + (5rS + 3ra|)2 - 2-(5rS + 1ra|)-(5rS + 3ra|)-cos(ka2~deg)
dLg o= 19.5497 x 10°

Product of distances between first and third layer.

dig 3= H J(Srs + 1ra|)2 + (5rS + 5ra|)2 - 2-(5rS + 1ra|)-(5rS + 5ra|)-cos(ka3~deg)

dLp 3= 245 % 10°

Product of distances between second and first layer.

Nk
Nal
J 2
dip 1= H J 5rS + 3ra| (5rS + 1ra|) - 2-(5rS + 3ra|)-(5rS + 1ra|)-cos(kal~deg)
3
Product of distances between second and third layer.
Nk

dip 3= H J(Srs + 3ra|)2 + (5rS + 5ra|)2 - 2-(5rS + 3ra|)-(5rS + 5ra|)-cos(ka3~deg)

dy 3= 38336 x 10°



Product of distances between third and first layer.

N
Nal
"l
2 2
dig 1= H J(Srs + 5ra|) + (5rs + lra|) - 2~(5rs + 5ra|)~(5rs + lra|)-cos(ka1-deg)
k=1
6

Product of distances between third and second layer.

N

Na

Nk
dig 2= H J(Srs + 5ra|)2 + (5rs + 3ra|)2 - 2~(5rs + 5ra|)~(5rs + 3ra|)-cos(ka2-deg)
k=1

Total Geometric Mean Radius

Nal
GMRy = [Ds a1t L1da L2da 13011 2011 3912 17012 3013 1°013 2
GMR, = 14.3686
Total GMR of Conductor (GMR,, + GMRg)
GMRT = GMRy; + GMR

GMRT = 14.3879

(An insignificant change)

Ratio of GMR against Radius of Conductor

re = 17.97

GMR

(1)

al 3

= 799.5899 x 10



Generic Aproximated Method

(“r_al]
GMR_1:=r e 4

GMR_1 = 13.995

Difference in GMR Calculations

GMRdIff = GMR GMR_l

al ~

GMR s = 0.3736

Bundle Radius (in mm)

My := 405

GMR of single stranded conductor

GMR, = 14.3686

Number of subconductors per phase

=1

Ngc -

GMR of Bundle Conductor

n

SC
GMRg := Jnsc-(GMRa|)~rb

GMRpg = 14.3686

Conductor Impedance Matrix Calculations

Conductor positions; Ankerlig to Koeberg line info from PowerFactory
Ry := 21.03m Rx:= -9.4m

Wy := 20.724m Wx = 0m

By := 21.03m Bx:= 9.4m

Ewly := 25.15m Ewlx := -8.3m

Ew2y = 25.15m Ew2x := 8.3m



Earth Wire Conductor Parameters

A 19 strand, 2.65 mm strand diameter earth wire is used.
(19/2.65)
Earth Wire Strand Diameter

dew = 2.65mm

Number of Earth Wire Layers
NEWL = 2

Earth Wire Conductor Radius

d
Fouy = (%J-(zwewl_ +1)

foyy = 6.625x 107 °m

Average height of conductor above ground = hi, hk, hj (hi=height at midspan
+1/3 sag)

Average Height for Red-Phase

hej =Ry conductor height at tower
sagj := 11.4m

hj := hgj — sagj + (%)-sagi

hi = 13.43m

Average Height for White-Phase

th =Wy
sag = 11.4m

1
hy = ek — sagy + (E)-sagk

hy = 13.12m



Average Height for Blue-Phase

th = By

sagj = 11.4m

hj = hcj - sagj + (%)sagj

hj =13.43m

Average Height for Earth Wires 1 & 2
hy = Ewly

sag,, := 10.3m

M= Ny — sagy, + (é)sagv

hy = 18.28m

= hy,

Horisontal Distances

Red to White (i;k) Red to Blue (i;))

Xip = [Rx| = |Wx] Xij = |Rx| + Bx

Xlk =94m X” =18.8m

Red to Earth Wire 1 (i;v) Red to Earth Wire 2 (i;w)
Xy = [Rx| - |Ewix] Xiw = |RX| + Ew2x

Xjy = 1.1m Xjp = 17.7m



White to Blue (k;j)

ij = WX + Bx

ij =94m

White to Earth Wire 2 (k;w)

ka = WX + Ew2x
ka =8.3m

Blue to Red Phase

XJI =18.8m

Blue to Earth Wire 2 (j;w)

Xjy = BX ~ |Ew2x|

Xy = 1.1m

Horisontal distances

X

= Rx

X,, := Ewlx

Vv

X, ;= Ew2x

W

XJ = BXx

Xk = WX

Diagonal Distances

Red Phase to Image of White Phase

Dik:: \/(hl + hk)2 + Xlk2

Djj = 28.1687 m

White to Red (k;i)

Xki = Xik

Xpj = 9-4m

White to Earth Wire 1 (k;v)
X = |Ewix| — Wx

Xy = 8.3m

Blue to White Phase
Xk = %

Xii = 9.4m

Blue to Earth Wire 1 (j;v)

Xjy = BX + |Ewix|

Xj, = 17.7m



Red Phase to Image of Blue Phase

DIJ = (hl + hj)z + lez

Dij = 32.7857Tm

Red Phase to Image of Earth Wire 1

DiV = \/(hl + hV)2 + XiV2

D;y =31.7324m

Red Phase to Image of Earth Wire 2

2 2
DIW = \/(hl + hW) + XIW
Dj,, = 36.3184m

White Phase to Image of Red Phase

Dkl = \/(hk + h|)2 + Xlk2

Dy = 28.1687 m

White Phase to Image of Blue Phase

2 2
ij = 28.1687 m

White Phase to Image of Earth Wire 1

2 2
DkV = \/(hk + hV) + ka
Dy = 32.4855m

White Phase to Image of Earth Wire 2

DkW = \/(hk + hW)2 + XkW2

Dy = 32.4855m

Earth Wire 1 to Image of Red Phase

D, := D;

Vi iv

Dyj=31.7324m

Earth Wire 2 to Image of Red Phase

Dyi = Dj

wi iw

Dyyi = 36.3184m

Earth Wire 1 to Image of White Phase

Dyk = Dky

Dyk = 32.4855m

Earth Wire 2 to Image of White Phase
Dk = Piew

Dyyk = 32.4855m



Blue Phase to Image of White Phase
Djk == Dik
Dji = 28.1687m

Blue Phase to Image of Red Phase

Dji = 32.7857m

Blue Phase to Image of Earth Wire 1
D.

jv = Diw

Djv = 36.3184m

Blue Phase to Image of Earth Wire 2

Djw = Div

DjW =31.7324m

Earth Wire 1 to Image of Earth Wire 2

Dy = J(hv+ )2+ (%] + %)

Dy = 40.1582m

Earth Wire 2 to Image of earth Wire 1
Dy = (1 + )+ (%] + [ ]

Dy = 40.1582m

Red Phase to White Phase

dikZ: (hl - hk)2 + Xi2

dik =9.405m

Earth Wire 1 to Image of Blue Phase

va = DjV

va = 36.3184m

Earth Wire 2 to Image of Blue Phase

DWj = DjW
ij =31.7324m

White Phase to Red Phase

dii = dik



Red Phase to Blue Phase
dij= [ + %
d”= 18.8m

Red Phase to Earth Wire 1

o= =0 (] - ]’

d;y =4.9764m

Red Phase to Earth Wire 2

dIW = \/(hW_ h|)2 + XiW2

djyy = 18.3533m

Blue to Red Phase
M= %]+ )

djl =18.8m

Blue to White Phase

djk = (hj - hk)2 + ij

djk: 9.405m
Blue to Earth Wire 1

A= 0y 1)+ (] + %)

dj, = 18:3533m

Blue to Earth Wire 2

JW\/ + (% - %)’

djy = 4.9764m

Blue Phase to Red Phase

Earth Wire 1 to Blue Phase

de = djV

Earth Wire 2 to Blue Phase

wj -~ Vjw



White to red Phase

/g/ki/:: Xiz + (hl - hk)2

dki =9.405m

White to Blue Phase

ko = ’ij + (hj — hk)2

ko =9.405m

White to Earth Wire 1

Ay, = J(hv )P %,

dyy = 9.7729m

White to Earth Wire 2

Ay = J(hw— )’ + X

iy = 9.7729m
Earth Wire 1 to Earth Wire 2

dyw = [Xy| + [ Xw]

dyy = 16.6m

Mutual Impedance Angles

Red to White Phase

dik =9.405m

Blue to White Phase

djk =9.405m

Earth Wire 1 to White Phase

dyk = diy

Earth Wire 2 to White Phase

dyk = Al

Earth Wire 2 to Earth Wire 1

wv = Yvyw

Red to Image of White Phase = Blue to Image of White Phase

acos
Dik

Pik = deg

iy = 19.4937

djk = ik

d’jk = 19.4937



Red to Image of Blue Phase = Blue to Image of Red Phase

hi + hj
acCos|
D”

deg

®ij = ®ji = i

d)ij = 34.9892 d)ji = 34.9892

Red to Image of Earth Wire 1 =Blue to Image of Earth Wire 2

hi+-hv
acos
Div

deg

bjy = bjw = Piy

djy = 1.9865 jy = 1.9865
Red to Image of Earth Wire 2 =Blue to Image of Earth Wire 1

hi+-hVV
acos
Diw

i = T dg djy = Pjw

biw = 29.167 bjy = 29.167

White to Image of Red Phase

hk + hi
acos
Dy

deg

i :

by = 19.4937

White to Image of Blue Phase

hk + hj
acos
_\ %)

deg

dyj =

Oyj = 19.4937



White to Image of Earth Wire 1

hk + hV
acos
Dkv

deg

iy =

dpy = 14.8031

White to Image of Earth Wire 2

hk + hW
acos
oo L Dkw )
kw - deg
Oy = 14.8031

Earth Wire 1 to Image of Red

hV + hl
acos
Dy

deg

byj =
dyj = 1.9865
Earth Wire 1 to Image of White

hV + hk
acos
Dyk

deg

dyk =

bk = 14.8031

Earth Wire 1 to Image of Blue

hV + h]
acos|
_\ 5% )

deg

d)vj =

byj = 29.167



Earth Wire 1 to Image of Earth Wire 2

hV+hW
acos
_ U Pw )

deg

(bVVV::

dyyy = 24.4164

Earth Wire 2 to Image of Red

hVV-+ hi
acos
Dyi

deg

dyij =

i = 29.167

Earth Wire 2 to Image of White

hVV-+ hk
acos
o\ Pwk )
wk deg
Ok = 14.8031

Earth Wire 2 to Image of Blue

hVV-+ hj
acos
__\ Pwj )

wj = deg

byj = 1.9865

Earth Wire 2 to Image of Earth Wire 1

hW+ hv
acos
_Bw )

- deg

OWE

by = 24.4164



Permeability of Material at the same Flux Density
— m-k
g = 5215044 x 107 " —0—
A2><10 .52><10
_ m-k
g = 1.2566 x 107 0 — <9
2x10° 2x10°
A ‘S

no := 4-7-10 Mo 1

_ m-k
ho = 1.2566 x 10 0 — <9
210° 2x10°

A -S

Itis clear from the above that the permeability of alumunium is equal to that of air.

Resistivity of Conductors and Earth

ps:= 1.0-10 7Q-m Resistivity of steel.
3
m™-k
ps = 0.0000001 -9
A2-S3
pal := 2.82-10 89~m Resistivity of aluminium.
m3~k
pal = 0.0000000282 9
A2-S3
pe = 700Q2-m Resistivity of earth.

Cross Sectional Area of Aluminium strands of Phase Conductor

2
T-daL Na

0
A = 661.7254 x 10 °m>10



Cross Sectional Area of Steel Strands of Earth Wire Conductor

Number of Steel Layers and Strands in Earth Wire

SLyyy =2

ew -
Ng:=[(SLew + 1)6] + 1
Ng = 19 dyp = 0.00395m

dgy = 0.00265m

0
Ag = 104.7937 x 10~ °m>* T

Radius of Earth Conductor
Number of strands in outer layer

Ney = 12

SO

e 3

foc = 6.625 x 10 *m

Internal dc-Resistance

For ACSR conductor (Aluminium Conductor Steel Reinforced) the internal resistance of the steel
section can be ignored, since the current will mostly flow in the aluminium strands.

Note: Since only the alumunium portion of the conductor is considered to conduct current
by this method, only the area of the alumunium is used in the calculation.

Number of parallel conductors in bundle conductor

Nb =1



DC-Resistance of Phase Conductor and Earth Wire at 20 degrees Celcius

(A simplified calculation, since equation 2.65 as obtained from the work done by [19] provides a
more comprehensive calculation. This calculation takes into effect the impact of the actual lay
length and the mean diameter of each stranded layer in the conductor.

Resistance calculated for a 1 km section.

Phase Conductor Earth Wire
R _ pal-1km R _ ps:lkm
dc_20- AN, dcS 20 Aq
Ryc 20 = 0.0426 Q2 Rycs 20 = 0.9543Q2
DC-Resistance at Conductor Templated Temprature
ty:=20  degrees
ty:=50  degrees
Phase Conductor Earth Wire
(2281 + 1) (10+ 1)

Rdc_al = M'Rdc_zo Rdc s= M'Rdcs_zo

Ryc s = 190850
Rc_al = 0.0478 dc_s

Conductor AC-Resistance (approximated method)
Spiralling effect

sp = 1.02

Skin Effect

Determining the impact of frequency on conductor dc resistance

Radius of Steel and Aluminium Strands
rg=1.18

ry = 1.975



Outer Radius of Conductor Steel Core

Outer Radius of Conductor Aluminium portion

) 24
fal_o= Tal| 5~ * 1

fy o= 17.775

Ratio of Steel Core Outer Radius to Outer Aluminium Radius

r
. S 0
Ratio .= ——
fal_o

Ratio = 0.331927

DC-Resistance of Aluminium portion of cable

Rec_al = 0.047769 0

Square root of Frequency/DC-Resistance Ratio

T 30350808 2

Rdc_al m.kgo'5




Ratio of Rac/Rdc due to Skin effect from graph

I D I L 0,00

I
WO.‘IO

— {.- 0.20

fa
T 0.30

.
- 0.40
I fo

fs
T 0.50

1

fa
I T 0.80

SONIUCTOR

158 CROGSS SECTICN

fa
T 0.70

/ ﬁ— 0.76

! fa
T 0.80

[ fa
LT 0.82

RATIO OF AC TO DC RESISTANCE

la
7 0.84

1.8

Ia
T 0.86

rﬂ
v 0.88

I
T 0.20

r
T 0.92

sk := 1.051



Phase Conductor Earth Wire

R = sp-R
Rac_al = SP'SK-Ryc al ac_S dc_S

R

0.0512 Q) ac S= 1.9467 Q2

Rac_al =

The conductor AC-Resistance is calculated in this example using standard conversion
factors.

Internal Reactance of Phase Conductors according to Stephenson.

The internal reactance of all three phases are the same. Suffixes ii, kk and jj are used to indicate
the self inductive reactance of the different phases.

|J,a|~1km _ m-k
= Hgl = 1.2566 x 10 MY
8- 0 0
2x10° 2x10
A -S
L; = 50 x 10 6 H henries for 1 km length of conductor
X” = 27Tf|_|
Xjj = 15.708 x 10 %0 Q per km length of conductor
Xick = Xii
Xi: = Xi:

1] 1

Phase Conductor Internal Reactance According to Carson

ro=17.97
-1
ree A 13.9951 x 100
1o re GMD
Lcj = (2—j~ln -1km GMR
-0

Lcj = 50 x 10 °H

XC“ = 2'7T~f'LCi

Xcjj = 15.708 x 10 %0 Q per km length of conductor



Carson's equation provides the same answer as that used by William D. Stephenson.

Earth Wire Conductor Internal Reactance According to Stephenson

Hg-1km

—4 m-kg
Loy == =5215x 10 ——
ewi 8 Hs 2 2
As
Lewi = 20.75 x 10 8 H henries for 1 km length of conductor
Xyy = 221 F-Lowi
Xyy = 6.5188(2 Q per km length of conductor

Earth Wire Conductor Internal Reactance According to Carson

foyy = 6.625x 10 °m (Calculated radius)
“Hrs
4 — 48
few © = 5.796067412527417 x 10 " m
Ho e
S AR o
- 2:m Hr s
T (Using approximated GMR of conductor)
Few @
Lowi 1 = 2075 x 107 °H
ewi_1 = &V o X
Xw 1= 2'7T'f'|-ewi_1
Xyy 1 = 651882 Q per km length of conductor
Xiow = Xy earth wire 2 = earth wire 1

The same value is obtained with both calculation methods.



External Self Reactance for Red Phase Conductor, using Carson's method.

Jan= To'mm
2-h;
Xej 1= 2-ﬁ-f~(u—oj-ln(—|]-lkm
2.1t Mo
Xej = 0.4593 Q2 Q per 1 km length of conductor

Self Reactance for Red Phase Conductor, using EPRI method excluding
earth correction.

D” = 2h| = 26.86m

D::
Xoi g = 27| 2= |n| ——— |-1km
— 2.1t GMRa|~mm

Xej g = 04733Q Q per 1 km length of conductor

OR

Involving the complex image depth as used in low frequency applications.

1= [uo| X 1
N L (P al = 0.000751 —

m
1 g
D= (_j.e 45ideg
ol

p = (941.5733 — 941.5733i)m

External Part of Self Impedance

2 (w.%jj..n["“(pr_:“i)}lkm

Z;i = (0.0489 + 0.7485i) 2



Total Self Impedance without earth return
Zii tot = Zjj + 1 XCjj

Zijj_tot = (0.0489 + 0.7643i)

Total Self Reactance for Red Phase Conductor, Carson method excluding
earth correction factors

Xii = Xjj + Xgj

Xij = 0475Q Q per 1 km length of conductor

External Self Reactance for White Phase Conductor Carsons Method

2:h
Xy = 2.w-f-(“—°).|n[—k]-1km
2.7 e

Xek = 0.4578 Q2 Q for 1 km length of conductor

Self Reactance for White Phase Conductor, using EPRI method excluding earth correction.
Dkk = 2hk = 26.248m

D
Xe g = 26 B2 ] gl ——% | 1m
- 2.7 GMRg:mm

Xek g = 047190 Q per 1 km length of conductor

The internal conductor reactance is included in the EPRI equation



OR

Involving the complex image depth as used in low frequency applications.

1= [uo| X 1
Ron= [H e al = 0.000751 —
m
(1 o~ 45ideg
AR al

p = (941.573341 — 941.573341i) m

2:(p+h

po . ( k)

Zyy = | w— |j:IN| ——|-1km
kk (w Z-ﬁjj { r }

C

Z = (0.0489 + 0.7485i) 2

Zik_tot = Zkk + 1 Xkk

Zyk_tot = (0:0489 + 0.7642i) ©

Total Self Reactance for White Phase Conductor, Carson method excluding
earth correction factors

Xtk = Xk * Xek

Xy = 0.473541 Q2 0 per km

External Self Reactance for Blue Phase Conductor Carsons Method

2:h;
Xej = 2~1T-f-(u—0)~|n — |- 1km
2.7 Mo

Xej = 0.4593 Q) Q for 1 km length of conductor



Self Reactance for Blue Phase Conductor, using EPRI method excluding earth correction.

DJJ = 2h] = 26.86m

D::
Xej = 2F: O — |1km
— 2.1t GMRa|~mm

Xej g = 0473302

Q per 1 km length of conductor

The (internal + external) conductor reactance is included in the EPRI equation through the use of
conductor GMR rather than radius. The exact same result as for the total self reactance for blue
phase conductor is obtained when the GMR formula for a solid conductor is used in the above

equation. See immediately below.

D::
2.w.f.(2“—°).|n — IV |4km=04750

OR

Involving the complex image depth as used in low frequency applications.

R

n= (i)e_ 45ideg

al

p = (941.57334 — 941.57334i)m

2:(p + h;
Z:: = w.p’_o J|n u .1km
n 2T e

Zjj = (0.0489 + 0.7485i)

ij_tOt = Z_U + IX_U

ZJJ tot = (0.0489 + 0.7643i) Q2

v 1
pe al = 0.000751 —
m



Total Self Reactance for Blue Phase Conductor, Carson method excluding
earth correction factors

th = X” + Xej

Q per 1 km length of conductor
th = 04750 P g

External Self Reactance for Earth Wire 1

*TC I

2-h
Xo yi= 2-w-f-(u—oj-ln[—vj-lkm Carson's method
- ew

X y = 0541402 Q for 1 km length of conductor

External Self Reactance for Earth Wire 2

2:-h
Xo w= 2~ﬁ-f~(“—oj~ln(—w}1km Carson's method
— 2T r
ew

X =0.5414Q Q for 1 km length of conductor

e W

Total Self Reactance for Earth Wires
Xiv = Xyv + Xe v

Xp = 7.060202

Xew = Xww T Xe_w

Xy = 7-0602 02



OR

Involving the complex image depth as used in low frequency applications.

1= 0 i 1 m3~k
SN L (P ol = 0.000751 = pe = 700 -9
m

A2-S

P= (ij.e— 45ideg

al

p = (941.5733 — 941.5733i) m

Zgyy = (0.0487 + 0.8114i) ©

Z, = Rac_S + Zgy + Xy = (1.9954 + 7.3302i) ©

Zy = Rac_S + Zgy + Xy = (1.9954 + 7.3302i) 2

Carsons correction terms delta R and delta X

For the assumption of perfect conducting ground, P and Q = 0. For any other assumption P and Q
can be calculated as follows;

Self Impedance

m3~k

¢ = 0-deg pe = 7002
A%s

Zgi = 2*P +jQ)

Self Impedance Correction Factors for Red Phase

; for k to be unitless




2

3
W, —4|(T 1 Ki 2 . ki -cos(3-¢)
Pj=4—10 | — |- —="-Kj-cos(d) + —|| 0.6728 + In| — | |-cos(2-¢) + $-sin(2:}) | + ————— -
Hz 8 3+/2 16 Kj 45+[2
P; = 0.048767 2
2 3 4
w 4 1 2 1 mKj-cos(2:¢)  Kkj-cos(3:d) kK 2
Qj=4—10 -0.0386 + | — |-Inl — | + ——="k;-cos(¢) - + ——{| In| —
Hz 2 Kj 3.\/5 64 45.\/5 384 K;
Qj = 0.284559
6Rii = Pi 6Xii = QI
Self Impedance Correction Factors for White Phase
_g 2-hg - for k to be unitless
Ky = 4-m4/5:10 - ——- ’
m
T k ’ kk3~cos(3.¢

Pk = 4-%-10_ 4 (E) - 3.—\1/§-kk-cos(¢) + 1—2{[0.6728 + In(kikj}cos(zcb) + q>-sin(2-d>)} + T\ﬁ

Pk = 0.04878 (2

2 3 4
w4 1 2 1 Ky cos(2:¢)  Kj -cos(3-d) Ky

Q=4—10 -0.0386 + | — |-Inf — | + ‘Ky-cos(d) - + ——||In
Hz 2 Ky 3.\/5 64 45.\/5 384

Qg = 0.285994 2

6Rkk = Pk 6ka = Qk



Self Impedance Correction Factors for Blue Phase

; for k to be unitless

w 4((m 1 k'2 2 k'3'C05(3'¢)
P = 4210 (—) — = ki-cos(d) + ——|[ 0.6728 + In[ = | |-cos(2-d) + d-sin(2-b) | + 2——" -
Hz 8) 342! 16 ki 452

Pj = 0.048767 2

2 3 4
w 4 1 2 1 7T-kj -c08(2-0) kj -c0s(3-0) kj 2
Qj =4.—-10 | -0.0386 + | — |-In| — | + ~kj~cos(cb) - + - ——|In —
Hz 2 kj 3.\/5 64 45.\/5 384 kj
Qj = 0.284559 Q2
Self Impedance Correction Factors for Earth Wire 1 & 2
; for k to be unitless
K> Koo
w —4|( 1 ew 2 . ew ’
P.y,i=4—10 || — |- ——-k,, COS + 11 0.6728 + In| —— | |-cos(2-d) + b-sin(2- +
im0 (2] sy 2 o of oz oz

Pey = 0.048564 Q)

2 3
B 1 2 1 Ko -€0S(2:d) Koy -COS(3-d) K
Qe = 4—10" %/ -0.0386 + (—).ln 2| kg COS(0) - —— L _ S
Hz 2 Kew 3.\/5 64 45.\/5 3

Qey = 026539 ©

Ry = Pew dXyy = Qew

= Pew Xpw = Qew



Total Self Impedance for Red Phase
Carson Method

Ziie= (Rac_al *+ 8Rii) + i(Xji + Xgj + 8%jj)

Z;; = (0.099977 + 0.759549i) )

EPRI Method

ZgpRry R = (Rac_al + ORii) + i+(Xei_g + 8%Gj)

ZgpRi R = (0.099977 + 0.757894i) O

Complex Method

Zcp R= Rac al t Zij tot

Zcp R = (0.10011 + 0.76425i)

Total Self Impedance for White Phase

Carson Method

Zude= (Rac_al + SRue) + 1(Xpe + Xek + 8%k )

Zyk = (0.09999 + 0.75954i) 2

EPRI Method
Zepri w = (Rac_al + 9Rkk) + 1-(Xek_E + 8%k

ZgpRi_w = (0.09999 + 0.75788i)

Complex Method

Zcp w = Rac al + Zkk_tot
Zep w = (010012 + 0.76424i) ©



Total Self Impedance for Blue Phase

Carson Method

Z:i = (R

L |+ 6R--) + i(X-- + Xej + 6X--)

ac_a 1l 1) ) 1l

ZJJ = (0.099977 + 0.759549i) ©2

EPRI Method
Zepri g = (Rac_al * ORii) + 1-(Xgj_E *+ 8%jj)

ZgpRi_p = (0.099977 + 0.757894i)

Complex Method

Zcp B = Rac_al + Zjj_tot

Zcp g = (0.100112 + 0.764252i) ©

Total Self Impedance for Earth Wires 1 & 2

Zyy = (Rac_s + 6RW) + i~(XW + Xg yt 5va)

Z,,, = (1.995246 + 7.325556i) 2

Zow = (Rac_s + SRww) * (X + Xe_w + )

Zyw = (1.995246 + 7.325556i) €2

Complex Image Method

Z,, = (1.995426 + 7.330208i) €2

Z,,, = (1.995426 + 7.330208i) 2

Total Self Impedance for Line Assuming full Transposition (effect of earth

wires are nulled).
. 1
Riot_ext= Rac al * 3 '(E’Rii + ORy + 5Rjj)

Riot_ext = 0:09998

1
6Xt0t = (5)(5)(” + 6ka + SX”)

X0t = 0.28504



3

Dy D D
Xiot_ext = Xii * z'ﬂ'f‘(;_oj'm N R -1km + 8 X4t
- T re
Xyot_ext = 0-766195 2
Ziot_ext = Riot_ext * 1"Xtot_ext
. (Zii + 2+ Zjj) .
Ztot_ext = (0.099981 + 0.766195i) ©2 f = (0.099981 + 0.759544i)

Mutual Impedance

Mutual Impedance Red to White Phase

Earth Contribution

D
K = 4.1t4[5:100 - —

k-2

w , —4|(m 1 ik 2 .
Pi = 4-5-10 : (E) - rﬁ-kik-cos(¢ik-deg) + ?-{(0.6728 + In[KkD-cos(Z-d)ik-deg) + (i deg)-sit

Py = 004877202

2 3
—.10" 1 2 1 -Kj) -COS(2-djp-deg)  Kiy -cos(3-c
Qjk = 4 Y 10" *|-0.0386 + (—j.ln — | + 'kik'cos(d)ik'deg) _ | ( i ) L (

Qi = 0.281564
dRjk := Pik
9Xik = Qik
ZEik = SRik + SXik-i

Zgik = (0.048772 + 0.281564i) 2



Geometric Term

LGik = Iw(;—ij In(%]-lkm

Zgik = 0.068925i Q2

Mutual Impedance for Red to White Phase
Zik = ZGik * ZEik

Z;\ = (0.048772 + 0.350489i)

Mutual Impedance Red to Blue Phase

Earth Contribution

D::
Ki: = 4-7r~\/§-10_ 41
ij m

2

Ki:
a0 A E) e cos(d N 2 , . i
Pjj = 4 Hz-lo - (8) - 3.\/E~k”~cos(¢”-deg) * e {(0.6728 + In(kij]]-cos(2-¢u-deg) + ((1>”~deg)-sm(2~

j= 0.048762 Q2

P;
K 2 K 3
70Kjj -cos(z-d)ij-deg) ii -cos(3~¢ij-d

w -1 1 2 1 )
Qi :=4.—-10 -|-0.0386 + (—)-In — |+ -k;:-cos( dii-deg) — +
ij Hz 2 kij) 32 i cos( i ) 64 45+[2

Qij = 0.272035 2

SR = P;;

] 1
5Xij = Q”

ZEij = (0.048762 + 0.272035i) 2



Geometric Term
I D.:
Zgii = | —= | In| =2 |- 1km
IJ 2~7T dlj
Zij = 0.034943i ©

Mutual Impedance for Red to Blue Phase
Zij = £Gij + ZEij

Zij = (0.048762 + 0.306978i) 2

Mutual Impedance Red to Earth Wire 1

Earth Contribution

—4
Kjy = 4-7+[5:10 - —

ki 2

T

w -4 1 iv 2 .
Piy = 4.5.10 . (E) - Tﬁ'kiv'cos(¢iV'deg) + 1_6{(0'6728 + In(k—_D'cos(Z'd)iv'deg) + (¢iv~deg)'5“

v

Pjy = 0.048665 2

ﬁ-kiVZ-COS(Z-d)iV-deg) kiv3-cos(3-<
+

w , —4 1 2 1
Qi :=4.—-10 [-0.0386 + (—j-ln — |+ -k, -cos( i, -deg) —
v Hz 2 kiy) 342 " ( v de9) 64 45+

Qjy = 027419202

OR;

iv = Pi

iv
Xy = Qjy

ZEIV = SRIV + SXIVI

Zgjy = (0.048665 + 0.274192i) Q



Geometric Term

LGy = Iw(;—ij In(%]-lkm

Zgiy = 0.116404i O

Mutual Impedance for Red to Earth Wire 1
Ziy = ZGiv + ZEiv

Z;,, = (0.048665 + 0.390596i) €2

Mutual Impedance Red to Earth Wire 2

Earth Contribution

2

k.
W —4|(T 1 iw 2
Piy = 4.5.10 : (Ej _ 3._\/5.kiW.cos(q)iw-deg) i {(0.6728 + In(mD-cos(Z-q)iW-deg) n (q)iw.deg
Py, = 0.04866 ©
w 4 1 2 1 ﬂ-kiwz-cos(z-d)iw-deg) kiW3~cos
Qjy = 4—10 "[-0.0386 + | = |-In| — | + iy cos( Dy deg) ~ +
Hz 2 Kiw 3.\/5 64 4

Qjy = 0.2657122

ORjw = Piw
Xijw = Qjw

Zgjw = (0.04866 + 0.265712i)



Geometric Term
M D;
Zaiw = i-w.(—ojln — |-1km
2.1t dIW
Zgijy = 0.042884i Q2
Mutual Impedance for Red to Earth Wire 2

Ziw = ZGiw + ZEiw

Z;,y = (0.04866 + 0.308596i) 2

Mutual Impedance White to Red Phase

Earth Contribution

Dy

-4~k

Kii = 4-11+/5-10 g
m

k-2

w 4T 1 ki 2 .

Pyj = 0.04877202

2 3
3 1 2 1 K -CoS(2: Py j-deg Ky -cos(3:¢
Qui = 4—10" *{-0.0386 + (—j~ln = | + ===k cos( - deg) - — (2020 . (

Qyj = 0.281564

ORy; := Pyi
0Xyi = Qi
ZEki = SRki + Sin-i

Zgyi = (0.048772 + 0.281564i) 2



Geometric Term

H Dy
ZGkI = i-w —0 In ﬂ -1km
Zk = 0.068925i

Mutual Impedance for White to Red Phase

Zi = ZGki t ZEki Mutual Impedance same both ways.

Zy; = (0.048772 + 0.350489i) (2 Z; = (0.048772 + 0.350489i) (2

Mutual Impedance White to Blue Phase

Earth Contribution

D .
Kyj = 4.1+[5-10" 4K
m

2

k
s w Al 1 Kj 2 .
it (3 o 5 g eos{ g deg) + 1—6'{(0-6728 ' '”(k—ij'COS(Z'%deg) + (6 deg) si

ij = 0.048772 Q)

2 3
7Ky -cos(z-d)kj-deg) X Kij -cos(3-<
64 45+

w —4 1 2 1
Qyj = 4~E~1o [-0.0386 + (Ej-ln(k—] + -kkj.cos(q)kj-deg) -

ki) 32

ij = 0.281564 2

6Rkj = ij
5ij = ij

ZEkj = (0.048772 + 0.281564i) Q2



Geometric Term
H Dy
Zgki = Tw 0 In ) -1km
J 2.7 du:
Kj
Zgyj = 0.068925i 2
Mutual Impedance for White to Blue Phase

Zkj = ZGkj T ZEK|

ij = (0.048772 + 0.350489i) 2

Mutual Impedance White to Earth Wire 1

Earth Contribution

2

p= 420" 4T - 1k cos((b deg) + kv 0.6728 + In| —— cos(2 o deg) + (q) deg
kv Hz 8 3. \/5 kv kv 16 ‘ Ky kv kv

Pyy = 0.048671 )

2 3
B Ky, -COS(2- Dy - deg Ky, -COS
Qv = 4.Hﬁ.1o 10,0386 + G)ln(i] + a GUAL) L

64 4

1 'kkv~cos(¢kv-deg) -

z Ky ) 342

Qy = 0.272712Q
6RkV = ka

Xy = Qv

ZEkV = 6RkV + 6kal

ZEyy = (0.048671 + 0.272712i) Q



Geometric Term

ZGky = iw(;—ij In(j—::]-lkm

Zgyy = 0.075473i Q

Mutual Impedance for White to Earth Wire 1

Zyy = ZLGkv T LEKV

Zy, = (0.048671 + 0.348185i) 2

Mutual Impedance White to Earth Wire 2

Earth Contribution

, _4 Dk
Kiw = 4-10/510 —

2

k

W —4|(T 1 kw 2
P = 4—-10 || — | — — ="Ky COS -deg) + -1 0.6728 + In| —— | |-cos( 2 -deg) +
o= 20| ko) - | o7 ez ) -
Piw = 0.048671 0

w4 1 2 1 Ko 0052 By deq) Ky
Qi = 4—-10 " -0.0386 + | = |-In| — | + ~KiwCO8( by deg) — -

Hz 2 Kkw 3+/2 64

Quw = 0.272712)

6RkW = PkW
Xpew = Quw
ZEkW = SRkW + 5XkWI

Zgyw = (0.048671 + 0.272712i)



Geometric Term
Zokw = |w(;—ij In[?}lkm
kw
Zgkw = 0.075473i
Mutual Impedance for White to Earth Wire 2
Ziw = ZGkw + ZEKw

Zyy = (0.048671 + 0.348185i) 2

Mutual Impedance Blue to Red Phase

Earth Contribution

D..
kii = 4-m/5-20" %L
ji -

2

Pji = 4.%,10‘ 4 (g) _ 3._35'kji'cos(¢ji'deg) + %-[{0.6728 + In(éD.cos(z.d)ji-deg) + (dDji.deg).Sin(z.‘
Pji = 0.048762 2

W -4 1 2 1 7r~kji2~cos(2~c1)ji-deg) kjig-cos(3~¢ji~d
Qjj = 410 7| -0.0386 + (ﬂ-ln[;) + S.ﬁ-kji-cos@ji'deg) - ” + .

ji

jS = 0.272035 2
6Rji . Pji
8Xji = Qji
Zgji = ORji + X

ZEji = (0.048762 + 0.272035i) 2



Geometric Term
I D.:
Zgii = | — || =2 |- 1km
JI 2.7 d::
)1
Zji = 0.034943i

Mutual Impedance for Blue to Red Phase
Zji = £Gji + ZEji
Zjj = (0.048762 + 0.306978i) 2

Mutual Impedance Blue to White Phase

Earth Contribution

D
Kji := 4.mt+[5-100 " ——.
m

2

k.
w4l 1 jk 2 .
Pik = 4._HZ.10 . (8) 5 'kjk'cos(d’jk'deg) e .{(0.6728 + In(—kikjj.cos(z.q)jk.deg) + (¢jk.deg).5n

ij = 0.048772 Q)

2 3
B 7Kz -c0s( 2- dip.-deg ki -cos(3-c
Qjk = 410" *| —0.0386 + (Ej-ln 23,2 ~Kjlc08( djj-deg) — e Gl L) + K (

ij = 0.281564 2

SRJk = ij

5Xjk = ij

ZEjk = (0.048772 + 0.281564i) Q2



Geometric Term
Zij = |w(:h—ij In(%}lkm
jk
Zijk = 0.068925i 2
Mutual Impedance for Blue to White Ph
Zjy = Zgjk + Zgjk
Zji = (0.048772 + 0.350489i) 2

Mutual Impedance Blue to Earth Wire 1

Earth Contribution

D:
K: = 4.1T.\/§.10_ 47V
v m

w -4 1
PjV = 4@10 . (E) - 3,_\/§.kjv.cos(¢jv’deg) +

Pjv = 0.04866 2

Qjy = 42210 *| -0.0386 + (Ej-ln 2,2
Hz 2) \kiy) 342

ij = 0.265712 )

6ij = PjV

5va = QjV
ZE]V = SRJV + 6XjV'

ZEjV = (0.04866 + 0.265712i) Q2

ase

2

-kjv~cos(¢jv-deg) -

1\

Kjv 2 .
1—6{(0.6728 + In(k—D'cos(z'quv'deg) + (¢jv~deg)~sn

ﬁ-ijZ-COS(Z-d)jV-deg) X kjv3-cos(3-<

64

45+



Geometric Term
Zij = |w(:h—ij In(?}lkm
jv
Zgjy = 0.042884i
Mutual Impedance for Blue to Earth Wire 1
Zyy = Zgjy + Zgjy

Zjv = (0.04866 + 0.308596i) 2

Mutual Impedance Blue to Earth Wire 2

Earth Contribution

D:
. -4 W
kJW = 4~’Tl'~\’5'10 ?

2
k.
ATk | U B S . Jw 2 ) )
Piw = 4 HZ-lO : (8) o 2-kJW-cos(¢JW-deg) e {(0.6728 + In(k D-cos(Z'q)JW-deg) + (¢Jw~deg

jw

PjW = 0.048665 €2

2 3
7Ky -cos(2-q>jw-deg) X Kj coS
64 4

w —4 1 2 1
QJW = 4510 - —0.0386 + (E)In(kj_wj + sl kJWCOS(d)deeg) -

QjW =0.274192 Q2

SRJW = PjW

6XjW = QJW

ZEjW = (0.048665 + 0.274192i) ©2



Geometric Term

H D;
ZGjw = i~w-(—0jln I 2km
2.7 dJW

ZGijw = 0.042884i

Mutual Impedance for Blue to Earth Wire 2

Ziw = ZGjw * ZEjw

ZjW = (0.048665 + 0.390596i) €2

Mutual Impedance Earth Wire 1 to Red

Earth Contribution

D,
-4~V
kVi = 4.t~[5-10 —-

w 4T 1
PVi = 4@10 : (E) - 3._\/E'kVi.COS(¢Vi'deg) +

Pyi = 0.048665 (2

- 1 2 1
Qui = 410" *|-0.0386 + (—j-ln — |+
Hz 2 ki) 342

Qyj = 0.274192

O0R,,;i := P,

Vi Vi
OXyi = Quj
ZEVI = 6RV| + 6XV|I

ZEyi = (0.048665 + 0.274192i) Q

Phase

2

k .
M 106728 + Inf -2
16 K

ﬁ-kviz-cos(z-davi-deg)

-kvi~cos(¢vi-deg) -

D.Cos(z.q)vi.deg) + (byj-deg)-sit

3
Kyi -cos(3-<

64

45+



Geometric Term

ZGvi = iw-(:—ij In(:—\\:]-lkm

Zgvi = 0.116404i Q

Mutual Impedance for Earth Wire 1 to Red Phase
Zyi = ZGvi + ZEvi

Z,;; = (0.048665 + 0.390596i) 2

Mutual Impedance Earth Wire 1 to White Phase

Earth Contribution

-4
ka = 471'\/310 ?

2

k
w 4| 1 vk 2
P, =4—10 || — |- ——-k,-COS -deg) + 11 0.6728 + In| — | |-cos(2- -deg) + -de
vk Hz (8) 342 vk (q)"" g) 16 H (kka ( Pk g) (d)V" J

Py = 0.048671 )

2 3
Ky -cos(2-d>vk-deg) X Kyk +€OS
64 4

w —4 1 2 1
Qy =4—-10 | -0.0386 + (—)In — |+ -Ky1.-€08[ by - deg) —
vk Hz 2 Kyi 3.\/5 vk ( vk )

Qu = 0.272712Q2

SRVk = ka
dXyk = Quk
Zeyk = ORyk + Xyl

Zgyk = (0.048671 + 0.272712i) 2



Geometric Term
ZGyk = |w(;—ij In(?]-lkm
w
Zgyk = 0.117878i O
Mutual Impedance for Earth Wire 1 to White Phase
Zyk = ZGvk + ZEvK

Z, = (0.048671 + 0.39059i) 2

Mutual Impedance Earth Wire 1 to Blue Phase

Earth Contribution

D.,:
K. .= 4.1T.\/§.10_ 4V
Vj m

2

k .
IRt | SR B . a 2 . : i
Pyj =4 HZ-lO : (8) - 3.\/§~kvj~cos(¢vj~deg) t e ~KO.6728 + In(k _D'cos(2~q)vj'deg) + (¢Vj~deg)~sn

V]

ij = 0.04866 2

2 3
B T-Kyi -C08(2- P, ,i-deg ky; -cos(3-
Qyj = 4—=10 41 _0.0386 + (Ej-ln I tkyjcos( by deg) — e G ) + (

Hz 2 kjW 3+/2 64 45/

ij = 0.274193 Q2

SRVj = ij

6XVj = QVJ
ZEVJ = SRVj + SXVJI

ZEVj = (0.04866 + 0.274193i) Q2



Geometric Term
Zij = |w(:h—ij In(?}lkm
vj
Zgyj = 0.042884i
Mutual Impedance for Earth Wire 1 to Blue Phase
Zyj = ZGvj t Ly

Zvj = (0.04866 + 0.317077i) 2

Mutual Impedance Earth Wire 1 to Earth Wire 2

Earth Contribution

D
—4 “vw
Kyy = 47/5-10 —

w ., —4|(m 1 Kvyw 2
Pyw = 4—10 " (E) _ rﬁ'kw'cos(¢w'deg) + 5 .{(0.6728 + In(k—D.cos(z-d)vw.deg) + (¢VW

Hz VW
P\ = 0.04856 Q2
w 4 1 5 1 ﬁ-kvwz-cos(Z-q)vwdeg) kVW3
Quw = 4—-10 | -0.0386 + (—).ln — |+ ~kVW-cos(q>VW~deg) - +
Hz 2 Kyw 3.\/5 64
Quw = 0.259504 2
‘SRVW = Pyw
3Xyw = Quw

Zeyw = SRy + X

Zg,,y = (0.04856 + 0.259504i) 2



Geometric Term

Yy D
Zoww = i.w-(—oj In| —= |.1km
2.7 dyw

Zgyw = 0.055507i ©2

Mutual Impedance for Earth Wire 1 to Earth Wire 2
ZVW = ZGVW + ZEVW
Z\,y = (0.04856 + 0.315011i) ©

Mutual Impedance Earth Wire 2 to Red Phase

Earth Contribution

-4
kWI = 4ﬂ\/§10 ?

2

K.
w 4T 1 Wi 2
Pui = 4.E.1o . (Ej _ E.kwi.Cos(q)wi-deg) t .[(0.6728 + In(k—v\/iD.cos(z.q)Wi.deg) + (q)wi.deg

Pyyi = 0.04866

2 3
T Kyi -cos(2-¢wi-deg) X Kyi +€OS

w , -4 1 2 1
i=4.—:10 |-0.0386 + | — |-Inj — | + -Kypji-COS( By i-deg) —
Qi Hz (2) ( ] 32 M (d)W' g) 64 4

kWi

Quj = 0.2657122

8Ryi = P

wi -~ "wi
OXyi = Qui

Zeyi = ORyyj + 0Kyl

Zgwi = (0.04866 + 0.265712i) 2



Geometric Term

ZGwi = Iw(;—ij In(j—vv\\ll:].lkm

Zgi = 0.042884i ©

Mutual Impedance for Earth Wire 2 to Red
Zwi = Zowi t ZEwi

Z,,i = (0.04866 + 0.308596i) 2

Mutual Impedance Earth Wire 2 to White Phase

Earth Contribution

D
— 4 “wk
ka = 4'7T~\’5'10 T

2

k
W —4|(T 1 wk 2
Pl = 4—-10 || — | — ——="Kyy}-COS -deg) + -1 0.6728 + In| —— | |-cos( 2 -deg) +
Puk = 0-048671Q2
w4 1 2 1 okl 0052 By dea) Ky
Quk = 4—-10 7 -0.0386 + | = |-In| — | + Ky CO8( by deg) -
Hz 2 Kwk 3+/2 64

Quk = 0.272712)

SRWk = PWk
Xk = Quk

Zgwk = (0.048671 + 0.272712i) 2



Geometric Term

Yy D
Zowk = i.w-(—oj i 2 | 1km
2.7 de

Zgwk = 0.075473i Q2

Mutual Impedance for Earth Wire 2 to White Phase

Zywk = Zewk + ZEwk

Zk = (0.048671 + 0.348185i) 2

Mutual Impedance Earth Wire 2 to Blue

Earth Contribution

Dyyi
. -4 “Wj
ij = 4.t+f5-10 - ——=.

w 4T 1
PWJ = 4510 : (Ej - 3_\/§kWJCOS(¢WJdeg) +

PWj = 0.048665 €2

ij = 410 4 —0.0386 + (ij-ln 2 + 1
Hz 2 ij 3+/2

QWj =0.274192 Q2

SRWJ = PWJ
(SXWJ = QWJ

ZEWj = (0.048665 + 0.274192i) ©2

Phase

2

'ij~cos(q>Wj-deg) -

wj

i 0.6728 + In[ —2— :c08(2: - deg) + (byyj:deg
6 ” wj wj

2 3
Kyj -cos(2-q>Wj-deg) X Kyyj coS

64

4



Geometric Term
Zij = |w(;—ij In(?}lkm
wj
ZGj = 0.116404i
Mutual Impedance for Earth Wire 2 to Blue Phase
Zwj = Zowj t ZEwj

ZWj = (0.048665 + 0.390596i) €2

Mutual Impedance Earth Wire 2 to Earth Wire 1

Earth Contribution

D
—4 “wv
Kyyy = 470/5-10 —

k
W —4l(T 1 WV 2
PWV = 4E10 . (Ej — ;kwvcos(q)wvdeg) + 16 |:(06728 + |n(k—vvvijOS(2¢Wvd9g) + (q)WV

Py = 0.04856 2

2 3
w 4 1 5 1 Ky -cos(2-q>wv~deg) Ky
=4.—10 [-0.0386 + | — |-In| — | + -Kiypn,- COS -deg) — +
Qw Hz (2) (kwv) 32 W (q)WV g) 64
Quwv = 0.259504 Q2
Ry = Py
Xy = Quyy

Zewy = SRy + Xy

Zg,yy = (0.04856 + 0.259504i) 2



Geometric Term

ZGwy = i-w(;—ij In(j—\\:vv\\:}lkm

Z Gy = 0.055507i ©2

Mutual Impedance for Earth Wire 2 to Earth Wire 1

ZWV = ZGWV + ZEWV

Z,, = (0.04856 + 0.315011i) €2

Automated Calculation of Carson's Earth
Correction Factors, P and Q for all Angles.

Earth Contribution

9.=0.4 h:=0.4
d)ii =0 d)kk = d)JJ =0 d)W =0 d)WW =0

dii bk %j div  Piw ki Kik Kjj Kiv Kiw

dki Pkk DPkj Pkv  Dkw Ki Kk K Kev Kiw
&= Qi Pk B Py Djw ko= | K K Ko Ky Kjw

dyi dyk d’vj dyy  dyw kvi Kvk I(vj Kew Kuw

dwi Pwk d’wj dov Pow Kwi Kwk kWj Kwv Kew

2
k
w , —4((T 1 (g,h) 2

P  :=/4—10 ||—|-——="k_  -cCOS -de -1 0.6728 + In| —— | |-cos[2- -de
9.h Hz (8) 342 9N (q)g,h g)+ 16 ’ Kg.h ( ®g.n g)+(

0.048767 0.048772 0.048762 0.048665 0.04866
0.048772 0.04878 0.048772 0.048671 0.048671

P =1 0.048762 0.048772 0.048767 0.04866 0.048665 |2
0.048665 0.048671 0.04866 0.048564 0.04856
0.04866 0.048671 0.048665 0.04856 0.048564



ﬂ-(kg’h)2-005(2~¢g!h-deg) (

. 1 2 1
Q = 410 | -0.0386 + | = [ Inf —— | + ——=k 005(0 1 deg) - TN
g, Hz 2) \kgn) 32 @ 9, 64

0.284559 0.281564 0.272035 0.274192 0.265712
0.281564 0.285994 0.281564 0.272712 0.272712
Q= 0.272035 0.281564 0.284559 0.265712 0.274192 |2
0.274192 0.272712 0.265712 0.26539 0.259504
0.265712 0.272712 0.274192 0.259504 0.26539

6Rg,h = Pg,h

6Xg,h:: Qg,h

Z = 8R OX i
Eg.h g.h " %,

N

0.04877 + 0.28456i 0.04877 + 0.28156i 0.04876 + 0.27203i 0.04867 + 0.27419i 0.04866 + 0.26571i
0.04877 + 0.28156i 0.04878 + 0.28599i 0.04877 + 0.28156i 0.04867 + 0.27271i 0.04867 + 0.27271i
Zg =| 0.04876 + 0.27203i 0.04877 + 0.28156i 0.04877 + 0.28456i 0.04866 + 0.26571i 0.04867 + 0.27419i
0.04867 + 0.27419i 0.04867 + 0.27271i 0.04866 + 0.26571i 0.04856 + 0.26539i 0.04856 + 0.2595i
0.04866 + 0.26571i 0.04867 + 0.27271i 0.04867 + 0.27419i 0.04856 + 0.2595i 0.04856 + 0.26539i

/

Geometric Term

Matrix of Distances between Conductor and Image of Conductors

NQ\“V:: 2~hi DI:(:: 2-hk NQ}}V:: 2~hj Dyy = 2-hv Duw = 2-hW

iv

it Tiw

Dyi Dyk va vV




31.732405 32.485544 36.318391
36.318391 32.485544 31.732405

26.86
28.168687
D= 32.785662 28.168687

28.168687 32.785662
28.168687

26.248

26.86

31.732405 36.318391
32.485544 32.485544
36.318391 31.732405 |m
36.566667 40.158201
40.158201 36.566667

Matrix of Distances between Conductors

GMRyg,, == 533.5669-10

d“ = GMRarmm

e

dik
dyk
dvk

wk

Ho

2.1t

Ho

2.1t

Ho

2.1t

Ho

2.1t

Ho

2.1t

12

mm

-1km i

-1km i

-1km i

-1km i

-1km i

dkk = GMRa|~mm

(See calculation for 19 strand steel conductor)

1l

0.014369

9.404979
d= 18.8

4.976429

9.404979
0.014369
9.404979
9.772856

18.353333 9.772856

Ko D0,1
—_ |n -
2-T% dO,l
Ko D1,1
—_ |n -
2-T% dl,l
Ko D2,1
—_ |n -
2-T% d2,1
Ko D3,1
—_ |n -
2-T% d3’1
Ko D4,1
—_ |n -
2-T% d4’1

-1km i-w-

-1km i-w-

-1km i-w-

-1km i-w-

-1km i-w-

dii:= GMRyrmm  d,,, == GMR

18.8

9.404979 9.772856  9.772856

d

ew Gww = GMRgy,

4976429 18.353333

0.014369 18.353333 4.976429 |m

18.353333

4976429

Ko Do,z
—_ |n -
2-T% d0,2
Ko D1,2
—_ |n —_
2-T% d1,2
Ko D2,2
—_ |n -
2.1t 2.2
Ko D3,2
—_ |n -
2-T% d3’2
Ko D4,2
—_ |n -
2-T% d4’2

0
16.6

-1km i

-1km i

-1km i

-1km i

-1km i

16.6
0

Ho

2.1t

Ho

2.1t

Ho

2.1t

Ho

2.1t

Ho

2.1t




0.473334i
0.068925i
0.034943i
0.116404i
0.042884i

0.068925i
0.471886i
0.068925i
0.075473i
0.075473i

= 0.068925i 2
0,1

Zgik = 0.068925i O
Mutual Impedance Matrix

&= £Gij + ZEjj

Zij = (0.048762 + 0.306978i) 2

ZM = ZE+ ZG

0.0488 + 0.7579i
0.0488 + 0.3505i
0.0488 + 0.307i
0.0487 + 0.3906i
0.0487 + 0.3086i

0.0488 +
0.0488 +
0.0488 +
0.0487 +
0.0487 +

0.034943i
0.068925i
0.473334i
0.042884i
0.116404i

0.116404i
0.075473i
0.042884i
2.001718i
0.055507i

0.042884i
0.075473i
0.116404i
0.055507i
2.001718i

Same value, therefore calc's are correct.

0.0487 + 0.3906i
0.0487 + 0.3482i
0.0487 + 0.3086i
0.0486 + 2.2671i
0.0486 + 0.315i

0.3505i
0.7579i
0.3505i
0.3482i
0.3482i

0.0488 + 0.307i
0.0488 + 0.3505i
0.0488 + 0.7579i
0.0487 + 0.3086i
0.0487 + 0.3906i

The diagonal values of the above matix is not used.

Overall Impedance Matrix

e Z Z Z
i MO’1 M0,2 M

Zik ZM1 ) Z\m

Z:

i Zm

z

Z\m

A%

z
0.3 Mos

z
1,3 M1,4

z
2,3 M2,4

4,3

0.0487 + 0.3086i
0.0487 + 0.3482i
0.0487 + 0.3906i
0.0486 + 0.315i
0.0486 + 2.2671i



0.1 + 0.7595i
0.0488 + 0.3505i
Z =| 0.0488 + 0.307i
0.0487 + 0.3906i
0.0487 + 0.3086i

Matrix Reduction

0.0488 + 0.3505i
0.1 + 0.7595i
0.0488 + 0.3505i
0.0487 + 0.3482i
0.0487 + 0.3482i

0.0488 + 0.307i
0.0488 + 0.3505i
0.1 + 0.7595i

0.0487 + 0.3906i

0.0487 + 0.3906i
0.0487 + 0.3482i
0.0487 + 0.3086i
0.0487 + 0.3086i 1.9952 + 7.3256i
0.0486 + 0.315i

0.0487 + 0.3086i
0.0487 + 0.3482i
0.0487 + 0.3906i |2
0.0486 + 0.315i
1.9952 + 7.3256i

Reducing the above matrix to a 3 X 3 matrix, an ideal earth is assumed, ie that there is no voltage
drop accross the earth conductors. The matrix is subdivided such that ZA forms a 3 X 3, whilst the
rest follows the remaining conductor grouping. Using the matrix partitioning theory as shown in
"Power System Analysis and Design" pg 180, we obtain;

()

Zi: Z Z
i MO’1 M0,2

|z Zy Z
Zp= "My Kk My,

Zy.  Zy Zi

-1

0.09962 + 0.727603i
Zp=
0.047832 + 0.279109i

0.048276 + 0.319113i
0.048276 + 0.319113i 0.099477 + 0.728284i
0.047831 + 0.322731i

0.048158 + 0.275923i
0.048276 + 0.319113i [
0.099047 + 0.73168i

Assuming a fully transposed line, the diagonal and off-diagonal elements can be averaged to obtain

a symmetrical impedance matrix.



Averaged Diagonal Elements

1
4 =|—=|(Z +7Z +Z
aaeq (3)( Po,o " “P1.1 Pz,z)

Zageq = (0.099382 + 0.729189i)

Averaged Off-Diagonal Elements

1
4 =|—=|(Z +7Z +Z
abeq (3)( Po,1” “Po,2 Pl,Z)

Zabeq = (0.048237 + 0.304717i) 2

Averaged Symmetrical Matrix

Zaaeq Zabeq Zabeq

z

Zpay = | Zabeq Zaaeq Zabeq

Zabeq Zabeq Zaaeq
0.099382 + 0.729189i 0.048237 + 0.304717i 0.048237 + 0.304717i

Zpgy = | 0.048237 + 0.304717i 0.099382 + 0.729189i 0.048237 + 0.304717i |2
0.048237 + 0.304717i 0.048237 + 0.304717i 0.099382 + 0.729189i

Symmetrical Series Sequence Impedance Matrix

11 1
A=1|1 az a
MV
1 o OL2
0.333333 0.333333 0.333333
A_lz 0.333333 -0.166667 + 0.288675i —0.166667 — 0.288675i

0.333333 -0.166667 — 0.288675i —0.166667 + 0.288675i

-1
ZS =A .ZPaV.A



0.195855 + 1.338622i 0 0
Zg= 0 0.051145 + 0.424473i 0 Q
0 0 0.051145 + 0.424473i

Unsymmetrical Series Impedance Matrix
!
Zg :=A “ZpA

0.195598 + 1.34089i 0.012597 — 0.007562i —0.012467 — 0.007502i
Zg1 = | —0.009295 — 0.008745i 0.051149 + 0.423304i -0.024932 + 0.014317i | Q2
0.009751 — 0.009506i  0.025061 + 0.01424i 0.051398 + 0.423373i

Zero Sequence Impedance Check

ZO = ZSO 0 ZZ = Zaaeq + ZZabeq

Z( = (0.195855 + 1.338622i) 2 Zz = (0195855 + 1.3386221) 2

Positive Sequence Impedance Check
Zy:= Zsl 1 Znos = Zaaeq ~ Zabeq
Z1 = (0.051145 + 0.424473i) Zpos = (0.051145 + 0.424473i) ©

Negative Sequence Impedance

Zy =21
2 8272

Zy = (0.051145 + 0.424473i) 2

Resistance of image conductor according to Power System analysis and
Design - second edition is given by;

m3-k
pe = 700 9

A2- 53

fl:= 5Hz,10Hz.. 10000Hz



(1) := 9.869-10 '-f1
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Example Results from graph at different frequencies

r(50)-1000 = 0.049345 Q-km
r(500)-1000 = 0.49345 Q-km

r(2000)-1000 = 1.9738 Q-km~



Line - 2008 North East\Line(1).ElmLne G X
RMS-Simulation EMT-Simulation I Harmmaonics I Optimization I State Estimator | Reliability I Description I oK
Basic Data load low | VDE/EC ShotCircut |  Full ShotCircuit | ANSI ShertCircuit |
Nemes I'm Cancel
Type w | = | Transmission Librany'.Tower Geometry®517A(1) Figure ==
Teminal i w | = | 2008 Morth East* Teminal(4)*Cub_1 Teminal(4) ;
ump to ...
Teminal j w | = | 2008 Morth East’\Teminal{5"Cub_1 Teminal{5)
Zone ITenﬂinaI i ;I
I~ Out of Service
— Mumber of — Resutting Values
parallel Lines |1 Rated Cumert 1.kA
Pos. Seq. Impedance, £1 0 4267667 Ohm
. R Pos. Seq. Impedance, Angle  83.33324 deg
_ Pos. Seq. Resistance, R1 004594 7557 Ohm
Length of Line 1. fem Pos. Seq. Reactance, X1 0.423235 Ohm
Derating Factar |1. Zero Seq. Resistance, RO 0.2490467 Ohm
Zero 5eq. Reactance, X0 1.323168 Ohm
Earth-Fault Curmrent, lce 1.485053 A
Type of Line Tower Geometry Type Earth Factor, Magnitude 0.7205597
Earth Factor, Angle -5.837615 deg
- Line Model —Owerhead Line Configuration
* Lumped Parameter (PI) Type of Phase Conductors v| -+ | .. se Conductors\DINOSAURSD
{- - o
Ptubofed F e Type of Eatth Conductors~ w| | .. 19419/.104 13/265 19/27)
Bk bl o b Max.Sag, Phase Conductors |‘I 1.4 m
Max. Sag, Ground Wires |'ID.3 m
Earth Resistivity |?DD. Chmm
¥ Transposition




ConductorT}rpE—TmnsrriﬁhnM' r PPh—ase Cﬂnd!xtors\DImEﬁ:URﬁﬂ.Typﬂnn L&u

Full Short-Circuit | ANSI ShortCircuit | RMS-Simulation |  EMT-Simulation =
Hamonics | Cptimization I State Estimator I Reliability I Description
Basic Data |  LloadFow |  VDE/IEC ShorCircuit oot

MName DHNOSALIRED
MNominal Yoltage I-H}D kW
MNominal Current I1 ; koA

Mumber of Subconductors !1 5:

— [Sub-)Conductor
DC-Resistance 0.0478 ChmAm

Dliameter |35.34 mm

Relative Pemmeability I'I ]

¥ Skin effect




Conductor Type - ... \Earth Conductors\S19 -(19/.104 19/2.65 19/2.7).Typ
Full Short-Circuit | ANSI ShortCireuit | RMS-Simulation |  EMT-Simulation

Hamonics | Ciptimization I State Estimator I Reliahility I Description o
Basic Data |  loadFow |  VDE/EC ShortCircut o
Name 519 (19,104 19/2 65 19/2 7]
MNominal Yoltage |1— kW
Mominal Cummert 0.109 kA

Mumber of Subconductars |'I E

(Sub-)Conductor

Ld
DC-Resistance |1 .5085 CthimAm
Diameter |13.5 mim
Relative Pemmeability I-” 5.

¥ Skin effect




Tower Geometry Type - Transmission Libran/\Tower GeometnA\S17A(1). TypGeo [ 2 2% J

Geometry | Description I oK
Mame [517A(1)
Cancel
Number of Earth Wires 2 —
Mumber of Line Circuits 1 =
Coordinates Earth Wires [m]:
¥
I-Earth Wire 1 2515 -
Earth Wire 2 8.3 2515

Coordinates Phase Circuits [m]:

Num Phases | X1 X2 %3 i Y2 Y3 |
W Circuit 1 94 0. 94| 21.03] 20724] 2103 =




Appendix R

)] The following results files can be found in this appendix:

i) Maximum PowerFactory relative permeability settable.JPG

314



ANSI Short Circuit | 1EC 61363 | RMS-Simulation | EMT-Simulation | Hamonics

Cptimization
Generation Adeguacy
Basic Data Load Flow

MName
Mominal Voktage
Mominal Current

MNumber of Subconductors

—Conductor Model

State Estimator

l Tie Open Poirt Opt.

| Reliability
l Description

| VDE/EC ShotCircuit | Complete Shert-Circuit

[104E50

|22. kV
|ﬁ.13ﬂ3 kA

1 i

T

f* Sglid Conductor
£ Tubular Conductor

—{5ub-)Conductaor
DC-Resistance (20°C)

Relative Permeability

Cuter Diameter

1.351766 Ohm./dm
|41 3.
13.208 mm

¥ Skin effect

oK

Cancel




