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Abstract: Synchronized phasor (synchrophasor) measurements for power systems are
presented. This standard defines synchrophasors, frequency, and rate of change of frequency
(ROCOF) measurement under all operating conditions. It specifies methods for evaluating these
measurements and requirements for compliance with the standard under both steady-state and
dynamic conditions. Time tag and synchronization requirements are included. Performance
requirements are confirmed with a reference model, provided in detail. This document defines a
phasor measurement unit (PMU), which can be a stand-alone physical unit or a functional unit
within another physical unit. This standard does not specify hardware, software, or a method for
computing phasors, frequency, or ROCOF.
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Introduction

This introduction is not part of IEEE Std C37.118.1-2011, IEEE Standard for Synchrophasor Measurements for Power
Systems.

The original synchrophasor standard was IEEE Std 1344™-1995 [B5].* It was replaced by
IEEE Std C37.118-2005 [BS8]. This has now been split into two standards: IEEE Std 37.118.1-2011 (this
standard), covering measurement provisions, and IEEE Std 37.118.2™-2011 [B9], covering data
communication. Both standards contain the previous material with updates and additional provisions.

In this standard, additional clarification is provided for the phasor and synchronized phasor definitions. The
concepts of total vector error (TVE) and compliance tests are retained and expanded, tests over temperature
variation have been added, and dynamic performance tests have been introduced. In addition, limits and
characteristics of frequency measurement and rate of change of frequency (ROCOF) measurement have
been developed. Annex C includes a system model intended to verify the ability to implement the required
performance measures. The model is meant as a reference benchmark only; it is assumed that many real
implementations will surpass this model in performance.

Phasors are used in many protection and data acquisition functions. By referencing them to a common time
base they become comparable over a wide area of measurement. A synchrophasor is a phasor value
obtained from voltage or current waveforms and precisely referenced to a common time base. Simultaneous
measurement sets derived from synchronized phasors provide a vastly improved method for tracking power
system dynamic phenomena for improved power system monitoring, protection, operation, and control.

The intent of any instrument connected to the power grid is to monitor power system parameters. The intent
of this standard is to describe and quantify the performance of the phasor measurement unit (PMU)
instrument deployed to monitor the power grid. The PMU extracts the parameters magnitude, phase angle,
frequency, and ROCOF from the signals appearing at its input terminals. These signals may be corrupted
by harmonic content, noise, and changes in state caused by system loads, and control and protective
actions. Some examples are harmonics introduced by large non-linear loads, step changes in phase
introduced by switched reactive elements, and random noise from arc furnaces. These artifacts complicate
the process of measuring the generation and load characteristics at or near the system fundamental
frequency.

The filtering associated with the computation of the synchrophasors rejects the undesirable signal
components appearing at the PMU input within the limits provided by the filter attenuation. The frequency
is computed as the first derivative of the synchrophasor phase angle, and ROCOF is computed as the
second derivative of the same phase angle. These two quantities are less reliable measurements, particularly
ROCOF, because they are more sensitive to undesirable components in the signal like harmonics, off-
nominal components, or noise.

This standard presents a set of PMU performance requirements to ensure that compliant instruments will
perform similarly when presented with this suite of test signals. The user shall be aware that in the presence
of the previously mentioned undesirable components in the input signal, higher measurement errors could
result. These errors may be substantial, particularly where higher order derivatives (such as ROCOF) are
used. Signal processing alternatives may be employed to reduce or eliminate these errors. They are difficult
to implement in a real-time environment and could adversely affect the measurement latency or the
synchrophasor measurement response time. Alternatives are neither described nor evaluated in this
document.

*The numbers in brackets correspond to those of the bibliography in Annex A.
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Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard 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

This document is copyrighted by the IEEE. It is made available 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 this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE standards 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. 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 Standards Association web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA web site at http://standards.ieee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.iece.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Interpretations

Current interpretations can be accessed at the following URL:
http://standards.ieee.org/findstds/interps/index.html.
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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 with respect to the existence
or validity of any patent rights in connection therewith. 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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IEEE Standard for Synchrophasor
Measurements for Power Systems

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or
environmental protection. Implementers of the standard are responsible for determining appropriate
safety, security, environmental, and health practices or regulatory requirements.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers. html.

1. Overview

1.1 Scope

This standard is for synchronized phasor measurement systems in power systems. It defines a synchronized
phasor (synchrophasor), frequency, and rate of change of frequency (ROCOF) measurements. It describes
time tag and synchronization requirements for measurement of all three of these quantities. It specifies
methods for evaluating these measurements and requirements for compliance with the standard under both
static and dynamic conditions. It defines a phasor measurement unit (PMU), which can be a stand-alone
physical unit or a functional unit within another physical unit. This standard does not specify hardware,
software, or a method for computing phasors, frequency, or ROCOF.

1.2 Purpose

This standard defines synchronized phasor and frequency measurements in substations along with methods
and requirements for measurement verification. Measurements compliant with the standard and taken at
various locations in the power system can be readily and accurately combined for power system analysis
and operations. Time tag and other essential associations are also described to facilitate communication and
reliable data application. Communication and recording of phasor measurements are covered in other
standards, such as the companion standard IEEE Std C37.118.2™-2011 [B9].!

! The numbers in brackets correspond to those of the bibliography in Annex A.
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1.3 General overview

This standard covers synchronized phasor measurements used in electric power systems. It defines the
measurement, provides methods of quantifying the measurements, defines performance tests, and specifies
acceptable limits. The following clauses are provided:

— Clause 1 provides the scope and needs for the standard.

—  Clause 2 references other standards that are related or may be useful in the study and application of
this standard.

—  Clause 3 defines terms and abbreviations found in this standard.
— Clause 4 defines the measurement.

— Clause 5 defines measurement requirements, a method of quantifying the measurement, a test
method, and accuracy limits.

Six informative annexes are also provided to clarify the standard and give supporting information, as
follows:

— Annex A is a bibliography.

— Annex B explores the effects of time tagging and transient response relevant to this measurement
technique.

— Annex C provides the algorithms that were used to confirm the performance requirements.
— Annex D discusses time synchronization.

— Annex E explains the total vector error (TVE) concept of measurement quality and gives plots of
error results.

— Annex F describes two methods that can be used for measuring the internal voltages and power
angles of generators.

1.4 Need for this standard

The 2005 version of the standard, commonly followed by equipment manufacturers and system integrators,
specifies the performance of phasor measurements only under steady-state conditions. Synchrophasor
applications, particularly during severe system disturbances, will utilize dynamic synchronized
measurements. This revision of the standard extends the synchrophasor definition and specifies
measurement requirements and test conditions to include practical dynamic power system conditions.

The original synchrophasor standard, IEEE Std 1344™-1995 [B5], and its successor, IEEE Std C37.118™-
2005 [B8], provide for reporting of system frequency and rate of change of system frequency. These
quantities are not defined, however, and no measurement requirements are mandated.

This revision provides definition and measurement requirements for power system frequency and ROCOF
under practical power system conditions. A number of issues in the standard have been identified that
require clarification or modification. This revision also separates the measurement and communication
subclauses of IEEE Std C37.118-2005 [BS8] into individual standards. This simplifies widespread adoption
and aids deployment by allowing freer use of other standards for synchrophasor communication.
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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 754™-1985, IEEE Standard for Binary Floating-Point Arithmetic.> *

3. Definitions, acronyms, and abbreviations

For the purposes of this document, the following terms and definitions apply. The IEEE Standards
Dictionary: Glossary of Terms & Definitions [B2] should be consulted for terms not defined in this clause.’

3.1 Definitions

anti-aliasing: The process of filtering a signal before sampling to remove components of that signal whose
frequency is equal to or greater than the Nyquist frequency (one-half the sample rate). If not removed, these
signal components would appear as a lower frequency component (an alias).

Coordinated Universal Time (UTC): (Initials are ordered based on French language.) The time of day at
the Earth’s prime meridian (0° longitude). It is distributed by various media, including the Global
Positioning System (GPS) system.

data concentrator (DC): A device that combines data from several measurement devices.

frequency error (FE): The measure of error between the theoretical frequency and the measured
frequency for the given instant of time.

Global Positioning System (GPS): A U.S. Department of Defense (DoD) navigation system that uses a
constellation of 24 satellites broadcasting a precision signal for location and time synchronization. Basic
time synchronization accuracy is £ 0.2 microseconds (ps).

IEEE floating point: A 32-bit representation of a real number.
NOTE—This definition is in accordance with IEEE Std 754-1985.

leap second: A positive or negative one-second adjustment to the Coordinated Universal Time (UTC) that
keeps it close to mean solar time.

Nyquist frequency: A frequency that is one-half the sampling frequency of a discrete signal processing
system.

Nyquist rate: A sampling rate that is twice the bandwidth of a band-limited signal. It is the minimum
sample rate that will result in an alias-free representation of a signal. It must therefore be greater than twice
the highest frequency component in the signal.

2 IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,
USA (http:/standards.ieee.org).

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

* The IEEE Standards Dictionary: Glossary of Terms & Definitions is available at http://shop.ieee.org/.

* Information on references can be found in Clause 2.
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