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Identification of Problems when Using Long
High Voltage AC Cable in Transmission System
I: Switching Transient Problems

S. Rahimi, Student Member, IEEE, W. Wiechowski, M. Randrup, J. @stergaard and A. H. Nielsen

Abstract--Due to political and environmental pressures from
the public and government side, upgrading and building new
transmission facilities are becoming more and more difficult and
in some cases the expansion of overhead transmission lines are
impossible. This means that underground cable technology is the
proper substitution and solution which make the transmission
expansion possible with minimized visual impacts on the
communities.

Within European countries, Denmark was been at the
forefront of replacing the transmission lines with cables. The
project was supplying the power to the greater Copenhagen area
in early 1990s. Recently, the Danish TSO Energinet.dk has
initiated a research project for analyzing the HV underground
cable in transmission system.

The objective of this paper and the companion paper is to
address the most important problems expected in transmission
system with relatively larger share of long HV underground
cables. The end goal will be a guideline to special solutions and
precautions to avoid dangerous over voltage problems and also
resonance problems in a transmission network with future
increased share of cables. Two major categories of problems are
switching transient and resonance problems. In each category of
the possible problems, first some theoretical background is
provided and then the problem and countermeasures are
discussed. In this paper switching transient problems are
addressed and discussed. Some preliminary guidelines for
modeling of the components will be given which are used
especially for switching transient studies. Companion paper is
dedicated to address the different types of resonance problems.

Index Terms--
Switching  Transients,
Underground Cable.

Electromagnetic Transients Simulation,
High Voltage, Overhead Line,

I. INTRODUCTION

Overhead Transmission Lines (OHL) impact on the
environment due to land occupation, land value
depreciation, effects on forests and territory, electromagnetic
fields (EMF), radio interference, audible noise and their visual
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impact [1]. Due to political and environmental pressures from
the public and government side, upgrading and building new
transmission facilities are becoming more and more difficult
and in some cases the expansion of overhead transmission
lines are impossible. This means that underground cable
technology is the proper substitution and solution which make
the transmission expansion possible with minimized visual
and electromagnetic field impacts on the communities.
Increasing demand for electrical power by spread urban
centers is also leading to the use of relatively longer cable
circuit in HV level.

Development of solid insulations, the optimization of cable
design and pre-moulded cable accessories contribute
effectively to a lower cost of using cables in recent years. But
the cost differences between cables and overheated lines are
still considerable in extra high voltage (EHV) networks. This
cost is inevitable for special projects in urban areas or
environmentally sensitive areas, where the construction of
overhead lines is rather impossible [2].

Within European countries, Denmark was been at the
forefront of replacing the transmission lines with cables. The
project was to supply the power to the greater Copenhagen
area in early 1990s. Recently, the Danish TSO Energinet.dk
has initiated a research project for analyzing the HV
underground cable in transmission system. The scope of
research is firstly to model the components of the
transmission system in detail especially the 400kV cable and
secondly to investigate the impact of the relatively larger
share of the cable in transmission system [3].

The objective of this paper and its companion paper [26] is
to address the second part of the research. The end goal will
be a guideline to special solutions and precautions to avoid
dangerous over voltage problems and also resonance
problems in a transmission network with future increased
share of AC cables. Different categories of possible and most
probable problems are addressed and discussed in these two
papers. In each category of the possible problems, first some
theoretical background is provided and then the problem is
discussed. Two main identifiable problem categories are as
following:

a) Switching Transient over-voltages
b) Resonance and Harmonic Resonance
In this paper switching transient problems are addressed
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and discussed. After defining the problem, a mathematical
representation for cable transmission system is provided and
analyzed. Then some general and specific modeling guideline
and requirements are provided, mostly based on IEEE PES
Switching Transients Task Force guidelines [4]. These
guidelines for modeling of the component will be used in next
steps of the research project. Resonance and Harmonic
Resonance problem are covered in companion paper [26].

II. DESCRIPTON OF SWITCHING TRANSIENT PROBLEMS

Switching transients are caused by the operation of
breakers and switches in a power system. The switching
operations itself represent three main categories:

1) Energization.
2) De-energization.
3) Re-closure.

It is important to distinguish between first and third
category which are closely related. The energization
phenomena include energization of system elements like
transmission lines or cables, transformers, reactors, capacitor
banks, etc with no trapped charge. But in case of re-closure,
the line may have been left with a trapped charge after the
initial breaker opening (more pronounced in cable). In such a
case the transient overvoltages can reach to very high values
up to 4.0 pu [4]. De-energization includes fault clearing and
load rejection, etc.

Mathematical representation and analysis of the cable
transmission system is a complex task and digital simulation
to be employed by using one of electromagnetic transient
simulation programs available. Obviously the level of detail
required in the model varies with the needed accuracy for the
study.

III. MATHEMATICAL REPRESENTATION AND ANALYSIS OF THE
CABLE TRANSMISSION SYSTEM

The method of transient analysis is based on the theory of
wave propagation in multi conductor system. In switching
transient over voltage problem, it is possible to ignore the
presence of the soil and treating the problem as one classical
wave propagation along a coaxial line, with enough accuracy
for most of practical purposes.

In the theory, the transmission system is defined in terms
of series-impedance matrix Z and a shunt-admittance matrix
Y. It is shown in [5], [6] and [9], how these matrixes can be
derived in terms of generalized angular frequency (to present
the frequency dependent nature of parameters) and also
geometry and material properties of cable. Latter provide a
comprehensive formulation of formulation of impedances and
admittances of single-core coaxial and pipe-type cables. As a
result:

Z(w)= Rw) + joL(w) (1)
Y ()= G(w) + joC(w) (2)

where R,L,G,C are the series resistance, series inductance,
shunt conductance and shunt capacitance per unit length of
the cable system. These quantities are nxn matrices, where n
is the number of (parallel) conductors of the cable system.

2

The variable @ shows that all quantities are calculated as
function of frequency.

The electromagnetic behavior of a cable system with n
parallel conductor in frequency domain is described by two
matrix equations [5]:

dVv
d(x)z—Z(a)) L) (3)
X

dl
(x)z—Y(a)) V() (4)

X

Where V and [ are vectors of dimension n representing
voltage and current at distance X along the cable. It should be
noted that some principal assumptions are made; such as
longitudinally homogeneous cable system, mutually parallel
axes of all n conductor, etc.

As mentioned before, all R,L,G,C can be calculated a
function of @ and geometry and material properties of cable.
Now the problem is calculating the voltages and currents
given in (3),(4) which are implicitly function of @ . For
harmonic problems, i.e. case of only one specific frequency,
@ is angular frequency in question, and V and I represent
phasors. For transient problems, V and I represent the Fourier
transforms of voltages and currents at values of @ lying
along the path of Fourier integral necessary to convert the
solution from frequency domain to time domain. It is shown
in [7],[8] that for transient problems, @ need not be real and
it is even better to follow a path of integration displaced
below real axis (complex value of @ ). By eliminating the
current vector from (3), or voltage from (4) two set of the
multi conductor Telegrapher ‘s equation are obtained:

d’v
%: Z)Y (@) . V(x) (5)
d*l
%: Y@)Zw) . 1(x) (6)

which has the below set of solutions if voltage and current at
distance of x along cable:
(7)

V=exp(=xvZY)V" +exp(+xvZY )V~

1=Z7'VZY [exp(—x\/ZY).VJr - exp(-i—x\/ZY).V_] (8)
V™" and V™ are vectors containing 2n constants of integration
which are resulted from system boundary condition. For
studying transient problems in time domain, above solutions

are transferred back into the time domain by means of inverse
Fourier transform [5], [7], [8].

+ oo
1 .
Vty=—- | V(o)exp(jordew (9)
Two parameters are defined from equation (8) as

following; H and Yc, the propagation and characteristic
admittance matrix respectively [25]:
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H=exp(—xvJZY) (10)
Y, =Z"'NZY (1D
Inserting them in (7),(8) gives
YV,-1,=2H"I, =21, (12)
Y.v. -1, =2H"1,_ =21, (13)

where k and m denote for sending end and receiving end
voltage and current, respectively. By means of inverse Fourier
transform matrix, (12) ,(13) are transferred back into the time
domain:

v, 5V, —i =247 i (14)

y, &V —i =2.h" *i (15)

where y, and h are the impulse responses of Y, and

H respectively, and * denotes convolution. Now, the impulse
responses Y, and h are needed in (14) and (15), but it is

more convenient first to calculate the corresponding step
responses.

The time domain step responses of H and Y, are

calculated from the frequency domain impulse responses
using inverse Fourier Transform:
4 1 1701 ior
Sy D=F | —S(w) |==—= [ —S(w)e’"dw (16)
Jo o JOW

o
where S equals either H or Y, . In order to calculate H (@)

and Y (@), discrete version of the inverse Fourier Transform

is used which means working in a very broad band of
frequencies. The presence of low frequency components
results requires a small frequency step length in order to avoid
aliasing and presence of high frequency components requires
a high upper limit in the Fourier integral. Both result in a need
to the excessively large number of frequency samples and
consequently computational problems. This problem has been
overcome by the development of two special versions of the
inverse Fourier Transform named StepFourier and
SplineFourier in [25].

IV. MODELING GUIDELINES AND REQUIREMENTS

In this section, some general and specific modeling
guideline and requirements are provided. The equipment
models discussed here are typically used for switching
transient problems and include discussion of the extent of the
system to be modeled, frequency ranges and simulation time-
steps. The focus will be on cable transmission system.

A. Cables Transmission System and OHL

For modeling the transmission line two well known
approaches are utilized; distributed parameter model and
lumped parameter models. Distributed parameter models are

based on the traveling time t and characteristic impedance Zc
of the line and are the most efficient and accurate models
compared to the lumped parameter models (pi- circuits). In
fact, the lumped parameter model contains a number of
cascaded short-sections of the line in order to represent and
approximate the distributed nature of the physical line. This
model needs more computational time and is less accurate.

Depending on the application, frequency dependency can
be incorporated. When ground return mode - zero sequence-
is involved i.e during a line to ground fault, a frequency
dependent distributed parameter line model is necessary to
give an accurate representation for a wide range of
frequencies. But for the cases with mostly positive sequence
conditions are involved (i.e, three-phase energization), simple
distributed constant parameters models can provide sufficient
accuracy [4].

For calculating the line parameters of distributed parameter
model, all EMTP-type programs can be utilized. They take the
geometrical and physical information (cable dimensions,
height underground ground, conductor and soil resistivity, etc)
as input.

An important issue is the limitation of using the lumped
model (pi- circuits) for short cable lengths. The reason is that
in such a case the line’s traveling time t is smaller than the
integration step At of the simulation [10],[4]. However there
are examples that such pi-section models have been
successfully used for line energization studies without
excessive loss of accuracy.

Especially for the cable studies constant parameter
assumption might be too limiting. For example in a disconnect
switch operation case study, a frequency dependent parameter
model must be used because the frequencies may vary in a
large bandwidth and the cable parameters significantly vary
within that range. However it seems that for solid the
dielectric cables, the constant parameter model is often
adequate [4].

As a conclusion, the existing cable model in EMTP-type
programs are accurate enough for short and medium range of
cable length but the possibility for longer length to be
examined with more detail.

B. Transformers

For switching surge transient studies it is better to use a
reduced order representation with less detail compared to the
very detail the transformer model used and needed for
insulation studies. As general approach, a lumped parameter
coupled-winding model with a sufficient number of R-L-C
elements is used. This model is able to represent impedance
characteristics at the terminal within the frequency range of
interest. The nonlinear characteristic of the core should be
taken into account and not the frequency characteristic of the
core (except for the frequencies in order of 3-5 kHz) [4].

For switching surge studies, the following approaches may
be used:

i ) The model directly developed from the transformer

characteristic i.e, nameplate information. Standard EMTP

models use this approach [11].
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ii ) The model obtained by measured admittance matrix
from frequency response of the transformer [12],[13].

iii ) A very detailed model obtained from the transformer
geometry and material characteristics and then reduced to
be usable in the time domain [14],[15].

Any of above models used for modeling the system
containing the long cable needs to be validated. A list of
practices for validation is as following:

1) Comparison of frequency response of the model (within

the desired bandwidth) with the actual characteristic of

transformer.

ii) Repeating above practice for all possible open and short

circuit conditions on the windings.

iii) Fundamental frequency response in the form of open

and short circuit impedances.

iv) Verifying turns ratio or induced winding voltages at

fundamental frequency.

v) Comparison of measured and computed responses of

terminal capacitance, if available.

vi) Comparison with factory tests, if available.

C. Modeling of the Switchgear, Pre-Striking

In switching transient studies, the switch is usually
modeled as an ideal conductor (zero impedance) when it is
closed, and an open circuit (infinite impedance) when open.
Various options of closing time are provided by commercial
transient programs, ranging from one-shot deterministic
closings to multi-shot statistical or systematic closings [4].

Switches are typically categorized to two main types:
Statistical switches and systematic switches. Statistical
switches are the randomly closed switches whose closing
times are random variables. These switches are initially open,
and close at appropriate random times defined by the switch
parameters, and never open again in a selected simulation. In
return, a systematic switch can be used with closing time
varied between a given beginning and ending time in steps
which are uniformly spaced. A typical statistical over voltage
study is performed by running 100 or more separate
simulations of circuit breaker closings. The peak voltages for
each closing operation can be recorded and maximum
observed over voltage can be calculated.

Generally the time dependent statistical switches are
preferable for power system circuit breakers than systematic
switch. For achieving this purpose, an auxiliary (uniformly
distributed statistical switch) and one normally distributed
time dependent statistical switch for each phase is needed. Fig
1 shows this statistical switch for only one phase or pole of
the switch.

(17)

TAux — TAux + TAux

Close Mean Random
A _ Aux A A ( )
TClose - TClose + TMean + TRzmdom 18

It should be noted that (10) is for phase A and should be
TAux

repeated for other phases as well. 1p, ...

is uniformly

distributed and T,

Random 18 Normally (Gaussian) distributed as

shown in figure Al in Appendix. A statistical switch is

represented by mean closing times, standard deviations and
the number of times that closing operations are to be
performed. In practice, the probability distributions for the
three breaker poles are assumed equal. Then the standard
deviation for the circuit breaker poles is estimated as below:

: 19

where mps is maximum pole span and x is an arbitrary value
left to the user. As an example, with mps equal to 5 ms and 5
chosen for x, c=mps/5= 1 ms give a probability of 0.012%
that a closing operation be performed with a pole span greater
than 5 ms. Table I show the probability values calculated for
different values of x according to the properties of normal
distribution function. See also Appendix.

mps
o="1

TABLEI
PROBABILITY OF CLOSING OPERATION BEING PERFORMED WITH POLE SPAN

X Probability (%)
1 31,8

2 4,6

3 0.4

4 0.16

5 0.012

6 0.00059

Auxiliary switch has a uniform distribution and the closing
time for it must be uniformly spread over exactly one cycle of
the power frequency voltage. The standard deviation for
auxiliary switch can be calculated based on the properties of
uniform distributions, as :

(20)

where f is the power frequency. The mean closing time for
this switch T

Mean Can be set in any arbitrary value not less

A . S P
than T, , see Fig. 1. Also for saving simulation time, it is

possible to set 7},

an 10 zero for all three poles.

| Aux
| T@ose
Auxuiliary T /
Switch lo—]
Phase (a) |
Tsz.m i
Normal
Switch
Phase (a)
A A
Totart Thtean— 30 Then 30

Fig. 1. Schematic of Statistical Switch operation
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In the case of using breakers with pre-insertion resistors,
statistical parameters are applied for the initial closing with
the resistor. It is recommended to simulate the shorting of the
resistor after a fixed time, generally up to 1 cycle [4].

It is worth mentioning to introduce an important
phenomenon during the operation of switches called “Breaker
Pre-Strike”. During energizing of a transmission lines or other
equipments, traditional method of representing a circuit
breaker is to assume that the contacts can close on any part of
the cycle. Practically and in reality, there is a closing time
between when the contacts start to close and when they finally
make. Somewhere in between, an arc may strike across the
contacts as they close. This is known as “pre-strike” as
shown in figure 2. The vertical axis is a measure of the
withstand voltage across the circuit breaker contacts in per
unit. When the breaker is open, the withstand voltage of the
circuit breaker will be rated voltage. The time varying value
of voltage across the open contacts is depicted as an absolute
function of the alternating voltage across the contacts. When
the breaker contacts is close, the separation distance between
the contacts reduces, then the withstand voltage reduces.
Usually pre-strike occurs when the voltage across the contacts
exceeds the reducing withstand voltage of the insulating
medium between the contacts [16-18].

Open =3 ; <
N Decreasing withstand
voltage
T1me g
contacts
begin
closing [Voltage| across
\ Pre-strike \\ breaker
2 \ contacts
1.0 ] N
\ N
\ \
\
\ N
\ \
\
Closed !
0 N Time
Time contacts fully
close

Fig. 2. Pre-strike effect in closing circuit breakers with a finite closing time [18]

Note: Speed of operation of a 230 kV, SF6 circuit breaker was found to vary
with temperature, SF6 pressure, hydraulic energy and dc voltage according to a
test undertaken by the Manitoba HVDC Research Centre as follows [18]:
Variations in closing speed: 8-10%
Variations in opening speed: 5-6%
One supplier provided the following circuit breaker closing times:

110 kV 30 +/- 10 msec.
220 kV 65 +/- 8 msec.
220 kV 80 +/- 5 msec.
500 kV 80 +/- 5 msec.

As a result of the pre-strike, there will be a greater
tendency for effective closing to occur with rising or
maximum voltage across the contacts. For slow contact
closing, there will even be a shadow effect where it will not be
possible any effective closing to occur over a portion of the
cycle.

It should be noted that some modern devices can control
the closing angle of the poles to close at or near the voltage
zero between the contacts (applicable to capacitor bank
switching to reduce over voltages and inrush currents). It is
necessary to consider the pre-strike during the modeling of
breaker operation. As an example, a user-defined component
has been developed to model the pre-strike effect of circuit
breaker closing in PSCAD [18].

D. Modeling of other component and Loads

This section is dedicated to the guidelines for modeling of
some important components of power system, needed for
switching transient studies:

e Capacitors and Inductors

e  Surge arresters

e Sources and Network Equivalents
e Loads

Capacitors and reactors are simply modeled as lumped
element. For capacitor, series inductance and loss resistance
are considered in some cases of switching transient studies i.e.
back to back switching of capacitor banks, or faults study on
capacitance bus. For more detail, damping resistance of this
series inductance at natural frequency is taken into account.
For reactors, the simple lumped inductor with a core
saturation characteristic and series resistance is sufficient for
switching transient studies. Three category of capacitance
might be modeled in case of more detail:

e parallel capacitance across the reactor (for reactor
opening studies, chopping of small currents)

e total capacitance (consists of bushing capacitance
and equivalent winding to ground capacitance)

e terminal to ground and terminal to terminal
capacitance ( in case of series reactors)

Metal oxide surge arresters are represented by a nonlinear
voltage versus resistance characteristic. The mathematical
model proper for low frequency and slow front transient is as
following. The V-I characteristic of a surge arrester has
several exponential segments, where each segment can be
approximated by

q
v (2 1)
Vref
where ¢ 1is the exponent,

i=p

p is the multiplier for that
segment, and Vr(,f is an arbitrary reference voltage which

normalizes the equation and prevents numerical overflow
[19]. Also for fast front surges, the model of arrester can be

according to the circuit shown in Fig 3. A, and A, are two
time independent nonlinear resistors, L,and L, are a pair of
linear inductors paralleled by a pair of linear resistors ( R, and
R,) and a capacitor C . The V-I characteristic of A, is
slightly less than the 8/20 t&s curve but A,is 20% to 30%

higher. A low pass filter consists of L, and R, sees a decaying
voltage across it. For considering the ground leads, a lumped
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inductance of about 1 (#H per meter is added in series with

the model [19]. For most switching transient studies, it is
recommended that wave shape dependent characteristics are
not required and also the surge arrester lead lengths and
separation effects can also be ignored for such studies. [20]
and [21] also provide more samples of practiced models.

o

Fig. 3. MOV surge arrester model for fast front surges [19].

Sources are modeled as ideal sine-wave source in
switching transient studies. Generators are modeled as voltage
behind sub-transient Thevenin impedance. These are
simplified model. Whenever more accuracy is needed, a more
detailed model of source and power network is necessary.
Three typical network equivalents are shown in Fig. 4. The
X/R ratio in first type (a) is the representative of the damping
in the system (typical damping angle 75%-85%). Short circuit
impedance in second type (b) represents the surge impedance
of a connected line. In case of long cable connected to the
system, this equivalent may be used. The reason is that the
reflections are not of concern in the system under study and
model (b) reduces connected lines to a simple equivalent
surge impedance. Third model (c) is applicable when
Thevenin equivalent connected system and additional
transmission lines are known, though this approach may yield
an incorrect steady-state solution if the equivalent impedance
of the parallel connected lines is of comparable magnitude to
the source impedance [4]. Three mentioned model are more
accurate near fundamental frequency and some more complex
equivalents are provided in [22],[23] to properly represent the
frequency response characteristic.

a) Short Circuit  b) Surge ¢) Short Circuit Tmpedance
Impedance Impedance + Surge Impedance
R -L
= Zsc Rsc
X ZSC
sC L X

Fig. 4. Typical source and Network Equivalents used for switching transient
studies [4]

Among the available load models in the literature, there is
not a well developed model especially used for transient
studies. Main categories of loads are as following:

e Heating and lighting loads (resistive)

e  Active component of motor loads (resistive)

e  Fluorescent lighting loads (inductive)

e Reactive components of motor loads (inductive)

In general, the power system load is represented by an
equivalent circuit with parallel-connected resistive and
inductive elements with a certain power factor. Whenever
loads are lumped at a load bus, all downstream components
contribute to the model of load such as cables, transformers,
etc. It is recommended to use an impedance in series with the
parallel R-L-C load equivalent circuit for modeling of high-
frequency transient phenomena, as shown in Fig. 5(a). As
typical value, the series impedance is in the range of 10-20%
of the load impedance [4]. For some specific application, it
might be needed to use detailed representation certain load
components (e.g. induction motors) as shown in Fig. 5(b).

Actual power system with distributed loads all over the
system may need different consideration for load modeling.
The load impedances also may contribute in different types of
resonances. This issue will need much further study which is
out of scope of this paper.

X .

— S —» E
et [
Typicd Load Bus RS ‘X.S | .X;: [

A h—Ti [
(a)
RL
- Static Load >+ Induction Motor ——

)

Fig. 5. Equivalent circuit representation of power system loads for simulating
switching transients

(a) Typical Load Bus [4]

(b) Composite induction motor/Static Load equivalent [24]

V. CONCLUSION

Switching transients are one of the most important
problems for operation of transmission system with large
share of AC cable. The reason is laid in the difference
between characteristics of cable and overhead line which
makes the switching transient phenomena a more severe
problem. The mathematical representation of cable
transmission system is reviewed and analyzed. Some
preliminary guidelines for modeling of the components are
provided mostly based on IEEE PES Switching Transients
Task Force guidelines.
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VI. APPENDIX

Figure Al shows a normal Gaussian distribution. The
probability of covering area between specific multiples of
standard deviation is depicted in different colors.

< _
o
("). |
(=)
|
S 34.1%
—
(@]
0.1% 0.1%
<
(@]

lo

Fig. Al. Normal (Gaussian distribution) and demonstrating the probability of
different areas under different multiples of standard deviation.
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