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Abstract: Definitions used for measurement of electric power quantities under sinusoidal,
nonsinusoidal, balanced, or unbalanced conditions are provided in this standard. Mathematical
formulas for measurements and the appropriate notations for expressing quantity values are
given. Informative annexes discuss (A) the measurement observation period, (B) combining
Fourier decomposition and phase-sequence components, (C) a systems approach to
measurement, (D) filtering, (E) a Trust Metric and a No-trust Metric, (F) Source Apparent Power,
and (G) omissions from the previous version of Std 1459. Expressions that were used in the past,
as well as new expressions, are listed, as well as explanations of the features of the new
definitions.

Keywords: apparent power, average power, I[EEE 1459™  |egal metrology, operational
measurement, power factor, reactive power, representational measurement, scientific meaning
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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 IEEE 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 IEEE Societies and subcommittees of IEEE Standards
Association (IEEE SA) Board of Governors. 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 involved in technical working groups
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 all standards, including but not limited to the warranties of
merchantability, fitness for a particular purpose and non-infringement IEEE Standards documents do not
guarantee safety, security, health, or environmental protection, or compliance with law, or guarantee
against interference with or from other devices or networks. 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
their 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.
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Translations

The IEEE consensus balloting process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English language version published by IEEE is the approved IEEE
standard.

Use by artificial intelligence systems

In no event shall material in any IEEE Standards documents be used for the purpose of creating, training,
enhancing, developing, maintaining, or contributing to any artificial intelligence systems without the
express, written consent of IEEE SA in advance. “Artificial intelligence” refers to any software,
application, or other system that uses artificial intelligence, machine learning, or similar technologies, to
analyze, train, process, or generate content. Requests for consent can be submitted using the Contact Us
form.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board
Operations Manual is not, and 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 or IEEE
SA. 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. Statements made by volunteers may not represent the formal position of their employer(s) or
affiliation(s). News releases about IEEE standards issued by entities other than IEEE SA should be
considered the view of the entity issuing the release rather than the formal position of IEEE or IEEE SA.

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 subcommittees of the IEEE SA Board
of Governors 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 revisions to an
IEEE standard is welcome to join the relevant IEEE SA 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.?

! Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
2 Available at: https://standards.ieee.org/about/contact/.
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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 U.S. 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, neither IEEE nor its licensors waive any rights in
copyright to the documents.

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.

3 Available at: https://ieeexplore.ieee.org/browse/standards/collection/ieee.
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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.iecee.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.

IMPORTANT NOTICE

Technologies, application of technologies, and recommended procedures in various industries evolve over
time. The IEEE standards development process allows participants to review developments in industries,
technologies, and practices, and to determine what, if any, updates should be made to the IEEE standard.
During this evolution, the technologies and recommendations in IEEE standards may be implemented in
ways not foreseen during the standard’s development. 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, data privacy, and
interference protection practices and all applicable laws and regulations.

4 Available at: https:/standards.ieee.org/standard/index.html.
> Available at: https://standards.ieee.org/about/sasb/patcom/materials.html.
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Introduction

This introduction is not part of IEEE Std 1459-2025, IEEE Standard Definitions for the Measurement of Electric Power
Quantities Under Sinusoidal, Nonsinusoidal, Balanced, or Unbalanced Conditions.

In the introduction to the 2010 edition of this standard, there was a complaint that there was no
“generalized power theory” able to cope with all the problems of measuring the power quantities for the
many possible applications. It was seen to be problematic that there was a need for multiple, different
methods of measurement of ostensibly the same quantity. Nothing in the history of the power system had
resolved this problem.

Since 2010, some underlying causes of long-standing problems with power system measurements have
come into focus. In fact, it had never been a power theory that was lacking, but an appreciation of
measurement theory, and an understanding of its implications. Consider the ten events listed below. Each is
relevant to the measurement problems we have experienced in the power system.

a) The physical world and our representation of it are distinct. Maxwell knew this in 1870 when he
wrote about the relation between mathematics and physics. “In themselves, one is an operation of
the mind, the other is a dance of molecules” (Maxwell [B28], p. 422).° That notion underlies all our
thinking about measurement.

b) Maxwell’s Treatise [B29] opens with a chapter on measurement, the first paragraph of which is
this:
Every expression of a Quantity consists of two factors or components. One of these is the name of a certain known
quantity of the same kind as the quantity to be expressed, which is taken as a standard of reference. The other

component is the number of times the standard is to be taken in order to make up the required quantity. The standard
quantity is technically called the Unit, and the number is called the Numerical Value of the quantity.

That simple-seeming statement imposes strict structural requirements on the scale of measurement,
a concept that would not be formalized until 1946. [See item d).]

c) Differences between measurements of quantity (such as weight) and measurements of quality (such
as density) were explored in a foundational book by Campbell, who also clarified differences
between what we now know as direct and indirect measurements [B9].

d) Measurements of the kind indicated by Maxwell require that the measurement result be linearly
related to the physical quantity (the measurand), and must go to zero as the measurand becomes
immeasurably small. That statement also means that one reference quantity is required. Four
measurement scales were elucidated by Stevens [B42]. Only one scale met this structural
requirement. It is called the rational scale because it allows mathematical ratios. /7 is the only scale
that supports scientific measurements in our field.

e) Eisenhart, of the U.S. National Bureau of Standards [B13], gave a useful definition of measurement
in 1963:

The object of measurement is to obtain symbolic representation of properties of things as a basis for conceptual
analysis and . . . to effect the representation in a form amenable to the powerful tools of mathematical analysis. . . .
Measurement always pertains to properties of things, not to the things themselves. (p. 163)

f)  Carnap [B10] clarified a requirement for measurements on the rational scale (in Chapter 7). It is
simple to add two numbers in the mathematical domain, but if the numbers are measurement
results, they cannot be meaningfully added unless the corresponding physical quantities can be
subject to a similar combining operation, called a concatenation. Weights are concatenated by
placing them on the same pan of the balance. Rulers are concatenated by aligning them end to end.

g) A measurement that meets the requirements listed above uses a mathematical relationship called
the measurement model. Simpson ([B40], p. 2) notes that this model must be “based on the laws of
physics or our understanding of the universe.” That means that the measure is subject to an appeal
to experiment. The act of measurement consists of finding the values of the parameters of the

¢ The numbers in brackets correspond to those of the bibliography in Annex H.
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measurement model. In practice, measurement is often the act of finding the “best fit” of the
parameter set to the observed variables. (See Potter [B36], p. 9.) Often, “best fit” means least-
square error.

h)  There is an isomorphism between concatenation and the addition of numbers that is consistent with
the view of measurement being a mapping between the physical world and the conceptual. Hand
([B16], p. 65) shows that a structure such as Maxwell’s satisfies an equation known as Cauchy’s
functional equation. Applied to measurements, it can be written as m(A) + m(B) = m(4 © B),
which is read as “the sum of the measured value of 4 and the measured value of B is the same as
the measured value of 4 and B concatenated.” Measurements satisfying this equation exhibit a 1:1
relationship between the measurements and the quantities, an essential step in demonstrating the
utility of measurement results in mathematical models.

i)  The Guide to the Expression of Uncertainty in Measurement (Joint Committee for Guides in
Metrology, WG 1 [B21]) lists several possible sources of uncertainty (see p. 6). The first three
reflect differences between the measurement model and the observed signal, identified as
“definitional uncertainty” because the measurement model is regarded as the definition of the
measurand.

For the most part, this timeline recounting of advances in measurement theory leads to the sort of
measurements expected by engineers and scientists and for which there is a coherent and well-understood
theoretical underpinning.

However, a book published in 1927 told a different story.

j)  The foundations of operationalism were laid by Bridgman [B7]. These are measurements whose
results are essentially defined by the operations involved in their measurement, responding to
Bridgman’s observation that:

In general, we mean by any concept nothing more than a set of operations; the concept is synonymous with the

corresponding set of operations. If the concept is physical, as of length, the operations are actual physical
operations, namely, those by which length is measured. (Italics in the original)

The definitions of the quantities considered in this standard are definitions of sets of operations. They are
not measurement models: Each measure is defined operationally. This characteristic arose because, as the
electric power system developed, the need for metering preceded a theoretical understanding of
measurement. The things we measure departed quite early in our history from the apparently linear
sequence indicated in item a) to item i) above, the route to modern scientific measurements.

For example, Power Factor fails at item c) and at item f) because it is a bounded quantity, which cannot be
concatenated. Reactive Power fails at item f) because it cannot be meaningfully concatenated. Czarnecki [B12]
demonstrated that. Even average power and apparent power fail to meet these characteristics. Berrisford
[B6] pointed out that modern metering should be able to correct the deficiency that some loads inject
harmonic power into the delivery system, and that power is subtracted from the bill for their “average
power.” Kitzig et al. [B27] show that even a simple passive nonlinear load consumes more power than it
would be billed for.

Since the measurements considered in this standard are operational, they all fail the appeal to experiment at
item g) in the list. Operational measurements are defined by a consensus-based procedure. Since their
operational character has not been recognized, no consensus has so far been reached.

NEMA Technical Report C12.24 TR-2022 [B33] demonstrates the problem of wunacknowledged
operationalism. The title of the technical report is “Definitions for calculations of VA, VAh, VAR, and VARh
for Electricity Meters,” and its content does indeed comprise definitions for calculations of quantity values.
However, multiple different methods are given for what may be supposed to be the same quantity. The results
presented in the report show that the various methods give inconsistent results: that inconsistency is a
characteristic of “unmanaged” operational measurements. A paper on the topic (Riepnieks et al. [B38]) used
the data from an earlier version (NEMA Technical Report C12.24 TR-2011 [B32]), to illustrate the point
graphically.
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In operational measurements, procedure plays the definitive role in establishing what is measured. That means
that in order for operational measurements to produce consistent results (when the instruments are made by
different manufacturers), many details of the measurement process must be specified by the standard. Indeed,
that is one of the main purposes of a documentary standard such as this one. As a standard for a series of
operational measurements, this standard is required to specify sufficient detail to ensure consistent results. The
standard no longer provides multiple ways to measure power factor or reactive power, as it did in the previous
edition.

The present standard specifies methods for the single-phase and three-phase measurements of the quantities
considered, and it allows only the choice of using a fundamental-only method or an unfiltered method. The
standard recognizes the need to define the period over which the measurement is made, also a measurement
that is operational. It allows the choice of one of only two described methods. The topic is discussed in
Annex A.

Representational measurements (those with complete mathematical models) may be preferred, but in power
system engineering, they have been elusive. There is good reason for that. In a representational
measurement, the observable quantities must be represented by models of matching complexity. A three-
phase voltage, with just two harmonics, would require a measurement model with 21 degrees of freedom,
corresponding to 21 independent parameters in the model, all of which would have to be measured to give
unambiguous results. Even if this aspect of the measurements had been recognized in the last 100 years or
so, the required complexity would have led, not unreasonably, to the use of operational measurements
anyway.

Whereas all the quantities of this standard are measured by operational measurements, some, like average
power, seem “scientific.” Other operational measurements appear to make no sense from the scientific
point of view. These continue to exist because they have been found to be useful in some applications.
Measurement methods of this sort are sometimes approved and specified as an important part of legal
metrology by authorities such as NEMA. (Legal metrology deals with measurements used to ensure
compliance with a law or a regulation or generally a matter of trade.)

Other methods are merely in common use. For example, the expression “rms weighted average responding”
is used to describe a voltmeter that is not a “True rms” voltmeter. Their presence in this standard shall not
be interpreted as bestowing scientific repute on them as a substitute for the “True rms” voltmeter. They are
included for completeness.

The 2010 version of this standard hinted of a new measurement solution. Put simply, if the Fortescue
symmetrical-component transform is applied to a Fourier decomposition of the signals, a measurement
scheme of arbitrary complexity can be logically and straightforwardly developed. The multiple degrees of
freedom are segregated by frequency. The idea is described more fully in Annex B to this standard. Such a
scheme, if adopted, would allow the creation of models for many new quantities. Most of these would be of
quantities that, at present, have no firm conceptualization, for example, third-harmonic negative-sequence
reactive power. It is for the power engineering community to meet the challenge of understanding the
usefulness (or otherwise) of such “new” measurands.
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IEEE Standard Definitions for the
Measurement of Electric Power
Quantities Under Sinusoidal,
Nonsinusoidal, Balanced, or
Unbalanced Conditions

1. Overview

1.1 Scope

This document provides quantity definitions for designing and using instrumentation for the measurement
of electric power quantities under sinusoidal, nonsinusoidal, balanced, and unbalanced conditions.

1.2 Purpose

This standard is intended for use in designing and using instrumentation for the measurement of electric
power quantities under sinusoidal, nonsinusoidal, balanced, and unbalanced conditions. Because there are
major differences between this document and its 2010 predecessor, some of the material is pedagogical in
nature.

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).” 3

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 t0).

7 The use of the word must is deprecated and cannot be used when stating mandatory requirements, must is used only to describe
unavoidable situations.
8 The use of will is deprecated and cannot be used when stating mandatory requirements, will is only used in statements of fact.
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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.

IEC 61000-4-30, Electromagnetic compatibility (EMC)—Part 4-30: Testing and measurement
techniques—Power quality measurement method.’

NEMA C12.31G-TR-2024, Guide for measurement of voltage, current, power, energy, and power factor. '

3. Definitions

The scope of this standard is to specify “quantity definitions.” The standard acknowledges the operational
nature of the measurements it covers: The quantity definitions are method definitions. An operational
method cannot guarantee measurement consistency or interoperability without a specification of the
complete measurement process. Some parts of the measurement process are not completely specified in this
standard.

The definitions below shall be applied to all power system conditions, that is, sinusoidal, nonsinusoidal,
balanced, or unbalanced conditions, as it is not possible to know in advance what state the power system
will be in.

Sometimes the signals are sufficiently distorted to render the results of some measurements less
meaningful. This condition may be detected by the use of a Trust Metric as described in Annex E. It is a
matter for the user to decide on an appropriate action should a situation of reduced trust be indicated in the
measurement result.

The methods described in this standard were developed on the assumption of a power system operating at
50 Hz/60 Hz. The methods are expected to apply for frequencies such as 400 Hz (acrospace) or 25 Hz
(traction). However, care is needed to fully define the operational aspects of the measurement. An overview
of why operational measurements are needed is given in Annex C. The high-level definitions are shown in
this clause. Operational overlays that may be required to get consistent calculations are described in the
annexes. For example, Annex A discusses methods of measuring the frequency or period of the signals so
that boundaries of the measurement can be determined. Filtering requirements to achieve a given level of
measurement accuracy are discussed in Annex D.

The notation in Table 1 is used throughout this standard.
Many of the definitions in this standard are shown in integral form. However, it is recognized that they will

usually be implemented digitally by a summation with a finite sampling rate. This standard does not specify
a sampling rate.

° IEC publications are available from the International Electrotechnical Commission (https://www.iec.ch) and the American National
Standards Institute (https://www.ansi.org/).
1 NEMA publications are available from the National Electrical Manufacturers Association (https://www.nema.org/).
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Table 1—Notation used for parameters ™

Description Notation
Whole number of cycles k
Harmonic order h
Number of contained harmonics H
Time period of a cycle T
Starting time to
Phase name AB,C
Neutral N
Fundamental subscript,
g;les I\:/eolill;tzd average subscript wa
Three-phase 4-wire wye system A
Three-phase 3-wire delta system A
Single-phase 3-wire system P
Counter m
Number of averaging entities M
Phase name placeholder XY
Angular frequency w
Initial phase 1)

NOTE 1—This standard considers only the four most common connection types; 2-wire single-phase, 3-wire
single-phase (also known as split phase), 4-wire wye, and 3-wire delta. It is recommended that definitions for
other types of systems be formulated and recorded for traceability when used. Examples of these other systems
can be found in ANSI C12.1 [B2].

In three-phase ac electricity generation, transmission, and distribution systems, the convention of labeling the
three ac phase conductors varies from country to country. Typical phase labeling conventions are A, B, C; a, b,
c; L1, L2, L3; HI, H2, H3; R, S, T; U, V, W; and R, Y, B. In this standard A, B, and C is used, which is
popular in North America. IEC 60446 [B19] uses L1, L2, and L3 for ac phase conductors.

NOTE 2—The rms weighted average is also known as the rms calibrated average. The rms weighted average
value of a periodic signal represents the average value of the rectified signal multiplied (or scaled) by a factor

of (Zﬂ—ﬁ), or ~ 1.11. Based on this definition, an rms responding instrument and an rms weighted average

responding instrument will indicate the same value given a sinusoidal input signal. Derivation of equations in a
typical use case is shown in A.4.5.

NOTE 3—Alternating quantities are commonly represented by a mathematical sinusoid with three parameters,
amplitude, frequency, and initial phase. These are sometimes termed phasor quantities. Annex B discusses the
phasor notation. Initial phase is not to be confused with phase name.

NOTE 4—In Microsoft Word, the symbol “A” can be inserted as a Symbol by selecting character code 2144
from the Unicode (hex) set.

! Notes in the text, tables, or figures of a standard are given for information only and do not contain mandatory requirements. Notes
that are identified with a superscript lowercase letter and set immediately below the border of a table are normative, and contain
requirements for compliance with this standard.
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3.1 Observable quantities

Each entry in Table 2 specifies the notations for the observable parameters and indicates the value of a
single observable quantity, including fundamental-filtered quantities.

All other quantities in this standard are indirectly measured quantities derived from those in Table 2.

Table 2—Notations for observable quantities

Description

Notation

Instantaneous voltage for a single-phase

v(t)
or
vxn (6)
where X is the phase voltage measurement (A or C) with
respect to N the reference voltage.

See NOTE 1 and NOTE 3

Instantaneous fundamental voltage for a single-phase

vy (t)
or
vxn1 (£)
See NOTE 2 and NOTE 3

Instantaneous current for a single-phase

it
or
ix(t)
where X is the phase current measurement (A,C)
See NOTE 1 and NOTE 3

i1 ()
. or
Instantaneous fundamental current for a single phase e (6)
Ix1
See NOTE 2 and NOTE 3
Instantaneous voltage for any of three phases vy (t)

where X is the phase voltage measurement (A,B,C) with
respect to Y the reference voltage (A,B,C,N)

phase 4-wire system or 3-wire delta system

See NOTE 3
Instantaneous fundamental voltage for any of three Vxy1 (t)
phases See NOTE 2 and NOTE 3
Instantaneous phase current in a three-phase 4-wire ix(t)
system or 3-wire delta system where X is the phase current measurement (A,B,C)
See NOTE 3
Instantaneous fundamental phase current in a three- ix1 ()

See NOTE 2 and NOTE 3

with A.

Annex D.

NOTE 1—In an electric meter, the terminals for a 3-wire single-phase service are in the phase A and phase C
locations. Consequently, the terminology Van and Vcn is often used where phase C is nominally 180° out of phase

NOTE 2—The question of filtering as a requirement for some of these measurements is an operation discussed in

NOTE 3—The instantaneous value of an observable quantity can be taken as equivalent to a sampled value. To
calculate the fundamental component requires a time delay. Therefore, the value of the “instantaneous fundamental”
of a quantity is not obtained “instantaneously.” However, the value of the fundamental of the signal can be
associated with a time t, as indicated in the formulas. The value is obtained by accounting for this delay.
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3.2 Single-phase indirect measurements

3.2.1 RMS voltage

Table 3 specifies the notations and operational formulas for measuring these various single-phase rms
quantities.

Table 3—Notations and formulas for measuring single-phase rms voltage

Description Notation Formula
v 1 t0+kT( ( ))Z (1 )
V= |= f v(t)) dt a
kT Jy,
RMS voltage over k or or
cycles
Vxn to+kT
1 2
See NOTE 1 and Ven = |7 f (v () dt (1b)
NOTE 2 o
v 1 to+kT( ( ))2 (2 )
1 Vi= |+= v, (t)) dt a
1 kT J,, 1
Fundamental rms
voltage over k cycles or or
VXNl 1 ftoJrkT 2
Vini = |-= vxn () dt (2b)
See NOTE 2 i kT to ( N )
M
_ _ 1 1 to+mkT 2
vV =— — 3a
v i Z jkat +(WH)M(v(t)) dt (3a)
m=1 0
Average rms voltage or or
over k cycles
M
VXN o 1 1 to+mkT 2
Van = MZ T J (ven (D) dt (3b)
See NOTE 2 — to+(m—-1)kT
M
_ _ 1 1 to+mkT 2
7, 7 :_z _J v(0) dt
! Mm=1 kT t0+(m—1)kT( ) (4a)
Average fundamental
RMS voltage over k or or
cycles "
VXNl 1 1 to+mkT 2
Vint = MZ ﬁf (me(t)) dt (4b)
See NOTE 3 fonpe to+(m—-1)kT
kT
T\ 2 [tz
V; Viwa = (—)—f v(t)|dt (2)
rwa rwa 2\/2 kT . | ( )l
RMS weighted average
or or
voltage over k cycles
_ kT
Viwaxn 7 _ (L)ijt°+7|v (t)ldt (5b)
See NOTE 3 rwaxN =\ 22/ kT to XN
kT
T\ 2 [Ptz
Viwa Viwa = (ﬁ)ﬁ,’tq lv(t)|dt (6a)
Fundamental rms
weighted average or or
voltage over & cycles .
Vv Vo = (=) [ Ioan©lde (6b)
See NOTE 3 e 2v2/ kT J,,
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Annex A.

NOTE 1—Root mean square (rms) is replaced by some users with the expression “effective value.” The
equivalence of these terms is limited to the consideration of “heating value,” as indicated by Riepnieks et al. [B38].
When the application is electrodeposition, the effective value of an alternating current is its average, not its rms. In
terms of a voltage giving rise to a current, the effective value may involve the integral or the derivative of the
voltage if the load is reactive. For clarity, this standard uses only the term rms.

NOTE 2—This standard recognizes that the textbook definition for these measurands assumes the integral over one
cycle or many (denoted here by k). The practicability of the implementation of various techniques of determining
the period for the purposes of measurement is discussed in Annex A.

NOTE 3—This quantity is used commonly to determine peak flux density in a transformer. The derivation is in

3.2.2 RMS current

Table 4 specifies the notations and operational formulas for measuring single-phase rms current quantities.

Table 4—Notations and formulas for measuring single-phase rms current

Description Notation Formula
1 to+kT 2 (7 )
1 1= |— i(t)) dt a
), (©)
RMS current over k
or or
cycles
IX 1 to+kT 2
Iy= |— f ix(t)) dt 7b
See NOTE 1 X \/kT £ (ix(®) 70)
1 to+kT 2 (83)
kT J,
Fundamental rms or or
current over k cycles
le 1 ft0+kT 2
Ixy1 = |[—= ix1(t)) dt 8b
See NOTE 1 X J KT )y, (5(®) (8b)
M
_ _ 1 1 to+mkT
I T=2 > | f (i(0)) de (9a)
M £ KT Jioiom-1yir
Average rms current or or
over k cycles y
1; _ 1 1 to+mkT 2
See NOTE 1 M \/ kT tn+(m—1)kT( )
M
_ _ 1 1 to+mkT ] 2
I L = MZ ﬁf (Ll(t)) dt (10a)
=1 to+(m—1)kT
Average fundamental m
rms current over k or or
cycles o
b T =~ i ! f o (i (D) dt (10b)
=— — i
See NOTE 1 x Mm:1 kT to+(m—1)KT Xl
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NOTE 1—This standard recognizes that the textbook definition for these measurands assumes the integral over one
cycle or many (denoted here by k). The practicability of the implementation of various techniques of determining
the period for the purposes of measurement is discussed in Annex A.

NOTE 2—In any mathematical model involving time, it is not possible to determine all parameter values from
measurements taken at a single instant. In the calculations above, the value of rms voltage and current (required in
the formula) are not known until after the measurement is complete. The calculations of instantaneous real and
reactive components are therefore not accurately described and not included as they are based on the incorrect
assumption about representations that include time.

3.2.3 Energy (E)
Table 5 specifies the notations and operational formulas for measuring single-phase energy quantities.

Table 5—Notations and formulas for measuring single-phase energy

Description Notation Formula

. . ty
Single-phase 2-wire g E= f p(O)i(t)dt (11)
energy t

t
Single-phase 2- wire _ f ' .
fundamental energy By By = to v (Oh (Odt (12)
¢

Single-phase 3-wire _ f ! ; . (13)
energy Ey Bo=), (van(©)ia(®) + ven (D)ic(6))dt

. . t
Single-phase 3- ! . .
f&ggainznizfenggj Ey1 Ey = ) (van1(Dia1(6) + ven (Dics () de (14

NOTE 1—The limits of integration in the formulas are not related to the number or completeness of the alternating
cycles during the interval.

NOTE 2—1In an electric meter, the terminals for a 3-wire single-phase service are in the phase A and phase C
locations. Consequently, the terminology Van and Vcn is often used.

NOTE 3—The method that uses the ANSI C12.10 Form 2S meter [B3] used in North America (one of several

non-Blondel metering methods) is deprecated and is to be used only in systems that can be reasonably assumed to
be balanced. The result is given by formula (15).

ty
Eney = 1/, ft (ia(®) + ia(0))vap(©)dt (15)
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