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Abbreviations

ATP alternative transient program

BPA Bonneville Power Administration

BTF Breaker Terminal Fault

CDhV IEC Committee Draft for Voting

CVT capacitive voltage transformer

EMTP electro-magnetic transient program

ITRV Initial Transient Recovery Voltage (due to travelling waves on busbar)
IWD CIGRE internal working document

JEC Japanese Electro-technical Committee

L90 SLF with 90% of the rated short-circuit current

L75 SLF with 75% of the rated short-circuit current

L60 SLF with 60% of the rated short-circuit current

Lxx SLF with xx% of the rated short-circuit current

LIWL Lightning impulse withstand level

LLF Long line fault

OoP Out-of-phase current switching test duty

RRRV Rate of Rise of Recovery Voltage

SIWL Switching impulse withstand level

SLF Short line fault (test duty)

SPAR Single pole auto-reclosing

T100 BTF test duty with 100% of the rated short-circuit current
T100s T100 with symmetrical short-circuit current

T100a T100 with asymmetrical short-circuit current (DC offset)
T60 BTF test duty with 60% of the rated short-circuit current
T30 BTF test duty with 30% of the rated short-circuit current
T10 BTF test duty with 10% of the rated short-circuit current
t) time value at first reference point of TRV envelope

tq time delay at initial part of TRV

TACSR high temperature aluminium conductor steel reinforced
TRV Transient Recovery Voltage

U voltage value at first reference point of TRV envelope
U, peak voltage



Summary

The TRVs due to three-phase line faults are rather complicated because of the interaction
between the phases at power frequency and the high frequency phenomena. To understand
the phenomena and to be able to compare different TRVs, the experts involved in the
discourse needed some time to communicate carefully all aspects. Special attention was
necessary to get a common understanding of the conditions and parameters that are
considered not to vary, versus those conditions and parameters that are considered as
variables. For instance, by choosing the amplitude of the interrupted current to be equal for
the first and the last clearing pole and fixing the short-circuit power at the busbar to
correspond to the rated short-circuit current of the circuit-breaker (for three-phase and
single-phase faults), a number of other variables are fixed (Xo/X; ratio at the busbar, distance
to the three-phase and to the single-phase fault). Other choices lead to completely different
results, such as comparing three-phase and single-phase faults at the same location but with
slightly different currents.

New calculations and simulations confirm the statement in the Master Thesis of Anders
Johnson [4], as well the statements published around 40 years ago [5][9][10], that the line-
side TRV for the first pole to clear a three-phase SLF is roughly 50% higher than that of the
last clearing pole. This statement is made under the assumption that the short-circuit current
interrupted by the last pole is equal to that of the first pole which infers that the distance to
the three-phase fault on the Overhead line is over 50% larger for the first clearing pole than
for the last clearing pole. It is this distance that leads to a higher peak value of the triangular
TRV waveshape, while the somewhat lower equivalent surge impedance for the first clearing
pole in comparison with the last clearing pole leads to an approximately 10% lower steepness
of the triangular waveshape.

The staged tests described in the Master Thesis of Anders Johnson, demonstrate that today’s
simulation tools for transient phenomena on Overhead lines give results that match quite well
with the phenomena in service.

CIGRE publications of experts from Japan [1][18] have addressed the phenomenon of Long
Line Faults that show high peak values of the line-side TRV due to the travelling waves
coming from the interruption of faults at a distance up to 100 km and more. Despite the low
steepness, as the interrupted currents are moderate or even low, it is the long travel time that
gives the high peak value. This LLF TRV may exceed the peak value of the IEC test duties
T30, T10 and OP, especially under conditions of high operating voltages. In Japan special
test duties have been specified to cover such LLF conditions. In the meantime IEC has
revised Standard 62271-100 [3] and raised the TRV peak value for T10.

The equivalent surge impedance as experienced by the circuit-breaker is a rather complicated
parameter that depends on a wide variety of factors including frequency of the phenomena,
earth resistance, tower geometry, the operational mode of a second circuit, the status of the
other poles, the arrangements of earth wires, the height of the towers and the contraction of
bundle conductors. Apart from very high towers with a single circuit (or where a second
circuit is open and not earthed) the value of 450 Q, as specified in the Standards, covers for
all cases the equivalent surge impedance in the vicinity of the circuit-breaker of the last
clearing pole For Overhead lines with bundled conductors, where bundle contraction is not
expected within 100 ms, a value around 330 Q would be sufficient. If there is another circuit
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on the same tower which is either in operation or earthed, this will lead to an even lower
equivalent surge impedance. The same is true when the other poles have not (yet) cleared, as,
for instance, with SPAR.

The line-side peak factor or excursion factor, d, is twice the ratio between the equivalent high
frequency inductance and the equivalent power frequency inductance of the Overhead line.
This ratio is about 50% higher for the first clearing pole in comparison to the last clearing
pole.

Considering these aspects, and by reducing the short-circuit power at the busbar-side of the
circuit-breaker to 80% of the rated short-circuit current of the circuit-breaker, the TRV-
waveshape of the first pole clearing a three-phase SLF is covered by the envelopes given in
the Standards for the SLF test duties.

From the Standards and from test experience, it is clear that experts regard the RRRV as the
most critical parameter for SLF, and therefore they focus on the last clearing pole. Indeed,
SLF test duties have been introduced 40 years ago to verify the circuit-breaker behaviour
under such steep TRV phenomena. Recent test results, evaluated from a large number of
single-phase L90 tests, showed very few re-ignitions (less than 1%) in the latter half of the
first line-side TRV excursion, thus confirming the low sensitivity of modern designs to the
dielectric stress after the thermal phase of the interruption process.

There is evidence, but no conclusive proof, that a wide variety of circuit-breaker designs
inherently can withstand a 50% higher peak value of the TRV at the line-side providing that
they have passed successfully the full range of regular type tests.

Furthermore it is important to note that the decision, 40 years ago, to test for single-phase
SLF only, has been made on the basis that the probability of occurrence of a three-phase line
fault is far less than of a single-phase fault (80% to 90%). In reality, it is not simply the
probability of a three-phase fault that must be considered. For critical conditions to occur
there must be a combination of a three-phase fault at a critical location along the Overhead
line, a high equivalent surge impedance and a short-circuit power at the substation
corresponding to the rated short-circuit current of the circuit-breaker (i.e. assuming no
contribution from the circuit with the three-phase fault). Considering the circuit-breaker itself,
worst case operating conditions as per the type tests should also be considered i.e. lockout
pressure of the SF¢ gas and the operating mechanism at minimum operating energy.

Such decisions not to test explicitly for low probability events are often made for the
purposes of Standardisation however the acceptability of disregarding such events must be
considered by utilities taking into account their national regulations.

In summary, the specified test duties within existing Standards cover all commonly occurring
line faults (short and long line faults, as well as single and three-phase) but, by consideration
of probability, do not explicitly cover certain specific conditions with a very low probability
of occurrence. Utilities for whom this position is unacceptable should request special type
tests for the particular conditions.

No recommendations are made within this document for modifications to Standards, since it
is clearly integral to the role of Standards development bodies to properly reflect the concerns

of users and developments in society’s willingness to tolerate risk.
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1. Introduction

In the Standards for circuit-breakers the most critical line fault clearing condition are covered
by the SLF test duties L90, L75 and, when necessary, L60. These test duties simulate
interruption of single-phase faults at a short distance from the circuit-breaker when the short-
circuit power at the busbar side is equal to the rated short-circuit current of the circuit-breaker.
Recent studies in the USA [4] and in Japan [1][18] addressed more severe TRV conditions
when clearing three-phase faults, especially at a long distance (the so-called LLF: Long-Line
Fault).

In late 2004 CIGRE Study Committee A3 (High Voltage Equipment) established WG A3.19
“Implications of three-phase line fault TRV to Standards” to study in detail the phenomena
described in recent studies in relation to the Standards. The original scope of WG A3.19 is
presented below. During the life of the WG it became clear that, for such a complex topic, it
would be inappropriate for WG A3.19 to make specific proposals for adaptation of the
Standards which must also consider non-technical aspects such as “market relevance”. This
document reflects this and presents only technical and risk based considerations.

The study of WG A3.19 generated much correspondence and debates between experts in
order to understand precisely all aspects of the three-phase phenomena and the mutual
interaction between the phases. The connection between the results from modern simulation
techniques and the analytical approach of the early days has been investigated intensively in
order to look for potential new insights as well as new judgements.

The objective of this Technical Brochure is to present and review the results of the
comparisons in two ways. The first is the description of all phenomena that are relevant in
order to get a deeper understanding of the TRVs that appear when clearing three-phase line
faults. The second focuses more upon the conditions that lead to a more severe TRV than
recognised in the Standards and of the consequences of such TRV values. The first aspects
has a more tutorial character whilst the second offers users the tools and information to judge
whether potentially rather extreme conditions may prevail in their network leading to a risk
that has to be assessed in greater detail.

This Technical Brochure contains three main parts and three appendices which contain details
of specific simulations and calculations. The phenomena related to three-phase line faults are
described in Part I “Line fault phenomena”. By different approaches the phenomena are
analysed and compared. Part I can be regarded as the tutorial level, necessary to get a deeper
understanding of the mutual influence between the phases.

The information required to judge the severity of TRVs that may appear at clearing three-
phase line faults is given in Part II “Implications for short line faults” and in Part III
“Implications for long line faults”. In contrast to Part I where purely factual information is
presented, the information in Part II and Part III is both factual and subject to interpretation.
As such, in some areas, differing points of view are presented in a balanced manner.

13



The original scope of WG A3.19 is as follows:

- Preliminary work on 3-phase line fault Transient Recovery Voltages (TRV’s) has
been undertaken by the line TRV Task Force of WG A3.13. It has been confirmed
that the first peak of a 3-phase line fault TRV is definitely of a significantly higher
magnitude, although a slightly longer time to peak occurs (slower rate of rise),
than the present TRV standards require. (The present ‘“short line fault” TRV
requirements in standards are based on single-phase to ground faults.) If 3-phase
line faults are to be considered, proper circuit-breaker application demands that
the 3-phase line fault TRV values may be included within the standard TRV
envelope. Another topic to be considered is the so-called long line fault (3-phase
and 1-phase), based on field measurements by BPA and a Japanese publication at
the CIGRE SC 13 Session 2002 and the contribution of the authors.

- For 3-phase line faults, the magnitude and time to first peak of the Transient
Recovery Voltage (TRV) will be investigated for various rated voltages, short
circuit currents, and line configurations. These values will be compared to the
existing standard TRV envelopes for each condition. The appropriate surge
impedance and amplitude “d” factor will be determined for the 3-phase fault
TRV’s. In addition, the probability of 3-phase line faults at each voltage will be
assessed based on operating experience. The knowledge collected four decades
ago will be taken into account. Commentary as to the seriousness of possible
delayed fault clearing of 3-phase faults at each voltage level will be developed.
Finally, investigation will be made into the validity of combining the TRV from
traditional short line fault with the TRV from terminal faults to form a composite
TRV envelope.

Note: throughout the document the expression “three-phase fault” is used without specifying whether the
three-phase fault is grounded or ungrounded. As will be explained in Part I, especially in section 4.1.4,
for the high frequency phenomena (travelling waves) at the terminals of the clearing pole of the circuit-
breaker it is not relevant whether the fault is grounded or not. But for the power frequency phenomena,
e.g. the amplitude of the interrupted short-circuit current, it is important to know whether the three-phase
fault is connected to earth or not. However, often in this document the amplitude of the short-circuit
current (at the busbar or at the fault location) is assumed to be equal to that of the single phase short-line
fault, in which case it is not necessary to know the earthing condition of the fault. So, in general by the
expression “three-phase fault” both grounded and ungrounded faults are meant.
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2. Background

At the CIGRE SC 13 Session in 2002, Report 13-103 [1] was presented by experts from
Japan. The publication dealt with a number of TRV topics and one of them was termed Long
Line Fault (LLF). This has similarities with Short-line Faults (SLF) in the sense that the
short-circuit power at the busbar side of the circuit-breaker is assumed to correspond to its
100% rated short-circuit current, whilst the TRV at the line-side consists of a damped
triangular waveshape, caused by travelling waves. For SLF the distance between circuit-
breaker and fault is rather limited (some km), leading to an overall short-circuit current close
to 100% of the rated short-circuit current. Conversely, for LLF the distance is quite long (e.g.
100 km or more), leading to much lower percentages of the rated short-circuit current (e.g.
10%). This means that the steepness of the line side TRV (rate of rise of recovery voltage) is
much higher for SLF than for LLF but that the peak value of the triangular TRV is small at
SLF and very high at LLF since the travelling waves along long distance steadily build up a
high peak value for the TRV. In summary, the critical stress parameter is RRRV for SLF and
the TRV peak value for LLF.

In Report 13-103 for LLF, TRV parameters beyond the values specified in the Standards
were found, especially when considering the test duties T10, T30 and OP. However, since
then Amendment 1 of IEC 62271-100 [2] has been accepted including a change to the
specified TRV envelope for the T30 test-duty to a 2-parameter envelope that almost covers
the LLF parameters calculated by the experts from Japan. Nevertheless, the topic of LLF was
taken seriously by CIGRE WG A3.13 (“Changing Network Conditions and System
Requirements™). In a further development IEC SC17A has prepared a second edition of IEC
62271-100 (IEC document 17A/815/FDIS[3]) that has been approved at the FDIS stage
(Final Draft International Standard), and in which the specified parameters of the T10-duty
have changed to values that cover the LLF-parameters calculated by the experts from Japan.

In 2003, experts from BPA (USA) performed a staged fault test on a 550-kV Overhead line.
The purpose of the test was to verify computer simulations of transients on Overhead lines, as
well as to assess the TRV parameters for series compensated lines. The staged fault tests were
performed with and without by-passing the series capacitor banks. When the capacitor banks
are bypassed, the faults look like a LLF, as the distance from the substation to the fault was
around 125 km. The results from the measurements on a real line matched very well with the
computer simulations, and were published at the end of 2003 in the Master Thesis of Anders
Johnson [4], who compiled the computer model. In common with the experts from Japan, the
Master Thesis concluded that LLF could lead to TRV peak values beyond the values
specified in the Standards.

The experts from Japan and the experts from BPA considered three-phase line faults, while
SLF type test defined in the Standards address the single-phase fault case. In his Master
Thesis, Anders Johnson paid much attention to the difference between three-phase and
single-phase tests and concluded that three-phase SLF are not covered by the present
Standards. As the three-phase versus single-phase aspects of SLF were beyond the scope of
WG A3.13, first a task force and later a new CIGRE WG A3.19 was established in 2004 to
study three-phase SLF and (single/three-phase) LLF.

The conclusions in the Master Thesis were based on the value of 450 Q for the equivalent
surge impedance of the last clearing pole, as specified in the Standards. As the particular 550-
kV line of BPA showed a much lower equivalent surge impedance, WG A3.19 requested
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other experts to calculate and/or simulate the equivalent surge impedance of the Overhead
lines in their countries such that the conclusions could be based on a wider experience than
the value from the Standards and the Overhead line of BPA. In order to understand the
phenomena reported and their relevance the members of WG A3.19 made new calculations
and simulations for comparison with those of Anders Johnson who became a corresponding
member of WG A3.19. In addition, historical information on the IEC/IEEE/CIGRE decisions
to introduce a single-phase SLF instead of a three-phase fault was collected, including
publications from time when this decisions was originally taken, where the same phenomena
have been addressed analytically.

A study of Short-line faults was first made in the 1960’s by CIGRE Study Committee A3
(then SC3) and the results were transmitted to IEC Subcommittee 17A in August 1963. AT
this time IEC SC17A was revising its standard for high-voltage circuit-breakers, IEC 56, and
intended to standardise ratings and testing for short-line fault conditions [5]. The preliminary
conclusions of the CIGRE Study Committee were as follows:

“Having in mind the complexity of the problem, judging and testing of circuit-breakers regarding
short-line faults should, for the time being, be based on the case of single-phase-to-ground faults
only, because this type of fault is the most frequent and the most important one”.

This recommendation was justified in the report in the following way:

“Taking into account all above considerations, it seems quite reasonable to establish type testing
according to combination B, that is to consider single-line to ground faults, in order to avoid
unjustified increases in circuit cost, just to face extremely unlikely conditions (three-phase short-
line fault at the critical distance, with 100% short-circuit capacity on the supply side).”

It is interesting to note that when this recommendation was made, the Study Committee had
a detailed knowledge of TRVs related to single-phase and three-phase SLF, in particular of
the magnitude of the first peak of TRV seen by the-first-pole-to-clear during three-phase SLF
interruption. Based on this study, IEC SC17A standardised the requirements and testing for
SLF in IEC 56, using single-phase SLF as the basis for rating.

The argument that was presented by CIGRE in 1963 is still valid today as will be shown in
the following chapters. With the knowledge and experience that was gained on SLF
interruption by circuit-breakers with different technologies, some additional justifications can
be added that support the choice of single-phase SLF as basis for rating.

It should be pointed out also that when SLF ratings and type tests were introduced, the aim
was to cover the thermal phase of interruption that was not yet properly tested by the existing
type tests. It is clear from the correspondence of the time that the decision to base the rating
on the most severe case, with the full short-circuit power of the source and the most
aggressive conditions in terms of di/dt and RRRV was taken intentionally. Nevertheless, and
as recognised in the past, when three-phase line faults, other than SLF, are considered,
different stresses can exist from those associated with thermal phase of interruption as
demonstrated by the SLF (single-phase) type tests.

Amongst the technologies that are (and were) used for high-voltage circuit-breakers, those
based on oil or vacuum as an interrupting media are known to be insensitive to the high rate-
of-rise of TRV (RRRYV) associated with SLF. Air blast circuit-breakers are particularly
sensitive to such high RRRV but are able to interrupt SLF when equipped with opening

where R is the resistor value and

resistors due to the RRRV being reduced by a factor sz

Z the line surge impedance.
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In the case of SFg circuit-breakers, studies made using arc modelling and experience gained
during more than 30 years of development and testing have shown that the decisive
parameters for interruption are the current slope before current zero (di/dt) and the RRRV.
The amplitude of the first peak of the TRV has generally been found to be of secondary
importance, with the success of interruption being decided during the first microseconds that
follow the passage of current through zero. Any decrease in the RRRV leads to an increase in
the performance of an SFg circuit-breaker as can be seen with the following equation that
gives the relation between the interrupted current (di/dt) and the RRRV [29]:

K
RRRV*
As the RRRYV associated with three-phase SLF is lower or, at worst equal to, the value for

single-phase SLF, it follows that the single-phase SLF presents the most severe condition for
known technologies of circuit-breakers that are sensitive to SLF conditions.

di/dt = with 0.4 <a<0.5
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3. Three-phase Short Line Fault versus single-phase Short
Line Fault

3.1 Basis of short-line fault rating in the present standards: single-phase fault

The short-line fault rating is presently based on the last-pole-to-open for a three-phase-to-
ground fault or the single pole that clears a single-phase-to-ground fault. For a given
magnitude of fault current, this results in the highest rate of rise of recovery voltage (RRRV)
since the surge impedance for the last clearing pole is the highest (to be shown later). When
the fault current is near full rating (90% or more), it is necessary to test the thermal breaking
capability power of the circuit-breaker when the highest RRRV is applied. This is well
recognized as a paramount factor in the current interruption process. Also, the phase-to-
ground fault is the most likely fault occurring on transmission systems and therefore it
becomes logical to define a test for the thermal breakdown regime. As lower percentages,
such as 75% and 60%, give less thermal stress but a higher TRV peak at the line side, type
tests are performed at a lower than 90% current levels also.

The “standard” line surge impedance for last-pole-to-open, on which testing is based, is 450
Q. This is higher than most actual system conditions and assumes bundled conductors at the
higher system voltages have clashed; an effect which increases the surge impedance as well
as affecting the power frequency impedances and the fault current and associated di/dt at
current zero. For lower fault currents, this clashing certainly does not occur and therefore the
standard value of 450 Q introduces some margin in the application compared to testing.

The speed of the transient for the line travelling waves is taken as the speed of light at which
the electro-magnetic wave is propagating through air (or vacuum). At the higher frequencies
of the TRV transients, the ground modes are coupled tightly into the ground wires and the
speed is approaching typically 95% of the speed of light. Therefore, the slower ground modes
do not need special consideration.

At the moment of clearing a 90% short line fault, the impedance at the line side of the circuit-
breaker is 10% of that at the source side, while the source side impedance corresponds to the
rated short-circuit current of the circuit-breaker. The power frequency voltage at both sides of
the circuit-breaker is 10% of the rated voltage. After clearing, the voltage at the busbar side
will respond with a waveshape corresponding to 90% of the rated TRV and corrected for the
first-pole-to-clear factor. According to the Standards during type tests an RRRV of 90% of
2.0 kV/us has to be applied, showing that surge impedances have a different relationship to
ground than power frequency entities. At the line side, after clearing, the electrical charge
corresponding to the voltage profile along the Overhead line (10% at the breaker terminal to
0% at the fault location) is released and the line will be discharged into the fault by means of
travelling waves between circuit-breaker terminal and fault location. At the circuit-breaker
terminals, a slowly damped triangular waveshape will appear with an initial overshoot with
respect to the initial 10% voltage value. The overshoot, caused by the reflection of the
travelling waves against the open circuit-breaker, is less than the theoretical maximum of 2.0.
In the Standards, the overshoot accounted for by the application of a “d”-factor, that is
presently specified as 1.6 for all rated voltage classes.

The “d” factor is simply the ratio of the peak of the line-side voltage excursion to the

instantaneous power frequency line-to-ground voltage at the point of interruption. It is not a

damping or loss factor in the classic sense of a decaying oscillatory transient. The “d” factor

is calculated under the assumption of “no loss”, but it relates a travelling wave phenomenon
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to a power frequency voltage. The major influence on the “d” factor is the variation of the
line impedance (mainly inductance) that changes from the power frequency impedance to that
of the high-frequency TRV transient. The variation mainly in inductance is predictable and is
a result of the high-frequency transients being tightly coupled to the ground wires and the
surface of the earth versus the penetration of the power frequency currents deeper into the
earth. Calculations are generally done as per Carson’s earth return formulae.

Impedances of the SLF test circuit are calculated according to the specified fault current. As a
result, the testing is done at a factor “M” times the circuit-breaker rating and the following
derives the results based on that factor.

Note: The standards deal with ratings and the TRV parameters are modified according to the short-circuit
current value for a given voltage class. The following analysis uses the same short-circuit current as the
main reference for the purposes of comparison. For a phase-to-ground fault, the impedance of the line per
unit distance is higher than the impedance for a three-phase-to-ground fault. Therefore, for the same fault
current, the distance to the fault is different for the two fault types.

For the phase-to-ground fault case, the standards are based on a source that has the same fault
current magnitude as the circuit-breaker rating which is assumed to be the same as the three-
phase fault current. In reality this may not be the case where there is a significant contribution
of fault current from lines where Xy my be 2 to 3 times larger than X, while transformers
may have an Xy which is less than Xj. The fault current is determined by the phase-to-ground
voltage V,n, the source impedance X, and the line impedance Xijie.

The source impedance is based on circuit-breaker rating: X = Vpn/Is. The line reactance per
metre for a phase-to-ground fault is based on the positive (X;) and zero sequence (X,) power
frequency reactances for a length of line l;: Xyiine = (%X, + ¥5X,)x1;. The short-circuit current
is the phase-to-ground voltage divided by the sum of the source and line reactances using
these expressions:

Vph
I1SLF = 3.1
Vph | (2X; +Xo) Iy G-h
Isc 3
Solved for the line length up to the single-phase fault, this gives:
Vph 3 Vph
InsLr 1

i TS G2

1 0
3

with Vpu/Lisur-Vpn/Ise , when multiplied by Iispr, being the power frequency line-to-ground
voltage (rms) at the instant of interruption, at the location of the circuit-breaker.

The rate of rise of recovery voltage for the last clearing pole, RRRV), for the line side
voltage based on the effective surge impedance for the last pole to open Z,, evaluated at the
high TRV frequency, and the rate of change of current at the current zero is given by:

RRRV 5t = 0V2 X Tispp X Zigge (3.3)

The peak of the transient voltage would be the RRRV multiplied by twice the travel time to
the fault at distance l;. Substituting for RRRV),, and using the speed of light ¢ to calculate
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the travel time across twice the distance l;, the TRV peak at the line side for the last pole or
the single pole Ejiner gives:

Vph  Vph
2
Elinel = 02 x IISLF x Ziast x 2 x 1oL Isc. (3.4)
I 2X1 + XO
3

Recognizing that Vpn/Iispe-Vpn/Ise multiplied by Iisir and \2 is the line-to-ground voltage, E,
(momentary or peak value) at the instant of interruption, the d-factor is simply:

o X Zlast X E
dl=— ¢ (3.5)
2X1 + X,

3
3.2 First-pole-to-clear, three-phase fault

The same steps can be used for the first pole to clear a three-phase fault at the same
magnitude of fault current (same M factor, for instance 0.90).

The source impedance X is the same as above. The line reactance for a three-phase to ground
fault is based on the positive power frequency reactance for a length of line 13: Xuine = X1 x13.
The short-circuit current is the phase-to-ground voltage divided by the sum of the source

and line reactances using the expressions above:

h
[E T — (3.6)
Vph
—+ X xI3
Isc
Solved for the line length up to the three-phase fault gives:
Vph 3 Vph
I3 = ISLF Igc (3.7)
X1

with Vpu/Issr-Vpn/Ise , when multiplied by Izsir, being the power frequency line-to-ground
voltage at the instant of interruption.

Calculating the RRRVy;,¢ for the line side voltage based on the effective surge impedance for
the first pole to open Zsys, evaluated at the high TRV frequency, and the rate of change of
current at the current zero:

RRR Vgt = V2 X Ingpp X Zgirst (3.8)

The peak of the transient voltage would be the RRRV multiplied by twice the travel time to
the fault at distance I3. Substituting, the TRV peak at the line side for the first pole Ejines:
Vph  Vph

2 I3SLF 1
Eline3 = @+/2 x I3SLF x Zfirst X — X | O3
C X
1

(3.9)
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Recognizing the line-to-ground voltage at the instant of interruption, the d-factor is simply:

2
® X Zfirst X —

3=— € 3.10
X, (3.10)

This is the "d" factor for the first pole to clear a three-phase fault (grounded or ungrounded)
remote on the line.

The d ratio of the first pole to clear a three-phase to ground fault versus the last pole to clear
or the single pole to clear a single-phase to ground fault with the same fault current is:

d3 _ 2X1 + Xo o Zfirst

= (3.11)
d1 3X, Zlast
and the RRRYV ratio (Eqs 3.3 and 3.8) is:
RRRVﬁrst _ Zfirst (31 2)

RRRViast  Ziast
when evaluated at the same fault current levels.

3.3 Effective surge impedances for the first and last clearing poles

The effective surge impedances for first and last poles can be calculated from the circuit
shown in Fig. 3.1. This analysis uses positive and zero sequence components. The more
complete approach would be to use modal analysis and derive the impedances for specific
conductors but the positive and zero sequence analysis yields a reasonably accurate analysis
and effectively explains the effects of the first and last pole and the ground impedances. The
method uses a current injection across the contacts of the pole of the circuit-breaker that is
opening with all other sources shorted (method of superposition). The voltage across the open
pole is the transient recovery voltage since the voltage across the pole when closed is zero in
the steady state. The voltages to ground are the "transient" voltages which, when added to the
steady state voltages, result in the total voltage at that point.

The source is represented by the surge impedances of "n" parallel lines connected to the
source. The inductances of supply transformers is not shown since they are best represented
as open circuits during the first part of the TRV. Since the RRRYV is determined by the surge
impedance of the lines at the source side, all sources look "grounded" because the lines have
a significant "ground-mode" surge impedance. The debate over the first-pole-to-clear factor
for grounded or ungrounded sources or grounded or ungrounded faults is erroneous for the
RRRYV phenomena, which form the more critical parameter of the TRV.
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Figure 3.1: RRRV-schemes for the last and first clearing poles

The line can be represented as a simple resistance of the positive and zero sequence surge
impedances until the first reflection returns. The circuit-breaker is subject to the RRRV from
both the line and source side as shown at the top scheme of Fig.3.1. On the assumption that
the source side lines have the same surge characteristics as the faulted line, they are
represented as "n" lines in parallel. The nature of the fault is not represented since the fault is
not "seen" until the first reflection returns to the circuit-breaker once the current is interrupted.
Therefore, this represents the last pole to open for a phase to ground fault or for a three-phase
ungrounded or grounded fault. The nature of the source (grounded or ungrounded) or the
fault is not a factor other than dictating the fault current to be interrupted.

For the purposes of evaluating the RRRV from the line side, the source can be represented as
an infinite source as shown in the middle scheme of Figure 3.1 from which the equivalent

surge impedance for the last clearing pole can be derived:
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Ziast = @ (3.13)

For the first clearing pole, the neutral resistance and two of the other phases are in parallel, as

shown in the bottom scheme. Reducing the connection and adding Z; results in the effective
surge impedance for the first pole:

Zﬁrst i — (314)

The application of this approach to the case of the BPA transmission line which was subject
to the fault test is shown below.

Example of a BPA 500-kV transmission line

Twin bundled conductors, Chukar conductors, 50 and 78 feet high spaced 40 feet apart,
with two ground wires 100 feet high space 24 feet apart, no bundle clashing, segmented
conductors.

(Note: ground wires are grounded only at first tower outside substation resulting in
slightly higher surge impedance for the first 2 microseconds which is not accounted for
in the RRRYV.)

X; =.5868 Q/mile and Xy = 2.185 Q/mile for the positive and negative reactance at 60
Hz.

Z; =279 Qand Zy = 487 Q for the sequence Surge Impedances evaluated at 600 kHz.
c = 297 m/us for the travelling wave velocity.
Zius = %Z1 + %2y as the effective surge impedance for the last clearing pole .

L= 3Z1 X Zy/ (Z1 + 2Zy) as the effective surge impedance for the first clearing pole
in case of a three-phase fault.

Zigse = 348 Q and Zgew = 325 Q
The ratio of RRRYV first pole to RRRV last pole is simply the ratio of the surge
impedances:

Ziest/ Ziase = 0.934

The "d" factor for the first and for the last pole to clear on a three-phase fault
(grounded or ungrounded) remote on the line are:

d; =226 and d;=1.27

The ratio of the TRV excursion on the line side for the first pole versus the last pole to
clearis: ds3/d;=1.78.

3.4 Peak values for three-phase and single-phase faults
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The effect of the somewhat lower RRRV and higher d-factor for the first pole to clear a three-
phase short line fault is shown in the figures 3.2 and 3.3, where the source side as well as the
line side parts of the transient recovery voltage are compared.

T Voltage ot each terminal of the
last clearing pole

Source side part of TRV

Eo
time
0 kV A —
\/ \/ \/ Line side part of TRV (Eline)
Ep

Eline = |EOH':p| = odx*Eo

Figure 3.2: Line and source side parts of TRV for I-phase SLF
(or last clearing pole for 3-phase SLF)

T Voltage at each terminal of the
first and last clearing pole

Source side part of TRV

Eo

time
0 kV /\ /\ —

\/ \/ \/ Line side part of TRV (Eline)

Ep last \

EpPeipst Eline = |EoHEp| = dxEo

Figure 3.3: Line and source side parts of TRV for the first and last clearing pole

In the above comparisons between single and three-phase faults, it is assumed that both fault
currents are equal and that the equivalent source impedances up to the circuit-breaker are
equal (Xp = Xj). As the positive and zero sequence impedances of the line are not equal, the
equivalent reactance per length is actually higher for the single-phase than for the three-phase
fault. This implies to a larger distance between circuit-breaker and fault location for the three-
phase fault and thus to a longer travelling time and longer time to the TRV-peak at the line
side (Fig. 3.3).

Within the framework of the Standards where the circuit-breaker performance is specified for
certain levels of short-circuit current, such an approach is understandable. However, from a
utility point of view it is more logical to compare the effects of faults at a certain location,
giving the same time to peak for single and three-phase faults, but a somewhat higher three-
phase current (at L90 about 3% higher, at L75 about 9% higher and at L60 about 15%
higher). It should be noted that the surge impedance for the first pole the clear compared to
the last are not all that much different (within 5 to 15%), giving, in the case of faults at the
same location, rather comparable RRRVs, and consequently comparable peak values of the
line-side TRV as shown in figure 3.4.
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T Voltage at each terminal of the

first and last clearing poles
for the fault at the same location
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Figure 3.4: Line and source side parts of the TRV for the first and last clearing poles with
the three-phase and single-phase fault at the same location

Moreover, in real networks, the X¢/Xj ratio at the source side of the circuit-breaker may vary
over a wide range and may even be below 1.0, such that the rating of the circuit-breaker has
to be based on the single-phase fault current rather than on the three-phase fault current. The
combination of all these parameters can be such that the outcome in terms of TRV peak
values is larger, equal or smaller for single-phase in comparison to three-phase faults.

Further, as will be discussed in the next chapter, the SLF surge impedance of 450 Q, as
specified in the Standards, covers these cases with margins. When bundle conductor clashing
is not a factor, the 450 Q is over-specified and previous editions of the Standards
incorporated surge impedances in the range of 325 to 360 Q, assuming no clashing. Also the
standard d- factor for SLF of 1.6 for single-phase faults covers distribution lines but it is an
over-specification for the bundled conductor transmission lines.

3.5 Effect of mutual inductance on the d-factor

In a simple linear RLC circuit and assuming an ideal switch, it can be mathematically
demonstrated that the overshoot factor, i.e. the d-factor, is always lower than 2. For three-
phase short-line faults (3¢ SLF), the d-factor of the line TRV is greater than 2 due to the
mutual inductances between phases. The mutual inductance between two phases i and j can
be evaluated by equation 3.15.

M, (in H/m) = = - (3.15)
2n

ij

where
[ = air permeability = 4t x 107 H/m
D;; = centre-to-centre spacing between conductors i and j, in metres

For example, for Dy = 10m, the mutual inductance between the two conductors would be
equal to 0.46 pH/m.

As an example we can use the circuit topology of figure 3.5 for which the source is isolated,
giving a first-pole-to-clear factor of 1.5 and analyse the case in which the first-pole-to-clear is
the central pole (B) of a 3¢ SLF. The analysis of the mutual inductance effect is simplified in
this circuit since there is no 60-Hz short-circuit current circulating in the ground path.
Therefore, only the mutual inductances between phases must be taken into account. During
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the three-phase fault, these mutual inductances provide a parallel path for the short-circuit
currents, thus increasing short-circuit current amplitudes. After current interruption by the
first pole and during line TRV build-up, an induced voltage (Ving, Eq. 3.16) would be
generated by the high short-circuit current still circulating through the two other phases. In
fact, this induced voltage will be superimposed on the line TRV of the interrupted pole.
dI, dI,

Vind _Mab dt +Mch dt
For the purposes of the example the source parameters are:
- Rated voltage: 315 kV
- Power frequency: 60 Hz
- Short-circuit current amplitude: 32 kA (80% of 40 kA)
- TRV slope: 2.6 kV/us
- TRV amplitude factor: 1.46

(3.16)

The line parameters are:

- Line length: 4.28 km

- Line model: frequency-dependent line model
- Distance between conductors: 10 m

- SLF test duty: In the vicinity of L60

pfin_ outh
TACS type-59
derivator

315monoteme.lin

LINE DATA

DIAD

DEV1

in__outp
TACS type-59 DICDT
derivator

f c2 DEV2

Figure 3.5: EMTP circuit for simulating the induced voltages generated by the high short-
circuit currents circulating through the last two poles

Figure 3.6a shows the interrupted current of the first pole (Ip= 25.3 kA rms) and the short-
circuit currents circulating through the last two poles (I, and I.). Figure 3.6b depicts the
corresponding current derivatives (dl,/dt and dI./dt). These derivative signals have been
filtered since it is well known that the derivative calculation introduces noise.

By applying equation 3.15, the value of the mutual inductances (Map = My = 1.97 mH (0.46
pH/m x 4280 m)) can be calculated. However, since the line model is a frequency-dependent
model, mutual inductances should be evaluated using the EMTP output file *.lig. In our case
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study, and considering that the frequency of the current slope (dI./dt and dI./dt) is in the
range of 1.3 kHz, the mutual inductance M, and My, is equal to 1.55 mH.

The induced voltage on the first interrupted pole can therefore be assessed. Figure 3.6¢
shows the actual line TRV (blue line) and the calculated induced voltage (red line). It can be
seen that the line TRV exhibits a low-frequency oscillation that closely matches the induced
voltage waveshape.

Finally, to retrieve the line TRV without the influence of the mutual inductances (Fig. 3.6d),
the induced voltage can be subtracted from the actual line TRV (blue curve of Fig. 3.6¢).
Figure 3.7 depicts expanded views of the line TRV. Note that the d factor is decreased from
2.37 to 1.81 by eliminating the influence of the mutual inductances.
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Figure 3.6: Graphs of the induced voltage generated by the high short-circuit currents
circulating into two other phases in the case of the first-pole-to-clear factor of
1.5
a) Short-circuit currents (1, Iy, I..)
b) Current derivatives (dldt, dl /dt)
¢) Induced voltage (red curve) and actual line TRV (blue curve)
d) Actual line TRV minus the induced voltage (green curve)
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Figure 3.7: Expanded views of the line TRV
a) Line TRV for a time span of 0.8 ms
b) Line TRV minus the induced voltage for a time span of 0.8 ms
¢) Superposition of curves a) and b) for a time span of 150 us

The simplified modal analysis shows the relationship between the d-factor, that may reach
values above 2.0, and the damping factor of travelling waves, that must be lower than 2.0. It
is the initial jump of the voltage induced by the second and third clearing phase that causes
the higher d-factor. The initial jump appears as the dI/dt of the second and third clearing
phases suddenly changes following interruption of the first phase current. The initial jump
generates a transient induced voltage where the system natural frequency is visible. Without
the induced voltage the line-side TRV with its travelling waves behaves as expected and
disappears. A similar voltage jump with transient phenomena is experienced in the two other
phases as they couple the system natural frequency into the first clearing phase.

As detailed in section 3.2, formula (3.11), and section 3.3, figure 3.1, ds/d; is proportional to
(2%X1+X0)/(3*X;) = (2*Ly+Lo)/(3*Ly).

With Lm = 5L - 4L (figure 3.1):
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E _ (1+ Ll'n)>< Zsirst
dl Ll Zlast

(3.17)

where Lm is typically represented in the part influenced by the other phase currents, as
shown in Figs 3.6 and 3.7.

For different circuit topologies, similar results could be obtained. For example, for a first-
pole-to-clear factor (K;,) of 1.0 (i.e. Xo/X;=1) and for different SLF test duties, Table 3.1
gives typical d factor values for the three poles as obtained by ATP simulations (Appendix A).
In this case, mutual inductances between phases and ground would have to be considered
since a significant power frequency current, as a result of the unbalanced three-phase circuit,
is circulating in the ground path following the interruption of the first pole. It should be
emphasized that the d-factor for the SLF TRV at the third-pole interruption is always lower
than 2 since any mutual effect between phases vanishes at the instant of the 2™ pole
interruption, thus leaving alone the 31 pole that will interrupt without any short-circuit
currents circulating in the two other phases.

Table 3.1- Typical d factor values as obtained by ATP simulations
Rated Isc= 63 kA, f,= 50 Hz, Source TRV parameters: RRRV= 2 kV/us, K,=1.40

U, K,p SLF test d factor
duty
(kV) 1% pole 2" pole 3" pole
420 1.0 L90 2.50 1.93 1.58
L75 2.47 2.02 1.54
L60 2.52 2.20 1.58
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4. Parameters affecting line fault TRV waveshapes

A number of parameters that have a major influence on the TRV waveshape are considered
below. Firstly, considering surge impedance, this is the proportionality factor representing the
ratio between the voltage related travelling wave and the current related travelling wave.
Based on the Maxwell equations, the theory of travelling waves leads to a linear relationship,
that is expressed in €, i.e. as an impedance. At the moment of interruption of the short-circuit
current due to a line fault, the voltage distribution between circuit-breaker terminal and fault
location is dissipated by travelling waves which give rise to a steep rising voltage at the open
terminal. The ramp function dU/dt can be seen as the line response to the discontinuity of
dI/dt or the superposition of an injected negative dI/dt. It can be deduced that the relationship
between dU/dt and dI/dt is the same impedance, Z.

4.1 Surge impedances

Previously several surge impedances (positive and zero sequence, equivalents for the first/last
clearing poles, self and mutual surge impedance) have been addressed. Here, in this section, a
number of aspects related to these surge impedances are dealt with.

4.1.1 Literature

The phenomena associated with the first and last clearing poles of a short-line fault have
already been described in the 1960’s and 1970’s. In 1963 the then Chairman of CIGRE SC 3
advised IEC regarding “Preliminary conclusions concerning short-line faults in three-phase
systems” [5] and a more detailed article was presented in Electra 17 entitled “Surge
impedance of overhead-lines with bundle conductors under short-line faults”. First and last
clearing pole phenomena have already been addressed at this time [8].

The comparison between first and last clearing pole equivalent surge impedance calculations
and CEGB field measurements in combination with some field tests has, for example, been
presented in the IEE Proceedings on Power, Volume 120 (1973): “Overhead-line parameters
for circuit-breaker application” by E. Bolton, e.a. [9]. In common with other publications, it
has been stated that the surge impedances, as “seen” by the circuit-breaker do not contain any
information about the type of fault (single, double or three-phase fault, grounded or
ungrounded) and that it is after the reflection of the travelling waves that such information is
of relevance. Of course the power frequency short-circuit currents per phase contain such
information, including information about the neutral treatment (Xo/X; ratio) of the source
side.

Another important statement in this respect is that the surge impedances as “seen” by the
circuit-breaker contain information about the status of the other circuit-breaker poles (open or
closed). In summary the equivalent surge impedance is not influenced by the type of fault
(single-phase or three-phase), but whether the other poles are still closed or already open or
both. In other words: the last clearing pole in case of a three-phase fault does not “see” the
same equivalent surge impedance as the pole that clears a single-phase fault, unless that pole
happens to be the last pole under a three-pole tripping condition. Modal analysis with its
more precise simulation of all involved conductors leads to a similar conclusion as described
in greater detail below.

Results from this IEE publication have been presented by M.B. Humphries at a symposium
on “Current interruption in HV networks” in Baden (1977) [10]. Parameters discussed in the
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publication as well as in the presentation are the effects of: earth wires, earth resistivity, the
presence of a second circuit, last versus the first clearing pole, high frequency caused by the
travelling waves versus the power frequency parameters, conductor clashing, tower height,
earth resistance of the substation and distance to the fault in relation to the Xo/X ratio in the
substation. These topics are addressed in the following sections.

4.1.2 The effect of the earth wires

The effect of earth wires, as of any conductor running in parallel and connected in some way
between source side and fault side, is to reduce the surge impedances. Depending on the
mutual coupling, a rather moderate reduction can be experienced when earth wires are
applied; for instance about 8%.

4.1.3 The effect of the earth resistivity
For a single conductor the surge impedance is given by the simple formula:

7= 60\/@ 4.1)
r

with h as the equivalent height (depending on the earth resistance) and r the equivalent
radius.

For high frequencies, occurring with faults at a short distance, the earth resistivity is of less
importance but for lower frequencies and power frequencies the impact of a high earth
resistivity cannot be neglected. An increase of the resistivity from 10 Qm to 300 Qm, leads to
a few percent increase in the surge impedances, but to an approximately 8% increase in
power frequency inductances. In combination with the frequency an increase of p/® from 100
to 10,000 gives, for instance, an increase of 3% in the surge impedance for the last pole to
clear [9] (See also Appendix C).

4.1.4 The effect of the neutral

So far not much attention has been paid to whether the three-phase fault is grounded or not.
The reason for neglecting this difference is that it is unimportant for the surge impedances,
i.e. for the ratio between the travelling voltage waves and the travelling current waves. The
same applies for the neutral treatment of the system: it does not influence the surge
impedances. Of course the neutral treatment and whether the fault is grounded or not has an
influence on the power frequency currents, and therefore on the amplitudes of the travelling
waves, but not on the ratio.

There is another aspect that has to be mentioned, as this aspect may give the impression that
the neutral treatment of the system and the connection of the fault to earth have an influence
on the surge impedance. This has to do with the measuring method of the surge impedances
during field tests as well as from simulation results. Especially for TRV calculations and
verifications, the equivalent surge impedance is measured from the voltage response to an
injected current, based on the relationship dU/dt = Zxdl/dt. Knowing dlI/dt, dU/dt is
measured from the voltage plot by drawing a straight line between the points where the
voltage response is 10% and 90% of the peak value, coming from the travelling wave. In
reality damping, distortion and minor reflections give a voltage response that is not exactly
linear and create small deviations from the ideal surge impedance. Due to this effect for the
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simulation of different cases, small differences between surge impedances, that in fact are
identical, may also appear in Appendices A and B of this Technical Brochure.

4.1.5 The effect of a second circuit

Like the earth wires, the phase conductors of another circuit on the same towers will lead to a
reduction of the surge impedances. The reduction depends on whether the conductors are
connected to the busbar, disconnected or even earthed. As an indication, without a second
circuit or with the second circuit disconnected, the surge impedances will be roughly 10%
higher in comparison with a second circuit normally connected to the busbar.

4.1.6 The effect of the last versus the first clearing pole

As explained in the former Chapter, based on symmetrical components the equivalent surge
impedance as experienced by the first clearing pole is different from that of the last clearing
pole:

Zfirst = 3 Zo*Z]/(Z] + 2Z0) and Zlast = 2/3Z1 + 1/3Z0

The symmetrical components in fact give average values based on the different self and
mutual surge impedances as can be calculated (and measured) for each individual phase
conductor. But within a certain accuracy these average values are acceptable. Further, the
difference between the equivalent surge impedances is moderate in comparison to the
differences in equivalent power frequency reactances. As an indication, the surge impedance
of the last clearing pole is about 10% larger than that of the first clearing pole.

From modal analysis it is clear that the surge impedances “seen” by the circuit-breaker are
not influenced by the situation at the location of the fault, but they are influenced by the
situation of the involved conductors in the vicinity of the circuit-breaker. The mutual effects
are depending on whether the other (phase) conductors are connected or not (can conduct or
not), as the surge impedances (self, mutual, positive sequence, zero sequence, earth wire, etc.)
are only determined by their relative positions and spacings, and not by the short-circuit
currents flowing. To determine the surge impedances, it is not relevant whether the fault is a
single-phase, double phase, three-phase, grounded or ungrounded fault. In that sense, a single
pole operation to clear a single-phase fault (for instance by SPAR: single pole auto-reclosing)
gives the same equivalent surge impedance as the first pole clearing a three-phase fault
current.

4.1.7 The effect of the high frequency

The higher the frequency of the travelling wave oscillation, the more efficient is the earth as a
return conductor. The frequency mainly has an impact on the zero sequence inductances and
far less on the positive sequence inductances. As the frequency is depending on the distance
to the fault, the zero sequence surge impedance will vary with the distance. However, for the
equivalent surge impedances the effect of the frequency is modest: from power frequency up
to very high frequencies the equivalent surge impedance will roughly decrease by 5%.

Another effect of the frequency is that, at high frequencies, the rounding of the triangular
waveshape due to capacitance close to the circuit-breaker may prevent the TRV from forming
a straight section that is proportional to the surge impedance and dI/dt (See also subsections
4.1.4 and section 4.4).
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4.1.8 The effect of conductor clashing

One of the phenomena that has a major impact on the value of the equivalent surge
impedance is the contraction of bundle conductors, as may happen due to large short-circuit
currents. Important questions as whether the bundle will contract and how fast, have already
been investigated some decades ago. Figure 4.1, taken from an Electra publication in 1971,
gives the twin bundle time-to-clash in seconds as a function of the short-circuit current value.
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Figure 4.1: Twin bundle time-to-clash [8]

If the short-circuit current is large enough the sub-conductors of a bundle will attract and
possibly clash. Due to the smaller radius of a contracted bundle, the surge impedance will
increase, leading to an equivalent surge impedance that is about 30% higher than that of a
bundle in its normal state.

In [8], it is reported that twin conductors show a complete attraction within 100 ms at short-
circuit currents between 15 and 20 kA and within 40 ms for currents between 35 and 50 kA
(Fig. 4.1). Bundles with 4 sub-conductors are reported to clash between 120 and 450 ms at a
short-circuit current of 20 kA and between 60 and 160 ms at 40 kA. In an appendix of [8],
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test results from short-circuit tests at KEMA are given for twin conductors: complete
attraction after 78, 62 and 31 ms at currents of 18, 26 and 40 kA respectively are reported.

A lot of detailed studies have also been performed theoretically and experimentally by C.
Manuzio [11] and others [12][13][14][15], and the clashing condition is now understood
quite clearly. Examples of experimental studies using the model line shown in figure 4.2 [15]
are given. The clashing time from short-circuit current initiation to sub-conductor impact is
summarized in the figures 4.3 to 4.6 for the cases of 2, 4 and 6-bundle conductors of the type
TACSR at a power frequency of 50 Hz.

Tension adjuster

r N A ~~
— @x '
\ J
\ Buried return cable
L 180 m I .
| z
g
m‘\
w
e — =
Coaxial feeder/ Buried return cable Grounding wire

Figure 4.2: Model line for sub-conductor clashing in short-circuit condition

Twin bundle
As clashing of sub-conductors was observed 10 @Symmetrical current

around 2.5 to 3.0 cycles after short circuit QAsymmetrical current
current initiation, circuit-breakers would
normally clear the faults after sub-conductor
clashing. Though a surge impedance at clashed
condition is calculated as around 390 to 410
ohms, the surge impedance of 450 ohms
specified in IEC is adequate as non-bundled
conductor may also be applied for some ratings.
The 10% difference of surge impedance will
not give significant impact considering the time L1 ! !

delay of line side. 30 4 50 kA

oo

Time to impact (cycles)

Figure 4.3: Time to impact for twin
bundle (Tension :35 kN)
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uad bundle
In this case, conductor clashing was observed 5 L\
to 10 cycles after short circuit current initiation ’g 10 o
because of higher tension of conductor than the ) .
case of a twin bundle. Recent high-speed é‘
protection relays and 2-cycle circuit-breakers 5 cg\ m
will offer fault clearing before conductors 8 -
clashing. The surge impedance at single-phase £ 5 @
ground fault of a quad bundle without clashing e
is calculated as: "é
= 0
Z=(Zo+27Z;)/3=2333 ohms = ' ; '

"30 40 50 60 KA

where, Z; = 250 ohms and Z, = 500 ohms Figure 4.4: Time to impact for a quad
bundle (Tension :50 kN)

6-conductor bundle

Slightly shorter clashing times were observed in the case of 6-conductor bundle because of lower
tension, but they were still 4 cycles and longer. No clear difference was observed between hexagonal
and rectangular arrangement of conductor.

eSymmetrical current @Symmetrical current
QAsymmetrical current QAsymmetrical current
7 10 -\ 7z 10 |
) o ) \
G AN 5 .
g ;\ g O\o
E st o~ E St 0 e
e 8 =
: £
= =
0 Lyt I I 0 Ly I I I
30 40 50 60 30 40 50 60
Short circuit current (kA) Short circuit current (kA)

Figure 4.5: Time to impact for 6-conductor Figure 4.6: Time to impact for 6-conductor
bundle (hexagonal), tension 35 kN bundle (rectangular), tension 35 kN

The theoretical and experimental studies show that it is necessary to consider conductor
clashing in the analysis of line side TRV in the case of a twin bundle, but that no conductor
clashing was observed for within 4 cycles for 4- and 6-conductor bundles. This means that
450 ohms of line surge impedance is adequate for 275 kV and lower voltage system, where
single or twin-bundle conductors are typically applied, but that lower surge impedance could
be applied for the higher voltage system by consideration of conductor arrangement, tension,
short-circuit current rating and so on.

Of course, the power frequency inductances and stray capacitances will also change due to
the bundle contraction. The positive sequence components will change to a higher degree
than the zero sequence components. The effect on the short-circuit current will be limited, as
for the higher values of the short-circuit current, the line impedance is a small part of the
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overall impedance. For instance, at a distance corresponding to L90, a 25% increase of the
line impedance will lead to an overall increase of the impedance of only 3%.

4.1.9 The effect of high towers

Towers with higher than normal geometry will give higher surge impedances, as well as
higher power frequency inductances. An increase in height of about 10m has an effect of only
a few percent, but very high towers, as used for river crossings, may experience an increase
in surge impedances of 10 to 20%. At the same time the top phase conductors, that normally
show the highest surge impedance of the three phases, will give the lowest surge impedance
because of the stronger coupling with the earth wires.

4.1.10 The effect of the earthing resistance in the substation

As the earth return mode of the travelling waves has to pass the earthing resistance of the
substation where the circuit-breaker is located, this resistance has an influence on the
equivalent surge impedance as well. For substations with a normal earth resistance of only a
few ohms the impact will be negligible, but resistances up to 100 Q may cause increases in
equivalent surge impedances of 10 to 20%.

4.1.11 Summary of parameters influencing the surge impedance

The largest impact on the value of the surge impedances is from bundle conductor
contraction; this will give a surge impedance for the last clearing pole of up to 450 Q. Single
conductors will also show also a surge impedance close to 450 Q but a value around 330 Q is
more realistic for a bundled conductor system.

The first clearing pole will face an equivalent surge impedance that is about 10% less and the
presence of another circuit on the same towers gives a further 10% reduction of surge
impedance. Conversely, lower frequencies due to substantially longer distances to the fault
will lead to an increase of several percent, as will a higher earth resistivity. The lack of earth
wires lead to a higher equivalent surge impedance (for instance +8%) as does the use of extra
high towers such as those used for river crossings (about +15%).

The equivalent surge impedance of the last clearing pole clearing a three phase fault is not the
same as that of the pole clearing (as with SPAR) since the other poles that are still conducting
have an impact on the equivalent surge impedance. Single pole operation in case of a single-
phase to earth fault (or the first pole clearing a single-phase fault) gives an equivalent surge
impedance equal to the equivalent surge impedance of the first pole to clear a three-phase
fault.

4.2 The effect of the distance to the fault at SLF

The distance to the fault has an influence on the travelling time of the travelling waves and
thus on the frequency of the line side TRV, as discussed above. The distance to the fault also
has an impact on the amplitude of the short-circuit current, as the line impedance up to the
fault will lead to a reduction of the short-circuit current, taking a busbar fault as the reference
for the short-circuit current.

The ratio between a single-phase short-circuit current and a three-phase short-circuit current
depends on the X(/X; ratio at the busbar and the X/X ratio of the involved line. The ratio for
a line does not vary much and a factor of three is normally used but the X¢/X; ratio at a
substation can vary substantially. The lines that supply a part of the short-circuit current will
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show the ratio of about three while local sources fed through transformers may show a ratio
less than one. A substation with 70% local contribution to the short-circuit current and 30%
through overhead lines will, based on the factors 3 and 0.8, give an overall Xy/X; ratio close
to 0.9. In such a case the single-phase short-circuit current at the busbar is higher than the
three-phase short-circuit current. Many utilities experience in their substations single-phase
short-circuit currents larger than the three-phase short-circuit currents.

Since, for an overhead line, X is larger than X, at a certain distance to the fault the single-
phase fault current and the three-phase short-circuit current become equal and beyond that
distance the three-phase short-circuit current will always be larger than the single-phase
current. As an exercise to estimate where this break-even point may be located, it is assumed
that at the busbar the single-phase short-circuit current is 5% larger than the three-phase
short-circuit current, corresponding to the Xo/X ratio 0.88, given above. The equilibrium can
be found at a distance that corresponds to a reduction of the three-phase short-circuit current
of 6%. For single-phase short-circuit currents at the busbar as large as 125% of the three-
phase short-circuit current, the equilibrium is found at a distance corresponding to a 12%
reduction of the three-phase short-circuit current. In both cases this location is close to that of
L90.

It is noteworthy that for SF¢ gas technologies, L90 is widely recognized as the (single phase)
SLF test duty at the most critical current/distance with criticality being judged in the sense of
RRRV =450 Q * dI/dt. With this in mind, three-phase SLF conditions may be compared with
single phase SLF, under the assumption of an equal RRRV, an equal distance to the busbar or
an equal dI/dt. With the 100% short-circuit power at the busbar and a X¢/X; ratio of 1.0 at the
busbar, the three cases lead to locations of the three-phase fault in comparison to single phase
L90, that correspond to:

1. Equal RRRV: L99 (three-phase)
2. Equal distance: L93 (three-phase)
3. Equal dl/dt: L90 (three-phase).

4.3 The excursion factor

The excursion factor or d-factor (called peak factor k to IEC) has been discussed in a former
Chapter, but some particularities are further illustrated here, starting with the case of the last
clearing pole. The d-factor has been defined as the ratio of the first peak of the TRV at the
line side (due to the travelling waves) to the initial voltage at the circuit-breaker terminals.
The initial voltage is given by Lp(f)xdl/dt with Lp(if) being the inductance of the line
between circuit-breaker and fault location, determined at power frequency (low frequency: If).

The first peak of the TRV at the line-side is given by Zeqxdl/dtx2 Iy/c with I, being the line
length between circuit-breaker and fault. As Zeq = V(L'/C’) and ¢ = 1/\(L'C’), with L' the
equivalent inductance per metre and C’ the equivalent capacitance per metre then Zeq/c = L'
and 2 IpxL’ = 2 Li(hf), i.e. the inductance of the Overhead line determined at the high
frequency of the oscillating travelling waves. The ratio of first peak of the TRV and the initial
voltage is thus:

d = 2 Ly (hf)/L.(1f) (4.2)
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For faults at a further distance, the high frequency inductance will increase and approach the
power frequency inductance, while for shorter distances the difference is substantial. The
positive sequence inductance is decreasing only a few percent, but the zero sequence
inductance will decrease by several tens of percent, giving a decrease of the equivalent
inductance of about 20% for faults at a distance of a few km. In such a case, the excursion
factor becomes less than 1.6.

In this analysis the damping of the travelling waves has not been taken into account. A
damping effect may also result from the difference in propagation speed between the zero
sequence waves and the positive sequence waves, although for higher frequencies both
velocities approach the speed of light c.

In the IEEE Application Guide C37.011 (2005) [16], it is stated that a conservative estimation
of the d-factor is by the formula (A29):

d=04 2+ Zy/Zy) (4.3)
Equation 4.2 can be rewritten in sequential components:

oy 2L11(hf) + LLo(hf)
2L01(1f) + Lro(If)

(4.4)

As the positive components are hardly influenced by the frequency, the formula becomes:

5, Lio(n)

" Lo1(if)
5, Luo(in)
Lo1(if)

(4.5)

And, with Ly0(If) being about 3 times Ly 1(If):

d=04x (2 + LLO(hf)j (4.6)
L1(1f)

Knowing that the wave propagation is approximately ¢, the speed of light, and that ¢ is
therefore equal to 1/N(Lp0(hf)xC0) as well as to 1/N(Lp1(f)xC1), the ratio Zo/Z; can be
transformed into (Zy/c)/(Zs1/c) = Lypo(hf)/Ly1(1f), thus making both formula 4.3 and 4.6
approximately equal to each other.

For the first clearing pole, essentially the same formula for the excursion factor is applicable,
d; = 2xLy(hf)/Ly(If), but Ly (hf) and Ly (If) are made up of other sequential components such
that:

Lyi(hf) = 3 {Ly0(hf)}/{1 + 2Ly 0(hf)/Ly.1(hf)} (4.7)
L1(f) = L1(1f) = Ly 1(hf) (4.8)
d; = 6 {k/(1 +2K)} (4.9)
with k = Ly0(hf)/Ly 1(hf) (4.10)
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A ratio of k = 2, gives d3 = 2.4. An excursion factor that is about 50% higher for the first
clearing pole than for the last clearing pole is also found with the calculations and simulations
discussed in a later chapter. Further, d;z = 2.4 is exactly 50% higher than the value d = 1.6, as
specified in the Standards. Note that where Ly 0(If) is about 3xXLy1(If), for high frequency
yields: Ly,0(hf) is about 2xLy 1(hf).

4.4 The time delay

The distributed capacitances and inductances of the overhead line lead to the well-known
travelling waves and their relationships expressed by surge impedances. Lumped
capacitances, as may appear at the line entrance, interfere with the linear triangular patterns
of the travelling waves in the sense that they are delaying the initial parts of each reflection.
The time delay CxZ leads to some rounding of the triangular waveshape, as shown in figure
4.7, that has been taken from Fig. 9 of CIGRE Technical Brochure 305 [17].

60

[kv]

i /X
17V NN X
IV (

Y/ A

0
0 4 8 12 16 [us] 20
(file trv2.pl4; x- var t) viPOO  viP1  vP4 vP10

PN

Figure 4.7: Effects of Capacitor Size on the Short-line Fault Component of Recovery Voltage
for a fault 915 m from circuit-breaker. Parallel capacitance C = 0, 1.11, 4.44, and
11.1nF

As explained in subsection 4.1.4, the value of the equivalent surge impedance can be
determined by measuring dU/dt. The procedure described in the Standards prescribes to use
the 10% and 90% values of the recovery voltage to determine the equivalent surge impedance.
By following this procedure to determine the equivalent surge impedance, the effect of an
additional capacitance is that the surge impedance may appear to become smaller. The higher
the frequency of the triangular waveshape, the more dominant this effect will be.

In some designs of high-voltage circuit-breakers, additional capacitors are applied to the
circuit-breaker in order to improve their SLF performance. Such capacitors are installed
either across the arcing chamber(s) or between one terminal and earth. Between these two
possible applications there is a difference in the impact on the initial part of the TRV
waveshape, as explained in section 5.4.2.4 of [17]. Neither application will show a difference
between the single-phase SLF performance and three-phase SLF performance of the circuit-
breaker. This is obvious for application across the arcing chambers, but applies also for
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additional capacitors to earth. This is due to the fact that for the very initial part of the TRV,
only the capacitances of dedicated apparatus have to be taken into account (CVTs, bushings,
additional capacitance), all of which show only a capacitance to earth. Thus, in all cases, the
positive sequence capacitance C; is equal to the zero sequence capacitance Cy, and
consequently no difference is experienced by the first clearing pole in comparison to the last
clearing pole.

4.5 The effect of distance to the fault at LLF

While SLF tests were originally introduced to verify the interrupting capability in the thermal
region of the extinction process, long-line fault phenomena typically address the dielectric
recovery of the contact gap of a circuit-breaker. Long-line faults (LLF) are faults far away
from the circuit-breaker that, nevertheless, give a triangular waveshape of the line-side TRV.
For LLF the short-circuit current is relative low, for instance 10% to 30%, meaning that the
RRRYV is much lower than that for SLF. On the other hand, the long distance to the fault
implies that the travelling time forwards and backwards gives a slow but steady increasing
TRV value that can reach values beyond the peak value of T30, T10 or even OP.

As shown in section 4.3, the peak value or excursion factor, d, can be expressed as twice the
ratio between the high frequency and power frequency inductance of the line. In case of LLF,
the frequency is rather low and the ratio will be close to 1.0. Therefore the line-side peak can
approach: 2 Xy XIpr. As ILgr = E/(Xs + X)), the line-side peak value depends on the ratio
between the equivalent line reactance up to the fault and the source reactance up to the
busbar:

2X.
Xs + XL

Eline = E x

(4.11)

Examples in the next Chapter will show that the resulting peak may reach values higher than
TRV peak values corresponding to type test with similar short-circuit currents. In Part III,
Chapter 12, the implications of this will be discussed and the potential influence of travelling
waves at the source side will be addressed as these may lead to an additional TRV stress.

4.6 The arcing window

Although not directly of influence to the TRV waveshape, attention has to be paid to the
arcing window, as the required arcing window may be different for clearing single-phase
faults and for clearing three-phase faults. For single-phase faults the arcing window that has
to be covered corresponds to almost 180° (180° -18° = 162° according to IEC).

For three-phase faults the arcing window for the first clearing pole has to be almost 60°, as
afterwards another pole will act as the first clearing pole. But, in order to cover also the last
clearing pole, single-phase test conditions for three-phase fault simulation require a
maximum arcing time of 60° plus a further 90° or 120° for systems with non-effectively and
effectively earthed neutral, respectively. So, depending on the neutral treatment of the system,
three-phase SLF requires an arcing window of almost 150° (150°- 18°= 132°) instead of 180°,
as required for single-phase SLF (See Table 4.2).

Table 4.2: Required minimum interrupting window for each pole to clear in the case of
a three-pole circuit-breaker during SLF interruption

Type of fault and | First clearing |Second clearing| Third clearing Interrupting
system pole pole pole window
° (el. degree) ° (el. degree) ° (el. degree)
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° (el. degree)

Three-phase fault
in systems with
non-effectively
earthed neutral

0-42

90 - 132

90 - 132

132

Three-phase fault
in systems with
effectively-
earthed neutral*

77 -119

120 — 162

162

Single-phase
fault in systems
with solidly
earthed neutral

0-162

NA

NA

162

* : in addition, the neutral must be solidly earthed to have the required SLF conditions.
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5. Simulations and calculations of line fault TRVs

Within WG A3.19 line fault TRVs were assessed with ATP and EMTP simulation software.
Several tower geometries of overhead lines from Germany and Canada with different rated
voltages were simulated and both 100% and 80% of the rated source short-circuit power were
taken into account. Simulation results are presented in Appendices A and B. Besides the
calculation of actual equivalent surge impedances for all clearing poles of a three-phase fault,
some parameters have been varied in order to get an understanding of their impact on the
TRV waveshape. TRV parameters have been evaluated for short-line fault (SLF) and long-
line fault (LLF).

5.1 EMTP simulation model

Figure 5.1 shows a typical circuit diagram that was used for the EMTP simulations: single
circuit line for U= 230 kV, ky,= 1.5 (Fig. 5.1a) and double-circuit line for U= 230 kV, kp,=
1.5 (Fig. 5.1b).

For 100% of the rated short-circuit current, the source parameters are:
- First-pole-to-clear factor, ky,= 1.5 or 1.3 by changing the source neutral impedance:
infinite value for ky,= 1.5, Xn= 0.75 X for ky,= 1.3.

- TRV parameters: RRRV= 2.0 kV/us, k.= 1.4 with the appropriate RC branch for
adjusting the TRV parameters

For 80% of the rated short-circuit current, the source parameters are:
- First-pole-to-clear factor k,,= 1.5 or 1.3

- TRV parameters: RRRV= 2.5 kV/us, ka= 1.4 with the appropriate RC branch for
adjusting the TRV parameters

A local capacitance Cy is added in order to represent some measuring equipment at the line

terminal. The line model is built by providing the following information:

- acomplete geometry of the conductor wires (single or bundled conductor, phase
numbering, wire diameter, horizontal distance between phase conductors, vertical height
of each phase conductor, etc.

- line length to be adjusted according to the amplitude of the required short-circuit current;
- DC resistance of the conductor wires (2/km);
- a skin effect correction factor of 0.36;

- selection of a frequency dependent (FD) line model, thus simulating the true nature of a
transmission line by modelling the line parameters as distributed and frequency dependent;

- selection of the "Real T;" matrix option, thus allowing EMTP to automatically calculate
the optimum frequency (Model frequency) at which to evaluate this real constant
transformation matrix;

- ground return resistivity of 100 ohm.m;

- for the double line circuit, the three-phase line fault was applied on one circuit line while
the other circuit line is carrying a typical load current;

- power frequency = 60 Hz;
- non-transposed line;
- the three-phase fault was regarded as having no arc resistance and no resistance to earth.
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5.2 ATP simulation model

Figure 5.2 shows typical circuit diagram that was used for the ATP simulations: double
circuit line for U= 145 kV, k= 1.5 (Fig. 5.2a) and double-circuit line for U= 420 kV, K,,,=
1.0 (Fig. 5.2b).

The same simulation parameters as described in section 5.1 for EMTP software were used,
except the following ones:
First-pole-to-clear factor (k,p=1.5, 1.3 and 1.0)

power frequency= 50 Hz

JMarti model based on infinite long lines which is also a frequency dependent model,;

transposed line.

5.3 Calculated values

In the tables of Appendices A et B, the following parameters are given:
- rated voltage (U,);

- short-circuit current amplitude (Isc) and the corresponding SLF test duty (L60, L75, L90)
or LLF fault current percentage (L10, L30);

- for Canadian overhead lines, line TRV parameters are also given for a SLF fault current
percentage of 95% (L95);

- line length adjusted for the required short-circuit current amplitude;

- line TRV parameters for the three poles (Appendix A) and for the first-pole-to-clear
(Appendix B) comprising: line residual voltage (up), line TRV peak (Uy), line TRV time-
to-peak (t.), d factor and line TRV slope (Sy);

- TRV parameters across breaker terminals (line + source) of the first peak of the first-pole-
to-clear including: TRV peak (u,), TRV time-to-peak (t.s) and TRV slope (Sis);

- current slope (di/dt);

- line surge impedance (Zr) as seen by the first-pole-to-clear (Appendix B) and calculated
by dividing the line TRV slope (Sy) over the current slope (di/dt).

The TRV slopes were calculated by taking the best straight line (10%-90% method) that can
be traced on the simulated TRV waveforms. This evaluation method causes some scattering
in the surge impedance value, as can be observed in the calculated Z; (last column,
Appendices A and B).

3.4 Simulation result analysis

In section 6 below, simulated TRVs for which parameters are given in Appendices A and B
are compared with Standardised values. It is relevant here to focus on two key line TRV
parameters: the d factor or excursion factor and the line surge impedance. For the d factor or
excursion factor, the following conclusions can be drawn from the simulation results in
Appendices A and B:

- for the first-pole to clear, the excursion factor varies from 2.2 to 2.5, being roughly 1.4 to
1.5 times the excursion factor for the last clearing pole;
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the excursion factor is higher on the first-pole-to-clear than on the second-pole-to-clear
since the induced voltage contribution is reduced on the second pole while a short-circuit
current only remains in the third pole when the second pole interrupts;

the excursion factor on the third pole corresponds to the Standard value, i.e. as in the case
of the short-circuit current interruption of a single-phase short-line fault;

the first-pole-to-clear factor (kp,= 1.5, 1.3 or 1.0) does not have any influence on the
excursion factor since the latter is dictated by the induced voltages generated by the
mutual inductances between phases and short-circuit amplitudes;

the distance to the fault (L90, L75, L60, L30, L10) does not have a significant influence
on the excursion factor;

as in the simulations the fault location is kept the same for the first, second and last
clearing pole, the short-circuit current per interrupting pole is slightly different, as can be
seen in Appendix A. The time to the line-side peak value of the TRV has therefore to be
identical for all three poles. Thus, the total voltage jump (ue+Uy) is almost identical for the
three phases but, for the same three poles, the initial voltage (uo) is different, due to the
mutual effect, and therefore d = (u0+fJL)/u0 is differing.

For the line surge impedance which is directly linked to the line TRV slope, the simulation
results reveal that:

- the calculated line surge impedance is generally lower than the Standard value of 450 QQ

with a lower limit of roughly 300 Q2 and an upper limit approaching 430 Q. However
bundle contraction has not be taken into account. The values close to the upper limit
appear only for lines with a single conductor per phase.
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Typical EMTP circuit diagram used for calculating the line fault TRVs
a) Single circuit line, U,= 230 kV, f,- 60 Hz, , source Is.= 40 kA k,,= 1.5
b) Double circuit line, U,= 230 kV, f,= 60 Hz, source Is.= 40 kA, k,,= 1.3
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Figure 5.2: Typical ATP circuit diagram used for calculating the line fault TRVs
a) Double circuit line, U,= 145 kV, f,.= 50 Hz, source Isc= 40 k4, k,,= 1.5
b) Double circuit line, U,= 420 kV, f,= 50 Hz, source Isc= 63 kA, k,,= 1.0
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6. Comparison with the Standard TRYV values

In the following diagrams, three typical cases are considered and the calculated TRV values
are compared with the IEC standard values:

e 420kV, 63KA, 50Hz, kyp = 1.3
e 245kV, 50kA, 60Hz, kyp = 1.3
e 145KV, 40kA, 50Hz, kyp = 1.5

The comparison has been divided in two groups of line faults:
e 3-phase SLF

0 the IEC TRVs for short-line fault (L90, L75 and L60) have been considered as
reference.

0 additionally the T100 and T60 TRV profiles are shown.

0 from the calculation, only the 1* voltage peak has been considered at clearing
90%, 75% and 60% of the rated short-circuit current.

0 the comparison is done for 100% and 80% of the source short-circuit power

0 the IEC reference values are the TRVs for T30, T10 and OP.

0 from the calculated cases, 1¥ TRV peak and maximum peak (when higher than
the 1 peak) are shown together and connected by a (dashed) line.

O the comparison is done for 100% and 80% of the source short circuit power (in
Chapter 9 attention will be given to a lower short-circuit power at the busbar).

o for every fault case, the values of the 1% and the 3™ pole-to-clear are
considered.

Note that the compared TRV values are those across the breaker terminals, i.e. source-side
TRV minus the line-side TRV. The reference values are taken from:
e TRV Calculation for Short Line Fault according to ANNEX A (IEC62271-100 Ed.1.2,
2006-07)
e TRV Specification according to IEC 62271-100 Ed. 2.1, for the revised edition [3].

TRV calculations also show in all cases that when clearing three-phase short-line faults, the
TRV waveshapes give higher peak values at the line-side than specified in the Standards for
single phase faults. For one case (420 kV, 63 kA, 50 Hz, L30), the peak value for a long line
fault is a little beyond the TRV envelope as specified in the Standards for the terminal fault
test duties T30 and T10, and for the out-of-phase test duty OP, but may be regarded as
covered by the combination of T30 and OP.

So far, from many cases calculated, the results confirm the trends observed in the early days

as well as observed by Anders Johnson in his Master Thesis [4], and published in Report 13-
103 at the CIGRE SC 13 Session 2002 [1].
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TRV comparison for 3 phase SLF and IEC values:
Calculations WG 3.19 with 100% and 80% source power
IEC values for L90, L75, L60 (T100, T60)
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Figure 6.1: 3 ph SLF, 420kV, 63kA, 50Hz, 100% and 80% of the source short circuit power
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TRV comparison for Long Line fault and IEC terminal fault and out of phase:
Calculations WG 3.19 with 100% of source short circuit power
IEC values for T30, T10, OP
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TRV comparison for Long Line fault and IEC terminal fault and out of phase:
Calculations WG 3.19 with 80% of source short circuit power
IEC values for T30, T10, OP
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Fig. 6.2: Long line fault 420kV, 63kA, 50Hz, 100% and 80% of the source short circuit power
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TRV comparison for 3 phase SLF and IEC values:
Calculations WG 3.19 with 100% and 80% source power
IEC values for L90, L75, L60 (T100, T60)
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Figure 6.3: 3 ph SLF, 245kV, 50kA4, 60Hz, 100% and 80% of the source short circuit power
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TRV comparison for Long Line fault and IEC terminal fault and out of phase:
Calculations WG 3.19 with 100% of source short circuit power
IEC values for T30, T10, OP
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TRV comparison for Long Line fault and IEC terminal fault and out of phase:
Calculations WG 3.19 with 80% of source short circuit power
IEC values for T30, T10, OP
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Fig. 6.4: Long line fault 245kV, 50kA, 60Hz, 100% and 80% of the source short circuit power
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TRV comparison for 3 phase SLF and IEC values:
Calculations WG 3.19 with 100% and 80% source power
IEC values for L90, L75, L60 (T100, T60)
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Figure 6.5: 3 ph SLF, 145kV, 40kA, 50Hz, 100% and 80% of the source short circuit power
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TRV comparison for Long Line fault and IEC terminal fault and out of phase:
Calculations WG 3.19 with 100% of source short circuit power
IEC values for T30, T10, OP
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TRV comparison for Long Line fault and IEC terminal fault and out of phase:
Calculations WG 3.19 with 80% of source short circuit power
IEC values for T30, T10, OP
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Fig. 6.6: Long line fault 145kV, 40kA, 50Hz, 100% and 80% of the source short circuit power







7. Standardisation of line fault interruption

Circuit-breakers are called upon to perform a wide variety of functions and are subject to a
range of type tests to provide confidence in their abilities to carry out these functions safely.
Considering the case of fault interruption, International Standards require circuit-breakers to
be able to make and break all values of short-circuit current (including line fault current), up
to and including the rated value of the circuit-breaker. Clearly it is not practical to test
explicitly every condition that may occur in service and hence a representative set of test
conditions are specified in the standards. For circuit-breakers, the interrupting performance
for all conditions is presently considered to be covered by the combination of terminal fault
breaking tests (10%, 30%, 60%, 100% of the rated Isc), SLF breaking tests (L90, L75 and
L60 in certain circumstances), out-of-phase switching, capacitive switching, etc. This
extrapolation/interpolation of test information to cover untested cases relies heavily upon the
definition of the “standard” system on which the test requirements are based and also upon an
understanding of the circuit-breaker technologies in use or likely to be in use in the
foreseeable future. Standards should be applicable independent of technology, however it is
quite conceivable that presently un-foreseen interruption technologies may exhibit very
different sensitivities to those presently in use and on which current standards are based.
Today, the philosophy applied in the Standards is considered to be independent from the
circuit-breaker technology and applies to puffer type, self-blast, other arc/current assisted and
even vacuum technologies. Many of these have very complex relationships between contact
parting time, current phase at contact part time, pressure build up from current/ablation
effects, and the resulting gas mass flow and nozzle arc zone flushing and rinsing. However,
the standards have been developed by making certain, experience based, assumptions and
generalizations about critical performance factors.

Another critical assumption is that circuit-breakers are able to withstand lesser stresses than
those applied during the testing. The intention is to create a situation where testing in
accordance with the standard alleviates the user from the need to be concerned about design
aspects such as critical currents, gaps in the arcing window, arc phenomena and the behaviour
of the circuit-breaker under various interrupting and drive conditions. One could imagine, for
instance, that for certain designs there may exist critical currents for the combination of a
SLF with a limited short-circuit power at the busbar. Such a design specific criticality cannot
easily be catered for within a standardisation framework and is effectively ignored on the
basis of its low probability.

Account must also be taken of the environment in which standards are produced where
decisions need to be taken, and requirements defined, on the basis of the best information
available even if all technical aspects are not totally proven to the satisfaction of all technical
experts. In this environment, very low probability events may be disregarded as being of
insufficient relevance to be standardised.

It is also important to remember that standards are developed taking into account the vast
majority, but not 100%, of system applications meaning that a small minority of system
applications are expected to result in potential conditions which fall outside the coverage of
the standards.

Considering aspects which are of particular relevance to demonstration of line switching
capability, the following can be highlighted:

59



e Clause 8.103.2 of IEC 62271-100 (Selection of TRV-values) requires that the actual TRV
in service will not cross the 2-parameter or 4-parameter envelope as specified for type
testing. For SLF conditions in service it is required that the equivalent surge impedance
and the peak factor at the line side are smaller than the values specified in the Standard
(i.e. 450 Q and 1.6 respectively) and the time delay larger. However, even if these
specific conditions are not met, the actual calculated line-side TRV waveshape in service
may fall within the specified test values and be regarded as covered.

e Multi-part testing is allowed by the standards. If all TRV requirements for a given test
duty cannot be met simultaneously, the test may be carried out in two or more successive
parts between which the test object may be re-conditioned. The first part, for instance,
covers the initial part of the TRV up to ul/tl (initial time delay, RRRV, maybe ITRV),
while the second part covers the peak value Uc/t2. The arcing times applied during both
parts may not differ more than + 1 ms. By this logic, it is acceptable within existing
standards to cover duties such as three-phase SLF by a combination of several test duties.

e With respect to SLF tests a typical illustration of the philosophy in the Standards is that a
proof of the L60 capability is not required if L90 and L75 are passed successfully and the
minimum arcing time at L75 is less than the minimum arcing time of L90 plus a quarter
cycle. Thus, even when the minimum arcing time of L75 is (considerable) longer than
that of L90, indicating that L75 with its lower RRRV gives somewhat higher stresses, it is
not considered necessary to prove that L60 can be withstood. The implication of this is
that L75 and/or L60 are primarily intended to identify and test “critical current”
behaviour rather than cater for the higher line-side peak values associated with these
duties.

From the foregoing, the assumptions and basis for the present approach to standardisation of
line fault interruption can be clearly seen. This is clearly based on the stated assumption
(itself based on considerable test experience) that for today’s interrupting technologies,
RRRYV is the critical parameter to be verified.

The RRRYV is highest for the last clearing pole and hence the single phase SLF forms the
basis of line fault interrupting tests. Considering specific conditions:

e 190 (three-phase) can be regarded as covered by the single phase L90 in the same
way as the single phase L90 and L75 are considered to cover all other percentages
(from over 95% to under 50%). Formally, L90 (single phase) covers the thermal
stresses of the first pole clearing a three-phase 90% SLF and L90/L75 (single phase)
cover the dielectric stresses of a single phase 85% SLF and thus the dielectric stresses
of the first pole clearing a three-phase 90% SLF (i.e. at the same location as the 85%
fault). Additional support for today’s technologies can be derived from the common
experience that the contact gap at minimum arcing time for the type test L90 (single
phase) is larger than the contact gap at minimum arcing time for the type test T100s
(see Chapter 10).

e L60 (three-phase) can be regarded as covered by the single phase L90 and L75 using
the present standardisation philosophy described above. Additional support can be
derived from the type test for T60 for which the value of t2 is planned to be halved in
the IEEE Standard such that the steepness of the TRV waveshape after U1/t1 will be
higher than shown in figure 10.4.
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e [30 (three-phase LLF) can be regarded as covered by T30 as well as OP2, as the
RRRV of T30 is 5 kV/us. To put this in context, with s = 0.2 kV/us/kA or 0.24
kV/us/kA for 50 or 60 Hz respectively, 5 kV/us corresponds to 130 = 25 kA or 130 =
20 kA respectively, and thus to a full rated current of 80 kA or 70 kA respectively.
Moreover, during type tests, it is normal for the time delay applied for T30 and OP2
to be smaller than required due to test station limitations.

e LI10 (three-phase LLF) can be regarded as covered by OP2 (non-mandatory), when
for t2 the shortest time in the range as specified in the Standards is used. Moreover, it
will also be covered by T10, as the first-pole-to-clear factor is raised from the 1.3 to
the 1.5 or alternatively when an amplitude factor of 1.76 is specified with kpp=1.3, as
included in the revised edition 2.1 of IEC 62271-100 [3]. To ensure that T10 will
cover all single-phase and three-phase long line fault conditions, the interrupting
window must be 162°.

The ongoing validity of the assumptions, outlined above, on which the present
standardisation is based remains an issue for standardisation bodies.
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Part Il

Implications for short-line faults
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8. Probabilities

One of the arguments for the specification of a SLF test duty based on a single-phase fault
was the low probability that a three-phase fault could occur on an overhead line. This low
probability has been confirmed by a number of national and international surveys, for
instance that of the former CIGRE WG 13.08, that concluded the probability of three-phase
faults on lines to be 10% for the lower transmission voltages and a few percent only or even
less for the higher transmission voltages (i.e. 420 kV and above).

Taking a wider view of probabilities, other parameters and variables have to be regarded as
well. Type tests to the Standards combine a number of extreme conditions, each of which
hampers the circuit-breaker’s performance. Releasing one of the requirements may drastically
improve the capabilities of the circuit-breaker. To get a three-phase fault corresponding to
L90, as specified in the Standards, the following conditions have to be met:

e The system voltage has to be the rated voltage of the equipment i.e. normally the
maximum voltage of the system

e The equivalent surge impedance has to be 450 Q

e The equivalent capacitance at the line side, determining the time delay, has to be
rather small, corresponding to the small time delay given in the Standards

e At the supply side an ITRV has to exist (for non-GIS circuit-breakers with a rated
voltage of 100 kV and above)

e The fault has to be three-phase

e The distance to the fault has to be critical with respect to the first clearing pole
(presumable corresponding to a fault location that gives a short-circuit current of
90%)

e The Xy/X] ratio at the busbar has to be critical with respect to the first clearing pole

e The short-circuit power at the busbar has to correspond to the rated short-circuit
current of the circuit-breaker. Here it should be noted that this power, at that very
moment, has to be based on a situation without the short-circuit current contribution
from the line with the three-phase fault.

For the worst conditions for the circuit-breaker to perform, the following conditions have also
to be met:

e The auxiliary power and/or pressure has to be the lockout values
e The SF¢ gas pressure has to be the lockout pressure

The probability that all these severe conditions will be met simultaneously is so low that the
original decision deserves some credits. When some particular conditions are not met, such as
the surge impedance (being for instance 330 Q) or the SF¢ gas density (being about the rated
pressure) or the short-circuit power (corresponding to 80%) or the distance (being in the non-
critical area, which is the large part of the line), then successfully type tested designs can be
expected to clear the three-phase SLF without difficulty.

Despite the low probability of three-phase faults, examples are known of three-phase faults at

the higher system voltages and some utilities cannot neglect them. Further the other
conditions mentioned are not regarded as statistical variables, but as conditions specified in
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the Standards, that under service conditions offer some margin to the users. How utilities may
assess the risks involved will be addressed in Chapter 11.

Although to the textual explanation of the latest edition of the IEC Standard 62271-100 three-
phase line faults can be regarded as covered (see Chapter 7), users may want to have more
technical or physical evidence that modern circuit-breakers can indeed withstand a somewhat
higher peak value of the line-side part of the TRV. In Chapter 10, information is given that
points in this direction, but forms no real proof.

The short-circuit power at the busbar is an important variable that may lead to a higher peak
value than specified in the Standards (under the condition of equal short-circuit currents for
the first and last clearing pole and under the condition of Xy=X; at the busbar). Utilities
normally have a good idea about the short-circuit power in their substations and therefore in
Chapter 9 the influence of a reduced short-circuit power is further elaborated. Chapter 9 starts
with the probability of occurrence of a short-circuit power larger than corresponding to a
certain percentage of the rated short-circuit current of the circuit-breaker.
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9. Source side short-circuit power reduction to 80%

This chapter deals with the effect of the source side short-circuit power reduction on the line-
side TRVs. The first section focuses on CIGRE survey results along with other data gathered
by electrical utilities about the maximum short-circuit currents that are actually recorded in
service. The second section shows simulation results, when comparing a 100% source with
an 80% source, and the third section presents analytical equations that were derived for a
better understanding of the line TRV variations when source short-circuit power varies. It is
shown that the source short-circuit power significantly affects the line TRV peak, time-to-
peak and d factor. In the last section, the final results of the analysis are given in graphical
form.

9.1 CIGRE WG13.08 Survey and other more recent surveys

Calculations performed by WG A3.19 and presented in this report indicate that the first TRV
peak is below the IEC standard requirements as long as the short-circuit power available from
the grid does not exceed 80%. This means that the TRV peak of a three phase line fault are
covered by the IEC standard values as long as the ratio between the maximum short circuit
current in the grid and the rated short circuit current of the circuit-breaker installed does not
exceed 0.8. In order to support this hypothesis data has been collated from various electrical
stress surveys.

Looking at the information collected, it is possible to claim that 90% of the grids have a ratio
between the predicted short circuit fault current and the rated short circuit current of the
circuit-breaker installed that is below 0.8. Table 9.1 gives a summary of the outcomes coming
from different sources.

Table 9.1 — Summary of maximum short-circuit current from various data sources

(Maximum fault current) /
Data source (Rated short-circuit current of circuit-breaker)
Average 90" percentile 95" percentile
Cigre 13.08 [21] 0.4-0.6 0.7-0.8
CIGRE A3-205 (Japan) [24] 0.189 0.364
Hydro-Quebec [28] 0.13-0.53 0.29-0.72
CIGRE 13-304 (Germany) 123kV = 0.89
[25] 245kV > 0.80
420kV = 0.76

9.1.1 CIGRE 13.08 survey

CIGRE WG 13.08 conducted an international survey on electrical stresses in service for
circuit-breaker in high voltage systems, particularly those connected to overhead lines.

The outcomes are presented in the [21] and are summarized in [22][23]. Thirteen countries
from four continents participated in the international survey on electrical stresses in service
by means of 18 independent answers.

The data collection covered voltages of 63kV and above with a total population of 900,000
circuit-breaker years and 70,000 overhead line years and includes:

e Number of short-circuit per 100 km*year of overhead line
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Average line length

Number of short-circuit per overhead line

Number of phases involved in fault

Percentage of transient and permanent failure

Maximum expected value of short-circuit current in relation to the rated short-circuit
current of the installed breaker

e Actual short-circuit current in service.

Focusing on the last two points, only two utilities were able to supply information regarding
the actual short-circuit current experienced in service (Fig. 9.1a) which is even less than the
predicted values as follows:

e average value: 0.20 of the rated short-circuit current
e 90" percentile value: 0.30 to 0.40

Much more information was available regarding the maximum expected short-circuit current
in the grid. From the information given by the utilities it can be concluded that the maximum
expected value of short-circuit current in relation to the rated short circuit current of the
installed breaker for most utilities (Fig. 9.1b) is as follows:

e average value: 0.40 to 0.60
e 90™ percentile value: 0.70 to 0.80

This means that more than 90% of the circuit-breakers in service are installed in systems
where the maximum possible short-circuit current is lower than 0.80 of the rating of the
circuit-breaker. It should be remembered that, according to the 90™ percentile IEC rule,
Standards are intended to cover 90% of the known cases.
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Figure 9.1: a) Actual short-circuit current in service (from Table 8. 3 of 97(SC)31 IWD)
b) Maximum expected Isc in the substation divided by the actual rated Isc
(from Table 7. 3 of 97(SC)31 IWD)
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9.1.2 Reliability and Electrical Stress Survey on High Voltage Circuit-breakers in Japan

Ten utilities in Japan participated in this survey and have accumulated field data from 2004
[24]. Normalized short-circuit current shows an average of 0.189 with a maximum of 0.844
(Fig. 9.2). The 90" percentile value of the normalized short-circuit currents are below 0.364
and most faults can be covered by the duty T30.

100 Short-circuit current divide by
the rated breaking currents
90 / g
Ave. value: 0.189
80 90% value: 0.364
Maximum: 0.844
2 70 — -
g Short-circuit current divide by
= 50 the maximum bus fault currents
€ Number of CBs: 126
ﬁ 50 Number of faults: 208
y— Ave. value: 0.249
e 90% value: 0.450
g 40 Maximum: 0.945
g
= 30
20
10
0

0 01 02 03 04 05 06 07 08 09 10
Short-circuit currents

Figure 9.2: Short circuit current urvey results of ten Japanese Utilities
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9.1.3 Stress of High Voltage Circuit-Breakers in German Networks

The following information relates to a population of more than 2000 pieces of 123, 245 and
420-kV circuit-breakers (Fig. 9.3) [25] installed within two German utilities. All switching
stresses including normal and short-circuit switching were addressed.

For investigation of short-circuit stresses, the highest fault current, normally the three-phase
terminal fault, is related to the rated short-circuit current. The 95™ percentile of the frequency
distribution is at 0.89 of the rated short-circuit current at 123 kV and at 0.80 and 0.76 at 245
and 420 kV respectively.

Table 9.2- 95™ percentile and maximum value of the single-phase and three-phase terminal fault
current I;rr and Ixsrr respectively related to rated breaking current I,

Rated voltage Number of 95™ percentile Maximum value
breakers Lire/Len Isre/Len Liire/Len Ixsre/Lip
123kV 591 - 0.89 - 1.04
245kV 543 0.67 0.80 0.85 0.95
420kV 207 0.63 0.76 0.74 0.86

Iyt Single-phase terminal fault current
Iiste: Three-phase terminal fault current
I,:  Rated breaking current

9.1.4 Additional data from Hydro Quebec

Data was collected from 1980 to 2002 for 330 kV circuit-breakers connected to 48 lines at
330 kV, with 3 circuit-breakers per line. Some additional data has also been made available
from IEC Maintenance Team 40 working on the revision of the IEC 62271-310 [28]. In this
case, the actual measured short-circuit fault was available.

The data was split on the basis of circuit-breakers intended to be use under normal electrical
endurance conditions (E1) and those intended for extended electrical endurance condition

(E2). Besides the average and 90™ percentile value, the 99 percentile is also given.

Table 9.3 — Hydro-Quebec's data related to fault currents

Ifault / Ir
Breaker class Average 90" percentile | 99" percentile
El 0.13 0.29 0.53
E2 0.53 0.72 0.84
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9.2 EMTP simulation results

Tabulated values of line-side TRV parameters are given in Appendix B for various system
characteristics: rated voltage (U;), short-circuit current (Isc), short-line faults, long-line faults,
etc. The following section presents examples of line TRV waveshapes for source side short-
circuit powers of 100% and 80% of the rated short-circuit current of the circuit-breaker. A
Matlab script was developed to compare the IEC line TRV specifications and the line TRVs
obtained by EMTP simulations, thus allowing instants of current interruption to be detected
and TRVs of the three poles to be superimposed on the standard TRV envelopes of the actual
IEC SLF test duties. Voltage translation and polarity change (if necessary) were also applied.

The graphs of the simulation results are presented in Figures 9.4 to 9.6. IEC TRV
requirements are plotted in red: the line TRV as a dotted line and the total TRV across the
circuit-breaker terminals as a solid line. In addition, each graph depicts the following
simulation results:

e Line TRV for each pole following current interruption (1% pole: blue dotted line,
2" pole: cyan solid line, 3" pole: green solid line)

e First-pole total TRV across the circuit-breaker terminals as simulated by EMTP
(blue solid line)

To see the first-pole line TRV discrepancy, the blue dotted line can be compared to the red
dotted line, while for the total TRV across the circuit-breaker terminals, the blue and red solid
lines are considered.

Figure 9.4a presents the simulation results for the following source parameters:

- Rated source voltage (U,): 315kV

- Rated short-circuit current (Isc): 40 kA

- First-pole-to-clear factor (kyp,): 1.3

- Source TRV parameters: k.= 1.4, RRRV=2.0 kV/ps at [sc=40 kA.

The line parameters are:

- Line configuration: Single circuit line with 2 conductors per phase
- Line impedance: 450 Q
- 3-phase SLF duty: L75 (75% of the rated Isc= 40 kA)

For the EMTP simulation results presented in Figure 9.4b, the source Isc for the EMTP
model was reduced to 32 kA (i.e. 80% x rated Isc= 40 kA). Based on the rated Isc of 40 kA,
it should be pointed out that the three-phase L90 (36 kA) is no longer relevant. On the other
hand, since the source Igc is reduced, the source TRV is increased to 2.5 kV/us, which

corresponds to linear interpolation between TRV slopes of 2 and 3 kV/ ps, respectively, for
100% and 60% of the rated Isc. The line length for L75 (based on the rated Isc of 40 kA) was
adjusted to 1.081 km, giving a fault current of 30 kA.

Figures 9.5 and 9.6 gives similar EMTP simulation results with source and line parameters
that have been modified as follows:
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- Rated source voltage (Uy): 230 kV

- First-pole-to-clear factor (kpp,): 1.5

- Line configuration: Double circuit line with one conductor per phase
- 3-phase SLF duty for Fig. 9.5: L75

- 3-phase SLF duty for Fig. 9.6:  L60

From these simulation results, it can be concluded that:

1) For a short-circuit power equal to 100% of the rated value (Figs 9.4a, 9.5a, 9.6a), the first-
pole line TRV peak (blue dotted line) is greater than the IEC value (red dotted line) while
the TRV slope is smaller since the simulated transmission line produces a surge
impedance (Zr) lower than 450 Q. Note that the line TRV slope is equal to Z; x (dIsc/dt).

2) For a short-circuit power equal to 80% of the rated value (Figs 9.4b, 9.5b, 9.6b) the line
TRY peaks and slopes are lower that the standard TRV envelope of the actual IEC SLF
test duties while the line TRV amplitude for L60 (Fig. 9.6b) is closer to the IEC
requirements than that for L75.

The curves plotted in the next section with the analytical expression provide a better
understanding of the line TRV variations as a function of source short-circuit power and the
IEC SLF test duty.
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a) Vn=315kV, Rated Isc= 40 kA, kpp=1.3,L75
Source TRV parameters: Kaf= 1.40, RRRV=2 kV/us
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Figure 9.4: 3-phase SLF TRV amplitudes and slopes compared to IEC SLF test duties
a) 3-phase L75 vs IEC L75
b) 3-phase L75 (with reference to rated Isc= 40 kA) with reduced source Isc
of 32 kA vs IECL75
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a) Vn= 230 kV, Rated Isc= 40 kA, kpp= 1.5, L60
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Figure 9.6: 3-phase SLF TRV amplitudes and slopes compared to IEC SLF test duties

a) 3-phase L60 vs IEC L60

b) 3-phase L60 (with reference to rated Isc= 40 kA) with reduced source Isc

of 32 kA vs IEC L60
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9.3 Analytical equation for assessing the line TRV peak and time-to-peak of the first-pole-to-

clear

For the first-pole-to-clear of a three-phase short-line fault, a simple analytical expression
(Eq. 9.7) was derived to evaluate the ratio of the three-phase line TRV peak (3¢ Up) to the
IEC line TRV peak (IEC Uy) as a function of SLF test-duty percentage (Fsc) when the source
short-circuit power (Fs in % of the rated Isc) varies from 80% to 100%. Based on this
equation, Figure 9.7 depicts the curves that were plotted for different values of the d factor:
2.3 (Fig. 9.7a), 2.4 (Fig. 9.7b) and 2.5 (Fig. 9.7¢). The calculated Uy ratio values are in line

with EMTP simulation results.

Assuming the following symbol definitions, Equations 9.1 to 9.13 can be written as follows:

IEC U.: IEC line TRV peak

IECt.:  IEC line TRV time-to-peak

30 U:  Line TRV peak of the 1% pole following a 3-phase SLF fault interruption

3t Line TRV time-to-peak of the 1% pole following a 3-phase SLF fault interruption

Fsc: SLF test duty as a percentage of the rated Isc (e.g. 90%, 75%, 60%)

Fs: Source short-circuit current in percentage of the rated Isc (e.g. 80%, 90%)
U, Rated voltage

Isc: Actual short-circuit current as limited by the source and line impedances
Isce: Rated short-circuit current (e.g. 40 kA)

Lijne: Line inductance in uH

Liym: Line inductance in uH/m (typical value 1 uH/m)

Liine: Line length

NI Line TRV slope (dv/dt)

IEC Z.: 1EC line surge impedance = 450 Q

R U
IECU, =(1-F)x—=x~/2x1.6

NG

dl
x —€ x d factor
dt

A

3pU, =L

line

L, = Total Inductance — Source Inductance = U'/ ﬁ - Ur/ \/5

fine Folge, X2 x 60  Flg, x2mx 60

r

LU 1 Jf1 1
e I3 I, x2nx 60 | F. F,
dlg,
dt

=l xV2x2nx60 with I = F I,
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Substituting Liine (Eq. 9.4) and dIsc/dt (Eq. 9.5) in equation 9.2:

300, = U, x /2 x [%J x d factor (9.6)

V3 5

To determine the line TRV peak ratio between a three-phase fault and the one specified by
IEC (Eq. 9.7), the right-hand side of equation 9.6 can be divided by the right-hand side of
equation 9.1.

30, (FS - FSC) N d factor

U, ratio= o=
IECU, Fx(1-F.) 16

with F, > F, 9.7)

As given by Eq. 9.7, Uy is function of the d factor. Using equation 9.7, the graphs of the line
TRV peak ratio (GL ratio, Fig. 9.7) are plotted for different Fg values as a function of Fgc.
Moreover, these graphs establish clearly Fg and Fsc ranges for which the first-pole-to-clear
line TRV is less severe than the IEC line TRV requirements (i.e. for Uy ratio < 1).

Similarly to the line TRV peak, for the first-pole-to-clear, a simple analytical expression
(Eq. 9.12) was also derived for the ratio of the three-phase line TRV time-to-peak (3¢ t.) to
the IEC line TRV time-to-peak (IEC ty) as a function of the SLF test-duty percentage (Fsc)
when the source short-circuit power (Fs in % of the rated Is¢) varies from 80% to 100%.
Based on Eq. 9.12 and for different Fs values, Figure 9.8 shows curves that were plotted as a
function of Fsc (SLF duty percentage) for different values of Ljm: 0.9 uH/m (Fig. 9.8a),
1.0 uH/m (Fig. 9.8b), 1.1 uH/m (Fig. 9.9a) and 1.2 uH/m (Fig. 9.9b).

1ECU, (U, /V3)x+2x(1-F.)x1.6

IECt, = = 9-8)
S, 450 x F x I, X V2 x 2% 60
2x1, 2x1,
3(|) tL — line - zsgne (99)

where  c: propagation speed of the travelling waves (typical value= 280 m/us)

L ine
Lie = —L' (9.10)

li/m
Substituting Liine (Eq. 9.4) and 1ine (Eq. 9.10) in equation 9.9:

3pt, = zx(Uf/*/g)x(FS_FSCJx 1 9.11)

Iy, x2mx 60 Fy Ky L, <280
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The line TRV time-to-peak ratio (t; ratio) can be obtained by dividing the right-hand side of
equation 9.11 over the right-hand side of equation 9.8. By simplifying and grouping the
different terms, equation 9.12 can be written as follows:

3pt F,—F 2 450 1
t, ratio = Pl _ (F, ~Fy) X ——X ——X with Fg > Fg. 9.12)
IECt, F(1-F,.) 280 1.6 L,

The calculated t; ratio values are in line with the simulation results.

Finally, by dividing Eq. 9.7 by Eq. 9.12, the line TRV slope ratio can be derived:

M=dfactorxﬂxhﬂ (9.13)

Line TRYV slope ratio = n
t;, ratio 450 2

As given by Eq. 9.12, the line TRV slope ratio (3-phase SLF line TRV slope / [EC SLF line
TRYV slope) is directly proportional to the product of the d factor and the line inductance per
unit length (Ljijm).

9.4 Final result analysis

Based on the graphs of Figs 9.7 to 9.9, Table 9.4 extracts the Uy and t, ratios as a function of
the relevant parameters: short-circuit power percentage (i.e. 80%-100%) and SLF duty
percentage (60%-90%). For the selected parameters, it should be pointed out that the TRV
slope ratio is always lower than one (Eq. 9.13). In principle, if the surge impedance remains
unchanged for 3-phase SLF, this TRV slope ratio should be equal to 1. Note that the
parameter Ly, is directly linked to the actual line surge impedance. Therefore, to conclude
about the severity of the 3-phase SLF line TRV, only the Uy ratio value (Eq. 9.7) must be
examined.

The values appearing in green color in Table 9.4 refer to a 3-phase SLF TRV severity lower
than that of the single-phase IEC SLF since the Uy ratio is lower than 1. Based on this
criterion, it can be deduced that, for the first-pole-to-clear, the 3-phase SLF is less severe than
the IEC single-phase SLF for the following source short-circuit power (Fsin % of the rated
Isc) and SLF test-duty percentage (Fsc):

- Fs=80% and Fsc= 60% (L60) and 75% (L75);

- Fs=85% and Fsc= 75% (L75);

- Fs=90% and Fsc= 75% (L75, except for d=2.5);

- Fs=95% and Fsc= 90% (L90).

A source side short-circuit power of 80% of the rated value is required in order to get a lower
severity of the 3-phase SLF both for L60 and L75 SLF test duties. For short-circuit power of

85% and 90% of the rated value, only the 3-phase L75 is less severe than the single-phase
L75, except for 2.5.

In summary, for the three-phase SLF interruption and based on IEC standard requirements, it
can be concluded that the source short-circuit power has a very significant effect on the

severity of the first-pole-to-clear SLF TRV.
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Table 9.4- Uy, and t,, ratios as a function of source short-circuit power and IEC SLF test duties

Source short- | SLF test duty Uy, ratio ty, ratio TRYV slope | Highest SLF line
circuit power d=2.3 d=2.4 d=2.5 Lim= Lim= Lim= Liijm= ratio TRY severity
(%) (%) 0.9 1.0 1.1 1.2 (Eq. 9.13) (3-phase or 1-
phase)
80 60 090 | 094 | 0.98 1.40 1.26 1.14 1.05 1-phase SLF
75 0.36 0.38 0.39 0.56 0.50 0.46 0.42 1-phase SLF
85 60 1.06 1.10 1.15 1.64 1.48 1.34 1.23 3-phase SLF
75 0.68 0.71 0.74 1.05 0.95 0.86 0.79 1-phase SLF
90 60 1.20 1.25 1.30 1.86 1.67 1.52 1.40 3-phase SLF
75 0.96 | 1.00 1.04 1.49 | 1.34 | 1.22 | 1.12 |(.644-0.933 | |-phase SLF,
except for d=2.5
95 60 1.32 1.38 1.44 2.06 1.85 1.68 1.54 3-phase SLF
75 1.21 1.26 1.32 1.88 1.69 1.54 1.41 3-phase SLF
90 0.76 | 0.79 0.82 1.18 1.06 | 0.96 | 0.88 1-phase SLF
100 60
75 1.44 1.50 1.56 2.23 2.01 1.83 1.67 3-phase SLF
90

Liim: Line inductance (uH/m)
Uy ratio= 3¢ U,/ IEC UL (Eq. 9.7 and Fig. 9.7)

ty ratio=3¢ tr, / IEC tp (Eq. 9.12 and Figs 9.8 and 9.9)
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10. Evidence from testing

10.1 Introduction

At the interruption of an electric current the following phenomena take place in a circuit-
breaker. After contact separation the electric system will force an arc between the contacts to
allow the current to keep flowing through the circuit. Modern high-voltage AC circuit-breaker
technologies, like SF¢ gas and vacuum, need to wait for a current zero to extinguish the arc
and thus clear the current. First, this chapter will deal with the dielectric performance of single
pressure SFg gas circuit-breakers. At the end, attention will be given to vacuum circuit-
breakers in this respect.

Within the first mucroseconds after reaching a current zero the power input into the arc is
minimal, as the post-arc current is very small. To facilitate interruption, an attempt is made to
reduce the arc conductivity fast enough to prevent the current from resumption, by cooling the
remaining plasma adequately. The struggle between the cooling process (taking energy out of
the arc) and the energy input into the arc (by the post-arc current) is called the thermal phase
of the current interruption process. During the thermal phase, the initial part of the transient
recovery voltage plays an important role, as some time delay (tq) will help to limit the energy
input, whilst a fast rise of the recovery voltage (RRRV) will increase the energy input by
accelerating the plasma ions.

The duration of the thermal phase depends on the arc’s thermal time constant, which, for SF¢
gas, is in the order of 0.3 to 0.4us, leading to a thermally critical period of 1 to 2 us [29]. If
the gas blast is not sufficient to cool the arc and reduce its conductivity drastically, the current
will resume and another attempt at current interruption will occur at the next current zero. As
the circumstances may be more advantageous, since the gas flow and pressure may have
increased, the circuit-breaker pole will have a better chance to be successful at this second
attempt. But the circumstances may also become more severe, forcing the circuit-breaker to
wait for a third current zero. At the end of the contact stroke, usually the circumstances are so
bad that the circuit-breaker is not able to clear the current at all. In reality, for the severe test
duties, the number of current zeros where the circuit-breaker pole may be successful in
interrupting the current is very limited (one to two depending on the moment of current zero
with respect to the contact separation).

As, in service, it is not known at which moment after contact separation the current zeros will
appear, for a test duty it is required that the circuit-breaker pole is able to clear at a certain
arcing time and every moment afterwards until half a cycle, so that at least the current zero
falling into this period (the interrupting window) will lead to successfully clearing the current.
The shortest arcing time that the circuit-breaker can handle is called the minimum arcing time.
The time frame between the minimum arcing time and the longest arcing time the circuit-
breaker can handle is called the interrupting window (under the condition that all arcing times
in between will lead to successful clearings). Both minimum arcing time and interrupting
window may vary for different test duties.

In this way, during the thermal phase it is determined at which current zero the circuit-breaker
pole “wins the struggle” between energy input to the arc and output from the arc. It is the
thermal performance of the design that determines also the minimum arcing time; i.e. the
minimum contact gap at which the initial phase of current interruption is successful. After the
thermal phase, the SF¢ gas plasma has disappeared and the insulating medium is a (very) hot
SF¢ gas (i.e. several hundreds degree C to several thousands degree K [29]). The struggle
around the arc is over, but the race between dielectric withstand strength and the dielectric
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stress from the transient recovery voltage (TRV) takes over. As long as the dielectric
withstand strength is larger than the dielectric stress the interruption will be successful.
Otherwise a re-ignition will occur and current interruption may be attempted at the next
current zero.

10.2 _ Basis for Short-line fault (SLF) requirements

The SLF test duties were introduced in international Standards to demonstrate the interrupting
capability of high-voltage circuit-breakers in the thermal phase of interruption i.e. during the
period of a few microseconds around the instant when current passes through zero and during
which the evolution of arc resistance is governed by the energy balance in the arc [30].

A proven capability to interrupt short-line faults is required for circuit-breakers designed for
direct connection to overhead lines (without intervening cable connections) and having a rated
voltage of 15 kV and above and a rated short-circuit breaking current exceeding 12.5 kA. IEC
62271-100 [2] requires a single-phase test at phase-to-earth voltage to demonstrate the
capability to interrupt all types of short-line faults (see sub-clauses 4.105 and L.3). IEEE
C37.04 requires also the capability to interrupt single-phase SLF [31].

The choice of a single-phase SLF test is supported by the following considerations.

- The rate-of-rise-of-recovery-voltage (RRRV) is the main critical TRV parameter for SFs
circuit-breakers. Single-phase SLF interruption produces the highest RRRV. Performing
a single-phase SLF breaking test with the highest possible RRRV, determined either from
the last pole to clear a three-phase SLF or the pole interrupting a single-phase SLF, covers
also the 2-phase and 3-phase SLF conditions for all poles in the thermal phase of the
current interruption.

For SFg circuit-breakers, RRRV is the critical parameter in the thermal phase and the SLF
capability is expressed by the maximum RRRYV that can be withstood as function of the
fault current derivative (di/dt) [29].

Any decrease in the RRRV leads to an increase in the performance of an SF circuit-
breaker as can be seen with the following equation that gives the relation between the limit
of the interrupted current (di/dt) and the RRRV [29]:

di/dt = _K with 0.4 <a< (0.5 (10.1)
RRRV*
Another characteristic of SF¢ circuit-breakers is that when the time to peak is at least five
times the arc time constant (i.e. a time to peak higher than 1.5 to 2 ps), the limiting RRRV
that can be withstood in the thermal phase is independent from the time to peak [6].

Similar considerations apply to air-blast circuit-breakers that were found to be also most
sensitive to the RRRV during the thermal phase of interruption.

It is recognized that circuit-breakers using the vacuum or oil as interrupting media are not
sensitive to the conditions of SLF in the thermal phase so that the interrupting capability is
in practice covered by the terminal fault test duties, although SLF test duties are required
for them as for other types of circuit-breakers.

- The surge impedance value of 450 Q given in Table 8 of IEC 62271-100 and in IEEE
C37.04 is such that RRRYV for each pole to clear is covered in all cases.

- The single-phase short-line fault tests demonstrate an interrupting window of 180°-da (da
being a small time interval defined as 18° in the standards) that covers the requirement for
the multi-phase fault cases with effectively-earthed and non-effectively earthed systems
(see section 4.6).
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- The SLF test duties are defined for 90% of the rated short-circuit current (L90), 75%
(L75) and 60% (L60). The idea is that the highest RRRV occurs at the highest percentage,
but then the line-side peak value of the TRV is rather low. At 75% the RRRV is 17%
lower, but the line-side peak is 2.5 times higher; at 60% the RRRYV is 33% lower, but the
line-side peak is 4 times higher. By the series L90, L75 and L60 both the highest RRRV
and higher line-side peak values (triangular waveshapes) are covered.

- Experience indicates that L90 is the most severe test duty and that circuit-breakers are not
really stressed by L60, unless they show a critical percentage below 90%. In recognition
of this, L60 is only mandatory, when the minimum arcing time (t, min.) of L75 is a
quarter of a cycle or more greater than t,. min. for L90. Otherwise L90 and L75 are
assumed to cover all possible SLF cases down to L60.

10.3  Circuit-breaker Dielectric Performance

For the thermal phase, the steepness of the recovery voltage (determined by RRRV and tg)
plays a critical role. During the dielectric phase, the peak value of the TRV is the most
important stress factor, and of course the time to peak and the Standards define these aspects
quite precisely in terms of two and four parameter TRV envelopes. Amongst other factors, the
dielectric withstand strength depends on the contact gap and hence on the arcing time. With
respect to the dielectric withstand strength, within the given interrupting window for a certain
test duty, the minimum arcing time is expected to be the most critical one. Test duties with
low currents, like capacitive currents, have no discernable thermal phase and very short arcing
times are therefore possible leading to high dielectric stresses approximately one half cycle
after current interruption. The dielectric strength after the interruption of such small currents
is comparable with the cold dielectric withstand curve which is measured by stressing the
circuit-breaker dielectrically without any current interruption involved [29].

However, the hot SF¢ gas after the thermal phase will have a lesser dielectric withstand
strength than cold gas, due to the lower density of the gas and higher degree of dissociation at
higher temperatures [29]. The higher the interrupted current, the higher the arc energy, the
higher the SF¢ gas temperature during the dielectric phase will be. Arc duration and amplitude
of the interrupted current are of influence to the blast pressure and to the cooling and
refreshment of the hot SF¢ gas. Modern technology circuit-breakers are optimized for this
cooling process, especially at L90 and T100.

Test duty T100 is performed at 100% of the rated short-circuit current and at TRV values
higher than those of L90, but with a lower RRRV (2 kV/us) and a larger tq. L90 is a test duty
with 90% of the rated short-circuit current, relatively low dielectric stresses, but a steep
RRRYV varying between 7 and 14 kV/us (depending on rated short-circuit current and power
frequency) and negligible t4 (in most circumstances). These characteristics typically lead to a
larger minimum arcing time for L90 in comparison to T100, and thus a larger contact gap
during the dielectric phase.

Table 10.1 offers the possibility to compare the data on the differences between minimum
arcing times of L90 and T100s from four manufacturers. Knowing that the required arcing
window varies from 6.1 to 7.5 ms (unearthed and earthed neutral networks) and from 7.5 to
9.0 ms for 60 and 50 Hz respectively, it is clear that there is a large overlap in the arcing
windows of L90 and T100s. Knowing also that typical minimum arcing times are from 9 to
18ms, the total arcing-time difference between L90 and T100s is only a few percent, up to at
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maximum of ten percent. Additionally the hot gas temperature will be less at L90 than that at
T100, due to the lower interrupted current.

Table 10.1-Minimum-arcing-time differences between L90 and T100s test duties

Manufacturer Voltage Short-circuit Frequency tare min. (L90) -
current tare min. (T100s)
kV) (kA) (Hz) (ms)
A 245 63 60 0.4
A 245 50 60 1.9
A 245 40 60 0.2
B 145 40 50 1.3
B 145 63 60 2.3
B 170 40 50 0.5
B 170 40 60 0.5
B 245 40 50 1.1
B 300 50 50 0.3
B 300 63 60 1.6
B 550 63 60 0.6
C 245 63 50 2.0
C 245 63 50 1.1
C 300 63 50 1.4
D 245 63 60 0.4
D 245 50 60 1.9
D 245 40 60 0.2
C 72.5 31.5 50 0.7
C 72.5 31.5 60 1.3
C 145 40 50 1.2
C 145 40 60 1.8

The minimum arcing time defines the smallest contact gap that has to withstand the dielectric
stresses. Figure 10.1 shows schematically the dependence of the dielectric withstand strength
as function of the contact separation (arcing time) for various test duties. Note that there will
be some scattering around the linear characteristic, so that the lower 90% probability curve
has to be used (not specifically shown in the figure). Figure 10.1 is indicative only, as the
relationship between arcing time and contact gap is non-linear, but nevertheless gradually
progressive, at least for T100s and L90 within a successful type test series as required by the
Standards.
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Figure 10.1: Dielectric withstand strength as a function of arcing time and short-circuit current

amplitudes

The making and breaking type tests as specified in the Standards cover the different
characteristics of the circuit-breaker, for instance:

Thermal behaviour (the ability to show an interrupting window as large as required in
the Standards) by L90 and L75 with longer minimum arcing times

Dielectric behaviour with “hot gas” by T100, T60, T30, T10, OP with smaller
minimum arcing times

Dielectric behaviour with “cold gas” by capacitive current switching with very short
minimum arcing times.

On the basis that a given circuit-breaker passes successfully the type tests (interrupting
window long enough, no gaps in interrupting window, withstanding all dielectric stresses over
the interrupting window), the above can be summarized as follows:

RRRYV and t4 determine the thermal stress immediately after current zero

The thermal stress determines the minimum arcing time

There is a non-linear, but gradually progressive relationship between the arcing time,
the contact gap, and contact gap dielectric strength

The minimum arcing time leads to the highest dielectric stresses within the
interrupting window of any given test duty

After the thermal phase, the dielectric withstand strength of the hot SFs gas is
determined by its temperature/density

The temperature is determined by arc energy and thus the amplitude of the interrupted
current.
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e The arcing time is less important for the temperature of the hot SF¢ gas, but plays a
vital role in the pressure build-up used for the gas flow (cooling and refreshment of
SF¢ gas).

By using the information on the minimum arcing time of T100s and knowing that typically a
2-parameter TRV (“steady” rise of 2kV/us to U,) cannot be withstood, whilst a 4-parameter
TRV is required in the Standards (“steady” rise of 2kV/us to U;) an indication of the
dielectric withstand curve can be given, as shown in figure 10.1, where at the minimum arcing
time for T100s, the dielectric withstand strength curve will be just above U;.
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Ul=438 kV
400 T
TRV T100
300 -+
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200 A
3p 126/ kv->N
100 1 10 84 kV->
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T100 L0
\V \
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Figurel0.2: Comparison of TRV peaks for T100s and single-phase/three-phase SLF L90 as a
function of time, shifted for the minimum arcing time

Also shown in figure 10.1 is the minimum arcing time of L90 and the dielectric withstand
strength at that moment, which anyway is larger than that of T100s at its minimum arcing
time, due to the larger contact gap and due to the lower SF¢ gas temperature.

The following considerations are relevant to the rate at which the full dielectric strength of the
contact gap is reached. It is well known from dielectric performance that the “cold” withstand
strength is larger for fast phenomena (e.g. lightning impulse) than for slow phenomena (e.g.
switching impulse) and this applies to hot gas as well. So, it is reasonable to conclude that the
purely dielectric part of the L90 TRV could be steeper as long as it does not exceed the
equivalent T100s TRV. Indeed, from SLF tests, it is well-known that circuit-breakers do not
fail around the first peak of the line-side TRV wave-shape (see section 10.4). The key issue is
not the dielectric withstand strength but the transition from the thermal phase into the
dielectric phase.
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In figure 10.2 the TRV envelopes of both T100 and L90 are given for a 550 kV/50 kA/60 Hz
circuit-breaker, under the assumption of a difference in minimum arcing time of 0.2 ms, this
being the minimum difference stated in table 10.1. The thermal phase determines the
minimum arcing time, as shown on the X-axis, but is given no further consideration in the
figure which deals with the dielectric phase. (Note that the total SLF-TRV of the single-phase
fault is shown in figure 10.2, but on this time scale the triangular reflections at the line-side
can hardly be seen.)

In figure 10.2, the 3-phase L90 case is also plotted which exhibits a similar minimum arcing
time to the single-phase L90 and a roughly 50% higher dielectric stress, but this remains far
below the expected dielectric withstand strength. That the hot SF¢ medium can withstand the
steep RRRYV is, apart from physics as discussed above, proven by the single-phase L90, where
a higher RRRV than that of T100s has been withstood during the more difficult phase of
recovery of the dielectric strength. Furthermore, testing evidence from several designs
(different manufacturers) confirm this ability of single pressure SF¢ gas circuit-breakers.

For instance, a certain 245 kV design has been tested successfully for 50 kA/50 Hz and 40
kA/60 Hz ratings. This design has passed four SLF type tests according to IEC: L90 and L75
at both 50 and 60 Hz. SLF interrupting capability of SFs gas circuit-breakers depends on the
current derivative before current zero (di/dt) and the RRRV that is proportional to the di/dt
(except if capacitors are used). It follows that the maximum short-circuit current that can be
interrupted is different for applications at 50 and 60 Hz. Taking the example above, the de-
rating at 60 Hz is due to the fact that the di/dt would be 20% higher than at 50 Hz, when the
rated short-circuit current remains unchanged.

The following example shows how type tests performed at 50 Hz to demonstrate a S0kA
rating, can be used to demonstrate a three-phase SLF interrupting capability at 60 Hz (40kA
rating) in some typical cases. SLF withstand values for both single-phase and three-phase SLF
are shown in figure 10.3 for a 245-kV circuit-breaker.
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Let assume the following conditions for single-phase SLF L75 and L90:

1-245kV/50 kA/50 Hz
Test conditions of L75:
ISC =37.5kA
UL =80kV
du/dtp = 7.5 kV/us
First peak of TRV (including supply side contribution): 93 kV (point @, Fig. 10.3)
RRRV = 8.7 kV/us
Interrupting window required: 9 ms

2 -245 kV/40 kA/60 Hz
Test conditions for L.90:
ISC =36 kA
UL =32kV
du/dt; = 8.64 kV/us
First peak of TRV (including supply side contribution): 35 kV (point @, Fig. 10.3)
RRRV =9.45 kV/us
Interrupting window required: 7.5 ms

For three-phase SLF L90:

3245 kV/40 kA/60 Hz

a) First example of a special specification based on a peak factor of 2.4 for the line
side contribution to TRV and a surge impedance of 390Q2, both parameters being
relative to the first pole to clear

Test conditions for [.90:
ISC =36 kA
UL =48 kV
du/dtp = 7.5 kV/us
First peak of TRV: 55.9 kV
RRRV = 8.7 kV/us
Interrupting window required for the first pole to clear: 2.5 ms

b) Second example where the surge impedance and the peak factor for the 3-phase
fault are respectively 410Q and 2.4

Test conditions for [.90:
ISC =36 kA
UL =48kV
du/dt, =7.87 kV/us
First peak of TRV: 55.4 kV (point ®, Fig. 10.3)
RRRV =9.1 kV/us
Interrupting window required for the first pole to clear : 2.5 ms
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Figure 10.3: Comparison of withstand values for both single-phase and three-phase SLF for
a 245 kV circuit-breaker

With respect to the difference in minimum arcing times for L90 and T100s, examples from
different manufacturers are given in table 10.1 and lead to the conclusion that, as can be
deduced from figure 10.2, enough margin is available, though often less than 1 ms. However,
it should be noted that the accuracy of controlling the arcing time is limited: the Standards
prescribe an accuracy of 0.5 ms. In any case, the experience with SF¢ high-voltage circuit-
breakers is that the minimum arcing time for L90 is higher than the value obtained for T100s.

In a similar way, as shown in figure 10.2, L60 and T60 can be compared (figure 10.4), leading
to the same conclusion, taking into account that the minimum arcing time of T60 will be less
than, or at most equal to, that of T100s and the minimum arcing time of L60 will be about the
same as that of L90.

From the above considerations, it can be concluded that for SF¢ gas circuit-breakers we might
expect 3-phase SLF duties above 50% of the rated short-circuit current to be covered by the
dielectric performance at T100/T60 and the thermal performance at single-phase L90 and L75
type tests.

It is known that vacuum circuit-breakers are not sensitive to high RRRVs and therefore SLF
tests are not critical at all. Even in the event of a re-ignition, a second clearing attempt will be
made at the next current zero under more favourable conditions. It is widely accepted that
vacuum circuit-breakers are more sensitive to the dielectric stresses appearing at T100,
especially Uc, which is much higher than the stresses occurring at L90 (both for the first and
for the last clearing poles).
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Figure 10.4: Comparison of TRV peaks for T60 and single-phase and three-phase SLF L60
as a function of the minimum arcing time

10.4 Results from SLF current zero measurements

The results of 743 SLF tests, performed in ten test stations in Europe, Asia and the USA, and
covering thirty circuit-breaker designs from 72.5 to 550 kV have been analyzed on the basis
of special current zero measurements. More than 90% of the tests have been conducted in
accordance with IEC Standard 62271-100. The purpose of the investigations was to tune the
simulation model for arc-circuit interaction in order to facilitate circuit-breaker design and to
extrapolate test results to different circumstances. The arc model used is for the thermal
interruption phase and not for the dielectric phase, but during testing the behaviour of the test
object during the thermal phase as well as during the dielectric phase can be observed.

It is reported that from these 743 SLF tests, 432 resulted in a successful interruption. Of these
the measurements show post-arc currents mostly less than 50mA, sometimes up to 100 mA
and very rarely up to some hundreds of mA. The post-arc current normally decayed to zero
long before the first line-side TRV peak is reached.

From the 311 re-ignitions, 291 cases occurred with a thermal re-ignition (i.e. under influence
of the post arc current) with the moment of re-ignition being much earlier than the moment of
the first inherent TRV peak. A further seven cases with a “dielectric” re-ignition have been
reported before the TRV reached 50% of the first inherent peak value of the TRV (at the line-
side) and two cases with a “dielectric” re-ignition between 50% and 100% of the first inherent
peak value of the TRV (at the line side). This re-ignition mode is called a transition mode
between the thermal phase and the dielectric phase of the interruption process.

96



There were 11 cases with a re-ignition long after the first line-side peak value of the TRV,
usually near the crest value of the total TRV (Uc), a region where no thermal effects are
involved.

all SLFtests

@ thermal

m diel < 0.5
O reignition O diel > 0.5
W interruption O diel > UL

Figure 10.5: Distribution of re-ignitions versus interruptions and of re-ignition
characteristics

Since the measurements were also performed to further improve the arcing models of the
designs involved, additional SLF tests have been carried out at unrealistically short arcing
times varying from 0 to over 25 ms. All dielectric re-ignitions were observed at tests with
realistic arcing times.

Figure 10.5 shows the percentage of re-ignitions versus interruptions, as well as the
subdivision of the re-ignitions.

Considering all of the SLF tests, 42% show a re-ignition, but a large percentage of tests have
been performed at unrealistically short arcing times. This percentage is roughly 30% (of the
thermal re-ignitions). When corrected for this 30%, it can be concluded that of the total
amount of re-ignitions:

e ~ 5% are of a pure dielectric nature
e > 39% are of a transitional nature and occurred before 50% of the first line-side peak
o < 1% are between 50% and 100% of the line-side peak of the TRV.

It is to be expected that the re-ignitions with a pure dielectric nature would occur at terminal
fault tests as well. This is important, as the considerations in the paragraph 10.3 were based on
a design that successfully passed the regular type tests (with single-phase SLF tests) and its
capability to handle a three-phase SLF was investigated. The considerations are not applicable
to a design with a dielectric behaviour that is too weak to pass the regular tests.

So, excluding these 5% of the re-ignition cases from consideration, 96% of the re-ignitions
are of a thermal nature and 4% are of a semi-dielectric nature mostly with a re-ignition at less
than half of the first TRV peak value. For these SLF tests, the percentages of re-ignitions drop
sharply with increasing TRV values, as shown in the figure 10.6. Where semi-dielectric re-
ignitions are less than 5% of the total amount of re-ignitions, the amount above half of the
first TRV peak is even less than 1% and can be disregarded.
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As such the results from the current zero measurements support the view that SLF tests are
critical during the thermal phase of the interruption process, whilst the dielectric phase is not
critical.
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Figure 10.6: Distribution of re-ignitions versus line-side TRV
(complete first ramp of line-side triangular waveshape is shown)
(3 time slots: thermal, < 50%, > 50%)

10.5 Further considerations

It is not necessarily true that L90 gives a larger minimum arcing time than T100s. The
application case being given most consideration in the 3 phase line fault study is 550 kV
for which modern circuit-breakers typically have two arcing chambers. With two equally
graded arcing chambers, the thermal stresses are divided by approximately two and the
time delay is increased by typically 0.2us to 0.5us, depending on the magnitude of the
grading capacitors used. On this basis, the thermal stress from SLF is greatly reduced in
comparison to single interrupter applications and the terminal fault duty (T100s) may
actually determine the minimum arcing time. However, in such cases it can be argued that
the design is over-dimensioned with respect to the SLF capability and that the higher peak
value at 3-phase SLF will be covered automatically. In practice, manufacturers will aim to
optimize their design for T100 as well as SLF, taking advantage of a longer time delay; an
optimization that leads again to slightly larger arcing times for L90 in comparison to
T100s.

The contact gap is not the only determinant of TRV withstand performance since circuit-
breakers have very complex relationships between contact parting time, contact gap,
current phase at contact part time, pressure build up from current/ablation effects, and the
resulting gas mass flow and nozzle arc zone flushing and rinsing. The mass flow and
resulting flushing phenomenon are very important for TRV withstand performance.
Notwithstanding this, the vast majority of experience shows that the dielectric withstand
capability increases progressively with the contact gap (see also chapter 5 of [32]). Indeed,
Standards are based on the awareness of the existence of a minimum arcing time after
which the dielectric capability has at least to be maintained during the interrupting
window. The highest TRV peak that has to be withstood during a three-phase SLF is only
be experienced by the first clearing pole and the interrupting window for this pole is only
42° (see table 4.2). During test duty T100s, the dielectric withstand capability is
demonstrated for 132° or 162°.
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11. Risk Tolerance

About 40 years ago, CIGRE SC 3 recommended to IEC Subcommittee 17A to consider
single-line to ground faults only, in order to avoid unjustified increases in circuit costs which
would be required to address extremely unlikely conditions; namely three-phase short-line
faults at the critical distance, with 100% short-circuit capacity on the supply side. Despite the
fact that, from a technical point of view, the original position remains valid, the risk of a
circuit-breaker failing as a result of such a rare duty resides with the user of the equipment.
Indeed, some utilities are subject to legislation and regulations that may prevent them from
taking probabilistic arguments into consideration for issues of this nature. These utilities are
held liable for extreme conditions that could have been foreseen. Since three-phase faults do
occur, utilities have to take them into consideration in some form, in order to satisfy the
requirements of society.

Whilst utilities cannot simple disregard three-phase faults, the degree of special provision
made to cater for them varies widely. Today’s utilities are more business focussed than their
predecessors and many have introduced the asset owner — asset manager — service provider
models to tune the organisation better to the business values and business objectives the
company has in mind. Risk management as a tool to balance financial, technical and societal
aspects and to define the company’s risk appetite is now widely accepted. Risk is defined in
terms of the probability and the consequence of an event. However, the perception of risk is
generally not linear, in that, for risks with major consequences the risk appetite requires a far
lower probability than might be expected form a simple “probability x consequence =
constant” [33] approach. As such utilities may not accept that a three-phase fault current
cannot be interrupted, despite the very low probability of occurrence, and therefore they may
adapt their specifications to cover all prevailing three-phase faults.

Risk management is a valuable tool for balancing the various risks faced by the utility It can
be used to compare risks such as those of not tripping a three-phase fault, those of not clearing,
for instance, at an out-of-phase condition or those of not clearing any particular condition due
to inadequate specification and testing of old circuit-breakers. The main difference between
taking three-phase faults into consideration for liability reasons or for risk management
reasons is this balancing the possible risks.

There is always a risk associated that a circuit-breaker may not clear a three-phase short line
fault with a higher peak value of the line-side TRV than specified in the Standards. As
discussed previously, and according to the logic of IEC Standard 62271-100, such a risk is
considered to be too low to be covered by separate or adapted type tests. In case a utility
considers that the risk as unacceptable, special type tests (termed application tests in IEc
62271-100) can be specified to address the specific concerns of the utility.

Whether such a test is necessary or whether the capability of the circuit-breaker can be

adequately proven by extrapolation of other test results remains an issue for agreement
between user and manufacturer.
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Implications for long-line faults
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12. Long Line Faults

At the CIGRE SC A3 Session in 2006, Report A3-303 [18] from Japan was presented which
describes high TRV peak values that exceed the Japanese Electrical Committee (JEC)
Standard. Special duties were specified to cover these cases, for example T30-A and T30-B as
described in the figure 12.1 below. The mechanism of the high TRV generation is related to
LLF interruption. However, the high peak values mainly depend on the operating voltage
condition of 600 kV which is 10% higher than the rated voltage of 550 kV in the IEC and JEC
Standards.

The T30 prospective TRV in JEC and in previous IEC Standards with four parameters cannot
cover the first peak voltage of the TRV due to LLF under such conditions, and additional test
duties in Report A3-303 [18] have been specified. It is noted that the TRV specified in the
latest IEC almost covers the expected TRVs due to LLF at 600 kV.
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Figure 12.1: from CIGRE Report A3-303 (2006)

Oppositely, in the next figures, the situation is elaborated where the operating voltage (735
kV with maximum 765 kV) is less than the rated voltage (800 kV) which forms the basis for
the TRV specifications. Figures 12.2 and 12.3 show the TRVs for the first pole clearing a
three-phase L30 and L10 in comparison to the last clearing pole.
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Figure 12.2: Comparison of 735 kV/40 kA first (blue) and last (red) clearing pole TRVs for
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Figure 12.3: Comparison of 735 kV/40 kA first (blue) and last (red) clearing pole for

three-phase L10, with total TRV for first pole (blue)

104



The green lines in figures 12.2 and 12.3 represent the TRV envelopes for T30 and T10 based
on 800 kV. Extrapolating the simulation results calculated with 735 kV to 800 kV reveals that
a three-phase LLF with 30% of the rated short-circuit current is just covered by T30, whilst a
three-phase LLF with 10% is not covered by T10. The envelope for T10, as shown in figure
12.3, is based on a first pole-to-clear-factor of 1.3, but for T10 the latest edition of IEC
Standard 62271-100 has introduced again the old first pole-to-clear-factor of 1.5. With the
new factor leading to a peak value of 1499 kV, the three-phase LLF at 10% is therefore also
covered.

LLFs correspond to short-circuit currents as specified for the test duties T30 and T10. As the
test duties for out-of-phase switching are based on currents that are 25% and 5% of the rated
short-circuit currents, the TRV parameters for OP can be taken into consideration also. In
many cases the results from straight-forward calculations and simulations show that LLF can
be considered as covered, assuming that for the OP test duty the minimum time to peak will
be applied and that for T10 the first-pole-to-clear factor will be adapted to 1.5 instead of 1.3.

The LLF case, as described in [18], combines the travelling wave phenomena with an
operating voltage higher than the rated operating voltage. Since operating voltages higher than
rated voltages are outside the scope of the studies of WG A3.19, this aspect will not be
considered and it can be concluded that generally LLF is covered by T30, T10 and OP.

Similar travelling wave phenomena as described for LLF can be experienced with out-of-
phase switching, when the equilibrium point (the virtual short-circuit point) is on a long
overhead line [19][20]. Figure 12.4 is taken from [20] as an example of a simulated out-of-
phase condition on a long 1100kV line.

&

’
/. 2035.9kV
2-

Voltage /V

05;

| 2842us . i
0.15 0.151 0.152 0.153 0.154 0.155 0.156 0.157
Time /ms

Figure 12.4: TRV waveform of Nanyang CB during out-of-phase condition
while the oscillation center is in Jing-Nan line

Another phenomenon related to LLF has to be mentioned as well. In case of a LLF in a
system with two circuits in parallel, the switching overvoltage caused by the circuit-breaker at
the other side of the faulty line, will appear at the busbar of the substation with the circuit-
breaker under study. When the circuit-breakers at both sides of the faulty line receive a
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tripping command at the same time, as is usually the case with modern protection schemes,
the timing of arrival of the traveling wave from this switching overvoltage may coincide with
the timing of the TRV of the circuit-breaker under study. At the busbar terminal a traveling
wave from the opposite side may arrive during the time frame of the first ramp from the
traveling waves on the line. Together, these waves may cause a rather severe TRV waveshape
with a peak value more severe than considered so far. Such a coincidence of traveling wave
phenomena should not be overlooked in networks with a rather simple topology, like for
1100 kV. However, for meshed networks the traveling waves from the switching overvoltage
will damp rather fast due to reflections at the substation of the sending end (and behind that
point) and at the receiving end (and behind). Therefore, generally speaking, it can be
neglected.

12.3 Conclusions

e Single-phase LLF cases are considered as covered by T30 and T10.

e TRV calculations show that at clearing three-phase long line faults the TRV
waveshapes give higher peak values at the line side than for single-phase faults.

e Under certain circumstances the peak values for three-phase long line faults are
slightly beyond the TRV envelope as specified in the Standards for the terminal fault
test duty T30 (Chapter 6).

e Lower short-circuit currents are covered by the newly specified TRV envelope for T10
(kpp = 1.5), and the envelope for the out-of-phase test duty OP, when the shortest time
to peak is specified.

e The influence of a lower short-circuit power at the busbar is only marginal.
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13. General conclusions

1. Circuit-breaker standards do not specify testing which explicitly covers all conceivable
combinations of network conditions. Interpolation and/or extrapolation of the specified
tests is necessary to demonstrate the full performance envelope of the tested equipment.
The present standards use this approach to justify that all line fault interruption conditions
are covered by the presently specified tests.

2. It is widely recognized that, with low probability, system conditions can exist which
exceed standardised test values. It is not appropriate to base standardised values on these
conditions but they must be recognised and catered for by users. Special customised tests
or other means to prove the performance may be required in some cases.

3. Circuit-breaker standards are not truly technology independent however they treat known
interrupting technologies equally. Specification of the type test regime and interpolation
and/or extrapolation of test results require knowledge of the tested technology and
particularly of its critical sensitivities. Without such knowledge, decisions regarding
which particular tests to specify are impossible.

4. The process of standardisation and the interpolation and/or extrapolation of test results
incorporates a level of risk assessment and risk management. This is an integral part of the
standards making process where a balance must be struck between eliminating all risk
(testing everything) and specifying an acceptable test regime.

5. Users should be aware of the assumptions and levels of risk embodied within circuit-
breaker standards to ensure that operational risk falls within acceptable levels. Should the
risks, when quantified, be considered excessive, also in a wider application, the
standardisation bodies should be addressed regarding improvements to the standards.

Detailed conclusions on line fault phenomena are given in the summary.
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Appendix A: ATP simulation results of 3-phase line faults giving
d-factor values for the 1%, 2" and 3" poles.
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ATP simulation results of 3-phase line faults

Iie = 63 kA, U, =420 kV, f, =50 Hz, RRRV = 2.0 kV/ps, kar= 1.4 p.u., Xo/X; =1.0

U, Isc Line Line TRV parameters for the 3 phases TRYV (line + source) of di/dt 7
length 1* peak of FPTC calculated
ug UL tr, d SL up tLs Sis
[kV] [kA] km] | [kv] | [kV] | [ps] | [pw] | KVissl | [kV] | [us] | IkVins] | [A/ns] 1]
307 -455 920 2.48 0.83 788 920 0.85 2.81 295
6.3 (L10) 136 -307 410 920 2.34 0.78 2.54 307
420 318 -203 920 1.64 0.56 540 920 1.70 329
240 -359 241 2.50 2.49 727 241 3.02 8.40 296
%’ s 18.9 (L30) 35.5 -244 318 241 2.30 2.33 7.00 330
Qi ﬁ . = 277 -170 241 1.61 1.83 548 241 5.05 362
g i §§ 137 -208 69 2.52 5.00 429 69 6.21 16.8 298
54 }‘r”?g : S 37.8 (L60) 10.2 -152 183 69 2.20 4.86 15.0 324
:3; !": m;, - L] 5 189 -109 69 1.58 4.32 12.0 360
3 e (e e g%lf:j 85.5 -128 35 2.47 6.04 265 35 7.57 21.0 287
< § 47.3 (L75) 5.1 -103 105 35 2.02 5.94 19.0 313
131 -71.1 35 1.54 5.77 17.0 340
3% 344 -51.5 12 2.50 7.16 107 12 8.91 25.2 284
56.7 (L90) 1.7 -45.1 41.9 12 1.93 7.20 24.1 300
57.4 -33.2 12 1.58 7.55 23.4 322
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Appendix B: Simulation results of the first-pole-to-clear line TRV
parameters for typical HV overhead lines

Bl

Typical tower shapes of HV overhead lines in Germany

In the following pages, simulation results are presented for the German 145, 245 and 420-kV
overhead lines, while the impact of the variations in the source impedances (80% and 100%)
is given for 145 and 420 kV. TRV parameters have been assessed for k,, of 1.0 and 1.5.

Voltage level: 123 / 145 kV

7000

Nﬂlﬁﬁ'ﬂ—

20800

9220

Conductors:

1 x Al/St 240/40

Outer diameter: 2.1 cm
Inner diameter: 0.8 cm
Resistance: 0.12 Q/km

Ground wires:

2 x St 50

Diameter: 0.9 cm
Resistance: 3.6 Q/km

Minimum height at mid span 6 m

|

I

26050

23470

Conductors:

2 x Al/St 240/40

Space between conductors: 40 cm
Outer diameter: 2.1 cm

Inner diameter: 0.8 cm
Resistance: 0.12 Q/km

Ground wires:

2 x Al/St 240/40

Outer diameter: 2.1 cm

Inner diameter: 0.8 cm

Resistance of one conductor: 0.12 ©Q/km

Minimum height at mid span 8§ m
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Voltage level 420 kV

(70000)
8aoa

15500

3

8
10500
(10600)

Y y 2
& 6000 7900 [> 13900
11(6630) (7600) (74230)

480000
(58 700)

ﬂ‘oﬂ = 73050

32600

[£379 [

Conductors:

4 x Al/St 240/40

Space between conductors: 40 cm
Outer diameter: 2.1 cm

Inner diameter: 0.8 cm

Resistance of one conductor: 0.12 Q/km

Ground wires:

1 x Al/St 240/40

Outer diameter: 2.1 cm
Inner diameter: 0.8 cm
Resistance: 0.12 Q/km

Minimum height at mid span 8§ m
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ATP simulation results of 3-phase line faults
f; = 50 Hz, Source TRV parameters: RRRV = 2.0 kV/us, kar= 1.4 p.u., kpp= 1.5

U, Isc Line Line TRV parameters TRV (line + source) of | di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [kA] [km] | [kv] | [kV] | [ps] | [pw] | KV/nsl | [kV] | [ps] | IkVins] | [A/ps] Q]

Isc= 100 % of the rated Isc= 40 kA

145 4.0 (L10) 46.0 102 | -118 | 312 | 216 | -0.71 | 270 | 312 0.87 1.76 401
om0 12.0 (L30) | 12.0 82.0 | -983 82 220 | -220 | 228 82 2.78 5.33 413
— AN ; 24.0 (L60) 3.6 472 | -60.1 24 227 | -447 | 135 24 5.62 10.7 418
] Towo
17800 30.0 (L75) 1.8 295 | -38.0 12 229 | -563 | 853 12 7.11 13.3 423
g | 36.0 (190) 0.6 11.7 | -152 | 43 230 | -6.67 | 343 | 43 8.24 16.0 417
N Isc= 80 % of the rated Isc= 32 kA

- = 4.0 (L10) 44.5 99.5 -109 300 2.10 -0.70 277 300 0.92 1.78 393
3000 12.0 (L30) 10.5 70.4 -87.0 71 2.24 -2.22 223 71 3.14 5.33 416

o 24.0 (L60) 23 30.1 -38.7 16 2.29 -4.41 97.4 16 6.09 10.7 412
30.0 (L75) 0.42 6.9 -8.9 3.1 2.29 -5.71 22.8 3.1 7.16 13.3 429

Note: For 80% of the rated Isc, L90 is not longer applicable
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ATP simulation results of 3-phase line faults
f; = 50 Hz, Source TRV paramerters: RRRV = 2.0 kV/us, kyr= 1.4 p.u., Xo/X; = 1.0 (kpp = 1.0)

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [kA] km] | [kV] | [kV] | [ps] | [puw] | Vsl | [kV] | [ps] | [kVius] | [A/ms] €]
245 Isc= 100 % of the rated Isc= 40 kA
4.0 (L10) 114.8 173.8 | -261.0 770 2.50 -0.56 462 770 0.60 1.80 311
12.0 (L30) 29.1 135.7 | -204.0 198 2.50 -1.72 426 198 2.15 4.76 360
24.0 (L60) 8.55 79.7 | -119.3 | 58.0 2.50 -3.40 271 58.0 4.57 10.34 328
30.0 (L75) 4.20 49.6 -71.8 29.0 2.45 -4.22 165 29.0 5.73 13.33 317

36.0 (L90) 1.67 19.9 -31.9 12.0 2.60 -4.69 | 722 12.0 6.02 16.00 293
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ATP simulation results of 3-phase line faults
f; = 50 Hz, Source TRV parameters: RRRV = 2.0 kV/pus, kar = 1.4 p.u., Xo/X; = 1.0 (kpp= 1.0)

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
uo O tL d SL u, tis Sts
[kV] [kA] km] | [kv] | [kV] | [ps] | [pw] | KVssl | [kV] | [ps] | IkVins] | [A/ns] Q]
Isc= 100 % of the rated Isc= 63 kA
6.3 (L10) 136 307 -455 920 2.48 -0.83 788 920 0.85 2.81 295
420 18.9 (L30) 35.5 240 -359 241 2.50 -2.49 727 241 3.02 8.40 296
&f ' B8 37.8 (L60) 10.2 137 -208 69 2.52 -5.00 429 69 6.21 16.8 298
QI ’_/,_;@ v LQH 47.3 (L75) 5.1 85.5 -128 35 2.47 -6.04 265 35 7.57 21.0 287
- ;:7; a %% 56.7 (L90) 1.7 34.4 -51.5 12 2.50 -7.16 107 12 8.91 25.2 284
& m {;— zz Isc= 80 % of the rated Isc=50.4 kA
kj_ :%, i 6.3 (L10) 132 298 -443 896 2.49 -0.83 782 896 0.87 2.80 295
£ 18.9 (L30) 31.5 211 -328 212 2.55 -2.54 710 212 3.35 8.40 303
| 37.8 (L60) 6.4 84.4 -133 43 2.57 -5.06 300 43 7.00 16.8 300
47.3 (L75) 1.28 21.6 -32.8 10 2.51 -6.15 | 75.1 10 8.33 21.0 293

Note: For 80% of the rated Isc, L90 is not longer applicable
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B2 Typical tower shapes of HV overhead lines in Canada

In the following pages, simulation results are presented for the Canadian 120, 161, 230, 315
and 735-kV overhead lines, while the impact of the variations in the source impedances (80%
and 100%) is given for 230 kV. TRV parameters have been assessed for k,,, of 1.3 and 1.5.

Voltage level: 120 kV

Single circuit line
(Dimensions in meters):

2
< ,3—

Conductors:

One conductor per phase

DC resistance/conductor: 0.0741 Q/km
Outside diameter: 2.774 cm

Ground wires:
DC resistance/conductor: 3.41 QQ/km
Outside diameter: 0.95 cm

Double circuit line
(Dimensions in meters):

-, -

A

4,5

X : }

3,3

X { }

20,7

*‘ o |5 -

Conductors:

One conductor per phase

DC resistance/conductor: 0.0741 Q/km
Outside diameter: 2.774 cm

Ground wires:
DC resistance/conductor: 3.41 QQ/km
QOutside diameter: 1.1 cm
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Voltage level: 161 kV

Single circuit line
(Dimensions in meters):

Conductors:

One conductor per phase

DC resistance/conductor: 0.0741 Q/km
Outside diameter: 2.774 cm

Ground wires:
DC resistance/conductor: 4.20 (Q/km
Outside diameter: 0.95 cm

Double circuit line
(Dimensions in meters):

-o— 6,4 —

P
& > 1,8 -
I AR SRR EEEEEEERE LS

Conductors:

One conductor per phase

DC resistance/conductor: 0.0741 Q/km
Outside diameter: 2.774 cm

Ground wires:
DC resistance/conductor: 3.41 (Q/km
Outside diameter; 1.111 cm
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Voltage level: 230 kV

Single circuit line
(Dimensions in meters):

4,1
8,2 —p

Conductors:

One conductor per phase

DC resistance/conductor: 0.0574 Q/km
Outside diameter: 3.162 cm

Ground wires:
DC resistance/conductor: 4.20 (Q/km
Outside diameter: 0.953 cm

Double circuit line
(Dimensions in meters):

-—6,4—>
kg
Sx,b

b R
24

i -» |,8 =

Conductors:

One conductor per phase

DC resistance/conductor: 0.0574 Q/km
Outside diameter: 3.162 cm

Ground wires:
DC resistance/conductor: 3.41 (Q/km
Outside diameter; 1.111 cm
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Voltage level: 315 kV

Single circuit line
(Dimensions in meters):

5
<o 10 —>
9,6
e ele
19,3 A A

Conductors:

Bundle of 2 conductors per phase
Bundle conductor distance: 41 cm

DC resistance/conductor: 0.0457 Q/km
Outside diameter: 3.556 cm

Ground wires:
DC resistance/conductor: 3.41 QQ/km
Outside diameter: 1.111 cm

Double circuit line
(Dimensions in meters):

- 7.5 =

> 1,9 -
I B 4 ’frffr”’fr7l’f”r7,’

Conductors:

Bundle of 2 conductors per phase
Bundle conductor distance: 41 cm

DC resistance/conductor: 0.0574 Q/km
Outside diameter: 3.162 cm

Ground wires:
DC resistance/conductor: 3.41 QQ/km
Outside diameter: 1.111 cm
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Voltage level: 735kV

Rigid metallic tower
(Dimensions in meters):

4 P— 2|, ] ———

Conductors:

Bundle of 4 conductors per phase
Bundle conductor distance: 46 cm

DC resistance/conductor: 0.0457 Q/km
Outside diameter: 3.556 cm

Ground wires:
DC resistance/conductor: 3.41 QQ/km
QOutside diameter: 1.27 cm

Guyed metallic tower
(Dimensions in meters):

38
-y | § ————————

12,2
ole ole *
L N ] L L
- |28 35

Conductors:

Bundle of 4 conductors per phase
Bundle conductor distance: 46 cm

DC resistance/conductor: 0.0457 Q/km
Outside diameter: 3.556 cm

Ground wires:
DC resistance/conductor: 3.41 QQ/km
QOutside diameter: 1.27 cm
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EMTP simulation results of 3-phase line faults
f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [kA] km] | [kv] | [kV] | [ps] | [pw] | KVissl | [kV] | [us] | [kVins] | [A/ns] 1]
Isc= 100 % of the rated Isc= 40 kA, k= 1.5
(Singlézc(i)rlc(l\llit line) 24 (L60) 2.566 39.37 -50.33 18.0 2.28 -5.23 108.88 18.2 6.29 12.79 410
30 (L75) 1.283 24.63 -31.22 9.5 2.27 -6.52 67.79 9.7 7.77 15.99 408

NN 36(L90) 0.428 9.86 | -1229 | 3.7 225 | -7.57 | 2759 | 3.9 9.04 | 19.19 394

@ l 38(L95) 0.203 4.93 -6.06 2.2 2.23 -7.15 14.40 23 8.64 20.25 353

Isc=100 % of the rated Isc= 40 kA, k,,= 1.3

24 (L60) 2.566 39.21 -50.48 18.0 2.29 -5.23 | 109.60 | 18.3 6.33 12.79 409
30 (L75) 1.283 2457 | -31.28 9.5 2.27 -6.52 68.31 9.7 7.82 15.99 408
36(L90) 0.428 9.85 -12.28 3.7 2.25 -7.54 27.85 3.9 9.08 19.19 393
38(L95) 0.203 4.93 -6.08 2.1 2.23 -7.09 14.59 23 8.75 20.25 350
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EMTP simulation results of 3-phase line faults
f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [KA] [km] kV] | [KV] | [ps] | [pw] | kVisl | [KV] | [us] | [kVins] | [A/ns] Q]
Isc= 100 % of the rated Isc= 40 kA, k= 1.5
120 kV
L 24 (L60) 2.671 38.93 -52.83 18.8 2.36 -5.13 107.15 19.1 5.93 12.79 401
(Double circuit line)
30 (L75) 1.339 24.41 -33.00 9.9 2.35 -6.40 67.30 10.1 7.36 15.99 400
-

A 36(L90) 0.447 9.79 -13.15 3.9 2.34 -7.49 27.76 4.1 8.62 19.19 390

4.5 :/ ,\
X i 38(L95) 0.211 4.88 -6.57 2.2 2.35 -7.23 14.64 2.5 8.41 20.25 357

3,3
{ :
; Isc=100 % of the rated Isc= 40 kA, k,,= 1.3

v
i aeis we ||] 24 (L60) 2.655 38.59 -52.70 18.7 2.37 -5.14 107.12 19.0 5.97 12.79 402
30 (L75) 1.331 24.23 -32.87 9.8 2.36 -6.41 67.32 10.1 7.40 15.99 401
36(L90) 0.445 9.73 -13.10 3.9 2.35 -7.47 27.84 4.1 8.65 19.19 389
38(L95) 0.211 4.88 -6.56 2.3 2.34 -7.10 14.77 2.5 8.43 20.25 351
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EMTP simulation results of 3-phase line faults
f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
ug O tr, d SL. up tLs Sis
[kV] [KA] [km] kV] | [KV] | [ps] | [pw] | kVisl | [KV] | [us] | [kVins] | [A/ns] Q]
Isc= 100 % of the rated Isc= 40 kA, k= 1.5
. 161. kV. . 24 (L60) 3.371 53.43 -68.67 23.5 2.29 -5.42 146.94 | 23.7 6.47 12.79 424
(Single circuit line)
30 (L75) 1.686 33.45 -42.68 12.2 2.28 -6.75 91.45 12.4 8.00 15.99 422
2,1 "
36(L90) 0.562 13.39 -16.80 4.6 2.25 -7.96 36.97 4.8 9.40 19.19 415
8,!
1 @ 38(L95) 0.266 6.68 -8.26 2.6 2.24 -7.78 19.04 2.8 9.36 20.25 384
T8 g Isc=100 % of the rated Isc= 40 kA, k,,= 1.3
| -—6,| —
24 (L60) 3.347 52.82 -68.60 23.3 2.30 -5.43 147.01 23.6 6.52 12.79 425
30 (L75) 1.674 33.12 -42.55 12.1 2.28 -6.76 91.54 12.3 8.06 15.99 423
36(L90) 0.558 13.27 -16.69 4.6 2.26 -7.95 37.02 4.8 9.46 19.19 414
38(L95) 0.264 6.65 -8.21 2.6 2.23 -7.81 19.11 2.8 9.46 20.25 386
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EMTP simulation results of 3-phase line faults
f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [kA] km] | [kv] | [kV] | [ps] | [pw] | KVissl | [kV] | [us] | [kVins] | [A/ns] 1]
Isc= 100 % of the rated Isc= 40 kA, k= 1.5
161.kV. . 24 (L60) 3.324 51.83 -69.97 233 2.35 -5.48 140.89 | 23.6 6.26 12.79 428
(Double circuit line)
30 (L75) 1.664 32.37 -43.75 12.1 2.35 -6.83 88.23 12.3 7.79 15.99 427
-4 —
36(L90) 0.555 1294 | -17.39 4.7 2.34 -8.05 36.07 4.9 9.18 19.19 420
9,8 _
é s 38(L95) 0.263 6.50 -8.68 2.6 2.34 -7.93 18.86 2.9 9.17 20.25 392
5,8
¢ Isc=100 % of the rated Isc= 40 kA, k,,= 1.3
. A
r I 24 (L60) 3.313 51.64 -69.86 23.2 2.35 -5.48 141.14 | 23.5 6.31 12.79 428
30 (L75) 1.659 32.37 -43.53 12.1 2.34 -6.83 88.44 12.4 7.83 15.99 427
36(L90) 0.555 12.95 -17.42 4.6 2.35 -8.06 36.33 4.8 9.24 19.19 420
38(L95) 0.263 6.50 -8.68 2.6 2.34 -7.90 19.03 2.9 9.22 20.25 390

134




EMTP simulation results of 3-phase line faults

f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS

[kV] [kA] km] | [kv] | [kV] | [ps] | [pw] | KVissl | [kV] | [us] | [kVins] | [A/ns] 1]

Isc= 100 % of the rated Isc= 40 kA, k= 1.5

230 kV
(Single circuit line) 24 (L60) 4.698 76.15 -95.45 325 2.25 -5.46 | 205.86 | 32.8 6.52 12.79 427
30 (L75) 2.349 47.61 -59.36 16.7 2.25 -6.80 | 127.86 16.9 8.05 15.99 425
-;:il-q—-l.z—-
f 36(L90) 0.783 19.06 | -23.35 6.2 2.23 -8.07 51.32 6.4 9.50 19.19 421
7.6

* <>‘l 38(L95) 0.371 9.53 -11.51 33 2.21 -8.06 26.18 3.5 9.68 20.25 398

T *_‘:'2*__ Isc=100 % of the rated Isc= 40 kA, k,,= 1.3
24 (L60) 4.674 75.49 -95.44 324 2.26 -5.47 | 206.27 | 32.7 6.56 12.79 428
30 (L75) 2.337 47.26 | -59.22 16.6 2.25 -6.81 128.15 16.9 8.10 15.99 426
36(L90) 0.779 18.95 -23.26 6.1 2.23 -8.07 51.48 6.3 9.56 19.19 421
38(L95) 0.369 9.48 -11.46 33 2.21 -8.14 26.30 3.5 9.75 20.25 402
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EMTP simulation results of 3-phase line faults
f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [KA] [km] kV] | [KV] | [ps] | [pw] | kVisl | [KV] | [us] | [kVins] | [A/ns] Q]
230 kV _ ° _ —
(Double circuit line) Isc= 100 % of the rated Isc= 40 kA, k= 1.5
) -6 24 (L60) 4.818 68.77 -88.79 33.7 2.29 -4.85 182.00 | 34.1 5.56 12.79 379
'f - 1 30 (L75) 2.412 45.83 -59.07 17.4 2.29 -6.43 120.92 17.7 7.32 15.99 402
* ' AN i 36(L90) 0.804 18.57 -24.72 6.3 2.33 -8.01 50.84 6.5 9.13 19.19 417
24 L L+
B 38(L95) 0.381 929 | -1229 | 34 232 | -8.06 | 26.16 | 3.7 9.35 20.25 398
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EMTP simulation results of 3-phase line faults
f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [kA] km] | [kv] | [kV] | [ps] | [pw] | KVissl | [kV] | [us] | [kVins] | [A/ns] 1]
Isc= 100 % of the rated Isc= 40 kA, k,,= 1.3
4 (L10) 46.000 110.27 | -166.07 | 308.80 2.51 -0.90 | 319.40 | 309.3 1.16 2.13 423
298.40 | 262.8
230 kV 12 (L30) 12.800 92.30 | -139.69 86.8 2.51 -2.71 273.40 374 3.21 6.40 423
(Double circuit line) 24 (L60) 4799 | 73.86 | -99.38 | 33.1 | 235 | -5.40 | 201.03 | 335 6.23 12.79 422
-8 30 (L75) 2.403 46.25 -62.01 17.0 2.34 -6.73 125.67 17.3 7.72 15.99 421
’;‘ p 36(L90) 0.801 18.53 -24.59 6.3 2.33 -8.01 50.93 6.5 9.17 19.19 417
i g L—/ 1 ISC= 80 % of the rated ISC= 32 kA, kpp= 1.3
24 & &‘ 12 (L10) 44.800 107.68 | -161.73 | 300.95 2.50 0.90 316.30 | 301.8 1.04 2.13 423
- 1,0 -
v—irm-rrrﬂ'rrrrrrrr'rr'r 305.30 240.7
12 (L30) 11.740 84.41 | -127.18 79.7 2.51 2.70 26420 | 80.8 3.59 6.40 422
24 (L60) 2.720 39.37 -58.93 19.2 2.50 5.40 121.8 19.7 6.58 12.79 422
30 (L75) 0.595 10.74 -15.98 4.92 2.49 6.58 34.54 5.35 8.00 15.99 412

Note 1: For L30, two TRV coordinates are given: the second crest (highest peak) and the first crest (lower peak value)
Note 2: For 80% of the rated Isc, L90 is not longer applicable
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EMTP simulation results of 3-phase line faults

f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [KA] [km] kV] | [KV] | [ps] | [pw] | kVisl | [KV] | [us] | [kVins] | [A/ns] Q]
Isc= 100 % of the rated Isc= 40 kA, k= 1.5
. 315. kV. . 24 (L60) 8.716 105.23 | -143.82 59.1 2.37 -4.28 | 312.80 | 59.6 5.37 12.79 335
(Single circuit line)
4 30 (L75) 4.358 65.79 -89.50 30.0 2.36 -5.34 193.28 | 30.3 6.60 15.99 334
- p—t— |0 —
gt e I 36(L90) 1.453 26.32 -35.43 10.4 2.35 -6.36 76.88 10.6 7.79 19.19 331
* <l> 38(L95) 0.688 13.16 -17.54 53 2.33 -6.62 38.73 5.5 8.15 20.25 327
db -~
"[" S yE Isc= 100 % of the rated Isc= 40 kA, ky,= 1.3
24 (L60) 8.656 103.83 | -143.97 58.7 2.39 -4.29 | 313.66 | 59.2 5.42 12.79 335
30 (L75) 4.328 65.06 -89.35 29.8 2.37 -5.34 | 19335 | 30.1 6.67 15.99 334
36(L90) 1.443 26.10 -35.31 10.3 2.35 -6.36 77.20 10.6 7.87 19.19 331
38(L95) 0.684 13.06 -17.49 5.2 2.34 -6.67 38.97 5.4 8.23 20.25 329
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EMTP simulation results of 3-phase line faults

f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
Uo ﬁL tL d SL Up th SLS
[kV] [KA] [km] kV] | [KV] | [ps] | [pw] | kVisl | [KV] | [us] | [kVins] | [A/ns] Q]
Isc= 100 % of the rated Isc= 40 kA, k= 1.5
315. kV. . 24 (L60) 8.833 100.53 | -145.95 59.9 2.45 -4.18 | 292.76 | 60.4 4.95 12.79 327
(Double circuit line)
30 (L75) 4421 62.89 -91.33 30.3 2.45 -5.22 182.43 30.7 6.13 15.99 327
- 1,5 —
-i..s 36(L90) 1.474 25.16 -36.43 10.6 2.45 -6.25 73.25 10.9 7.30 19.19 326
ol oe
7 .V/ I 38(L95) 0.698 12.51 -18.21 5.4 2.46 -6.53 37.17 5.7 7.66 20.25 322
j,, _r;‘/ 9 \4. Isc=100 % of the rated Isc= 40 kA, k,,= 1.3
* > 1,9 -
24 (L60) 8.790 99.80 | -145.91 59.6 2.46 -4.19 | 293.23 60.1 4.98 12.79 328
30 (L75) 4.400 62.52 -91.10 30.2 2.46 -5.22 | 18275 | 30.6 6.17 15.99 327
36(L90) 1.466 25.05 -36.28 10.5 2.45 -6.25 73.40 10.8 7.34 19.19 326
38(L95) 0.695 12.52 -18.42 5.4 2.47 -6.65 39.54 5.6 8.21 20.25 328
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EMTP simulation results of 3-phase line faults

f,= 60 Hz, Source TRV parameters: RRRV =2 kV/us, Kyr=1.40

U, Isc Line Line TRV parameters TRYV (line + source) of di/dt 71,
length for the first-pole-to-clear 1* peak of FPTC calculated
uo O tL d SL u, tis Sts

[kV] [kA] km] | [kv] | [kV] | [ps] | [pw] | KVissl | [kV] | [us] | [kVins] | [A/ns] 1]

Rigid Y owen Isc= 100 % of the rated Isc= 40 kA, ky,= 1.3
N 24 (L60) | 23.155 | 246.16 | -353.50 | 1553 | 2.44 | -3.89 | 77473 | 1560 | 503 | 12.79 304
* l”"w WI. 30(L75) | 11.578 | 15452 | 218.65 | 78.1 | 2.42 | -4.83 | 47728 | 785 | 6.17 | 1599 302
& m ) 36(L90) 3.860 | 62.09 | -8624 | 26,5 | 239 | -576 | 188.40 | 268 | 726 | 19.19 300
e 38(L95) 1.829 | 3111 | 4277 | 129 | 238 | -6.05 | 94.14 | 13.1 | 7.61 | 2025 299

—— Isc= 100 % of the rated Isc= 40 kA, ky,= 1.3
(S,uyed melt.amc tfwer) 24 (L60) | 24.175 | 246.14 | 36520 | 162.1 | 2.48 | -3.80 | 79427 | 1627 | 494 | 12.79 297
30(L75) | 12.088 | 154.48 | 22624 | 81.5 | 246 | -4.72 | 489.55| 819 | 6.06 | 15.99 295
36(L90) 4.030 | 62.10 | 8925 | 27.6 | 244 | -5.63 | 193.14| 279 | 7.13 | 19.19 293
38(L95) 1.909 | 31.11 | 4426 | 134 | 242 | -5.92 | 9645 | 13.6 | 747 | 2025 292
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Appendix C: Driving influences of ground resistivity on the d
factor in the case of single-phase line fault

High-Level Summary of Takeaways

o It was demonstrated in ATP analysis that the ground resistivity, through its impact on
the self and mutual impedance of the transmission line, has a significant impact on the
d-factor.

e Through simulation, it was shown that d-factors greater or lower than 1.6 can be
obtained by varying the ground resistivity.

e Power-point animations were created for single-phase short-line faults (SLF) for
comparison of those to be constructed for the three-phase line fault case.

Description of Analysis

Based on the minutes of the last CIGRE WG A3.19 meeting in Zurich, Switzerland, there is a
need to obtain animations of travelling waves initiated by both single-line-to-ground faults
(SLGF) and three-phase grounded faults (3PGF). The focus is to monitor travelling waves
for SLGF and 3PGF and the impacts on the resulting amplitude factor (d-factor).

The purpose of the analysis described here is to examine the driving phenomena for traveling
waves associated with SLGF for comparison to travelling waves associated with 3PGF. This
analysis will also serve as a basis for the next phase of the CIGRE WG analysis, which
involves creating animated plots of travelling waves for 3PGF, similar to the animation for
SLGF that can be found in references [i] and [ii] and included power-point files
“SLF _1P_ANIM 001.ppt” and “SLF 1P _ANIM 00la.ppt” constructed in parallel with this
memo. This analysis also provides description for the impacts of ground resistivity on the
self and mutual impedances of a transmission line and thereby the travelling waves associated
with a SLGF through use of the Alternative Transients Program (ATP).

Figure C1 shows that for SLGF, the travelling voltage waves on the line-side of the circuit-
breaker exhibit the highest d-factor for simulations with a near zero ground resistivity for the
transmission line (note lowest ground resistivity of 0.1 pQ-m examined here), whereas for
increasing ground resistivities, the d-factor decreases. A near zero ground resistivity
minimizes Carson’s earth-return correction factor added to the self and mutual impedances of
the transmission line. For the near-zero ground resistivity case, the d-factor was 1.96 (nearly
2.0) and for the case with a ground resistivity of 10.0 Q-m, the d-factor was 1.625, which is
close to the d-factor of 1.6 recommended by ANSI/IEEE Standards [iii]. This can also be
learnt from the formula d = 0.4{2+L;0(hf)/Ly1(1f)}, where for near-zero ground resistivity
Lpo(hf) is equal to Lpo(if) and thus about 3-times larger than Ly1(f) and for higher
resistivities the ratio tends towards 2-times Ly 1(If), as Ly 1(If) increases. Figure C1 shows the
formula used to calculate the d-factor, based on the initial peak and the 1* peak of the line-
side voltage component at the circuit-breaker terminals. All parameters for the simulations
(Fig. C1) were held constant except for the ground resistivity. Because of the different
ground resistivities examined, the line length was changed to tune the fault current to within
~1 % of 90% SLF current, and with increasing ground resistivities the current zero was
shifted, causing the line-side voltage components to be initiated at different instances in time
driven by the ground resistivity, degree of tuning, and line length. It was determined by
simulation that this tuning had a negligible impact on the resulting d-factor.

Figure C2 shows the ATP circuit used for the simulation of the waves in Fig. C1. The circuit
in Fig. C1 has the following parameters:
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Voltage (V)

e 550 kV 50 kA rated source at 100%

[ X()/X] =1.0

o Phase A opening time: 10 ms, Phase B/C opening time: 15 ms

e 90% SLF corresponding to line length of 0.9 mi for p = 1.0 Q-m applied at t =0

60
“ ) 8
\ ) h
- A\
TS /
20 - .
N
u (5)
J /
0 [ ] ’ A
-20 :
(1) p=1.0 uQ-m, d = [44.44 - (-42.74)] | 44.44 =1.96 \\d/
-401{ (2)p=1.0Q-m, d =[48.74 - (-38.28)] / 48.74 =1.785
(3) p=10.0 O-m, d = (48.36 — (-30.25)] / 48.36 = 1.625
H (4)p=100.00-m,d=(47.41-(-23.99)]/47.41=1.51
(5) p=1000.0 O-m, d = (46.64 - (-19.24)] / 46.64 = 1.41
-60 I I I I T I I I I T I I I I | | | | | | | | | | | |
16.645 16.650 16.655 16.660 16.665 16.670 16.675

Time (ms)
Figure Cl. Line-side voltage components at circuit-breaker terminals and d-factors
for various ground resistivities from 1.0 pu€2-m to 1000 2-m.

550 kV Line o DUTY SW

Switch Closed
Switch Open

FAULTA
o / Switch Opened During Simulation
FAULTB I_ SRR vs3 635 sours
LLLLS

FAULTC
———o—
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]
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S 80ft
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Transmission Line Geometry

Figure C2. ATP circuit used to obtain voltage waves shown in Fig. CI.
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Based on the voltage waves shown in Fig. C1, for ground resistivities ranging from 1.0 pQ-m
to 1000.0 Q-m, it is evident that the ground resistivity plays a major role in the d-factor for
short-line fault (SLF) phenomena.

A wide-range of ground resistivities was examined here for tutorial purposes. The following
lists typical ranges for actual ground resistivities based on reference [ii]:

e General average: p = 100 Q-m

o Seawater: p=0.01-1.0 Q-m

e Swampy ground: p = 10-100 Q-m
e Dry earth: p=1000 Q-m

e Pureslate: p=10" Q-m

« Sandstone p=10° Q-m

Reference [iv] also provides information on the typical resistivity of common soil types,
listed as follows:

Filled land, ashes, and salt marsh

0 Average: 24 QQ-m

0 Minimum: 6 Q-m

0 Maximum: 70 Q-m
Top soils, loam

0 Average: 41 Q-m

0 Minimum: 3.4 Q-m

0 Maximum: 160 Q-m
Hybrid soils

0 Average: 60 Q-m

0 Minimum: 10 Q-m

0 Maximum: 1350 Q-m
Sand and gravel

0 Average: 900 QQ-m

0 Minimum: 600 Q-m

0 Maximum: 4600 QQ-m

To provide more insight into the driving phenomena for the d-factor from a travelling wave
point-of-view, the transmission line in Fig. C2 was divided into 10 equal sections to allow
monitoring of the travelling voltage wave as the wave travelled along the line. For each case,
the length of each line section was 1/10 of the total line length from the original case. Figure
C3 shows the resulting line-side voltage components at each 1/10 increment, where the initial
peak voltage at the circuit-breaker terminals can be traced along the transmission line to the
short-circuit. It can be observed that the negative peak reaches a much lesser negative peak
magnitude for the p = 10.0 Q-m compared to the case where p = 0.1 pQ-m. Note that for
clarity reasons the red curves for p = 10.0 QQ-m are shifted in time with respect to the black
curves, that belong to p = 0.1 uQ-m. Further the red TRV curves have a similar waveshape as
the black curves, as stressed by the remark in the figure C3.

It was observed that for cases with the transmission line divided into 10 equal sections
compared to cases with the transmission line modelled as 1-section for ground resistivities of
0.1 pQ-m and 1.0 puQ-m, the d-factor for the cases with the transmission line divided into 10
equal sections was less than for cases with the transmission line modelled as 1-section (e.g.,
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1.91 compared to 1.96). The opposite trend was observed for cases with higher ground
resistivities (i.e., 1.0 Q-m to 1000 Q-m), where the d-factor increased (by ~3-5%) for the
cases with 10 equal sections compared to cases with the transmission line modelled as 1-
section for the same ground resistivity. Figure C4 shows an example for comparison of cases
for p = 0.1 puQ-m/section for 10 sections and p = 0.1 pQ-m for 1-section. Most probably this
phenomenon is related to the simulation model and not to physical parameters in real life.

60 Line-side TRV component at 1/10 increments along
transmission line with p= 0.1 nQ-m (black curves)
B /\ «— | Noteline-side TRV component for p= 0.1 uQ-m is the
~C / same as for p=1.0 uQ-m.
40
20

Voltage (V)
o

-20
-40
| | Line-side TRV component at 1/10 increments along
transmission line with p=10.0 Q-m (red curves)
-60 | | | | } | | | | } | | | | | |
16.650 16.655 16.660 16.665 16.670 16.675
Time (ms)
Figure C3. Simulation results for cases with the transmission line divided into 10
equal sections for p = 0.1 p€2-m and p = 10.0 -m with fault current tuned to 45.0 kA
RMS.
o GND_00_2 WAVES>VL3A (Type 4)
40
20
/

p=0.1 uQ-m/section for 10 sections, d = [44.44 - (-40.65)] / 44.44 = 1.91
B (black curve) Note that line-side TRV for p= 0.1 nQ-m/section for 10
sections is the same as for p= 1.0 nQ-m/section for 10 sections.

Voltage (V)
o

-20
-40 R = 2
/
B p= 0.1 pQ-m for 1-section, d = [44.44 - (-42.74)] | 44.44 = 1.96
(red curve) Note that line-side TRV for p= 0.1 uQ-m is the same as for p=1.0 pQ-m.
-60 : i : i : i
\ \ \
16.64 16.66 16.68 16.70 16.72

Time (ms)
FigureC4. Simulation results for cases with p = 0.1 u€2m/section for 10 sections
(d-factor = 1.91) and with p = 0.1 uQ for 1-section of line (d-factor = 1.96).
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In an attempt to determine where the energy from the traveling wave is going, causing the
varying d-factors for the ground resistivities examined in Fig. Cl, sensitivity cases were
simulated as summarized in Table C1. Table C1 lists the d-factor associated with phase A at
the line-side of the circuit-breaker observed for each sensitivity case. Figures C5 and C6
show diagrams of the key sensitivities listed in Table C1. Note that sensitivity cases were
performed with phase B and phase C of the circuit-breaker opened throughout the entire
simulation, and a few cases were simulated to verify that the results did not change with the
circuit-breaker initially closed and phases B and C opening after phase A.

The impacts of the effects of coupling between the phases and shielding wires and the faulted
phase were bounded through the magnitude of the resulting d-factor. The following lists
observations based on interpretation of the results listed in Table 1 with respect to the impacts
of moving the phase conductors and shield wires either vertically and/or horizontally about
the original electro-geometric configuration:

e Overall, it was observed that “tighter” horizontal line configurations resulted in lower
d-factors than “wider” line configurations. Also, shorter vertical line configurations
resulted in lower d-factors than higher vertical line configurations.

o It was observed that the electro-geometric configuration (e.g., vertical or horizontal
spacing of the phase conductors and shield wires) of the transmission line could cause
at most a 3 to 5% increase in the d-factors in addition to the effects of the ground
resistivity on the d-factor.

0 Higher ground resistivities cause the electro-geometric configuration to have a
greater impact on the d-factor.

0 For cases with ground resistivities near zero (e.g., 0.1 pQ-m and 1.0 pQ-m
examined here), changes to the electro-geometric configuration had a
negligible impact on the d-factor.

0 Changes to the vertical spacing had similar effects compared to changes to the
horizontal spacing.

o [t was observed that the location of the shield wires relative to the position of each
phase conductor impact the d-factor.

0 When the phase conductors were moved without the shield wires, the d-factor
did not vary significantly, and decreased a few percent for each case for p =
1.0 Q or greater.

0 When the phase conductors were moved with the shield wire, the d-factor
increased by a few to approximately 5%.

The following are the overall observations based on the analysis:

o For conditions with a near zero ground resistivity (p = 0.1 pQ-m or p = 1.0 uQ-m),
the d-factor was observed to be near its theoretical maximum of 2.0.

e It was observed that for the range of ground resistivities examined, which was 0.1
pQ-m to 1000 Q-m, the d-factor varied from near 2.0 to 1.4.

0 For a range of ground resistivities from 1.0 QQ-m to 100 Q-m, the d-factor
varied from 1.5 to 1.8.

0 It was observed that the electro-geometric configuration (e.g., vertical or
horizontal spacing of phase conductors and shield wires) of the transmission
line could cause at most a 3 to 5% increase in the d-factors in addition to the
effects of the ground resistivity.
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The ground resistivity appears to have a first-order effect on the traveling waves,
causing d-factors ranging from near 2.0 to 1.4 at the line-side of the circuit-breaker for
ground resistivities of p = 0.1 pQ-m to 1000 Q-m.

For a near zero ground resistivity (e.g., p = 0.1 uQ-m or p = 1.0 pQ-m), changes in
the electro-geomagnetic characteristics of the transmission line do not significantly
impact the d-factor, which is almost 2.0 for near zero ground resistivity cases.

Takeaways
It was demonstrated in ATP analysis that the ground resistivity, through its impact on
the self and mutual impedance of the transmission line, has a significant impact on the
d-factor. Refer to the next subsection for more information on the impacts of changes
in the ground resistivity on the self and mutual impedance of a transmission line
through ATP simulation.

0 Decreased (or increased) ground resistivity causes decreased (or increased)
self and mutual impedance and correspondingly increased (or decreased) d-
factor. Thus, the d-factor has an inverse proportional relationship to the
ground resistivity.

= |t is anticipated that the decreased (or increased) self and mutual
impedance impacts the d-factor in two ways in ATP simulation:

Changes standard linear distribution of charge at breaker
opening where maximum is at breaker terminals and minimum
is at fault by increasing (or decreasing) the self and mutual
impedance of the circuit. Thus, traveling wave components no
longer solely bounce between an open and short-circuit, and are
increasingly (or decreasingly) influenced by self (i.e.,
physically, driven by location of conductor and characteristics
of ground and shield wires) and mutual impedance (i.e.,
physically, driven by location of conductor and characteristics
of ground and shield wires, and location and characteristics of
other phase conductors) through Carson’s earth-return
correction factor.

Decreased (or increased) modal characteristic surge impedance,
primarily for mode 0.

Further investigation may be warranted to determine the extent
of each of the effects described above. This analysis
concentrated on the combined effects and impacts on d-factor.

Through simulation, it was shown that d-factors greater or lower than 1.6 can be
obtained by varying the ground resistivity.

The next subsection provides background on applicable assumptions for Carson’s theory, a
description of the behavior of traveling waves taken from reference [ii], and Carson’s earth-
return correction equations for reference purposes along with above takeaways.

Description of Impacts of Ground Resistivity on Traveling Wave Phenomena

This subsection provides a description of the impact of ground resistivity on traveling wave
phenomena through ATP simulation, which can account for the impact of different ground
resistivities on self and mutual impedances of a transmission line through a method based on
Carson’s earth-return correction equations [v]. It should be noted that Carson’s formula is
based on the following assumptions as described in reference [v], where error can be
introduced when not all of the assumptions are met fully:
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(a) The conductors are perfectly horizontal above ground, and are long enough so
that three-dimensional effects can be neglected (this makes the field problem two-
dimensional). The sag is taken into account indirectly by using an average height
above ground.

(b) The aerial space is homogeneous without loss, with permeability uy and
permittivity &.

(c) The earth is homogeneous with uniform resistivity p, permeability y and
permittivity &, and is bounded by a flat plane with infinite extent, to which the
conductors are parallel. The earth behaves as a conductor, i.e., 1/p >> weg), and
hence the displacement current may be neglected. Above the critical frequency
Seriticar = 1/(27eyp), other formulas must be used (for p = 10 000 £2-m in rocky
ground, feiica = 1.8 MHz, which is still on the high side for most EMTP line
models).

(d) The spacing between conductors is at least one order of magnitude larger than the
radius of the conductors, so that proximity effects (current distribution within one
conductor influenced by current in an adjacent conductor) can be ignored.

Thus, it must be remembered that the ground resistivity in ATP/EMTP employs correction
factors to the self and mutual impedances, based on certain assumptions and estimations, and
are not meant to be an exact representation of the ground plane and its impacts.

Reference [ii] describes short-line faults as follows:

“At current zero, when the circuit-breaker interrupts, the generated voltage will be
near its peak. Therefore the line, now served from the system, momentarily has on it
a charge distribution which is a maximum at the circuit-breaker and declines more or
less linearly to zero at the fault. It was shown in Section 9.2 that an unbound
distribution of charge on a line will not remain static but will travel, or attempt to do
so, in both directions along the line. In this particular instance the charge is
somewhat confined, in that a travelling wave cannot proceed into the source since it
is blocked by the open circuit-breaker, nor can the charge propagate as a wave
beyond the fault, assuming that the fault is a short circuit...”

The impact of the ground resistivity on the phenomena described above is accounted for in
ATP/EMTP through its impact on the self and mutual impedances of the transmission line.
Examination of Carson’s earth-return correction equations below provides a basic
understanding for these impacts:

L

L =Hom Lt i Eegim o
27 GMR, 3

Lo =Hon Lty m )

Y d, 3

with

% =22 n@5.06p, [H /m] ()
T

Example for p =100 Qm :

[; =0.2x1n850.6 =1.3492[uH / m]
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The equations above show that the self and mutual impedance is proportionally related to the
ground resistivity. An increase (or decrease) in the ground resistivity will lead to an increase
(or decrease) in the self and mutual impedance of the transmission line. Attached is an
example of 500 kV transmission line input data and output parameters for a case where p = 1
and p = 1000 for reference purposes, illustrating the change in the phase matrices and modal
parameters driven by the ground resistivity.
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Table C1- d-factor for various sensitivities on transmission line electro-geometric configurations

Other Sensitivities Performed For Reference

Base Sensitivities

Dase-Case Case ] Case T-2 Case 1-b Case 1-¢ Case 1o Case | Case 2 Case 3 Case 4 Case 5 Case i Case T Case b
D-Factor
D-Factor B/C Phase D-Factor D-Factor D-Factor D-Factor D-Factor D-Factor D-Factor
D.Lactor D.Lactor B/C Phase Conductor B/C Phase A/BIC Phase D-Factor B/C Phass D.Factar B/C Phase D.Lactur B/CPhase | ABICPhase B/C Phase
Given Given . N B/C Phase B/C Phase B/C Phase Cand ' '
Resistivity Flectro. Configuarion Conductor & Shield Wires Conductor Conductor Conductor Conductor Conductor Conductor Conductor C C
G . & Shield Wires | Spacing Halved | & Shield Wires & Shield Wires & Shield Wires & Shield Wires & Shield Wires | & Shield Wires | & Shield Wires
eometric Length Modeled . N : +50 ft +200 ft +1000 ft
Conflguration | in 10 Sections Spacing Halved (Horizontal) Spacing Doubled +50 ft (Horizontal) +50 ft {Horizontal) +200 ft {Horizontal) +1000 ft +500 ft +500 ft
(Horizontal) Vertical Spacing {Horizontal) (Vertical) (Horizontal) (Horizontal) (Horizontal) {Vertical) {Vertical)
Reduced by 1.6x
0.1 pQ-rn 1.96 191 195 195 197 1.96 198 197 1975 1975 1975 1975 196 197
1.0 pf2-m 1.98 191 1.95 1.95 1.97 1.98 1.98 1.97 1.975 1.975 1.975 1.975 1.96 1.97
1.0 G- 1.785 1.80 181 1.74 1.80 1.865 1.76 1.85 1.76 186 181 1.81 184 185
100 Q-m 1.625 1.72 1.63 1.565 1.63 1.72 1.60 1.635 1.56 1.72 167 1.66 1.0 1.725
100.0 S-m 1.51 1.56 1.52 1.38 1.43 1.58 1.44 1.56 1.48 178 1.51 1.55 1.80 173
1000.0 &-m 1.41 1.50 1.48 1.40 .41 1.50 1.40 1.48 1.35 161 1.45 1.88 1.68 1.61




Case (2/4/6): Phase B and C conductors
and shield wires shifted (50/200/1000) ft
horizontally relative to centerpoint
between bundles on phase wires and
centerpoint between shield wires.

Case (1/3/5): Phase B and C
conductors shifted (50/200/1000) ft
horizontally relative to centerpoint
of bundles.

Figure C5. Diagram for Cases 1 through 6.

Case (1-d/7): Phase A, B, and C conductors Case 8: Same as Case 7, except phase A
and shield wires shifted vertically (50/500) ft not shifted along with the rest of the phase
relative to existing vertical heights. Thus, the conductors and shield wires.

new phase conductor height was 580 ft and
the new shield wire height was 606 ft.

Figure C6. Diagram for Cases 1-d, 7, and 8.
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