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Abstract: Guidance is offered on the application and use of optical voltage and current sensor
systems for protective relaying, covering the selection, installation, testing, and operation of sensors.
Information is provided on optical voltage and current-sensing technologies, and a number of
performance parameters including: accuracy, bandwidth, noise, stability, and impact of temperature
and vibration. Also covered are interface requirements of optical sensor systems, a number of their
applications, relevant installation and commissioning, testing, reliability, and redundancy matters,
as well as a comprehensive treatment of the relevant industry standards.

Keywords: bandwidth, current sensor, current transformer, fiber optics, IEEE C37.241™ , instrument
transformer, optical sensors, precision time protocol, voltage sensor, voltage transformer
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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 Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be obtained on
request from IEEE or viewed at http://standards.ieee.org/[PR/disclaimers.html.

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. IEEE Standards
are documents developed through scientific, academic, and industry-based technical working groups.
Volunteers in IEEE working groups 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 Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. 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.

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.
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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.

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.
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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.

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. A current 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 Xplore at http://iceexplore.icee.org/
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 C37.241-2017, IEEE Guide for Application of Optical Instrument Transformers
for Protective Relaying.

Optical sensor technology for measurement of voltage and current in high-voltage electric power systems has
been demonstrated for over 20 years. These sensors use optics and electronics to achieve accuracy, linearity,
dynamic range, and efficient installation far beyond the capabilities of familiar electromagnetic and capacitive
instrument transformers. Industrial products have been available for most of that time, with a widening array
of choices and manufacturers. However, the industry transition to new sensors has been gradual, mostly due to
the familiarity and reliability of conventional instrument transformers. Accordingly, the objective of this guide
is to provide the reader with a factual understanding of the technical and practical bases for choosing optical
instrument transformers (OITs) when familiar sensor technologies remain widely available.

This guide provides information on technologies of optical voltage and current sensors, their performance
characteristics, their incorporation in measurement systems for protection and control, installation and
maintenance requirements, testing requirements, and application considerations. It also provides information
on reliability and redundancy matters, as well as the relevant industry standards.
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IEEE Guide for Application of
Optical Instrument Transformers
for Protective Relaying

1. Overview
1.1 Scope

This document provides a guide that covers the use of optical voltage and current sensor systems for protective
relaying—including selection, installation, testing, and operations.

1.2 Purpose

This document is intended to provide guidance in the application and selection of optical instrument
transformers for protective relaying.

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.

ANSI/NCSL Z540-1, Calibration laboratories and measuring and test equipment—General requirements.’
IEC 60044-7, Instrument transformers, Part 7: Electronic voltage transformers.’

IEC 60044-8, Instrument transformers, Part 8: Electronic current transformers.

IEC 61850-9-2, Communication networks and systems in substations—Part 9-2: Specific communication
service mapping (SCSM)—sampled values over ISO/IEC 8802-3.

IEC 61869-6, Instrument transformers, Part 6: Additional general requirements for low-power instrument
transformers.

IEC 61869-9, Instrument transformers, Part 9: Digital interface for instrument transformers.

'ANSI publications are available from the American National Standards Institute (http://www.ansi.org/).
2[EC publications are available from the International Electrotechnical Commission (http://www.iec.ch) and the American National
Standards Institute (http://www.ansi.org/).
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IEEE Std 693™, [EEE Recommended Practices for Seismic Design of Substations.>*

IEEE Std 1588™, IEEE Standard for a Precision Clock Synchronization Protocol for Networked Measurement
and Control Systems.

IEEE Std 1601™, IEEE Trial-Use Standard for Optical AC Current and Voltage Sensing Systems.

IEEE Std C37.92™, TEEE Standard for Analog Inputs to Protective Relaying from Electronic Voltage and
Current Transformers.

IEEE Std C37.233™ [EEE Guide for Power System Protection Testing.

IEEE Std C37.238™ JIEEE Standard for Use of IEEE Std 1588 Precision Time Protocol in Power System
Applications.

IEEE Std C57.13™, IEEE Standard Requirements for Instrument Transformers.

IEEE Std C57.13.5™, IEEE Trial-Use Standard of Performance and Test Requirements for Instrument
Transformers of a Nominal System Voltage of 115 kV and Above.

IEEE Std C57.13.6™, IEEE Standard for High Accuracy Instrument Transformers.

UCA International Users Group, Implementation guideline for digital interface to instrument transformers
using IEC 61850-9-2, R3, 25 August 2005.

3. Definitions, abbreviations, and acronyms

3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The /EEE Standards Dictionary
Online should be consulted for terms not defined in this clause.’

intelligent electronic device (IED): A general term indicating a multipurpose electronic device typically
associated with substation control and protection.

phasor: A complex equivalent of a sinusoidal wave quantity such that the complex modulus is the cosine wave
amplitude, and the complex angle (in polar form) is the cosine wave phase angle.

pulse per second (PPS): A signal consisting of a train of square pulses occurring at a frequency of 1 Hz, with

the rising edge synchronized with UTC seconds. This signal is typically generated by Global Positioning
System (GPS) receivers.

3.2 Acronyms and abbreviations

ACSI abstract communication service interface
BER basic encoding rules
BIL basic impulse insulation level

3The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,
Incorporated.

“IEEE publications are available from the Institute of Electrical and Electronics Engineers (http:/standards.ieee.org/).

SIEEE Standards Dictionary Online is available at: http://dictionary.ieee.org.
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CT current transformer

CVT capacitive voltage transformer

EHV extra-high voltage

EMC electromagnetic compatability

EOVT electro-optic voltage transformer

HV high voltage

MTBF mean time between failures

MU merging unit

NCIT non-conventional instrument transformer
OCT optical current transformer

OIT optical instrument transformer

OVT optical voltage transformer

PMU phasor measurement unit

VT voltage transformer (or potential transformer).

4. Introduction
4.1 Overview

Optical sensor technology to replace current transformers (CTs) and voltage transformers (VTs) has been
demonstrated for over 20 years. These sensors use optics and electronics to achieve accuracy, linearity,
dynamic range, and efficient installation far beyond the capabilities of familiar electromagnetic and capacitive
instrument transformers. Commercial products have been available for most of that time, with a widening
array of choices and manufacturers. However, the commercial transition to new sensors has been gradual,
in light of the familiarity and reliability of conventional instrument transformers. Accordingly, the objective
of this guide is to provide the reader with a factual understanding of the technical and economic bases for
choosing optical instrument transformers (OITs) when familiar sensor technologies remain widely available.

This guide provides information on technologies of optical voltage and current sensors, their performance
characteristics, their incorporation in measurement systems for protection and control, installation, and
maintenance requirements, testing requirements, and application considerations.

The following clause outlines the topics covered in detail in the remainder of the guide.

4.2 Optical voltage and current sensing technologies

Clause 5 provides a review of the technologies for optical voltage and current sensors in the electric power
industry. It introduces the reader to the scientific principles that optical instrument transformers use to measure
electrical quantities. It illustrates the product packaging alternatives that arise from these measurement
techniques.

4.3 Performance

Clause 6 provides a review of technical behavior specifics of optical sensor solutions. Subclauses explain the
following features and issues to be considered when using optical sensors:
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— Accuracy and dynamic range (6.2)—covering accuracy and linearity of the sensors, including their
ability to maintain accuracy over wide ranges of currents or voltages. This subclause lists available
accuracy classes. Terminology for newer accuracy class specification (over a wider dynamic range) is
reviewed here.

— Bandwidth or frequency response (6.3)—discussing the suitability of optical sensors for capturing
transients and measuring harmonic components that ride on power frequency signals. This subclause
explains how the sensor electronics and other elements in the measuring chain affect the frequency
response of the sensor system.

— Noise and impact of noise on performance (6.4)—the output of all electronic devices, including optical
sensor components, contains electrical noise components. This subclause provides an understanding of
noise generation, how it can be a positive or negative impact on the performance of a specific function
or application, and how to manage it.

— Stability and performance variation over time (6.5)—the components of any device can age and
degrade over time. This subclause reviews the aging and possible performance changes of an optical
sensor system, as well as mitigation factors and self-monitoring that should be designed into such
systems.

— Performance variation over temperature (6.6)—optical-measurement techniques use physical
properties of materials which are temperature dependent. A significant challenge in building an
effective OIT is to compensate for temperature variations.

— Impact of vibration (6.6)—similar to temperature, vibration can have adverse impact on the
performance of optical sensors. Mitigating the possible impact of vibration and physical movement is
a key part of developing and packaging high-quality OITs.

— Technical requirements for high voltage (HV) substation use (6.7)—as optical instrument transformers
have been deployed mostly in high-voltage substations, environmental requirements for HV or
extra-high voltage (EHV) power apparatus also apply to optical instrument transformers. These
include insulation, load and fault current limits, seismic withstand capability, and electromagnetic
compatability (EMC) requirements for the associated electronics. Optical sensors generally use simpler
HV insulation due to the galvanic isolation provided by optical fibers and the lack of conductive parts
in the insulating structure. A key advantage of optical sensors is compactness with superior safety in
HYV installations.

Clause 6 helps the user decide on whether to use optical sensors, what key advantages can be expected,
and what design factors and issues have to be accommodated in order to use an optical sensor successfully.
Even though this guide focuses on protective relaying applications of optical instrument transformers, the
performance characteristics explained here serve as valuable knowledge for use of optical sensors in any
applications.

4.4 Interface requirements and issues

Clause 7 provides a description of analog and digital output interfaces available for optical instrument
transformers, as specified in industry standards. It also explains digital interfaces in the context of IEC 61850°,
and covers system aspects of digital interfaces.

4.5 Applications

Clause 8 explains benefits and considerations of using optical instrument transformers for a variety of
applications. Some of the applications include line protection (transmission and distribution), improving
the accuracy of line fault location, generator protection, transformer protection, bus protection, excitation

*Information on references can be found in Clause 2.
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measurements (V/Hz), use with phasor measurement units (PMUs), undervoltage load shedding, and
measurement and protection for reactive devices, such as shunt or series capacitors.

4.6 Installation and commissioning

Clause 9 contains information and considerations for the installation and commissioning of optical instrument
transformers.

4.7 Testing of optical instrument transformers

Clause 10 provides guidance on testing optical instrument transformers, including factory testing, site
acceptance testing, commissioning tests, and on-site accuracy testing.

4.8 Reliability and redundancy

Clause 11 provides a review of reliability and redundancy considerations for optical instrument transformer
applications. It highlights the interaction between the optical instrument transformers and the overall
protection scheme architecture.

4.9 Industry standards

Annex B presents an informative annex explaining IEEE and IEC standards related to optical instrument
transformers available at the time of writing of this guide.

5. Technologies
5.1 Overview

Clause 5 provides a summary of the technologies used to realize optical voltage or current measurement
in high-voltage environments. The technologies for current measurement are discussed first, with voltage-
sensing techniques following. Detailed information on various specific products or solutions available can be
found in industry literature, including those listed in Annex A, Bibliography.

5.2 Optical current measurement
5.2.1 Introduction

Over the last several years, current measurement systems based on optical devices have been developed. The
first to be developed were hybrid devices, since they were closely related to conventional technology. These
are discussed as Type 1 (5.2.2) and Type 2 (5.2.3). The latest technology is purely optical devices, described
in Types 3 and 4 (5.2.4). This guide is mainly concerned with Types 3 and 4. All of these sensors use optics to
isolate a high-voltage part of the system from a grounded part, as illustrated in Figure 1.

Because an OCT is electronic in nature, one fundamental way an OCT differs from a CT is in the signal power
involved. In all the OCT considered here, the current being measured is represented as modulated light. In
a CT, the secondary signal has a power level of several watts. The power in the optical part of the OCT is
typically a few pW.

Diversity is present in all elements of the system shown in Figure 1. The sensor (or primary converter) itself
may be optical or electronic; accordingly, the high-voltage part of the system may be active or passive. The
insulator may be ceramic or polymer; it may be used to support the OCT or it may be suspended from it.
Typically, but not universally, the insulator contains an optical fiber carrying the OCT signals. The way the

Documents

13 Document Sharing Hub
Authorized licensed use limited to: Tsinghua UniveRRY S @:284d JrFEnARNSIS 58888veE27:00 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.241-2017


http://www.avadocuments.com/doc/ieee-c37-241-2017
http://www.avadocuments.com/doc/ieee-c37-241-2017

IEEE Std C37.241-2017
|EEE Guide for Application of Optical Instrument Transformers for Protective Relaying

HV Line
Current Sensor

Voltage

/ Sensor

i — —— SensorInsulator

Control Building

Interface Unit
Rack Unit

/Tn.mk Fiber

Cable
1 =

//,x Interface Box

! Feeder Cables
’_,f" i_,af/
1

| ||
Lt +
L Ty s i e R 1

Figure 1—Essential elements of optical current transformer (OCT) or optical voltage
transformer (OVT) system

current information is encoded in the fiber varies from system to system. This affects the design of the receiver
(as part of the secondary converter) at ground potential. An interface unit connects the OCT system to the
terminal device, which may be a protective relay, a revenue meter, or other equipment.

In order to organize the discussion of the different approaches that have been used to implement optical current
transducers, the sensors have been arranged based on increasing order of difference from the conventional
CT. Note that while the designation of sensor types is arbitrary, it serves the useful purpose of providing a
classification system.

5.2.2 Type 1—conventional CT with optical readout

The wire-wound iron-core current transformer is well-described in literature and needs no discussion here.
Adding an insulated optical information channel to such a CT, to effectively replace the copper wire output, as
shown in Figure 2, can result in a hybrid CT which retains some of the advantages of both conventional CTs
and optical isolation.

5.2.3 Type 2—magnetic concentrator

In this approach, a magnetic circuit surrounds the conductor, but instead of the magnetic loop forming the core
of a transformer, the field inside the magnetic core is measured optically in an air gap, as shown in Figure 3.

An advantage of this approach is that the optical path is short and simple, and only a small amount of optical
material is needed.

5.2.4 Types 3 and 4—optical path surrounding conductor
5.2.4.1 Introduction

If the mechanism by which a magnetic field is converted into an optical effect can be distributed around the
current carrying conductor, a closed optical path surrounding the conductor can measure the current in a way
analogous to the magnetic core of a conventional CT. In the listing, this is the first of the optical measurements
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