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Abstract: Abstract: The characteristics and classification of current transformers (CTs) used for
protective relaying are described. This guide also describes the conditions that cause the CT output
to be distorted and the effects on relaying systems of this distortion. The selection and application
of CTs for the more common protection schemes are also addressed.

Keywords: Keywords: current transformers, IEEE C37.110, protective relaying
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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

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

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its standards
through an accredited consensus development process, which brings together volunteers representing varied
viewpoints and interests to achieve the final product. IEEE Standards are documents developed by volunteers
with scientific, academic, and industry-based expertise in technical working groups. Volunteers are not
necessarily members of IEEE or IEEE SA 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 makes no warranties or representations concerning its standards, and expressly disclaims all warranties,
express or implied, concerning this standard, including but not limited to the warranties of merchantability,
fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant or represent that the
use of the material contained in its standards is free from patent infringement. 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: THE
NEED TO PROCURE 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 is 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, nor 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 the
presenter’s views should be considered the personal views of that individual rather than the formal position of
IEEE, IEEE SA, the Standards Committee, or the Working Group.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations, 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 evaluating comments or in revisions to an IEEE standard is welcome to join the relevant
IEEE working group. You can indicate interest in a working group using the Interests tab in the Manage Profile
& Interests area of the IEEE SA myProject system.! An IEEE account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.?

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 constitute 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.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

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.

!Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
Available at: https://standards.iece.org/content/icee-standards/en/about/contact/index.html.
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Photocopies

Subject to payment of the appropriate licensing fees, 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; https://www.copyright
.com/. Permission to photocopy portions of any individual standard for educational classroom use can also be
obtained through the Copyright Clearance Center.

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 [IEEE Xplore or contact IEEE.? For more information
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard number and
year of approval to access the web page of the published standard. Errata links are located under the Additional
Resources Details section. Errata are also available in [IEEE Xplore. Users are encouraged to periodically
check for errata.

Patents
IEEE Standards are developed in compliance with the IEEE SA Patent Policy.’

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 https://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

3Available at: https://ieeexplore.iece.org/browse/standards/collection/ieee.
4Available at: https://standards.ieee.org/standard/index.html.
’Available at: https://standards.iece.org/about/sasb/patcom/materials.html.
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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.

IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure against
interference with or from other devices or networks. IEEE Standards development activities consider research
and information presented to the standards development group in developing any safety recommendations.
Other information about safety practices, changes in technology or technology implementation, or impact
by peripheral systems also may be pertinent to safety considerations during implementation of the standard.
Implementers and users of IEEE Standards documents are responsible for determining and complying with
all appropriate safety, security, environmental, health, and interference protection practices and all applicable
laws and regulations.
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Introduction

This introduction is not part of IEEE Std C37.110-2023, IEEE Guide for the Application of Current Transformers Used
for Protective Relaying Purposes .

This guide was prepared by the Working Group I-15 on Application of Current Transformers for Relaying
of the Relay Practices Subcommittee of the IEEE Power System Relaying and Control Committee. The
guide is intended to assist relay engineers in understanding the operation of current transformers (CTs) and
their selection and application to specific relay protection schemes. The guide was revised to include more
comprehensive examples and treatment of the use of modern microprocessor-type relays to aid the relay
engineer in the selection and application of CTs.
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IEEE Guide for the Application of Current Transformers Used for

Protective Relaying Purposes

1. Overview

1.1 Scope

This guide describes the characteristics and classification of current transformers (CTs) used for
protective relaying. It also describes the conditions that cause the CT output to be distorted and the
effects on relaying systems of this distortion. The selection and application of CTs for the more

common protection schemes are also addressed.
1.2 Purpose

The purpose of this guide is to present a comprehensive treatment of the theory and application of
CTs to assist the relay application engineer in the correct selection and application of CTs for

protective relaying purposes.

1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the

standard and from which no deviation is permitted (shall equals is required to).”

6The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe

unavoidable situations.

"The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.
Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 13:00:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.110-2023


http://www.avadocuments.com/doc/ieee-c37-110-2023
http://www.avadocuments.com/doc/ieee-c37-110-2023

The word should indicates that among several possibilities one is recommended as particularly

suitable, without mentioning or excluding others; or that a certain course of action is preferred but

not necessarily required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard

(may equals is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or

causal (can equals is able to).

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.

IEEE Std C57.13™- 2016 4993, IEEE Standard Requirements for Instrument Transformers.52%-
3. Definitions

For the purposes of this document guide, the following terms and definitions apply. The
Autheritative IEEE Standards Dictionary Online ef Ferms—{B16}* should be consulted refereneed for

terms not defined in this clause.l?

82JEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,

USA ( https://standards.ieee.org/ http://standards-icee-orel ).

93The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers,

Inc.

W[EEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE account is required for access to the

dictionary, and one can be created at no charge on the dictionary sign-in page.
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accuracy classes for relaying (instrument current transformer): Limits in terms of percent ratio

error that have been established.

accuracy ratings for relaying: The relay accuracy class is described by a letter denoting whether the
accuracy can be obtained by calculation or must be obtained by test, followed by the minimum
secondary terminal voltage that the transformer will produce at 20 times rated secondary current
with one of the standard burdens without exceeding the relay accuracy class limit. (This ratio error

at 20 times rated secondary current is typically considered usualy-taken as +10%.)

burden (of a relay): Load impedance imposed by a relay on an input circuit expressed in ohms and

phase angle at specified conditions.

NOTE—If burden is expressed in other terms such as voltamperes, additional parameters such as

voltage, current, and phase angle must be specified.!®

burden on an instrument transformer: That property of the circuit connected to the secondary
winding that determines the active and reactive power at the secondary terminals. The burden is
expressed either as total ohms impedance together with the effective resistance and reactance
components or as the total voltamperes and power factor at the specified values of frequency and

current.

bushing-type current transformer: A current transformer (CT) that has an annular core with a
secondary winding insulated from and permanently assembled on the core but has no primary
winding or insulation for a primary winding. This type of CT is for use with a fully insulated
conductor as a primary winding. A bushing-type CT is usually used in equipment where the

primary conductor is a component part of other apparatus.

continuous thermal current rating factor (RF): The number faetor by which the rated primary

current of a current transformer is eantbe multiplied to obtain the maximum primary current that
can be carried continuously without exceeding the limiting temperature rise from 30 °C ambient air

temperature. The RF of tapped-secondary or multiratio current transformers applies to the highest

ratio, unless otherwise stated.

11 5Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to

implement this standard.
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NOTE—When current transformers &Fs are incorporated internally as parts of larger transformers

or power circuit breakers, the equipment standards usually require that the current transformers

Fs meet allowable average winding and hot-spot temperature limits temperatures under the

specific conditions and requirements of the larger apparatus specific equipmentstandard.

current transformer (CT): An instrument transformer that is intended to have its primary winding

connected in series with the conductor carrying the current to be measured or controlled.-

NOTE— In window-type CTs, the primary winding is provided by the line conductor and is not an

integral part of the transformer.

geomagnetic-induced currents (GICs): Spurious, quasi-direct currents flowing in grounded systems
system due to a difference in the earth surface potential caused by geomagnetic storms resulting

from the particle emission of solar flares erupting from the surface of the sun.

instrument transformer: A transformer that is intended to reproduce in its secondary circuit, in a
definite and known proportion, the current or voltage of its primary circuit with the phase relations

and waveforms substantially preserved.

knee-point voltage: (A) The point on the excitation curve where the tangent is at 45° to the abscissa-
This-definitionis for non-gapped CTs - when the excitation curve is shall-be plotted on log-log paper

with square decades.

tangent-to-the-eurve-makes—an-angle-of 30°with-the-abseissa- (B) That sinusoidal voltage of rated

frequency applied to the secondary terminals of the transformer, all other windings being open

circuited, which, when increased by 10% causes the exciting current to increase by 50%.

NOTE 1—See BS 3938-1973 [ B6 B4 ].

NOTE 2 —Other definitions of knee-point voltage are also used in industry. Throughout this guide,

definition 33+ (A) is used, except where otherwise noted.

NOTE 3 —Knee-point voltage is not the same as saturation voltage. See also: saturation voltage.

marked ratio: The ratio of the rated primary value to the rated secondary value as stated on the

nameplate.

multi-ratio current transformer: One from which more than one ratio can be obtained by the use of

taps on the secondary winding.
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multiple-secondary current transformer: One that has two or more secondary coils each on a

separate magnetic circuit with all magnetic circuits excited by the same primary winding.

polarity: The designation of the relative instantaneous directions of the currents entering the
primary terminals and leaving the secondary terminals during most of each half cycle. Primary and
secondary terminals are said to have the same polarity when, at a given instant during most of each
half cycle, the current enters the identified, similarly marked primary lead and leaves the identified,
similarly marked secondary terminal in the same direction, as though the two terminals formed a

continuous circuit.
rated primary current: Current selected for the basis of performance specification.
rated secondary current: The rated current divided by the marked ratio.

remanence: The magnetic flux density that remains in a magnetic circuit after the removal of an

applied magnetomotive force. See also: residual flux density.

NOTE —Remanence is sheuld not to be confused with residual flux density. If the magnetic circuit

has an air gap, the remanence will be less than the residual flux density.

residual flux density: The magnetic flux density at which the magnetizing force is zero when the

material is in a symmetrically, cyclically, magnetized condition. See also: remanence.

3.20—saturation—factor (Ks):The ratio—of the saturation—veoltageof a—ecurrenttransformer—to—the

saturation voltage (Vx): The symmetrical voltage across the secondary winding of the current
transformer for which the peak induction just exceeds the saturation flux density. It is found
graphically by locating the intersection of the straight portions of the excitation curve on log-log

axes.

NOTE —Saturation voltage is not the same as knee-point voltage, which is the point on the curve

where the tangent to the curve makes an angle of 45° to the abscissa.

time-to-saturation: The time during which the secondary current is a faithful replica of the primary

current.
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NOTE—The core does not saturate suddenly. Beyond the saturation flux level, the exciting current

increases more rapidly than the secondary current, causing distortion in the secondary waveform.

transactor: A magnetic device with an air-gapped core having an input winding that is energized
with an alternating current and having an output winding that produces a voltage that is a function

of the input current.
NOTE —The term “transactor” is a contraction of the words “transformer” and “reactor.”

turns ratio of a current transformer: The ratio of the secondary winding turns to the primary

winding turns.

window-type current transformer: One that has a secondary winding insulated from and
permanently assembled on the core, but has no primary winding as an integral part of the structure.
Primary insulation is provided for a primary winding in the window through which one turn of the

line conductor can be passed to provide the primary winding.

wound-type current transformer: A current transformer that has a primary winding consisting of
one or more turns mechanically encircling the core or cores. The primary and secondary windings

are insulated from each other and from the core(s) and are assembled as an integral structure.
4, Current transformer characteristics and classification

Faults on power systems cause transients in the system currents, which modify the steady-state
behavior of CTs. Both steady-state and transient conditions, therefore, need to smust be considered

when examining the characteristics of CTs.

4.1 Current transformer equivalent circuit and phasor diagrams

4.1.1 Current transformer equivalent circuit

Figure 1 and Table 1 show a simplified equivalent circuit of a CT and its connected burden. The
primary leakage impedance and the reactive part of the secondary leads do not substantially affect

calculations and are, therefore, neglected.
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Figure 1—Simplified equivalent circuit of a CT and its connected burden

Table 1—Equivalent circuit of a CT

Symbols used in Figure 1

Vs Secondary exciting voltage Vs CT terminal voltage across external burden
I, Primary current Zz Exciting impedance
I Total secondary current Ry Secondary resistance
I Secondary load current X Leakage reactance
I Excitation current (negligible in Class C CTs)
N,/N, CT turns ratio (equivalent to CTR) Zg Burden impedance (includes
secondary devices and leads)
New
r= -

Symbols used in Figure 1

Secondary excitregyoltage Vg CT terminal yeHtdge across external burden

In Primary current \ Zg mg impedance
Iy Total secondary current >-( Secondary resistance

I Secondary load current / Ar cage reactance
iy negligtbtedqn Class C CTs
Ir Exciting cuﬂ_em/ (neglis ; )
' Zx Burden impedance (incIt secondary
devices and leads)

4.1.2 Phasor diagram of a current transformer with burden

To construct the phasor diagram for a CT, the procedure is as follows:
a) Start with the secondary load current, Is.

b) Draw the secondary volt drops: Is x Rs and Is x jX.
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c) Add Vs to the resultant voltage in order to obtain the internal secondary exciting voltage, Vs.
d) WhenVs-hashbeen-obtained; Draw the flux phasor lagging Vs by 90°.

e) The exciting current, Ik, is composed of the magnetizing current, Im, which is needed to
generate the flux in the CT core, and the loss current, Itoss, which is mainly due to the

hysteresis and eddy current losses.

f) Draw the magnetizing current, Iy, in quadrature with the voltage and the resistive loss

current, Iross, in phase with the secondary exciting voltage [see Equation (1) and Equation

@)1
Im + Iross = Ie (1)
Isr=Is+1Ie 2)

As shown in the following Equation (3), the primary current is then:

N,
I = (f)uﬁm (3)
where
N,
Ny Ne/N1 o is the CT turns ratio

Figure 2 and Figure 3 show the phasor diagrams for a resistive burden (power factor of 1.0) and a

standard burden (power factor of 0.5), respectively.

IsRs
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FLUX

Figure 2—Phasor diagram of a CT with a standard burden

(1.0 power factor)

60°
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Figure 3—Phasor diagram of a CT with a standard burden

(0.5 power factor)

4.2 Current transformer secondary excitation characteristics

When the voltage developed across the CT burden is low, the exciting current is low. The efthe
secondary current waveform will contain no appreciable distortion. As the voltage across the CT
secondary winding increases because either the current or the burden is increased, the flux in the CT
core will also increase. Eventually the CT will operate in the region where there is a disproportionate
increase in exciting current. The CT core is entering the magnetically saturated region; operation
beyond this point will result in an increasing ratio error and a distorted secondary current

waveform.
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CT operation is illustrated by using excitation curves. These curves show the relationship of
secondary exciting voltage (Vs) to the excitation current (Ir). A typical set of excitation curves for a C
class CT is shown in Figure 4. Note that the curves are plotted on log-log scale charts paper and are
developed from test data in the field and generated through calculations by at the manufacturer
factory. The primary winding must be open circuited for this test. Curve tolerances are stated in
Figure 4. More specific information concerning construction of excitation curves is found in 6.10 and

8.2 83 of IEEE Std C57.13-2016 1993.126

10,000
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Figure 4—Typical excitation curves for multi-ratio C class CTs

Note that in the plot of Figure 4, the vertical and horizontal scales are adjusted sealeshould-be

inereased so that the log-log decades are square as defined in the definition for knee-point voltage in

Clause 3 3-11.

LéInformation on references can be found in Clause 2.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 13:00:25 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.110-2023


http://www.avadocuments.com/doc/ieee-c37-110-2023
http://www.avadocuments.com/doc/ieee-c37-110-2023

4.3 Knee-point voltage and saturation voltage

4.3.1 Saturation voltage

The saturation voltage (V) is the that symmetrical voltage across the secondary winding of the CT
for which the peak induction just exceeds the saturation flux density (Blackburn [ B5 B3 ]). It can be

determined graphically by locating the intersection of the straight portions of the excitation curve on

log-log axes.
10000 ———— T T : : : : x T
| cURRENT | TURNS SECY |-[-iiiill] Below the dashed line, the |} Above the dashed line, the | 170
5000 RATIO RATIO RES || exciting current for a given voltage for a given exciting
o ohms ....t] | voltage for any unit will not | | current for any unit will not
3000 F @75°C aE exceed the curve value be less than 95% of the i
: by more than 25% curve value
2000 || 1200:5 24011 0.61 e - —
! J : /45n
1000 & Saturation Voitage, My ! o

Secondary Exciting Voltage - V5 - volts rms

; ]
0.001 0.002 0.005 0.01 0.02 005 01 02 0.5 1 2 5 10 20 50 100

Secondary Exciting Current - |, - amps rms

New

Figure 5—Typical excitation curve for C class CT

4.3.2 Knee-point voltage

The knee-point voltage of a CT with a non-gapped core is the point of maximum permeability on the
excitation curve, plotted on log-log axes with square decades, where the tangent to the curve makes
a 45° angle with the abscissa. This is shown in Figure 5 4 and gives a knee-point for the 1200 : /5 A
winding of about 300 V.

, , | o of 30° with. the abscissa.
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Clause 3 of this guide lists two different definitions 33 HA)-and-33HB); for the knee-point voltage.
Definition 33+ (A) is for Class C transformers and is the definition described in IEEE Std C57.13 -
1993. Definition 333 (B) is derived from BS 3938-1973 [ B6 B4 ] and is given also as an IEC definition
for knee-point voltage. Both of these definitions appear in the IEEE Standards Awtheritative Dictionary
of tEEE-Standards—Terms. These two definitions do not give the same value for knee-point voltage.

The knee-point voltage per definition 331 (B) defined in Clause 3 is the leeated-ata point on the
curve where an increase in the secondary voltage of 10% causes an increase in current of 50%. On a

square log-log plot, a tangent straight line through this point will have a slope as given by Equation
(4):

The tangent rises 1 vertical decade for 4.25 horizontal decades making an angle of 13° with the

abscissa. The voltage at this point is about 20% to 25% higher than the knee-point voltage per

definition (A) in Clause 3 3-1+ .

Throughout this guide, definition (A) is used unless otherwise specified. Other definitions of the

knee-point voltage are sometimes used in the industry and other publications. One relay

manufacturer specifies it as the rms excitation voltage that produces a peak flux density of 1.5 T.
Another manufacturer identifies it as the voltage that produces an excitation current equal to the

secondary rated current. Be sure to understand what is meant by the knee-point voltage when

reviewing other publications and selecting CTs for a particular design.
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4.4 Current transformer accuracy

The ANSI CT relaying accuracy class is determined by a letter designation and a secondary terminal
voltage rating. These effectively describe the steady-state performance (see 6.4.1 of IEEE Std C57.13-
2016 #993). The secondary terminal voltage rating is the CT secondary voltage that the CT will
deliver when it is connected to a standard secondary burden, at 20 times rated secondary current,
without exceeding a 10% ratio error. Furthermore, the ratio correction must be limited to 10% at any
current from 1 to 20 times rated secondary current at the standard burden or any lower standard
burden. The given voltage rating applies to the full winding ratio only. However, if a tap is utilized
on a multi-ratio CT, the voltage capability is directly proportional to the ratio between the tap value
being used and the full winding capability provided the windings are fully distributed around the

core. As an example, a C800 2000:5 CT tapped at 1000:5 has an effective accuracy class of C400 which

may impact the possibility of CT saturation Fhis-is-usually-the-case-with-CFs-made-after 1978 but

For example, CT relaying accuracy class C100 means that the ratio error will not exceed 10% at any
current from 1 to 20 times rated secondary current with a standard 1.0 Q burden (1.0 Q x 20 x rated
secondary current = 100 V). Almost all of the CTs used for protective relay applications are covered
by the C or K classification. This includes bushing CTs with uniformly distributed windings and

other CTs with minimal core leakage flux.
NOTE—IEEE standard C values and standard burdens are listed in Annex B.
The letter class codes are as follows:

C Indicates that the leakage flux is negligible and the excitation characteristic can be used
directly to determine performance. The CT ratio error can thus be calculated. It is assumed that the
burden and excitation currents are in phase and that the secondary winding is distributed

uniformly. (See 9.1.12 8348 of IEEE Std C57.13- 2016 993 for further detail.)

T Indicates that ratio error must be determined by test. The T class CT has an appreciable core

flux leakage effect and contributes to appreciable ratio error.
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X User defined for a specific condition in which the minimum secondary excitation

requirements are defined in IEEE Std C57.13-2016. Class X is generally a “catch all” class to allow

designation of special ratings for specific applications in which the other classes of C and T are not

specifically applicable.

K This is an old IEEE Std C57.13-1993 classification that is not currently listed. This class is the

same as the C class, but the knee-point voltage must be at least 70% of the secondary terminal
voltage rating. K classification requirements result in larger core cross sections than corresponding C

class requirements.

H, L These classes are old ANSI classifications. There were two accuracy classes recognized: 2.5%
and 10%. CTs were specified in the following manner: 10 L 200, 2.5 H 400, etc. The first number
indicated the accuracy class and the last number indicated the secondary voltage class. L class CTs
were rated at the specified burden and at 20 times normal current. H class CTs were rated at any
combination of burden from 5 times to 20 times the normal current. These classes are applicable only

to old CTs mostly manufactured before 1954.
4.4.1 Determination of the C or K classification using the excitation curve

Figure 1 shows the CT secondary winding, the secondary winding resistance (Rs) and a connected

burden, (Zs). Ik is the excitation current, and Is is the secondary load current through the burden.

Set It/Is = 0.1 to define a 10% error (It and Is are assumed to be in phase). For the 1200:5 CT in Figure
4,

Is=100 A (20 times rated secondary current)
=10 A

The secondary exciting voltage (Vs) for the full-ratio winding, corresponding to It = 10 A is obtained
from the excitation curve. Figure 4 shows that with [t = 10 A, Vs = 490 V. Although the standard
burdens involve power factor, a quick arithmetic (worst werse case) calculation of the secondary
terminal voltage (Vs) may determine the classification since the standard voltage values for 5 A

secondary are 10 V, 20 V, 50 V, 100 V, 200 V, 400 V, or 800 V (see Annex B):
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From Figure 1, see Equation (5) as follows:
Vi =Vs— (Is x Rs) ©)
where
XL is negligible
Vs is=490V

Rs is 0.61 Q (from Figure 4)

IsxRs is=100A x0.61 Q=61V
Vs is =490 - 61
Vs is=429V

By selecting the next lowest classification voltage, this CT is determined as having a C400

classification.

If the arithmetic calculation of Vs is marginal with respect to a standard classification voltage, a more
exact check may sheuld be done with a standard burden (Zs) at 0.5 pf. For the CT shown in Figure 4

at a standard 4 Q) burden, see Equation (6) as follows:
Ri=0:64 0 ——— {(fromFisure d)
Vs =1Is x (Rs + Z)(refer to Figure 1) =100 x (0. 61 +2.0+j3 . 464) =261 +j346 . 4 =434 V£53° (6)

Referring to Figure 4 for Vs =434V, It is approximately 2.0 A. The error (I£/Is) is about 2%, so the CT
has a classification of C400 because at this secondary terminal voltage (Vs =Is x Zz = 400 V) the error

is <10%.
4.4.2 Examples of using the accuracy classification to assess steady-state
current transformer performance

Example 1

A 1200 : £ 5, C400 CT with excitation curves (as shown on Figure 4) is connected to a 2.0 QO burden

(burden includes the connecting leads). Based on the accuracy classification, what is the maximum

symmetrical fault current that may be applied to this CT without exceeding a 10% ratio error?
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Answer

Based on the criteria that the CT can deliver 20 times rated secondary current without exceeding a

10% ratio error, the maximum primary fault current should not exceed willbe 24 000 A when

the CT is applied and-asa

practical-matter—will be-within10%aceuraey at the full tap ratio 1200:5 at rated burden. However,
given that the rated burden for a C400 is 4.0 O and the example burden is only 2.0 ), there are

values of secondary higher currents above 100 A for which the error is still less than 10%. This can

only be accurately determined from excitation curves or ratio correction curves and not from the

accuracy classification. For €F-with the curve eharaeteristies shown in Figure 4, a secondary current

of 200 A (48 000 A primary) would result in a terminal voltage of 400 V and an exciting voltage of

522 V. The exciting current at 522 V is approximately 20 A, or a will produce-between180-V-to-240-V
witheut-exceeding—the 10% ratio error for depending-on-the-powerfactor-of the 200 A secondary

current. Confirm that the excessive current is within the CT’s rated short-time mechanical withstand

capability as well as its rated short-time thermal capability.

Example 2

A 1200 : /5, C400 CT is connected on the 1000 : # 5 tap. What is the maximum secondary burden that

can be used and still maintain rated accuracy at 20 times rated symmetrical secondary current?
Answer

Because Sinee the secondary voltage capability is directly proportional to the connected tap, the CT
will support a voltage of (1000/1200 ) x 400 V or 333 V. Twenty times rated secondary current is 100
A. Therefore, the maximum burden is 333 V/100 A or 3.33 Q.

4.4.3 Determination of percent error and ANSI voltage classification for

T class current transformers using overcurrent ratio curves

For T class CTs, the secondary leakage reactance is not negligible. For this reason, IEEE Std C57.13-
2016 4993 requires manufacturers to provide overcurrent ratio curves for these CTs on rectangular
coordinate paper plotted in terms of primary versus secondary current from 1 to 22 times rated

primary current for all standard burdens up to the burden that causes a ratio correction of 50%.
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The percent error of a T class CT can easily be computed from an overcurrent ratio curve for any

standard burden and a known primary current using the following relationship in Equation (7):

Multiples of Rated Secondary Current @)

Multiples of Rated Primary Current
% error = — 1| =100
Example 1

In Figure 6 5, find the percent error of a T class CT with a 4 ) standard burden carrying 17 times
rated primary amperes. When “times rated primary current” = 17, then “times rated secondary

current” =13 at the intersection of 17 with the 4 Q) curve.

Answer

% error = (%— 1) * 100 = 30.77%

New

. % ertor = 0% =30.77%

Figure 6 5 — A typical overcurrent ratio curve for a T class CT
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The ANSI voltage accuracy rating can also be determined from a T class overcurrent ratio curve. By
trial and error, find the ratio of “times rated primary current” to 20 times rated secondary current
starting with the lower standard burden and incrementing to the next higher burden until the
percent error calculated exceeds 10%. The burden with the percent error no greater than 10% is the

one with which to classify the ANSI accuracy voltage rating.

Example 2

In Figure 6 5, find the ANSI accuracy voltage rating of this 5 A rated T class CT.
Answer

Assume 2 Q) standard burden. When Is = 20 x rated secondary current, then I, = 22 x rated primary
current
_ 22
% error = (%— 1) <100 = 10%
Voltage rating =20 x5 x2=200 V.

Therefore, the CT can also be classified as a T200 where the 10% error is implied.

All higher burdens will exceed 10% error. Therefore, the ANSI classification is not applicable in this
case for the 4 () and 8 Q) burdens.

4.5 Dynamic characteristics

4.5.1 Flux change with asymmetrical primary current

The dc component of an asymmetrical current greatly increases the flux in the CT. When the dc
offset is at a maximum, the CT flux can potentially increase to 1 + X/R times the flux resulting from
the sinusoidal, or non-offset component, where X and R are the primary system reactance and

resistance to the point of the fault (IEEE Power Engineering Society [ B20 B19 ]).

The difference between the non-offset and offset flux is illustrated in Figure 7 6 and Figure 8. In
Figure 7 6, there is remanent flux but no offset in the primary current. The CT core does not go into
the saturated region of operation so the secondary current is undistorted. Figure 8 7 shows the
resulting flux and secondary current when the primary current is fully offset. The increase in flux is
not instantaneous, indicating that saturation does not occur instantaneously but takes time. This
time is called the time-to-saturation.
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The secondary current delivered by a CT to a relay circuit is always less than the current available

L1 10 fPli
from an ideal CT. The ideal, or ratio current ( I’_:EJ IP/RET ), is reduced by the excitation current
(Ie) to yield the actual current (Is). This relationship is illustrated in the CT equivalent circuit shown

in Figure 9 8.

B FLUX PRIMARY CURRENT

CINA A A
VYA,

LARNAAS
LAVAVAVAYAY

SECONDARY CURRENT

1

I

I

Figure 7 6 —Non-saturated CT: Relationship between primary current

and flux and between primary current and secondary current
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Figure 8 7 —Saturated CT: Relationship between primary current and

flux and between primary current and secondary current
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Figure 9 8 —CT equivalent circuit

For relaying applications, the CT performance is considered acceptable if the ratio correction is less
than 10%. The ratio error is defined in 9.1.2.3 83110 of IEEE Std C57.13- 2016 1993 as Ig/Is. This
criterion is expressed in the ANSI C accuracy class definition, which states that under steady-state
(symmetrical current) conditions, the excitation current must be less than 10 A for a relay current of

100 A into the specified standard burden.

Since fault currents necessarily start with some degree of transient dc offset, good design practice
requires that the ratio error remain below 10% during the initial transient offset period, if possible,

particularly when fast tripping is in effect.

4.5.2 Methods for assessing CT performance

Several methods exist for assessing CT performance under asymmetrical primary current

conditions. This clause describes some of these methods.

4.5.2.1 Saturation ratio

following analysis provides two definitions of the saturation ratio (SR and SR’). An facterusinga

€200 application is considered reasonably secure when the saturation ratio is 0.5 or less as—an

example.
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4.5.2.1.1 Saturation ratio faetor determined from the ANSI C

classification

In—Figure-9; The CT terminal voltage increases linearly with the secondary current according to
aleng V = Zp x | line , where Zs is the total CT burden (leads plus relays for a particular fault and

connection). The maximum fault current corresponds a to the maximum terminal voltage, Vr, which

if saturation is to be avoided, needs to be Fhis-voltage-is lower than the maximum voltage (Vc) that

the this-€200 CT can support. Saturation under steady-state conditions will occur (i.e., ratio error

will exceed 10%) for secondary—eurrents-in-excess-of tr—where-thecorresponding terminal voltages
that exceed degree-of saturation-with-the saturationfactor-voltage-erosses the accuracy class limit, Vc
{point-CinFigure 9)—Wecan-define . A measure of the degree of saturation can be defined with the

saturation ratio faeter as follows in Equation (8):

Sp = 7 (®)

where

V1 is the secondary terminal voltage

Vc is the maximum terminal voltage the CT can support based on the ANSI C classification

(e.g., for C200 CT, Vc is 200 V) with-an-excitation-eurrent-of 10-A-and-secondary-eurrent-of 100
A
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This first determination of the saturation ratio relates the CT terminal voltage to the accuracy class of

the CT (effective class in case of multi-ratio CTs). It is easy to calculate and practical since it requires

only readily available data. An-application-is-considered-reasonablyseeure-whenSF<05-
4.5.2.1.2 Saturation ratio faeter determined from the CT excitation

curve

Instead of comparing the terminal voltage to the CT classification voltage, the saturation ratio (SR’)

can be determined using faetergivenin Equation (9) This method compares is-the-most-conservative
beeause-it-assumes the worst-case ratio-error. l-ecorresponds—te-an excitation voltage to the voltage

on a curve passing through point R @ in Figure 10 9 at which the excitation current is 10 A (the

maximum error allowed by the accuracy class definition). The R.—x100-termrepresents-the-voltage

SR = — )

—T; —

SF =_—2¢ s (10)

10— —_—

Where VE is the internal excitation voltage (Vr + Rs x Ir) at the maximum fault current Ir and Vo' is

the voltage of the curve passing through point R @ where the exciting current is 10 A the (maximum

error allowed by the accuracy class definition) Fhis+veoltage-is-practicallyclose-to-the—knee voltage;
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Figure 10 9 —CT performance graphical representation

4.5.2.2 Knee-point method
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