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Abstract - Sequence impedances are very important
for short circuit studies and also in planning and
operational activities of power system. The
computation of the sequence impedances is a very
important for insulated cable systems mainly in EHV
and HV levels. The objective of this paper is to
compute the sequence impedances for a chosen
400kV self contained single core underground cable
with different layouts for Copper and Aluminium Core
.The Phase impedance matrix (3X3) calculated by
eliminating sheaths impedances of (6x6) and also its
corresponding sequence impedance matrix (3X3).
Keywords-Underground Cable, Phase Impedance
Matrix, Sequence Impedance Matrix.

I. INTRODUCTION

The main use of underground cables for many years
has been for distribution of electric power in
congested urban areas at comparatively low or
moderate voltages. Planning and operational activities,
power flow and short circuit studies are always based
on the knowledge of the sequence impedances, and
also the correct behavior of network protection is
strictly depending upon their correct settings which
are based on the positive-negative and zero sequence
impedances. Most in the planning phase of an
underground cable link the evaluation of its impact on
the grid needs to know the sequence impedances. The
modeling of multi conductor overhead lines and
cables both in the phase and sequence frames of
reference. Calculations and measurement techniques
of the electrical parameters, or constants, of lines and
cables is described [1]. The measurement campaigns
have been compared with both simplified IEC
formulae and advanced matrix procedures based on
Multi conductor Cell Analysis (MCA) of cables in HV
and EHV levels [2].A mathematical model suitable for
the analysis of travelling-wave phenomena in
underground power-transmission systems [3]. The
simplicity of the approach, the conciseness of the
matrix algebra applied, and the close-to-reality
procedure make this method extremely attractive for
self-made  software implementation on any
commercially available math packages such as Matlab
[4]. A multi conductor matrix procedure based on bus
admittance matrix, which accounts for the earth return
currents, allows predicting the high frequency

behavior of distribution networks and hence the
effectiveness of transmitted signals[5].

The objective of this paper is to compute the phase
and sequence impedances for a chosen 400kV self
contained single core underground cable with different
layouts for Copper and Aluminium core.The
unbalanced phase impedance matrix constructed by
using the Physical data of the conductors and is
transformed to sequence impedance matrix for single
core and three core cables for different cable layouts.

Il. SELF AND MUTUAL IMPEDANCES OF CABLES

The basic electrical parameters of cables are the
self and mutual impedances between conductors, and
conductor shunt admittances.

The self-impedance of a core conductor with earth
return is given by 5

Z,, = Ry + 72107 £ + j4710°* f[ﬂC* f (ro,r,)+loge[DQ/km
4

(
1)
The self-impedance of a sheath with earth return is
given by
Zy =Ry + 72107 f + j4710°* f[‘:* fr,n)+ Ioge(De“j]Q/km
I

0s

oc

2
where
2r? 4r’ r
f(r,,r,)=1- ' + ' log,| =
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(3)

The mutual impedance between core or sheath or
armour i, and core or sheath or armour j, with earth
return, is given by

Z, =710 f + j4x10* f Ioge[E;em]Q/ km
i)
(4)
where Sij is the distance between the centres of
cables i and j if the conductors belong to different
cables. If the conductors belong to the same cable, Sij
is the geometric mean distance between the two
conductors the Geometrical Mean Distance between
the core and the sheath of cable j is given by
Si=(rostris)/2  which is sufficiently accurate for
practical cable dimensions. Derc is the depth of
equivalent earth return conductor given by
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D,,. = 658.87* /%

®)

I111.PHASE AND SEQUENCE IMPEDANCES

The series voltage drop per unit length across
the cores and sheaths is calculated from the cable’s
full impedance matrix, core and sheath conductor
currents and is given by

Cores Sheaths
Cl 2 @ s1os2 083
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si| ™ si| Zier Zsior Zsics | Zsist Zsisy Zsisy || st

Vool sheaths 2| Zsct Zscr Zsics | Zsws1 Zsisy Zsiss | |12

& 3| Zoa Zso Zeo | Zus Zen Ins | |5
(6)

where Z.. and Zgs are the core and sheath self
impedances with earth return, respectively, and Zcs is
the mutual impedance between core and sheath with
earth return.

The phase impedance matrix involving the cores
only can be calculated by setting Vs=0 in Equation
(6). The resultant core or phase impedance matrix is
given by

ZPhase = ch - chzs_slzcs
()
Zrnase IS the phase impedance matrix. The

corresponding sequence impedance matrix is obtained
by transforming the phase impedance matrix by using
equation (8).The Sequence impedance matrix is
calculated by assuming phase rotation of RYB by
using

Z™2=H " ZppaseH

(8)

where H is the sequence to phase transformation
matrix.

IV.CASE sTUDY OF 400KV UNDERGROUND CABLE

The physical geometrical data of 400kV
underground cable is given in the table shown below

[6].

TABLE | PHYSICAL DATA OF 400KV UNDERGROUND CABLE

Parameter Conductor (Cu) Sheath
Inner radius | 11.9mm 47.9mm
Outer radius | 26.9mm 50.9mm
Ac 0.0317/km 0.28865
resistance Q/km

For aluminium conductor the ac resistance is
0.0493Q/km. Earth resistivity=20 Qm, Nominal
frequency f=50Hz.

By using the geometrical data the sequence
impedances for underground cables with different
layouts can be calculated as shown below.

A. Single Core Cables in Flat Layout
1)  Copper Core: Consider the cable layout as

shown in Fig .1.
/"\\

Fig.1 Single Core Cables in Flat Layout

The impedance matrix for the above layout is
calculated by using the equations (1), (2) and (4), and
is given by

[ 00810+ 06174 0403+ {05087 00493+ {04631 0403+ 0.5680 00493+ 10,3087 00493 + 0 4651
00493 + 05087 0.0810+ 06174 00493+ 0308 0.0493+ 03087 0.0493+0.5680 0483+ 0.5
7. 0493+ 104051 Q.43 +10.3087 00800+ 06174 003+ 4631 0403+ L5087 (.43 +
0493+ 03080 00493 05087 0.0493 + 04630 0.3570+ 05674 00483+ 103087 00493+
403+ 03087 00493 05680 0.0493+0.3087 0.0403+{0.3087 0.3370+ 0361 00493
0403+ 104051 0.0493+ 03087 0.0403+ 05680 0.0493+ 4831 0.3+ L5087 0.3370+10 3674
From the impedance matrix core or phase

impedance matrix by eliminating the sheath can be
calculated using equation (7) and is given by

0.1391+j0.1184 0.0902+j0.0019 0.0748- 0.0223
Zomae =| 0.0902+0.0019 0.1313+0.0951 0.0902 + j0.0019
0.0748-j0.0223 0.0902+j0.0019 0.1391+ j0.1184

Zpnase 1S the Phase impedance matrix. The impedance
matrix in the sequence frame of reference obtained by
transforming the phase impedance matrix by using
equation (8).The Sequence impedance matrix is given

by

0.0514 + j0.1168 0 0
M = 0 0.0514 + j0.1168 0
0 0 0.3066 + j0.0984

2) Aluminium Core: The similar calculations are done
for the aluminium core; the full impedance matrix
is given by
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0.0434 + j0.1063 0 0
. L . N L I™M = 0 0.0434 + j0.1063 0
00996+106H (65 +JL30AT 00485 +0.4631) 0485 + 3680 00493 # 03087 0455 + 461 0 0 0.3071+ j0.0976

(0453 < 05087 0096 = 06IT4 OMS3+HL5087 | 4G5+ L5067 00483 405680 0083 =508
L0453 < 0465 OMGH L5067 Q0886 +0807% (003 4651 L4+ 50T 0093 + 0560
0085+ 0360 00483+ 0567 066+ G5 0350360 003+ 0507 05+ 0481 | 2) Atuminium Core: The full impedance matrix is
0055 -7 0053+ 0500 003+ 0507 0003 40507 3+ Qg | Gven by

Ui IS OO i, e ey || COTTH L 0 QOB OS50 0080 005

e e L Bl 043+ 05087 00086+ 06174 0093+ 05087 [0 0403+05087 00463+ 03650 00483+ 05087

_ o .| LOSLST 0085+ DSKT QORS00 LD+ 500 0083+ DK

The phasg impedance matr_lx is given by _ | 00483403680 00403+ 03087 0.0403+ 03087 0337003674 0.0403+ 03087 0.0493+0.5087
0.1567 + j0.1184 0.0902+ j0.0019 0.0748— j0.0223

2 | 00802+ 00018 01489+ J0.095L 0.0802-+ j0.0019 08+ 0087 0488+ 035680 D483+ 03087 [0MG3+ 03087 03070+ 0567 0OMG3+ 5087

08+ 0087 0488+ 05087 0003+ 03680 0403+ 03007 00403+ 05087 03370+ 560

0.0748-j0.0223 0.0902 + j0.0019 0.1567 + j0.1184

And the corresponding sequence impedance matrix is . .
The phase impedance matrix is given by

given by
0.0690+ j0.1168 0 0 0.1489+ j0.1034 0.0879— j0.0029 0.0879 — j0.0029
A 0 0.0690 + j0.1168 0 Zonace = | 0.0879— j0.0029 0.1489+ j0.1034 0.0879 — j0.0029
0 0 0.3242+ j0.0984 0.0879— j0.0029 0.0879— j0.0029 0.1489 + j0.1034
B. Single Core Cables in Touching Trefoil Layout And the corresponding sequence impedance matrix is
1) Copper Core: Consider the single core cables as  gjven by
shown in Fig.2. 0.0610 + j0.1063 0 0
51 z™v 0 0.0610+ j0.1063 0
c 0 0 0.3247 + j0.0976
(@)
':—rl J.' a, - 53
//(;2 r" . “‘ h . - .
| . ______ . C. Single Core Cables in Trefoil Layout
K /\J 1) Copper Core: Consider the single core cables as
shown in Fig. 3.
Fig.2 Single Core Cables in Touching Trefoil Layout /i\‘-
The full impedance matrix is given by - \\44/
T 00810406174 00493+ {05087 0.0493+70.3087) 0.0493+70.3680 0.0493+10.3087 00483+ j0.3087] ~hT A+ df_f ; .
3 .

] ! ..
00483+ 05087 00810+ 106174 0.0493+ 05087 | 00403+ 03087 0.0493+]03680 0.0403+ {03087 /_\\ i ;
g d iod
;.| L0587 DI+ S O8I0+ LTH 1093+ 0508 OIS+ 01 003+ 056 \.j '
T 0B 05680 00493 05087 0.3+ 05087 (L3970 03674 00403+ 03087 0049303087 %2
J j
+ j

D403+ 05087 (0493 {05680 (04305087 (0045305087 0337005674 0049303087 Fig.3 Single Core Cables in Trefoil Layout
| 00403+ 087 D093+ 5087 4S8+ 3680 003+ 05087 0493+ 0087 03310+ 0364

The full impedance matrix is equal to

The phase impedance matrix is given by

0.1313+j0.1034 0.0879- j0.0029 0.0879 - j0.0029] 0810+ 06174 00493-+]0.4800 00403+ 04800 00493+ (L5680 0.403-+]0.4800 0,043 +10.489
Zopae =| 0.0879-j0.0029 0.1313+j0.1034 0.0879 - j0.0029 00403104800 0081006174 00403+ 14651 | 0.1403+04800 0403+ 03680 00483+ 04631
0.0879-j0.0029 0.0879-j0.0029 0.1313+ j0.1034 | . 0453+ 04800 00403+ 4651 0.0810+06074 | L0403+ 104800 0.0408+04651  .0493 +{0.3680
. _ . 00403 {05680 00403+ 14800 0103+ 04600 030103674 Q403+ 4800 0.0403+0 400

And the corresponding sequence impedance matrix is
given by 00403 104800 00403+ 13680 003+ 4651|003+ {4800 03370403674 00403 +0.4651
00403 {04800 00403+ 4651 000305680 |(.0403+ 04800 QLM03+{04651 03370+ 03674

The phase impedance matrix is given by
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0.1358+j0.1100 0.0867-j0.0054 0.0867 - j0.0054
0.0867 - j0.0054 0.1412+ j0.1226 0.0769-j0.0181
0.0867 - j0.0054 0.0769-j0.0181 0.1412+j0.1226

z Phase — |:

And the corresponding sequence impedance matrix is

given by
0.0560 + j0.1280 0 0
YA 0 0.0560 + j0.1280 0
0 0 0.3062 + j0.099

2) Aluminium Core: The full impedance matrix is

given by
00085+ /06174 0403+ 04990 4S8 +0.4090 463+ 0.5680 0403+ 04800 00403+ 400"
( O3+ (.4500 10086+ (0.0174 00403+ {4691 ) 0403+ 04000 (040305680 043 - 4631
1. ( O3+ (4500 0403+ (4651 00086+ 06174 ) 00403+ 04009 (.40 04651 0433+ 103600
(O3 (L3680 00493+ (4890 03+ 4809 3378+ (0.3074 003+ L4808 0483+ 1 4800
(O3 (4800 003+ (L3080 00403+ (04091 | 0 M3 =400 Q3370+ 03604 0.403+ 4631
D453+ 4800 0.3+ AGSL Q.RDH= 0360 1 00AES < 04899 3+ 0461 05704 3674

The phase impedance matrix is given by

0.1534+ j0.11  0.0867 — j0.0054 0.0867 — j0.0054
Zonaee =| 0.0867 — j0.0054 0.1588+ j0.1226 0.0769 — j0.0181
0.0867 — j0.0054 0.0769— j0.0181 0.1588 + j0.1226

And the corresponding sequence impedance matrix is

given by
0.0736 + j0.128 0 0
rALSES 0 0.0736+ j0.128 0
0 0 0.3238+ j0.0991
D. Transposition of Single Core Cables
1) Copper Core: Consider the core transposition of
single core cables as shown in Fig. 4.

) C1,81 c3, s1 c2. s1
roo - VAR VA -

| e s Cl1,s2 C3, 82 .!

Iy R CE SR t

3: 3,83 C2, S3 C1, 83 :|
. S = <
I Section 1 Section 2 Section 3

Pl Ferea

Core — — — Sheath

Fig.4 Core Transpositions of Cables

The full impedance matrix of cable with transposed
cores in each major section is given by

z

Jn

1 3
- g ; Zsection—i

R0+ DU 0085
005590 I O O

M- < 00+ 0

The phase impedance matrix is given by

ZPhase = I:

0.1233+j0.1149 0.0916-j0.0083 0.0916 - j0.0083
0.0916 - j0.0083 0.1233+j0.1149 0.0916 - j0.0083
0.0916- j0.0083  0.0916-j0.0083 0.1233+ j0.1149

And the corresponding sequence impedance matrix is

given by
0.0317 +j0.1232 0 0
VARG { 0 0.0317 +j0.1232 0 ]
0 0 0.3066 + j0.0984

2) Aluminium Core: The full impedance matrix is

given by

The phase impedance matrix is given by
0.1409 + j0.1149 0.0916
ZPhase =

—j0.0083 0.0916 — j0.0083

0.0916 — j0.0083 0.1409+ j0.1149 0.0916 — j0.0083

0.0916 — j0.0083 0.0916

—j0.0083 0.1409 + j0.1149

And the corresponding sequence impedance matrix is
given by
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0.0493+ j0.1232 0 0
zM = 0 0.0493+ j0.1232 0
0 0 0.3242+ j0.0984

V. SUMMARY OF THE PROGRAM

i Read the input data. These include physical
geometry of the cable, earth resistivity and frequency.

ii. Calculate the distances between the Phase Inpedance Matrix Sequence [pedance mar
conductors and substitute the values in self and mutual
impedances.

Fig.7 MATLAB plot for 400kV Underground Cable with Cu Core

iii. The Z matrix of size 6x6 is formed and by  trefoil Layout

eliminating sheaths get reduced to 3x3 by using the
equation(7).

iv. Sequence impedance matrix is formed by
using equation (8).

VI.RESULTS AND DISCUSSIONS

To overcome the complexity of manual iterative
calculations, a program is written to generate phase
and sequence impedance matrices of 400 kV
underground cables. The phase and sequence

impedance matrices for the different cable layouts for Phase lupedance Mot Sequence Impedance Mats
Copper and Aluminium Core are shown in below
figures. Fig.8 MATLAB plot for 400kV Underground Cable with Cu Core

Transposition

A. Copper Core

B. Aluminium core

Phase Impedance Matrix Sequence lmpedance Matrx

Fig.5 MATLAB plot for 400kV Underground Cable Cu Core with
Flat Layout Phase Impedance Matrix Sequence Impednce matrix

Fig.9 MATLAB plot for 400kV Underground Cable Al Core with
Flat Layout

Phase Impedance Matrix Sequence Impedance Matrix

Fig.6 MATLAB plot for 400kV Underground Cable with Cu Core
Touching Trefoil Layout ‘
Phase Impedance Matrix Sequence fmpedznce Matrix

Fig.10 MATLAB plot for 400kV Underground cable with Al Core
Touching Trefoil Layout
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Phase Impedance Matrix Sequence impedance Matrix

Fig.11 MATLAB plot for 400kVUnderground Cable with Al Core
Trefoil Layout

Phase Impedance Matrix

Sequence Impedance matrix

Fig.12 MATLAB plot for 400kV Underground Cable with Al Core
Transposition

The comparison of Sequence impedances of 400kV
Underground Cable with Copper and Aluminium Core
is shown below.

0.4
0.3
0.2
0.1 A m Copper
0 - H Aluminium
< < )
RN N X
§ &
Q° W
Fig.13 Comparison of Sequence Impedances of 400kV
Underground Cable with Flat Layout
0.4
0.3
0.2
0.1 - m Copper
0 - B Aluminium
S ©
0;"& e??& id
S
Fig.14 Comparison of Sequence Impedances of 400kV

Underground Cable with Touching Trefoil Layout

m Copper

B Aluminium

Fig.15 Comparison of Sequence 400kV

Underground Cable with Trefoil Layout

Impedances  of

0.4
0.3
0.2
0.1 - m Copper
0 - H Aluminium
2 O
Y ée?o
Fig.16 Comparison of Sequence Impedances of 400kV
Underground Cable with Transposition
VII. CONCLUSION

The transposed phase and sequence impedance
matrices for single core cable with copper and
aluminium core for different layouts are obtained. An
algorithm is developed to compute phase and
sequence impedance matrices for different cable
layouts hence shows an excellent resemblance in
similarity by which it is proved that the calculation in
computing impedance has been reduced the
complexity by using programming technique. The
results are obtained for 400kV single core
underground cable with copper and aluminium core.
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