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Abstract: The procedures and calculations necessary to apply the standard transient recovery
voltage (TRV) ratings for ac high-voltage circuit breakers rated above 1000 V are covered in this
guide. The breaking capability limits of these circuit breakers are determined to a great degree
by the TRV. The TRV ratings are compared with typical system TRV duties. Examples of TRV
calculation are given with suggested options if the TRV duty exceeds the TRV ratings of the circuit
breaker.

Keywords: high-voltage circuit breakers, IEEE C37.011, transient recovery voltage (TRV)
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These notices
and disclaimers, or a reference to this page, appear in all standards and may be found under the heading
“Important Notice” or “Important Notices and Disclaimers Concerning IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use,
are developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus
development process, approved by the American National Standards Institute (“ANSI”), which brings
together volunteers representing varied viewpoints and interests to achieve the final product. Volunteers
are not necessarily members of the Institute and participate without compensation from IEEE. While IEEE
administers the process and establishes rules to promote fairness in the consensus development process, IEEE
does not independently evaluate, test, or verify the accuracy of any of the information or the soundness of any
judgments contained in its standards.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document
relating to the standard, including, but not limited to, the warranties of: merchantability; fitness for a particular
purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of material. In
addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE standards
documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO:
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English version published by IEEE should be considered the approved
IEEE standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall
not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, symposia, seminars, or
educational courses, an individual presenting information on IEEE standards shall make it clear that his or her
views should be considered the personal views of that individual rather than the formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless
of membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
consensus of concerned interests, it is important that any responses to comments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and Standards
Coordinating Committees are not able to provide an instant response to comments or questions except in
those cases where the matter has previously been addressed. For the same reason, IEEE does not respond to
interpretation requests. Any person who would like to participate in revisions to an IEEE standard is welcome
to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not imply compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.

Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to photocopy
portions of any individual standard for company or organizational internal use or individual, non-commercial
use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center, Customer
Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions
of'any individual standard for educational classroom use can also be obtained through the Copyright Clearance
Center.
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Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through
the issuance of amendments, corrigenda, or errata, visit the [IEEE-SA Website at http://ieeexplore.ieee.org/xpl/
standards.jsp or contact IEEE at the address listed previously. For more information about the IEEE-SA or
IEEE’s standards development process, visit the IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL: http://
standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility.
Further information may be obtained from the IEEE Standards Association.
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Introduction

This introduction is not part of IEEE Std C37.011™-2019, IEEE Guide for the Application of Transient Recovery
Voltage for AC High-Voltage Circuit Breakers with Rated Maximum Voltage above 1000 V.

This application guide has been revised to align the new TRV requirements introduced in IEEE Std C37.04™,
IEEE Std C37.09™, and IEEE Std C37.06.1™.

The main changes implemented in this guide concern:

— Revision of 3.2 to develop the part on arc-circuit interaction

— Revision of 3.3 to incorporate information formerly in IEEE Std C37.04b™ but not incorporated in the
latest revision of IEEE Std C37.04

— Revision of 3.3.4 to give more detailed explanations on TRV modification during interruption of
asymmetrical currents

— Revision 0f 4.2.3 on short-line faults

— Revision of 4.4.1 to update with IEEE Std C37.06.1 and give guidance

— Addition of 4.5.2 to incorporate TRV's on series capacitor banks

— New Clause 5 to cover testing issues

— New Annex D on guidance for TRV calculation by electromagnetic transients program

—  New Annex E on abbreviations
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IEEE Guide for the Application of Transient Recovery Voltage for AC

High-Voltage Circuit Breakers with Rated Maximum Voltage above 1000

1. Overview

1.1 Scope

This application guide covers procedures and calculations necessary to apply the standard transient

recovery voltage (TRV) ratings for ac high-voltage circuit breakers with rated maximum voltage

above 1000 V. The breaking capability limits of these circuit breakers are determined to a great
degree by the TRV. This application guide is not included in other existing circuit breaker standards.
In this document, the TRV ratings are compared with typical system TRV duties. Examples of TRV
calculation are given with suggested options if the TRV duty exceeds the TRV ratings of the circuit

breaker.
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1.2 Purpose

The purpose of this guide standare is to provide an application guide on the TRV ratings given in

IEEE Std C37.04™% for ac high-voltage circuit breakers rated on a symmetrical current basis.
Definitions, rating structure, test procedures, and preferred transient voltage ratings and related
required capabilities are included in IEEE Std C37.04, IEEE Std C37.09 86™, and IEEE Std C37.69™;
and-ANSHCE37.06.1™. IEEE Std C37.010™ applies in other respects to these circuit breakers.

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e.,
they must be understood and used, so each referenced document is cited in text and its relationship
to this document is explained). For dated references, only the edition cited applies. For undated
references, the latest edition of the referenced document (including any amendments or corrigenda)

applies.

IEC 62271-100, Eirst—edition—2001-05-High-voltage switchgear and controlgear—Part 100: High-
veltage-Alternating-current circuit-breakers. Seelable—l%,—é—l—@%—l—@%—&—p—l—%—g

IEC 62271-101, High-voltage switchgear and controlgear —Part 101: Synthetic testing.

IEEE Std C37.04™, IEEE Standard for Ratings and Requirements Rating-Strueture for AC High-

Voltage Circuit Breakers with Rated Maximum Voltages above 1000 V2334

rec publications are available from the Central-Office-of-the-International Electrotechnical Commission_(http://www.iec.ch) and

the United-Statesfrom-the Sales Department; American National Standards Institute,25-West43rd-Street4th-Eloor New—YorkNY

10036, USA (http://www.ansi.org/).
-1—1 { ; { bef 1inCl 2.

2 “The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics

Engineers, Incorporated.

3IEEE publications are available from The Institute of Electrical and Electronics Engineers ~445-HeesLanePiscatawayNJ-08854;
USA (http://standards.ieee.org/).
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IEEE Std ANSI C37.06.1™, JEEE Recommended Practice for Preferred Ratings AmericanNatonal

Standard for High-Voltage (> 1000 volts) AC Circuit Breakers Rated-on-Symmetrical- Current Basis
2

Designated Definite Purpose for Fast Transient Recovery Voltage Rise Times.

IEEE Std C37.09™, IEEE Standard Test Procedure for AC High-Voltage Circuit Breakers with Rated
on-a Symmetrieal-CurrentBasis Maximum Voltage above 1000 V.

IEEE Std C37.010™, IEEE Application Guide for AC High-Voltage Circuit Breakers > 1000 Vac Rated

on a Symmetrical Current Basis.

3. Transient recovery voltage

3.1 General

The recovery voltage is the voltage that appears across the terminals of a pole of a circuit breaker
after interruption. This voltage may be considered in two successive time intervals: one during
which a transient recovery voltage (TRV) exists, followed by a second during which a power

frequency voltage alone exists.

During the interruption process, the arc rapidly loses conductivity as the instantaneous current
approaches zero. Within a few microseconds after current zero, current stops flowing in the circuit.
The power system response to current interruption generates the TRV. TRV is the difference in the
power system response voltages on the source side and on the load side of the circuit breaker. The
nature of the TRV depends is—dependent on the circuit being interrupted: whether primarily

resistive, capacitive, or inductive (or some combination). Additionally, distributed and lumped

circuit elements will produce different TRV waveshapes.
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In principle, the response of the load side and source side of the circuit breaker can be analyzed

separately, and the results can be subtracted point by point on a time line. The driving voltage is the

instantaneous—pewer-frequeney voltage across the circuit elements at the instant of current

interruption.

The breaking operation is successful if the circuit breaker is able to interrupt the fault current and is

also able to withstand the TRV and the power frequency recovery voltage.

TRVs can be oscillatory, triangular, or exponential, and can occur as a combination of these forms.
The most severe oscillatory or exponential recovery voltages tend to occur across the first pole to
clear epen of a circuit breaker interrupting a three-phase symmetrical fault at its terminal when the
system voltage is maximum. (See Annex C for more information on the TRV and power frequency

recovery voltage applied on each pole while interrupting a three-phase terminal fault.)

The triangular recovery voltages are associated with line faults. The initial rate-of-rise-of-the
recovery voltages (RRRVs) for line faults becomes greater the closer the fault is to the circuit breaker;
however, the magnitude of this line-side triangular wave decreases as the rate of rise increases.
Generally, the source recovery voltage is much slower and only the triangular recovery voltage is
effective in the early time period of the TRV. The amplitude of the recovery voltages for these line

faults are is determined on a single-phase basis during their early time periods.

By definition, TRV values defined in the standards are inherent, i.e., values that would be obtained
during interruption by an ideal circuit breaker without arc voltage (its resistance changes from zero

to an infinite value at current zero).
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3.2 Arc-circuit interaction

3.2.1 General

During a short-circuit current interruption, arc resistance rises very rapidly during tens of

microseconds before current zero. The resulting arc voltage increase tends to charge the circuit

capacitances. As a consequence, the slope of current through the arcis reduced as can be seen in part

A of Figure 1, which shows a successful interruption of a short-line-fault current. In case of a gas-

blast circuit breaker, the short period of a few microseconds with a low current before current zero is

important for current interruption as it gives time for the blast to reduce arc temperature and allows

then a fast reduction of arc conductivity before the increase of TRV. This short period of a few

microseconds around current zero is called the thermal phase of interruption.

Part B of Figure 1 shows the evolution of arc current and arc voltage in case of an unsuccessful

(thermal) interruption by a gas-blast circuit breaker.

Part C of Figure 1 shows that gas-blast circuit breakers can effectively reduce the slope of current

just before current zero and that the increase of arc resistance is so fast that there is no measurable

post-arc_current after current zero. In case of a vacuum circuit breaker, the current slope is not

modified as arc voltage is low. Arc conductivity after current zero in a vacuum circuit breaker leads

to post-arc currents that can be 1 A or higher; it can damp a TRV of low amplitude.
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Figure 1—Oscillograms showing arc voltage and arc current during

short-circuit current interruption (these examples illustrate short-line-

fault interruption)

The interactions between arc and circuit shown on Figure 1 are the same during laboratory tests and

in service as long as the requirements given in IEEE Std C37.09™ are fulfilled (supply voltage, TRV,

short-circuit current).
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3.2.2 Inherent TRV

32 Effoct of cireuit breal : ]

As The the circuit TRV can be modified by the arc of the circuit breaker, Therefore; the transient

recovery voltage TRY measured across the terminals of two different types of circuit breakers under

identical conditions can be different. Recognizingthe meodifyingabiliies—of each—of the various

To simplify both rating and application, the power system electrical characteristics are defined or
calculated ignoring the effect of the circuit breaker. Thus, the TRV, which results when an ideal
circuit breaker interrupts, is used as the reference for both rating and application. This TRV is called
the inherent TRV. An ideal circuit breaker has no modifying effects on the electrical characteristics of
a system and, when conducting, its terminal impedance is zero; at current zero its terminal

impedance changes from zero to infinity.

3.2.3 Influence of an additional capacitor or opening resistance

The TRV slope can be reduced by a capacitor either in parallel to the arc or phase to ground.

Additional capacitors can be used to improve the short-line-fault (SLF) performance of circuit

breakers. Opening resistors may be used to improve the SLF performance of circuit breakers by

reducing the TRV slope; they are often used with air-blast circuit breakers.

3.3 Method of rating and application

3.3.1 TRV basics

3.3.1.1 General

At rated voltages, up to 100 kV, all circuit breakers in this range of rated voltages are required to

interrupt three-phase ungrounded terminal faults.
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In the range of rated voltages from 100 kV to 170 kV, the grounding is sometimes accomplished

through an impedance, which makes these systems non-effectively grounded. In addition, three-

phase ungrounded faults are still common, although less common compared to rated voltages less

than 100 kV. Therefore, the user can specify the circuit breakers for use in these impedance

grounded systems to be required to interrupt three-phase ungrounded terminal faults as well.

For rated voltages above 170 kV, most systems have the neutral egrounded. In addition, system

experience has shown that three-phase ungrounded faults are very rare (Baltensperger et al. [B2]4),

accounting for less than 1.3% of all faults. So, although three-phase ungrounded faults produce the

highest TRV peaks, the probability of their occurrence is very small. Based on these statistics, the

CIGRE working group [B2] recommended that three-phase grounded faults be considered as the

basis of rating for circuit breakers rated 100 kV and above and applied in effectively grounded

systems; this recommendation is so implemented in IEC 62271-100. IEEE Std C37.04™ also considers

the three-phase grounded fault as the most typical basis of rating for circuit breakers rated 100 kV

and above. However, IEEE Std C37.04 also provides the user the option to specify three-phase

ungrounded faults as the basis of rating to cover all application conditions where the user considers

that the higher TRV capability is required. Because earlier editions of IEEE standards were based on

the three-phase ungrounded fault for all voltages, this option also provides the user with a choice

where replacement of older breakers is contemplated. Clause 171 of the National Electrical Code®

(NESC®) [B26] states the following concerning circuit breaker applications:

“Devices that are intended to interrupt fault current shall be capable of safely interrupting the

maximum short-circuit current they are intended to interrupt, and for the circumstances under

which they are designed to operate.”

a) Clause 171 is interpreted by some users to mean that three-phase ungrounded faults must

be used as the basis for circuit breaker applications, even though the rate of occurrence is

very low.

43The numbers in brackets correspond to those of the bibliography in Annex E B.
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b) However, testing with an ungrounded system will result in shorter maximum arcing

times and lower TRV values for the second and third phase to clear. Therefore, it is not

clear that using the three-phase ungrounded condition as the basis for applications will

increase the overall margins of performance for the circuit breaker.

Q) The user will have to judge which basis of the application is most suitable for a given

situation.

The choice between the three-phase grounded and three-phase ungrounded condition is

accomplished by choosing the value of the first-pole-to-clear factor kpp_in calculating the TRV peak.

For ungrounded systems, which are often found at lower rated voltages, the value of kBp_is 1.5. For

effectively grounded systems, which are the norm at higher rated voltages, the value of kpp_is 1.3.

The tables of preferred ratings in IEEE Std C37.04 include the option of both the first-pole-to-clear

factors at 100 kV and above.

The waveform of the transient recovery voltage as a function of time varies according to the

arrangement of the actual circuit. The TRV waveform starts at zero volts and zero time at the point

in time when the current comes down to zero and is interrupted. The TRV then increases at some

rate reaching a peak value after which the TRV reduces and is damped out. Actual TRV waveforms

observed in a power system can be as simple as a single-frequency oscillation produced by a lumped

parameter R-L-C circuit, or it can be more complicated, with various oscillatory components and

traveling wave reflections.
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For the purposes of standards for high-voltage circuit breakers, these TRV waveforms are described

in simplified terms with some straight lines called reference lines. The first reference line is horizontal

and tangent to the TRV waveform at only one point and does not intersect or contact the waveform

at any other points. This line then provides the upper bound to the TRV magnitude. Another

reference line starts at the origin with zero volts at zero time and increases with some positive slope;

it is tangent to the TRV waveform at only one point. In this way, the sloped line is also an upper

boundary that the TRV waveform never crosses. These lines then in combination form an upper

boundary that the actual TRV waveform never exceeds. A voltage and a time pair define the point of

intersection of the horizontal line and the sloped line. The voltage and time values are called

parameters. The voltage and time pair also define the upper end of the sloped straight reference line

segment. The intersection of the straight lines always occurs at a point in time sooner than the point

at which the actual TRV reaches its peak. For two straight lines, one sloped and one horizontal, two

parameters, a voltage and a time, are enough to define the intersection of the two lines and to specify

the TRV envelope. Some TRV waveshapes start with an exponential rise and then a 1-cosine rise to

the peak as defined in older IEEE standards. For these waveshapes, there are three straight lines that

form the envelope in which two of them are tangent to the maximum rate of rise on the two different

rising slopes, and the third is tangent to the peak. For three straight lines, two sloped and one

horizontal, four parameters, two voltages and two times, are required to define the two intersection

points.

Although two straight lines work well for a simple, single-frequency waveform, a third line segment

is useful for more complicated TRV waveforms where returning traveling waves describe parts of

the TRV envelope. The simpler case is more typical of systems with rated voltages below 100 kV,

whereas the more complicated case is more typical of systems with rated voltages 100 kV and above.

In recognition of this, two types of TRV waveforms at rated short-circuit current are used based on

the voltage class of the equipment.

— A four-parameter TRV is used for rated voltages of 100 kV and above.

— A two-parameter TRV is used for rated voltages less than 100 kV.
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The two-parameter TRV is also used at all rated voltages for the TRVs for fault currents that are 30%

or less of the rated short-circuit current. Methods of drawing TRV envelopes by constructing the

tangent lines are given in Annex B and Annex C of IEEE Std C37.04. The numerical values of the

parameters for preferred ratings are listed in rating tables of IEEE Std C37.04.

The TRV reference lines form a voltage-time boundary that is essential for both testing and applying

circuit breakers. The relationship of the test TRV envelope to the rated TRV envelope, for the

purpose of testing the circuit breaker, is described in IEEE Std C37.09.

The relationship of the TRV envelope in a specific application to the rated TRV envelope, for the

purpose of applying the circuit breaker, is described in this guide.

The objective of tests is to stress the breaker with a TRV whose envelope formed by the reference

lines meets or exceeds the standard envelope. The objective of the application is to ensure that the

TRV envelope produced by the actual system is at or below the standard envelope. In this way, a

successful application is made when the interrupting stress imposed by the system does not exceed

the capability of the circuit breaker as demonstrated by test.

Generally, it will not be necessary to consider alternative transient recovery voltages as the standard

values specified cover the majority of practical cases. More severe conditions may occur in some

cases, for example in systems with series capacitor banks that are not bypassed or discharged in due

time (see 4.5.2).

Every part of the TRV wave influences the interrupting capability of a circuit breaker. For some

types of circuit breakers, the initial rate of rise is most important, whereas for others, the peak value

is most important. Therefore, the entire TRV envelope must be considered for testing and

application.
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3.3.1.2 Four-parameter TRV for rated voltages of 100 kV and above

In some cases, particularly in systems above 100 kV, the transient recovery voltage contains first a

period of high rate of rise, followed by a later period of lower rate of rise. The initial portion is

typically an exponentially increasing function asymptotic to some voltage value. The exponential

waveform is produced by the parallel combination of the local source inductance and the resistance

of the transmission line surge impedance. The later portion is formed by the return of the initial

portion as a traveling wave from the connected transmission lines. As illustrated on Figure 2, a four-

parameter TRV envelope consisting of three line segments as described below adequately represents

this waveform.

Voltage
u (kV)

T

Uy |rememememesey Reference line
of specified TRV
1

Delay line
of specified TRV

Time £ (ps) t;

Figure 2—Four-parameter TRV envelope

3.3.1.3 Two-parameter TRV for rated voltages less than 100 kV

For rated voltages less than 100 kV, the transient recovery voltage approximates to a damped single-

frequency oscillation. A two-parameter TRV envelope as shown in Figure 3 adequately represents

this waveform.
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Voltage
u(kv)

W | o _____

Refarance lina
of specified TRV

Delay line
of specified TRV

LI t* t; Time t{ps)

Figure 3—Two-parameter TRV envelope

Earlier versions of IEEE Std C37.04 used a 1-cosine wave as the standard TRV envelope with the 1-

cosine wave reaching a peak of Ep at time T7. In this simple case, t3, the time to reach Ug, in

microseconds is equal to 0.88 multiplied by T?.

3.3.1.4 A delay line defines the initial lower boundary to the TRV

The influence of local capacitance on the source side of the circuit breaker slows the rate of rise of the

voltage during the first few microseconds of the TRV. This is taken into account by introducing a

time delay td in the initial build-up of the TRV wave. The delay line shown in Figure 2 and Figure 3

accounts for this initial delay in the TRV and establishes a lower boundary for the initial delayed

build-up of the TRV wave. A delay line is then an additional part of the TRV requirement, which

defines an initial lower boundary to the TRV.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 11:27:18 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.011-2019


http://www.avadocuments.com/doc/ieee-c37-011-2019
http://www.avadocuments.com/doc/ieee-c37-011-2019

The values of the time delay are based on the typical system TRVs. For transmission systems at 100

kV and above, the reference time delay is 2 us at the rated short-circuit current. In an actual test, the

TRV must be either tangent to or above the delay line to be a valid test stress on the circuit breaker

according to its rating. The 2 us reference value is a conservatively small value and was chosen in

1997 for the IEEE standards to match the same value used in IEC standards at that time. In earlier

editions of IEEE Std C37.06™ in 1987 and before, the time delay values ranged from 2.9 us at 121 kV

up to 7.9 us at 800 kV. Thus, the value of 2 us is viewed to be smaller than typical for high-voltage

(HV) systems, and an actual TRV produced by a system would have a longer time delay than 2 us.

Therefore, an actual application with a time delay longer than 2 us is conservative in that the test

TRV would be required to be 2 us or less.

For a 1-cosine TRV wave described by the two-parameter reference lines and the parameters u¢ and

t3, a time delay of 0.15 x t3 makes the delay line tangent to the 1-cosine wave from below.

3.3.1.5 Initial transient recovery voltage (ITRV)

The beginning of the TRV may be of importance for some types of circuit breakers. This part of the

TRV, called initial transient recovery voltage (ITRV), is caused by the initial oscillation of small

amplitude due to reflections from the first major discontinuity along the busbar. The ITRV is mainly

determined by the busbar and line bay configuration of the substation. The ITRV is a physical

phenomenon, which is very similar to the short-line fault. Compared with the short-line fault, the

first voltage peak is rather low, but the time to the first peak is extremely short, that is, within the

first microsecond after current zero. Therefore, the thermal mode of interruption may be influenced.

If the circuit breaker has a short-line-fault rating, then the ITRV requirement is considered covered if

the short-line-fault tests are carried out using a line with a time delay less than 100 ns. For details,

see the circuit breaker short-line-fault test procedure in IEEE Std C37.09.

The ITRV is proportional to the busbar surge impedance and to the current:

— ITRV is only applicable to circuit breakers rated 100 kV and above because the bus

lengths at lower voltages are too short to produce noticeable ITRVs.
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— Bus surge impedance is considered to be 260 Q in contrast to the higher value of 450 Q

used for lines. Therefore, at currents below 31.5 kA, ITRV is not considered significant in

comparison to the short-line-fault (SLF) TRV.

— For circuit breakers installed in gas-insulated substations, the initial TRV can be neglected

because of low bus surge impedance and small distances to the first major discontinuity.

3.3.2 Rated transient recovery voltage parameters

3.3.2.1 Factors that influence the TRV parameters

The TRV rating for a three-phase circuit breaker is defined by an envelope of required withstand

capability. The parameters, which define the envelope, are based on the characteristic features of the

actual system transient recovery voltages. TRV parameters are influenced by three factors as follows:

—Ur= the rated voltage

__kpg= the first-pole-to-clear factor

—ki = the amplitude factor

3.3.2.2 Circuit breakers with rated voltages 100 kV and above

For circuit breakers rated 100 kV and above, a four-parameter reference line envelope as shown in

Figure 2 represents the rated TRV. Equations for the TRV parameters in terms of the three basic

factors LII,_kp_p, and kaf follow.

The magnitude of the first reference voltage parameter, u{, is:

—
|12
f—

= 0.75xk, x U, x1,.| 3

(1

New
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The value of 0.75 represents a compromise value that also is consistent with reported values from

system studies reported in the literature, as in Baltensperger et al. [B2] and Catenacci et al. [B6].

1

The rate of rise of the TRV, RRRV = ? at the rated short-circuit current for circuit breakers rated

100 kV _and above has been established as 2 kV/us as given in IEEE Std C37.04. Time, t1, is derived

from ul and rate-of-rise-of-recovery voltage (RRRV).

The magnitude of the TRV peak u¢ at the rated voltage of Uy is given by Equation (2):

i
u = kg xk xU x |- )

V3

New

The amplitude factor kaf is equal to:

kaf = 1.4 for terminal faults and short-line faults

kaf =1.25 for out-of-phase

These values are based on system studies reported in the literature, as in Baltensperger et al. [B2]

and Catenacci et al. [B6]. The value of 1.4 was formerly 1.44 in the IEEE standards of 1979 as the

peak voltage parameter u¢ for terminal fault was defined as 1.76 times the rated maximum voltage,

h

|4
where 1.76 is equal to Lad o 15x \3

The first-pole-to-clear factor kpp_is equal to:

—_kp_B= 1.3 or 1.5 for terminal fault conditions

__kpp_z 1.0 for short-line-fault conditions

_—kIlR= 2.0 for out-of-phase conditions in grounded systems

_—kIlR= 2.5 for out-of-phase conditions in ungrounded systems
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The rated times t2 to reach the peak voltage parameter Uc. for terminal and short-line-fault switching

conditions are related to t1 as follows:

t, =4xt, = t,(T100) 3)

New

For out-of-phase (OP) switching conditions:

t,(OP) = 2x1, (T100) @

New

The rated time to the peak Uc of the four-parameter envelope varies with circuit breaker rated

voltage and is given in IEEE Std C37.04.

The preferred rated values for t are the same as those specified in IEC 62271-100 and are similar to

the values for T2 in ANSI C37.06-2000. IEC used a relationship between ¢y and t] of tp =3 #] as

representative of values from system studies reported in the literature (as in Baltensperger et al. [B2]

.| =

1 To retain the same values of 2, this relationship is

and Catenacci et al. [B6]) for |u =1.0xk, xL-',x(

L | ko

1

2z

now adjusted to tp = 4xt1 for the new value of ul given by [s, =U.?5kaxb',x{3 * | See also Smith et al.

[B28] that describes TRV harmonization between IEC and IEEE standards.

The time delay value of 2 us specified for the test duties covered by four-parameter TRVs is a value

agreed to by both the IEEE and IEC around 1990 and is typical of the delay introduced to the initial

exponential part of the TRV by the stray capacitance of the bus. A longer value may be used on the

source-side circuit when testing with a short-line-fault network because the SLF network has a much

shorter time delay.
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3.3.2.3 Circuit breakers with rated voltages below 100 kV

3.3.2.3.1 Classes of circuit breakers with rated voltages below 100 kV

Two classes of circuit breakers (S1 and S2) are defined in IEEE Std C37.04, depending on the type of

application. These two classes of circuit breakers, class S1 for cable systems and class S2 for line

systems, are described in Clause 3 of IEEE Std C37.04 and are also included in IEC 62271-100 84b:the
fication is.d | | : Lication.

— A circuit breaker class S1 is intended to be used in a cable-system.

— A circuit breaker class S2 is intended to be used in a line system erin-a-—cablesystemwith

A cable system is a system in which the transient recovery voltage (TRV) during interruption of

terminal fault at 100% of short-circuit interrupting current does not exceed the two-parameter

envelope derived from values given in Celamn-5-ofTable 8 of 2A-##1EEE Std C37.0404b.

This definition of cable systems is restricted to systems of rated voltages higher than 1 kV and less
than 100 kV. Circuit breakers located in indoor substations with cable connections are generally in
cable systems. A circuit breaker in an outdoor substation is considered to be in a cable system if the
total length of cable (or equivalent length when capacitors are also present) connected on the supply
side of the circuit breaker is at least 100 m (91.4 yards 328-ft). However, if in an actual case with an
equivalent length of cable shorter than 100 m {3284}, a calculation can show that the actual TRV is
covered by the envelope derived defined from values given in Celamn-5-of Table 8 in IEEE Std

(C37.04 2A, then this system is considered a cable system. The capacitance of cable systems on the

supply side of circuit breakers is provided by cables and/or capacitors and/or insulated bus.
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NOTE 1—The term cable used in this guide means shielded conductor.2 6

NOTE 2—The indication that a cable length of at least 100 m {328-ft)}-is necessary to have a cable

system is based on a cable capacitance per unit length of 0.3 nF/m. In other words, i-e; the cable

capacitance should be at least 30 nF. However, as stated in the definition, the relevant parameter is
the envelope of the TRV during interruption of terminal fault at 100% of short-circuit interrupting

current.

A line system is a system in which the TRV during the interruption interrupting of a terminal fault

at 100% of short-circuit interrupting current is covered by the two-parameter envelope derived from

values given in Celumn4-of-Table 12 of 2A—n-IEEE Std C37.04b and exceeds the two-parameter-

envelope-derived values given in frem-Column-5-of Table 8 in IEEE Std C37.04 2A.

This definition of line systems normally applies to systems of rated voltages equal to or higher than
15 kV and less than 100 kV. In line systems, no cable is connected on the supply side of the circuit
breaker, with the possible exception of a total length of cable up to 100 m between the circuit breaker
and the supply transformer(s). Systems with transmission lines directly connected to a busbar

(without intervening cable connections) are typical examples of line systems.

The two-parameter envelopes of TRVs for line systems and cable systems are illustrated by Figure 4

2 TRV parameters are such that the rate—ofrise—ofrecovery—voltage{RRRV}) for line systems is

approximately two times higher than that for cable systems and the peak TRV is also higher (the

amplitude factor of rated TRV is 1.54 for line systems and 1.4 for cable system:s).

5 ®Notes to in text, tables, and figures efa—standard-are—given for information only and do not contain requirements needed to

implement the #his standard.
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TRV
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Line system TRV

Envelope of
Cable system TRY

o

Time (us)

Figure 4—Comparison of line system and cable system rated TRVs

Only class S2 circuit breakers have a defined short-line-fault (SLF) interrupting capability. Therefore,

circuit breakers with direct connection to overhead lines must be of class S2 independently of the

type of system (line system or cable system).

NOTE-3—When a circuit breaker is cable-connected to an overhead line, it is considered to be

directly connected to the overhead line if the capacitance of the connection is less than 5 nF. When

the cable capacitance per unit length is 0.3 nF/m, it corresponds to a length of cable shorter than

approximately 17 m {(56-£5).

3.3.2.4 TRV for circuit breakers with rated voltages below 100 kV

For circuit breakers rated below 100 kV, a two-parameter reference line envelope as shown in Figure

3 represents the rated TRV. Equations for the TRV parameters in terms of the three basic factors Uy,

kp_p' and kaf follow below.

The voltage parameter U, for interrupting rated short-circuit current, is given also by Equation (2):
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—
|2

u, = kyxk xU x, |-

L E!

New

For circuit breakers in overhead line-connected systems (or line systems):

kaf = amplitude factor = 1.54 for terminal fault and supply circuit of short-line fault

For circuit breakers in cable-connected systems (or cable systems):

kaf = amplitude factor = 1.4 for terminal fault

For circuit breakers in overhead line-connected systems and cable-connected systems:

kaf = amplitude factor = 1.25 for out-of-phase

The time parameter t3 is specified based on system parameters. The RRRV is then determined from

uc and t3 using the relationship in Equation (5):

RRRV = 2= (5)

3

New

At rated voltages below 100 kV, the rated time parameter t3 to the TRV peak Uc | of the two-

parameter envelope varies with circuit breaker rated voltage as given in IEEE Std C37.04. For line

systems, time, t3, for terminal fault and short-line fault is equal to 4.65><(u£)£ with 3 in

microseconds and u¢ in kilovolts. The equation is derived from the values given in Table 12 of IEEE

Std C37.04 for rated voltages 15.5 kV, 25.8 kV, 48.3 kV, and 72.5 kV. The same equation is used for

other rated voltages. For cable systems, the values of t3 are those found in IEC 62271-100.

The amplitude factor is affected by the amount of damping in the system to TRV transients:

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 11:27:18 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.011-2019


http://www.avadocuments.com/doc/ieee-c37-011-2019
http://www.avadocuments.com/doc/ieee-c37-011-2019

a) The amplitude factor of 1.54 is the value that has been used in ANSI/IEEE standards for

many vears for outdoor circuit breakers with rated voltages up to and including 72.5 kV.

This is at least partly based on the fact that many applications in North America at these

voltage levels are in outdoor, overhead line—connected systems for which this value of the

amplitude factor is appropriate.

b) The amplitude factor of 1.4 is the value that has been used in IEC standards for many

years for circuit breakers with rated voltages up to and including 52 kV. This is at least

partly based on the fact that many applications at these voltage levels are in cable-

connected systems for which this value of the amplitude factor is appropriate.

The RRRYV is affected by the amount of capacitance in the system:

— Overhead line-connected systems have a smaller amount of inherent capacitance, and

hence, the RRRVs of these systems are faster.

— Cable-connected systems have a larger amount of inherent capacitance, and hence, the

RRRVs of these systems are slower.

Time delay #{ . for terminal faults (test duty T100) is a function of the system, cable, or line, and the

switching condition, terminal fault, short-line fault, or out-of-phase switching.

td = 0.15 t3 for terminal fault and out-of-phase in the case of cable systems

td = 0.05 t3 for terminal fault and short-line fault in the case of line systems

For line systems, the time delay is a shorter value td =0.05 3 ; instead of the longer value of td =0.15

t3. The shorter value of t is consistent with the TRVs observed in overhead lines that are produced

by the interaction of traveling waves, whereas the longer value of t is consistent with production of

the TRV in cable systems where the added capacitance of the cables and more compact systems

produce TRVs that are observed to be more like the 1-cosine waveshape of lumped parameter

circuits.
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Experience in service has been very good with regard to the circuit breakers designed and tested to

the TRVs of both IEEE and IEC standards. Based on this good service experience and the known

typical effects that line-connected systems and cable-connected systems have on the TRV, both are

therefore used as the basis of rating in the respective system conditions.

3.3.3 Selection of a circuit breaker

The TRV ratings for circuit breakers are applicable for interrupting three-phase-to-ground faults at
the rated symmetrical short-circuit current and at the maximum rated voltage of the circuit breaker.
For values of fault current other than rated and for line faults, related TRV capabilities are given.
Rated and related TRV capabilities are described in IEEE Std C37.04-and-givenin-detailin JEEE-Std
3706,

While three-phase ungrounded faults produce the highest TRV peaks, the probability of their

occurrence is very low (Baltensperger et al. [B2] see—the—dJ}sebtssieH—'}H—%la«gner—amelérmirth—EBQ—Z—}).5
Therefore, as described in IEEE Std C37.04, the TRV ratings are based on three-phase grounded

faults with the TRV peaks established based on the grounding arrangements prevalent at the

respective system voltages.

For circuit breakers applied on systems below 100 kV, the TRV ratings assume that the systems can
be operated ungrounded. For systems 100 kV through 170 kV, the systems can be operated either
ungrounded or effectively grounded so two TRV ratings are available for these systems. For circuit
breakers applied on systems above 170 kV, the TRV ratings assume that the systems are all operated

effectively grounded. See Annex C.

For gas-insulated switchgear (GIS) with all three phases in one enclosure a grounded fault can

evolve into a three-phase ungrounded fault prior to interruption. The user should choose the

appropriate first-pole-to-clear factor, i.e., kpp = 1.5 for three-phase ungrounded faults.
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A circuit breaker TRV capability is sufficient if the two- or four-parameter envelope drawn with the
rated parameters as specified in IEEE Std C37.04 06 is higher than the two- or four-parameter
envelope of the system TRV at the point of application (see Figure 5 ). Consideration should be

given for the future system modifications.

The TRV ratings define a withstand boundary. A circuit TRV that exceeds this boundary at rated
short-circuit current, or the modified boundary for currents other than rated, is in excess of the rated
or related capabilities of the circuit breaker. If the withstand boundary of the circuit breaker is
exceeded, a circuit breaker with either a higher voltage rating or a circuit breaker with higher short-
circuit current rating should be used, as described in 4.5, or the system should be modified in such a
manner as to change its TRV characteristics. The addition of capacitors to a bus or line or the
addition of capacitors at one or both terminals of the circuit breaker are examples of methods that

can be used to bring the system TRV below the TRV rating of the circuit breaker.

U (kW)
/ .
'\ .
A: System TRV Envelope
B: Circuit Breaker Rated TRV Envelope
Time (ps)
New
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Figure 5—System TRV envelope and circuit breaker rated TRV envelope

3.3.4 Effect of asymmetry on transient recovery voltage

The TRVs that occur when interrupting asymmetrical current values are generally less severe than
when interrupting the related symmetrical current because the instantaneous value of the supply
voltage at the time of interruption is less than the peak value (see Figure 6 3). Circuit breakers have
the capability of interrupting these asymmetrical currents provided that previding the circuit

breakers are applied within their rating.
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Figure 6 —Effect of current asymmetry on voltage at current zero (cz)

Due to the asymmetry of the current, the zero crossing of the short-circuit current is modified

compared to the symmetrical current. On one hand, the di/dt is reduced as its maximum values are

reached at current zero under symmetrical conditions. On the other hand, the instant of occurrence

of the current zeros no longer corresponds to the voltage peak. After a minor loop the current zero is

advanced (compared to the symmetrical current), and after a major loop it is retarded (see Figure 6).

During direct testing, short-circuit current and recovery voltage are fed by the same source. The

modification of di/dt occurs automatically when the current is asymmetrical. It is recognized that

after correct adjustment of TRV-shaping circuits for symmetrical current conditions no further

adaptation is necessary when the current is asymmetrical.
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During synthetic testing, short-circuit current and recovery voltage are fed by different sources.

When the current injection method is used, the di/dt at current zero is determined by the injected

current fed by the voltage source. To avoid overstressing of the circuit breaker under test, it is

necessary to adjust the voltage (and di/dt if applicable) separately. The method to calculate the

modified di/dt and TRV was initially given in IEEE Std C37.081a™-1997 [B22]. It is now superseded

by the calculated values in IEC 62271-101 [B18]. The adjustment of TRV and di/dt is done by

changing the charging voltage of the voltage source, by modification of the main inductance, and/or

by modification of the TRV-shaping elements.

IEEE Std C37.081a-1997 [B22] calculated a correction factor F1 using the di/dt modified by the dc

component at current zero in relation to the symmetrical value. For a time-to-peak TRV not

exceeding 500 us, it was assumed that the du/dt and uc are reduced by the same factor F1. For a

time-to-peak TRV longer than 500 us, a second correction factor FE was introduced. This factor took

into account that for a long time-to-peak the instantaneous value of the power frequency recovery

has an impact on the TRV peak. In this case, the time to peak, and therefore the frequency of TRV

oscillations, is the same for symmetrical and asymmetrical currents.

Annex I of IEC 62271-101 [B18] makes the same assumption as IEEE Std C37.081a-1997 [B22] for

calculating the modified di/dt. The value Ug, for two-parameter TRV envelopes, and of ui, for four-

parameter envelopes, are calculated based on the di/dt reduction and on the instantaneous value of

the power frequency recovery voltage. For four-parameter TRV envelopes, the value Uc is calculated

based on the instantaneous value of the power frequency recovery voltage and the modified value of

u]. As the times #1, 7, or {3 remain unchanged, the TRV rate of rise is lower during asymmetrical

current interruption.
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4. Application considerations

4.1 General

The system TRV characteristic is often complex, and a computer simulation may be necessary for
evaluation. In many cases, however, the predominant TRV characteristic may be represented by an
exponential, oscillatory, or triangular response as shown in Figure 7 4, Figure 8 5, and Figure 9 6,

respectively.

A typical exponential TRV is shown in Figure 7 4. This exponential TRV typically occurs when at
least one transformer and one line are on the un-faulted side of the circuit breaker when a three-

phase fault is cleared at the breaker terminals.
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Figure 7—Exponential TRV characteristic

The oscillatory TRV shown in Figure 8 5 occurs when a fault is limited by a transformer or a series

reactor and no transmission line or cable surge impedance is present to provide damping.

Short-line faults (SLF) exhibit the characteristic shown in Figure 9 6. The transmission line surge

impedance, Z, determines the nature of the TRV. The rate of rise of the saw-tooth shaped TRV is

generally higher than that experienced with exponential or oscillatory TRVs.
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Figure 9—Short-line-fault TRV characteristic
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The two-parameters parameter-and four-parameter envelopes, illustrated in Figure 10 7 and Figure
11, are included 8have-been-introduced in IEEE Std C37.04b to facilitate the comparison between a

TRV obtained during testing and a specified TRV (the envelope of inherent test TRV must be higher
than the reference line of specified TRV). In a similar way, it is possible to compare a circuit breaker

specified TRV capability and a system TRV obtained by calculation.
The two parameters are described as follows:

—uc =reference voltage (TRV peak value), in kilovolts
—t3 = time to reach u¢, in microseconds

The four parameters are described as follows:

—u7 = first reference voltage, in kilovolts

—11 = time to reach u1, in microseconds

—1uc = second reference voltage (TRV peak value), in kilovolts
—tp = time to reach u¢, in microseconds

The delay line is defined by a voltage parameter, u’, a time parameter, t/, and a time delay, td4, as

listed below feHews:
—u' =reference voltage, in kilovolts
—t' = time to reach u’, in microseconds

—td = time delay, in microseconds
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Figure 10— Example of inherent test TRV with two-parameter envelope

which that satisfies the conditions to be met during type test
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Figure 11—Example of inherent test TRV with four-parameter envelope

which that satisfies the conditions to be met during type test
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A circuit breaker TRV capability is considered to be sufficient if the two- or four-parameter envelope
drawn with rated parameters is higher than the two- or four-parameter envelope of the system TRV.
This procedure provides a comparison between the circuit breaker TRV capability and a system TRV
in the two regions where a re-ignition is likely, i.e., during the initial part of the TRV where the

RRRYV is maximum and in the vicinity of the peak voltage (u).

The three-phase fault is usually the most severe terminal fault type and is used as the basis of rating

(see Annex C). Short-line-fault TRVs SEF-generally have higher rates-of-rise of recovery voltage than

that of de terminal fault test duties T100 and T60 due to the high frequency of the line-side

oscillation FRVs, but have lower crest voltage magnitudes.

Examples given in this clause subelause illustrate the use of the standard gwide for some typical
simplified system applications. Actual system TRVs may be complex and are often calculated using

digital or analog computers with more detailed representations.

Consequently, the details of the calculations for the examples in this subclause are not included. An
example of a detailed TRV calculation, including the first reflection, is given in Annex A. It is based

on the calculation of transients in the equivalent circuit shown in Figure A.2. In addition, typical

equipment capacitance values are given in Annex B.-Seme-of-these—values-may-also-be-changed-or

4.2 Circuit breaker capability

4.2.1 Introduction

Rated and related circuit breaker transient recovery voltageFRV capabilities are defined by

parameters given in IEEE Std C37.04 6.

Based upon the evaluation of many actual system configurations, standards assume, for circuit
breakers 100 kV and above, that clearing terminal fault currents higher than 30% of rating will result

in a TRV characteristic that has a four-parameter envelope defined by four parameters (u1, t1, uc, t2)
(see Figure 11 8).
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For terminal fault currents between 10% and 30% for circuit breakers 100 kV and above, and for all
terminal fault currents for circuit breakers below 100 kV, the standard assumes assume a TRV

envelope described by two parameters (uc, t3), as illustrated in Figure 10 7.

For circuit breakers rated below 100 kV, the TRV envelope is described by two parameters over the

entire current range.
4.2.2 Three-phase terminal fault

As an example, Figure 12 9 shows the three-phase-to-ground fault related transient recovery voltage

FRV-capability for a 550-kV—circuit breaker with rated voltage 550 kV at 100% of its symmetrical

short-circuit current rating (first-pole-to-clear factor kpp = 1.3). The TRV envelope is defined by four
parameters (u1, 1, uc, t2) given in IEEE Std C37.04 06. It shows also the TRV capability for the

optional case with kpp =1.5.

VOLTAGE (kV)
1000 -

U=943KV . i
900 v
u,= 817 kV . |
800 T H 1
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600 \x :
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Figure 12—TRYV capability envelope for a 550 kV circuit breaker at 100%

of its rated fault current capability
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