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Abstract—This paper presents a thorough investigation of
frequency and electromagnetic transient (EMT) responses of
cross-bonded cables. The study adopts newly developed Line/
Cable Data (LCD) Module in an existing EMT-type simulation
software. The input impedances evaluated by positive sequence
and various mode energizations on a typical cross-bonded cable
(CBC) in frequency domain are investigated. In addition to cross-
bonded, the solid-bonded cable (SBC) and core-transposed cable
(CTC) are analyzed for characteristics of input impedance. The
mixed propagation modes of CBC and CTC are studied. The
influence of bonding methods and cable models on transient
voltages is investigated. The results simulated by the new LCD are
compared with the Classical Parameter Calculation (CPC)
method and validated by recently proposed extended transmission
line (ETL) approach.

Index Terms— Cross-bonded cable, Line / Cable Data, input
impedance, cable model, electromagnetic transients

1. INTRODUCTION

HE sheath cross-bonding technique on a three-phase single
core cable has been used in underground high voltage
power delivery since several decades [1]-[3]. The different
bonding methods with grounding resistance play an important
role in reducing losses and overvoltages on cable sheath. Since
the bonding point within a major section and the connection
point between each major section create discontinuities for
electromagnetic wave propagations, it relies on electromagnetic
transient (EMT) type simulation software [4] to analyze the
complicated transient characteristics of cross-bonded cables.
The investigations of steady-state and transient responses on
various bonded cables using circuit theory together with
adoption of traveling wave analysis and Fourier transformation
are performed since the 1960s [5]-[22]. Moreover, a
homogeneous model has been proposed to approximately
represent a non-homogeneous major section in a cross-bonded
cable (CBC) [15], [16]. The homogeneous model has
considerably better computational efficiency for the long CBC.
The EMT-type simulation tools with advanced cable models
have become powerful tools in analysis of transient states of
large high voltage AC cable networks [1], [2]. In general, the
cable models used in transient studies rely on classical routines
of Line Constants [23] and Cable Constants [24], [25] to acquire
longitudinal and shunt per-unit-length (p.u.l) parameters.

H. Xue and J. Mahseredjian are with Polytechnique Montréal, J. Morales
is with PGSTech, Canada, and 1. Kocar is with the Hong Kong Polytechnic

In addition, a multi-conductor analysis method has been
proposed in [35] for analysis of steady-state in bridge installed
cable, and the method has been further improved for study of
steady-state with submarine cable [36].

None of the above studies are based on the latest techniques
[26]-[34] which include more accurate expressions for the
calculation of external parameters on various bonding cables in
EMT study. This fact constitutes the centerpiece of this paper.

In Section II, of this paper, three generic CBC models used
in an EMT-type software (EMTP) [37], are introduced, i.e.
detailed and homogeneous models. The series and shunt
parameters used in the cable models are evaluated using the
recently developed new Line / Cable Data (LCD) Module [26]-
[34].

Section III performs the frequency domain study on cable
input impedance for various bonding methods with the Exact-
PI model [1]. The CBC, solid-bonded cable (SBC) and core-
transposed cable (CTC) are discussed. The responses of input
impedance for positive sequence and different mode
energizations are investigated in detail. The characteristics of
mixed propagation modes of CBC and CTC, the impact of
length of CBC, the influence of different bonding ways (CBC,
SBC and CTC) and grounding resistance are analyzed using the
new LCD and Classical Parameter Calculation (CPC) [23]-[25]
methods.

In Section 1V, typical CBC, SBC and CTC are adopted into
transient simulations using the Wideband (WB) model [38].
The maximum sheath voltages on different major sections and
behaviors of detailed and homogenous models are investigated.

The new LCD is capable of accounting for overhead lines,
underground cables, mutual couplings between overhead and
underground conductors together with a consideration of multi-
layer earth, stranded conductors, proximity effect, high
frequency transient and complete expression of earth-return
parameters, etc. Recent research [28], [39] shows that the
abnormal characteristics of input impedance and propagation
constant produced by CPC method may cause passivity
violation in numerical fitting of the WB model, and it could
further lead to simulation instability. The LCD avoids such
problems and provides a new tool to researchers and engineers
for accurate simulation of cables and lines in power grids.

Moreover, all the results calculated in frequency and
transient domains are validated using the extended transmission
line (ETL) [26] approach. It should be noted that the
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effectiveness of the ETL approach presented in [26] and [40],
has been thoroughly validated by adopting the Method of
Moments (MoM) in frequency-domain [30], [41] and Finite-
Difference Time-Domain (FDTD) in time-domain [42].

The novel features of the new LCD module can be used to
fundamentally replace existing parameters calculation methods
(CPC). This is an important new information in practices for the
simulation of EMTs with cables.

II. TYPICAL MODELS OF CBC IN TRANSIENT SIMULATIONS

A. Detailed model of a major section

Fig. 1 illustrates a major section of a CBC, and it can be
represented by Exact-PI or WB model in EMTP depending on
the investigation’s objective. The Exact-PI and WB models are
adopted in the frequency scan and transient simulations in
Section III and Section IV. Each major section consists of three
minor sections. The p.u.l parameters of the minor section are
evaluated by new LCD and ETL methods.
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Fig. 1 Detailed model for a major section for various cables in EMTP.

B. Homogeneous models of a major section

In general, a major section of CBC may have non-
homogeneous characteristics which mean different lengths for
minor sections. It is possible to approximately represent a major
section shown in Fig. 1 by three identical minor sections using
the lumped parameters. Thus, if a major section is non-
homogeneous, the following expressions of parameters [1]-[3]
can be used to model it in EMTP.
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where Z and Y represent p.u.l impedance and admittance
matrices of a minor section, and both can be calculated by CPC,
new LCD and ETL methods. Ay is a rotational matrix due to
various bonding methods in a major section [1]-[3].

Next, the following relations [1] can be obtained to further
reduce the matrix orders of (1) and (2) from 6-by-6 to 4-by-4.

Zoy = (TZmT‘)'1 3)

Y, = TY, T' 4)
where transformation matrix T is given in [1]-[3].
As shown in Fig. 2 (a), a major section can be modeled by

adopting (3) and (4) into EMTP using Exact-PI or WB model.
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Fig. 2 Homogeneous models of a major section in CBC.

Furthermore, the three phase sheaths can be assumed to be
continuously grounded and eliminated using reduction logic
which is similar to grounding wires of overhead lines, then only
three cores are left, as illustrated in Fig. 2 (b).

C. Parameters and configuration of cable

Fig. 3 illustrates a three phase single core cable which has
been adopted into the investigations of Sections III and IV. The
parameters and geometrical data are found in [1], [2].
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(a) Geometrical parameters
Fig. 3 Data of three phase single core cable.
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III. FREQUENCY DOMAIN STUDIES
In this frequency domain study, the length of a major section
in CBC, SBC and CTC is 788 m. The three minor sections are
set to 263 m, 323 m and 202 m, respectively [1], [2]. The cable
configuration is given in Fig. 3 with resistivity and relative
permittivity of earth assumed to be 100 Qm and 1.
The Exact-PI model is used in this section.

A. Positive sequence energization

The positive sequence energization on a CBC, SBC and CTC
with N-major sections is shown in Fig. 4. The current
amplitudes and phase angles are given by: [,=12£0°,
Iz =1£-120° and I, =1£120° . The cable sheath at each end

of major section is grounded by R, =10€Q.
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Fig. 4 Positive sequence energization on a CBC, SBC and CTC.
1) Mixed wave propagation of cross-bonded cable

The absolute value of input impedance |Zm| calculated
using CBC with 1-major section based on positive sequence
energization is illustrated in Fig. 5. The input impedance
calculated by CPC shows high frequency spikes if frequency is

above 30 kHz. However, the results produced by new LCD and
ETL remain smooth as frequency increases.
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Fig. 5 Input impedance of CBC, 1-major section.
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Fig. 6 Input impedance of SBC, 1-major section.

Fig. 6 illustrates the |Zl-n| evaluated as in Fig. 5, except that

the cable is now solidly bonded for a major section. Significant
differences are observed in comparison to results in Fig. 5.
Firstly, the new LCD and ETL methods have no effect on
characteristics of input impedance. Next, a periodical
oscillations of input impedance occurs, i.e. zeros at f =50.1

kHz, f=150.3kHzand f = 251.8 kHz etc.

If three cores of the cable are transposed and the sheath is
solidly bonded within a major section, the impedance scan is
illustrated in Fig. 7. Similar to the CBC, the new LCD and ETL
methods have significant impact on the calculated results in the
high frequency region.

In fact, the phenomena observed in Fig. 5 to Fig. 7 involve
complicated mixed mode propagation of CBC and CTC, as
discussed in [2], [15]. However, these references are based on
the CPC method and cannot explain the observations made with
new LCD and ETL methods. Moreover, the modal analysis is
adopted below to elaborate the phenomena observed in Fig. 5
to Fig. 7.

LCD and ETL—

10% 10° 10 10° 10°
S (Hz)

Fig. 7 Input impedance of CTC, 1-major section.

First of all, the current transformation matrices (5) to (7) are
calculated using the homogeneous equations (1) and (2) based
on three different bonding methods at f =100kHz. Although

(1) and (2) are homogeneous approximations to a non-
homogenous major section of cable, it is enough to explain the
mixed mode propagation. The series and shunt parameters of
minor section are produced by new LCD and verified by ETL.
The matrices of parameters follow the Core - Sheath sequence
shown in Fig. 1.

Next, the first three columns of (5) to (7) represent
propagation modes of earth-return and inter-sheath. Three pure
co-axial modes for SBC or a pure co-axial mode and two inter-
core modes for CBC and CTC are given in the last three
columns of (5) to (7). The rows of matrices (5) to (7) follow the
sequence of Core 4, Core B, Core C, Sheath 4, Sheath B and
Sheath C. Also, the modal propagation constants calculated at
f =100 kHz using new LCD are shown in TABLE I and

TABLE II

0 0 0 041 071 -0.41]
0 0 0 0.41 0 0.82
By - 0 0 0 041 -0.71 -0.41 5)
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TABLE I MODAL ATTENUATION CONSTANTS, AT 100 KHZ (NP/KM)

Mode (Column in B) 1 2 3 4 5 6
CBC 12.13 | 0.569 | 0.569 | 0.052 | 0.038 | 0.043
SBC 12.13 | 0.779 | 0.449 | 0.052 | 0.052 | 0.052
CTC 12.13 | 0.43 0.73 | 0.052 | 0.039 | 0.039




TABLE II MODAL PHASE VELOCITY, AT 100 KHZ (m/us)

Mode‘ (Column 1 2 3 4 5 6
in B)
CBC 14.15 | 28.18 | 28.18 | 158.12 | 65.95 76.89
SBC 14.15 | 27.67 | 33.54 | 158.12 | 158.12 | 158.12
CTC 14.15 | 31.34 | 25.86 | 158.12 | 70.75 70.75

Then, the following findings can be summarized to explain
the regular, non-regular and spike-like characteristics shown in
Fig. 5 to Fig. 7.

- The columns 4 to 6 in (6) with modal propagation constants
(modes 4 to 6) in TABLE I and TABLE II show that the
SBC involves three pure single-phase co-axial propagation
modes within 1-major section. For example, the elements
(1,5) and (4,5) in (6) represent the core and sheath of

phase 4 with a return negative sign.

Due to pure co-axial modes appeared in the SBC, the new
LCD and ETL show the same results as the CPC method in
Fig. 6, since the earth-return admittance implemented into
new LCD and ETL has no impact on co-axial modes.

If the cable is cross-bonded or core-transposed within 1-
major section, the columns 5 and 6 in (5) and (7) with
modal propagation constants (modes 5 to 6) in TABLE 1
and TABLE II show that the CBC and CTC have two inter-
core modes instead of two co-axial modes of SBC in (6).

For example, the elements (1,5) and (3,5) in (5)

represent the cores of phases 4 and C with a return negative
sign.

The inter-core mode produced by CBC and CTC is
essentially mixed propagations of co-axial and inter-sheath
modes due to flux interactions. Then, it results into the non-
regular oscillating waveforms of input impedance
calculated by CBC and CTC in comparison to regular
oscillations obtained by SBC.

The CPC method produces dense spike-like noises of input
impedance as frequency increases for CBC and CTC, and
the essential reason is an impedance mismatching caused
by incomplete representation of shunt part in CPC method.

Although the inter-core mode produced in CBC and CTC
is a mixed propagation mode, it is partially dominated by
the inter-sheath mode at high frequency. The earth-return
admittance has significant influence on the inter-sheath
mode of cable, thus the missing of earth-return admittance
in shunt parameter of CPC method directly reflects on the
abnormal spikes in results of input impedance.

The fundamental oscillating frequency of SBC can be

calculated by [1]

£ =%=50.16kHz (8)

where v, is propagation velocity in co-axial mode, and it is
given in TABLE II, and / is length of a major section.

Since the cores of far end in Fig. 4 are open-circuited,
periodical oscillating frequency of zeros is odd number times
than fundamental frequency £, and the first two frequencies

are
£y =3f, =150.5kHz, f; =5f, = 250.8kHz ©9)

Equations (8) and (9) accurately match the results shown in
Fig. 6 . The fundamental oscillating frequency of inter-sheath
mode on CBC can be also evaluated by adopting v, =28.18

m/ps (see TABLE II)) into (8) to result into f, = 8.94 kHz. Thus,

the influence of mixture of modes on CBC becomes more
visible if the frequency is higher than 8.94 kHz, i.e. f =14.89

kHz in Fig. 5.
Fig. 8 illustrates the calculated |Z l-,,| of CBC using 12-major

sections, and other conditions remaining the same as in Fig. 5.
The total CBC length becomes 9456 m. The fundamental
oscillating frequency of first peak shifts to 3.42 kHz in
comparison to 16.79 kHz of cable with 1-major section. Also,
the mixed propagation mode is observed. The high frequency
spikes are removed if new LCD and ETL methods are adopted
into calculations.

As shown in Fig. 9, some minor influences are observed on
oscillations of input impedance while the earth resistivity is
varied from 10 Qm to 500 Qm. Only new LCD is used in the
calculations of Fig. 9.
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2) Influence of length of CBC
Fig. 10 illustrates the influence of length on calculated input
impedance of CBC.
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Fig. 10 Input impedance of CBC with 3-, 6- and 12-major sections.
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The new LCD method is used in the calculation. The total
lengths of cable with 3- and 6- major sections are 2364 m and
4728 m, respectively. The fundamental oscillating frequency
decreases as length increases. Moreover, the impact of number
of major sections becomes negligible if the frequency is above
a breaking point 33.04 kHz.

3) Influence of bonding method

The effects on input impedance of detailed and
homogeneous models of CBC shown in Fig. 1 and Fig. 2,
respectively, are illustrated in Fig. 11. Also, the cables with 1-
and 12- major sections are considered. The cable parameters are
calculated by new LCD. It is obvious that the applicable limit
of homogeneous modeling methods is up to around 13 kHz.
Note that the mixed mode propagation in high frequency cannot
be represented by homogeneous methods.
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Fig. 11 Input impedance of CBC calculated by detailed and homogeneous
models.

B. Influence of sheath energization

Fig. 12 shows two types of inter-sheath energizations on
CBC using N-major sections. The current sources are set to
l,=1,=-0520° and I5=1£0° for Fig. 12 (a), and
Iy =1£0°, I =-1£0° for Fig. 12 (b). R, =10€Q is used in

the calculations.
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Fig. 12 Inter-sheath energizations on a CBC.

(b) Inter-sheath 2

The input impedance of CBC excited by inter-sheath 1 is
shown in Fig. 13. The impedances obtained by new LCD and
ETL are significantly different from results calculated using

CPC if frequency is above 50 kHz. The input impedance
evaluated by new LCD and ETL converges to a stable value as
frequency increases. Also, some minor impedance oscillations
are produced by CBC using 12-major sections.
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Fig. 13 Input impedance of CBC excited by energization of inter-sheath 1.

Fig. 14 shows the input impedance calculated by
energization of inter-sheath 2. Again, the results produced by
new LCD and ETL converge to stable values in high frequency.
Also, the impedances calculated by two-phase inter-sheath
energization (inter-sheath 2) are similar to the results obtained
by three-phase inter-sheath energization (inter-sheath 1).
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Fig. 14 Input impedance of CBC excited by energization of inter-sheath 2.



It should be noted that the dense spikes obtained by CPC
method in Fig. 13 and Fig. 14 further prove the mixed
characteristics of modes shown in Fig. 5 to Fig. 7.

C. Earth-return effect

An earth-return energization on a CBC with N-major
sections is illustrated in Fig. 15. The current source is set to
Iz =1£0°.

Fig. 16 illustrates the |Zin| of CBC excited by earth-return

energization. Unlike positive sequence and inter-sheath
energizations, the impedance evaluated by earth-return
energization shows no spikes in high frequency for CPC, new
LCD and ETL methods. The results obtained by new LCD and
ETL increase as frequency increases.
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Fig. 15 Earth-return energization on a CBC.
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Fig. 16 Input impedance of CBC excited by earth-return energization.
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Fig. 17 Influence of grounding resistance on input impedance of earth-return

energization.

Fig. 17 shows effect of grounding resistance on input
impedance of earth-return energization. The cable is with 12-
major sections. The grounding resistance has significant
influence on the calculated input impedance. However, the
grounding resistance has no visible influence on input
impedance calculated by positive sequence and inter-sheath
energizations although the results are not shown in this paper.

IV. TIME DOMAIN STUDIES
The transient study is performed in EMTP with its WB
model. The energization circuit of CBC, SBC and CTC with N-
major sections using earth resistivity 100 Qm and earth relative
permittivity 1 is shown in Fig. 18. The AC voltage sources are
60 Hz at 132 kV. The ideal circuit breakers are closed
sequentially from phases 4 to C at 0 ms, 0.1 ms and 0.2 ms.
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Fig. 18 Three-phase energization on a CBC, SBC and CTC in transient
simulations.

A. Influence of bonding methods

The effect of bonding methods, i.e. cross-bonded, solid-
bonded and core-transposed on sheath voltage of cable is
illustrated in Fig. 19 to Fig. 21. The simulations adopt 12 major
sections. R, issetto 10 Q.
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Fig. 19 Sheath voltages at 6" and 12" major sections based on CBC.
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Fig. 20 Sheath voltages at 6" and 12" major sections based on SBC.
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Fig. 21 Sheath voltages at 6" and 12™ major sections based on CTC.

The maximum sheath voltages at the 6% and 12" major
sections of Fig. 19 to Fig. 21 are summarized in the following
table.

TABLE III MAXIMUM SHEATH VOLTAGES SUMMARIZED BASED ON FIG. 19 TO
F1G. 21

Sheath Voltage (V)
Methods Type of Bonding 6™ Major 12" Major
Section Section
CBC 567.8 -212.5
CPC SBC 651.6 25.6
CTC 597.1 -366.1
CBC 465.4 -154.6
New LD/ SBC 596.5 22.1
CTC 515.9 -328.3

As shown in TABLE III, the sheath generally experiences
higher overvoltage at the 6™ major section than the far end of
cable. The sheath voltage at the 12" major section using SBC
experiences the least overvoltage. However, it produces the
highest sheath overvoltage at the 6™ major section.

Moreover, the maximum sheath voltage calculated by CPC
shows significant differences in comparison to the results
obtained by new LCD and ETL. For example, 22% and 37.5%
deviations on maximum sheath voltage of CBC are observed if
it is referred to new LCD.

B. Influence of grounding resistance

As shown in Fig. 22, the sheath voltages at the 6™ and 12
major section are calculated varying the values of grounding
resistance. It is clear that the sheath voltage decreases as
grounding resistance decreases. Only new LCD is used in the
simulations.
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Fig. 22 Influence of grounding resistance on sheath voltage of CBC.

C. Influence of modeling methods

The influence of detailed and homogeneous models on core
and sheath transient voltages of CBC is shown in Fig. 23 to Fig.
25. The cable with 1-, 12- and 24- major sections are inspected
with R, =10€Q. The new LCD is used in the simulations.

The results simulated using homogeneous models 1 and 2 on
cable with I-major section show large deviations from
waveforms obtained by detailed model.
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Fig. 25 Transient voltages at far end of CBC, 24-major sections.

However, the performance of core voltage is significantly
improved if the cable with 12- and 24- major sections are used.
The reason is from that the longer cable involves lower
dominant frequency, and the homogeneous models with more
major sections could shift to their applicable regions as
illustrated in Fig. 11. The homogeneous models should be
avoided in the analysis of sheath voltages in any cases.

D. Computational performance

The computational performance of EMT simulations using
CPC and new LCD methods on the CBC is given in TABLE IV,
TABLE V and TABLE VL

The new LCD method increases CPU computation time in
comparison to CPC method if detailed model is used. However,
minor differences of CPU time are observed between CPC and
new LCD methods for homogeneous models 1 and 2.

Therefore, the homogeneous models would be appropriate
solutions for a long and large high voltage cable network due to
its high computational efficiency, i.e. 4.9 and 7.8 acceleration
ratio for 20- and 50- major sections using homogeneous model
1, 14.5 and 7.5 acceleration ratio for the same number of major
sections by adopting homogeneous model 2. However, it is
suggested that the similar validations of homogeneous models
carried out in the previous sections should be carefully
performed in both frequency and transient domains in order to

find the application limit.
TABLE IV COMPUTATIONAL TIME OF DETAILED MODEL (SECONDS)

Number of Major Sections

Method

1 2 5 10 20 50
CPC 3.2 4 7 12 24 81
New LCD 3.7 5 9 17 36 123

TABLE V COMPUTATIONAL TIME OF HOMOGENEOUS MODEL 1 (SECONDS)
Number of Major Sections
1 2 5 10 20 50
CPC 2.5 2.7 3.7 5.1 8.1 17.3
New LCD 2.5 2.7 3.5 4.8 7.4 15.8
TABLE VI COMPUTATIONAL TIME OF HOMOGENEOUS MODEL 2 (SECONDS)
Number of Major Sections
1 2 5 10 20 50
CPC 2.3 2.4 2.7 3.3 4.5 7.6
New LCD 2.3 2.4 2.9 3.5 4.8 8.5

Method

Method

V. CONCLUSIONS
This paper performs a thorough investigation of frequency
and transient responses of CBC, SBC and CTC by adopting
CPC, new LCD and ETL methods. The Exact-PI and Wideband
models are used in the simulations of EMTP. It has the
following general conclusions.

In the excitation of positive sequence, the CBC and CTC
involve complex mixed propagation modes due to sheath
and core phase exchanges within a major section.

The mixed propagation modes in CBC and CTC are
combinations of co-axial and inter-sheath modes.

In the excitation of positive sequence and inter-sheath
modes, the input impedance of CBC and CTC evaluated
using CPC method shows dense spike-like noises as
frequency increases, however, the results obtained by new
LCD have smooth characteristics.

The essential reason of observed spikes in the calculation
of CBC and CTC is impedance mismatching caused by
incomplete representation of shunt part in CPC method.

No spikes are observed for input impedance on CBC and
CTC by adopting earth-return energization if the CPC
method is used. The input impedance calculated using the
new LCD increases as frequency increases, but decreases
for the CPC method.

In general, the sheath voltages evaluated using the new
LCD are less than those found by CPC. The maximum
deviation of 37.5% on sheath voltages of CBC are
observed when referred to new LCD.

The new LCD increases the CPU simulation time in
detailed model of CBC in comparison to the CPU time
used by CPC.

The homogeneous models of CBC have good
computational efficiency, however, the model validation
in frequency and transient responses should be performed
to fit its application region.

All the results are validated by the ETL approach. The
effectiveness of ETL has been studied systematically by
MoM and FDTD methods in recent works.

The effectiveness of the new LCD module has been
further verified and confirmed in this paper.
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