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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
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: active power, apparent power, nonactive power, power factor, reactive power, total
harmonic distortion

The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

Copyright © 2010 by the Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 19 March 2010. Printed in the United States of America.

IEEE is a registered trademark in the U.S. Patent & Trademark Office, owned by the Institute of Electrical and Electronics
Engineers, Incorporated.

PDF: ISBN 978-0-7381-6058-0 STD95967
Print: ISBN 978-0-7381-6059-7 STDPD95967

IEEE prohibits discrimination, harassment and bullying. For more information, visit http.//www.ieee.org/web/aboutus/whatis/policies/p9-26.html.
No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior written permission
of the publisher.

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on August 04,2014 at 19:13:43 UTC from IEEE Xplore. Restrictions apply.



IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the 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.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly
resulting from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly
disclaims any express or implied warranty, including any implied warranty of merchantability or fitness for a specific
purpose, or that the use of the material contained herein is free from patent infringement. IEEE Standards documents
are supplied “AS IS.”

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. Every IEEE Standard is subjected to review at least
every five years for revision or reaffirmation, or every ten years for stabilization. When a document is more than five
years old and has not been reaffirmed, or more than ten years old and has not been stabilized, 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 publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other
person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon his or
her 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.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received 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 interpretation requests except in those cases where the matter has previously received formal consideration.
A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations Manual
shall not be considered the official position of IEEE or any of its committees and shall not be considered to be, nor be
relied upon as, a formal interpretation of the 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, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Recommendations to change the status of a stabilized standard should include a
rationale as to why a revision or withdrawal is required. Comments and recommendations on standards, and requests
for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854

USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by The Institute
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, 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.

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on August 04,2014 at 19:13:43 UTC from IEEE Xplore. Restrictions apply.



Introduction

This introduction is not part of IEEE Std 1459-2010, IEEE Standard Definitions for the Measurement of Electric Power
Quantities Under Sinusoidal, Nonsinusoidal, Balanced, or Unbalanced Conditions.

The definitions for active, reactive, and apparent powers that are currently used are based on the knowledge
developed and agreed on during the 1940s. Such definitions served the industry well, as long as the current
and voltage waveforms remained nearly sinusoidal.

Important changes have occurred in the last 50 years. The new environment is conditioned by the following
facts:

a) Power electronics equipment, such as Adjustable Speed Drives, Controlled Rectifiers,
Cycloconverters, Electronically Ballasted Lamps, Arc and Induction Furnaces, and clusters of
Personal Computers, represent major nonlinear and parametric loads proliferating among
industrial and commercial customers. Such loads have the potential to create a host of
disturbances for the utility and the end-user’s equipment. The main problems stem from the
flow of nonactive energy caused by harmonic currents and voltages.

b) New definitions of powers have been discussed in the last 30 years in the engineering literature
(Filipski and Labaj [B9]"). The mechanism of electric energy flow for nonsinusoidal and/or
unbalanced conditions is well understood today.

¢) The traditional instrumentation designed for the sinusoidal 60/50 Hz waveform is prone to
significant errors when the current and the voltage waveforms are distorted (Filipski and Labaj
[BI]).

d) Microprocessors and minicomputers enable today’s manufacturers of electrical instruments to
construct new, accurate, and versatile metering equipment that is capable of measuring electrical
quantities defined by means of advanced mathematical models.

e) There is a need to quantify correctly the distortions caused by the nonlinear and parametric
loads, and to apply a fair distribution of the financial burden required to maintain the quality of
electric service.

This standard lists new definitions of powers needed for the following particular situations:

—  When the voltage and current waveforms are nonsinusoidal
—  When the load is unbalanced or the supplying voltages are asymmetrical

— When the energy dissipated in the neutral path due to zero-sequence current components has
economical significance

The new definitions were developed to give guidance with respect to the quantities that should be measured
or monitored for revenue purposes, engineering economic decisions, and determination of major harmonic
polluters. The following important electrical quantities are recognized by this standard:

—  The power frequency (60/50 Hz or fundamental) of apparent, active, and reactive powers. These
three basic quantities are the quintessence of the power flow in electric networks. They define
what is generated, transmitted, distributed, and sold by the electric utilities and bought by the
end users. This is the electric energy transmitted by the 60/50 Hz electromagnetic field. In poly-
phase systems, the power frequency positive-sequence powers are the important dominant
quantities. The power frequency positive-sequence power factor is a key value that helps
determine and adjust the flow of power frequency positive-sequence reactive power. The

* The numbers in brackets correspond to those of the bibliography in Annex C.
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fundamental positive-sequence reactive power is of utmost importance in power systems; it
governs the fundamental voltage magnitude and its distribution along the feeders and affects
electromechanical stability as well as the energy loss.

—  The effective apparent power in three-phase systems is S, =3V,[,, where V, and [, are the
equivalent voltage and current. In sinusoidal and balanced situations, S, is equal to the

conventional apparent power S =3V, [ = x/EVMI , where V,, and V,, are the line-to-neutral

and the line-to-line voltage, respectively. For sinusoidal unbalanced or for nonsinusoidal
balanced or unbalanced situations, S, allows rational and correct computation of the power
factor. This quantity was proposed in 1922 by the German engineer Buchholz [B1] and in 1933
was explained by the American engineer Goodhue [B11].

— The non-60 Hz or nonfundamental apparent power is Sy (for brevity, 50 Hz power is not always
mentioned). This power quantifies the overall amount of harmonic pollution delivered or
absorbed by a load. It also quantifies the required capacity of dynamic compensators or active
filters when used for nonfundamental compensation alone.

—  Current distortion power D, identifies the segment of nonfundamental nonactive power due to
current distortion. This is usually the dominant component of Sy.

— Voltage distortion power D separates the nonfundamental nonactive power component due to
voltage distortion.

— Apparent harmonic power Sy indicates the level of apparent power due to harmonic voltages
and currents alone. This is the smallest component of Sy and includes the harmonic active power
Py.

To avoid confusion, it was decided not to add new units. The use of the watts (W) for instantaneous and
active powers, volt-amperes (VA) for apparent powers, and (var) for all the nonactive powers maintains the
distinct separation among these three major types of powers.

There is not yet available a generalized power theory that can provide a simultaneous common base for

— Energy billing
— Evaluation of electric energy quality
— Detection of the major sources of waveform distortion

— Theoretical calculations for the design of mitigation equipment such as active filters or dynamic
compensators

This standard is meant to provide definitions extended from the well-established concepts. It is meant to
serve the user who wants to measure and design instrumentation for energy and power quantification. It is
not meant to help in the design of real-time control of dynamic compensators or for diagnosis
instrumentation used to pinpoint to a specific type of annoying event or harmonic.

These definitions are meant to serve as a guideline and as a useful benchmark for future developments.

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
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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://iecexplore.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.ieee.org/reading/iece/updates/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/reading/ieee/interp/
index.html.

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 Trial-Use-Standard Definitions
for the Measurement of Electric Power
Quantities Under Sinusoidal,
Nonsinusoidal, Balanced, or
Unbalanced Conditions

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or
environmental protection_in_all circumstances. 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

This trial-use— standard is divided into three clauses. Clause 1 lists the scope of this document.
Clause 2 lists references to other standards that are useful in applying this standard. Clause 3 provides the
definitions, among which there are several new expressions.

The preferred mathematical expressions recommended for the instrumentation design are marked with a ||
sign. The additional expressions are meant to reinforce the theoretical approach and to facilitate a better
understanding of the explained concepts.

1.1 Scope

This document provides definitions used—for—measurement—of electric power to quantify the flow of

electrical energy in single- phase and three-phase circuits under sinusoidal, nonsinusoidal, balanced, ex and

unbalanced conditions.—Jtlists—the—mathematical-expressions—that-were—used—inthepast—as—welasnew
sions.and explains the & il lefinitions.

1.2 Purpose

This document provides organizations with criteria for designing and using metering instrumentation
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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.

DIN 40110-1997, Quantities Used in Alternating Current Theory.'

IEC 80000-6:2008, 1SO-—31+-5:1992 Quantities and Units—Part 6:5:—E4%emeit—y—aﬁd—Magﬂeﬁs%3

Electromagnetism.2

3. Definitions

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

NOTE—Mathematical expressions that are considered appropriate for instrumentation design are marked with the sign
| . When the sign || appears on the right side, it means that the last expression that is listed is favored. Each descriptor
of a power type is followed by its measurement unit in parentheses.*

3.1 Single phase
3.1.1 Single-phase sinusoidal

A sinusoidal voltage source
v =21 sin{ar)
supplying a linear load will produce a sinusoidal current (assumed lagging the voltage) of

i = /2T sin(mt —8)

where

V' is the rms value of the voltage (V)
1 is the rms value of the current (A)

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on August 04,2014 at 19:13:43 UTC from IEEE Xplore. Restrictions apply.



'DIN publications are available from the DIN Deutsches Institut fiir Normung, Bussgrafenstrasse e.V., Burggrafenstrabe 6,

Postfach 10712623 10787 Berlin-30,-Ger—many(04H1-4930-260-1362)., Germany
Q}E-E-E(http //WWW din. de) ’[EC pubhcatlons are avallable from the Institute Sales Departmen of oot e

the Internatlonal Electrotechmcal Commlssmn Case Postale 56;

3
+131, 3 rue de Varembé¢, CH-1211, Genéve 20,
Switzerland/Suisse (http://www.ise iec.ch/). 1SO IEC publications are also available in the United States from the Sales Department,

American National Standards Institute, 11 West 42nd Street, 13th Floor, New York, NY 10036, USA.
3 The IEEE Standards Dictionary: Glossary of Terms & Definitions is available at http://shop.ieee.org/.

* Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.

o  is the angular frequency 2xf (rad/s)

f s the power system frequency (Hz)

0  is the phase angle between the current and the voltage (rad)
t is the time (s)

For more information on symbols and units, see IEEE Std 280™-1985 [B13] and IEC 80000-6:2008.

3.1.1.1 Instantaneous power (W)

The instantaneous power p is given by

Il p=vi
P=DPqg +Pq
where
p,=VIcosO[l-cos (2mt)]=P[1-cos (2nt)] ; P=VIcos9O
P,=" VI sin Osin(2wt)=— 0sin(2wt) ; O=VIsin®

NOTE 1—The component p, is the instantaneous active power. It is produced by the active component of the current
(i.e., by the component that is in phase with the voltage). The instantaneous active power p, is the rate of flow of the
energy

I
Wy = l pailt =Pt —i) —%[si.u(lm.r] —sinf 2oy )]

Ty

This energy flows unidirectional from the source to the load. Its steady-state rate of flow is not negative, p,> 0.

between-the-souree induetances—eapacttances:_the 1ntr1ns1c power —P cos( 203t) The intrinsic power is always present

when net energy is transferred to the load; however, this oscillating component does not cause power loss in the
supplying lines.

NOTE 3—The component p, is the instantaneous reactive power. It is produced by the reactive component of the

current (i.e., the component that is in quadrature with the voltage). The instantaneous reactive power p, is the rate of
flow of the energy
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I

Wy = | p:,ﬁ"r = E["csl:lr.u:u‘} —cos( 2oy 1]

i}

1

This energy component oscillates between the sources and the electromagnetic energy stored within the magnetic field
of the inductors and electric field of the capacitors of electrical equipment, as well as the mechanical energy stored in
moving masses pertaining to electromechanical systems (motor and generator rotors, plungers, and armatures). The
average value of this rate of flow is zero, and the net transfer of energy to the load is nil; nevertheless, these power
oscillations do cause power loss (Joule and eddy-current) in the conductors.

3.1.1.2 Active power (W)

The active power P, which is also called real power, is the mean average value of the instantaneous power
during the ebservation measurement time interval T to © + kT

1 FeRT
P = _.E-.J: FI:?,I

|P=%-|‘:+#IFLr=%‘|‘:+krFﬂa‘;

where
T=1/f is the cycle time (s)
k is a positive integer number
T is the moment when the measurement starts
P=VIcos 0

NOTE—P is also equal to the average of p, over a period, or an integer number of periods, because the average of p, is
Zero.

3.1.1.3 Reactive power (var)

The magnitude of the reactive power Q is equals the amplitude of the oscillating instantaneous reactive

power p,.
Q=VIsinB
1 1 = aT+ET S _ F+kT
0= frai="tdiav=——[ " +Za= L[ 2D
2 I ) kT ) dr ETaw Jr t

NOTE 1— If the load is inductive, then QO > 0. If the load is capacitive, then Q < 0._This means that when the current
lags the voltage 6 > 0 and vice versa.

NOTE 2—The application of the previous definitions to nonsinusoidal conditions is presented in A.2.

3.1.1.4 Apparent power (VA)

The apparent power S is the product of the root-mean-square (rms) voltage and the rms current (see The
IEEE Standards Dictionary: Glossary of Terms & Definitions’).
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NOTE 1—The apparent power of a single-phase load can be interpreted as the maximum active power that can be
transmitted through the same line while keeping the load rms voltage V constant and the supplying line power loss
constant (i.e., the rms current / constant). This is an ideal condition, for which the process of energy conversion at the
load remains unchanged, but the utilization of the supplying line is improved (i.e., the thermal stress of the line or cable
remains the same while the amount of energy transmitted through the supplying line is increased). This concept implies

that an additional load with unity power factor can be connected in parallel with the original load compensated by
means of a shunt capacitance or an active compensator.

NOTE 2—The instantaneous power p follows a sinusoidal oscillation with a frequency 2 = 2w / 2x biased by the
active power P. The amplitude of the sinusoidal oscillation is the apparent power S.

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

3.1.1.5 Power factor

|1PF=<
S

NOTE 1—The power factor can be interpreted as the ratio between the energy transmitted to the load over the
maximum energy that could be transmitted provided the line losses are kept the same.

NOTE 2—For a given S and V, maximum utilization of the line is obtained when P = S; hence, the ratio P/S is a
utilization factor indicator.

NOTE 3—When a load, or a cluster of loads, is to be compensated to a higher power factor, the load voltage will
increase by a certain increment. If the new voltage is larger than the recommended value, the load voltage can be

reduced and brought within recommended range by means of voltage regulators, transformer tap-changers, or other
methods of voltage control.

3.1.1.6 Complex power (VA)

The complex power is a complex quantity in which the active power is the real part and the reactive power
is the imaginary part

S =P+;j0=VI*

where according to 3.1.1

V =V /0° is the voltage phasor
1=1/-0 is the current phasor

1"=70 isthe complex conjugate of the current phasor

This expression stems from the power triangle, S, P, and and is useful in power flow studies. Figure 1

summarizes the conventional power flow directions as interpreted in literature (see Stevens [B19]). The

angle 0 is the phase angle of the equivalent complex impedance Z/0 = V/ I.
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Figure 1—Four-quadrant power flow directions
(© 1983 IEEE. Reprinted, with permission, from the IEEE and R. H. Stevens [B19])

3.1.2 Single-phase nonsinusoidal

For steady-state conditions, a nonsinusoidal periodical instantaneous voltage or current has two distinct
components: the power system frequency components v; and i and the remaining term vy and iy,

respectively.

v=v,+vyand i=§ +1i

where

W =1||'_‘-T-’l s — 0 )
= \||2I] ‘::i.'l‘:l.l.':{l:l!'— ﬁ]:l

v =Tp+2 > Ty sin(hor — o)

k=l

iz =Ip +4/2 D I sin(hor - ;)
Rzl
Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on August 04,2014 at 19:13:43 UTC from IEEE Xplore. Restrictions apply.



The corresponding rms values squared are as follows:

a2 1 'r+k1'.] 22

F =EJ-T ¥ a’r=F-_ +IH

- 1 T - .

I'=— rdr=1I7 +15

kT -[1 ! #

where

Vg =g+ V= -11" |

Lo

and

are the squares of the rms values of vy and iy , respectively.

NOTE 1—The direct voltage and the direct current terms V) and I, must be included in V} and I.
Fhey-eorrespond-to-a-hypothetical-ety = B = 45 {sin(—ery) = si{—P) = sir452 = H 23~ Sjgnificant direct
current (dc) components are rarely present in alternating current (ac) power systems; however, traces of dc are

common.

NOTE 2—Distorted waveforms often contain frequency components called interharmonics (see IEC 61000-

4-7:2002 [B12]). A special group of interharmonics is characterized by 4 < 1. The components belonging to this grou

have periods larger than the period 7 of the fundamental frequency. They are called subsynchronous frequency
components or subsynchronous interharmonics (in the earlier documents, they are called subharmonics).

NOTE 3—If the distorted voltage and current waveforms consist of harmonics only, then a measurement time interval
kT (see 3.1.1.2) enables the correct measurement of rms and power values. If the monitored waveform contains an
interharmonic, the measurement time interval k7, which is needed to correctly measure rms values and powers, is the

least common multiple of the periods of the fundamental component and the interharmonic component (i.e., kT = mT; ;
T; =1/ f;, wheref; is the interharmonic frequency and k,m = integer numbers). When the measurement time
interval k7 does not include an integer number of periods 7; (i.e., kT # mT;), the rms value of the interharmonic as well

as the powers associated with it are incorrectly measured (see Peretto et al, [B17]). This error is also reflected in the
measurement accuracy of the total rms and powers values. The error is also compounded by the fact that cross-products

between the interharmonic current and harmonic voltages (and vice versa) do not yield instantaneous powers with zero

mean value.

If at least one of the interharmonics of order 4 is an irrational number, then the observed waveform is not periodic (it is

called nearly periodic.) In such a case, the measurement time interval A7 should be infinitely large to have a correct
measurement of the rms value or power. For practical situations when the bulk power is carried by the fundamental
components, such errors are small (see A.1). The larger the measurement time k7., the less significant become the errors
caused by interharmonics (see Peretto et al. [B16]). The theoretical measurement error created when the active power
of an interharmonic is measured is strongly affected by the phase angle between the voltage and the current. The closer
the phase angle is to £90°, the larger becomes the error (see Peretto et al. [B16]).

Figure 2 presents the envelopes of the maximum errors made when the rms value of an interharmonic is measured in
function of the number of cycles m.

For example, if m = 20, the rms value of the interharmonic will be measured with a maximum error of +£0.2%.
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Fiqure 2—Percent maximum error of rms measurement versus number of cycles

3.1.2.1 Total harmonic distortion (THD)

The overall deviation of a distorted wave from its fundamental can be estimated with the help of the total
harmonic distortion. The total harmonic distortion of the voltage is as follows:

The total harmonic distortion of the current is as follows:
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3.1.2.2 Instantaneous power (W)

p=Vvi

P=P,* D,

where the first term

Pa =Tody +Z:I’,-,i’_;1 cos 8y, [1—cos{2hox — 20, )]
h

is the part of the instantaneous power that is equal to the sum of harmonic active powers. The harmonic
active power of order / is caused by the harmonic voltage of order 4 and the component of the harmonic
current of order / in-phase with the harmonic voltage of order 4. Each instantaneous active power of order

h has two terms: an active, or real, harmonic power £, =V, 1, cos6, , and the intrinsic harmonic power

—b, cos(2hwt —2a, ), which does not contribute to net transfer of energy or to additional power loss in

conductors.

The second term p, is a term that does not represent a net transfer of energy (i.e., its average value is nil);
nevertheless, the current related to these nonactive components causes additional power loss in conductors.

Py == Vilysin 8 sin(2her —200)+ 22 D VI, sin(med—ct,, ) sin{ner— B, )

I O
mEn

+321, 3 I sin(hot - B, ) +2 I, T sinhot —o;)
A ki

The angle 0, =, — o, is the phase angle between the phasors ¥}, and I,

3.1.2.3 Active power (W)

|P=_i ‘--r+.i']"

1Jf+i'}' 4
KT‘T Pdf—ﬁ : P!T T

P=P + Py
The components P, and Py are defined in 3.1.2.4 and 3.1.2.5.
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3.1.2.4 Fundamental er-60-Hz-active power (W)

1 il
18 = EJ vyiydt =TT cos 8,
T

NOTE—FEeorae-motors;which-make-up- The fundamental active power is often referred to by the vaskmajeﬁ%yef

fundamental frequency. For example, for a 60 Hz power system P, can be referred to as “60 Hz active power.’

3.1.2.5 Harmonic active power (nonfundamental active power) (W)

Py =T3ly + 2 Tplycosy, = PR
h#l

NOTE 1— PL[ as defined contains also components for which £ is not an integer (i.e., interharmonics and subharmonics).

NOTE 2—For ac motors, which make up most loads, the harmonic active power is not a useful power_(does not
contribute to the positive sequence torque). Consequently, it is meaningful to separate the fundamental active power P,
from the harmonic active power Py;.

NOTE 3—When it is necessary to compute separately the powers of a component with a noninteger value of 4, caution
must be used. A measurement error will be caused if the measurement time interval A7 is not an integer number of
periods 7/h (T/h being the period of the observed component).

NOTE 4—The harmonic active power is often referred to by the fundamental frequency. For example. for a 60 Hz

power system, Py can be referred to as “non-60 Hz active power.”

3.1.2.6 Fundamental reactive power (var)

le== [ [t dr

= I]Il HII.'E']

Op= D>k, 50,4

Op =6, +F5y

=¥, 1 sinb,
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3.1.2.7 Apparent power (VA)

NOTE 1—Apparent power is the amount of active power that can be supplied to a load, or a cluster of loads, under
ideal conditions. The ideal conditions may assume the load supplied with sinusoidal voltage and current. The loads are
compensated by means of active or passive devices such that the line current is sinusoidal and in phase with the voltage
that, ideally, is also adjusted to be sinusoidal. The rms value of the current / is kept equal with the line rms value of the
actual current. The load voltage is adjusted to a value that yields unchanged load performance (i.e., the same amount of

useful energy is converted and delivered by the load). If the performance criterion is the electrothermal conversion of
the electric energy, then the rms value of the voltage at the terminals where the measurement is implemented must be
kept constant.

NOTE 2—An important practical property of S is that the power loss ®P, in the feeder that supplies the apparent power
S, is a nearly linear function of S*(see Emanuel [B7]).

AP =—74&§"
- R
where
R is an equivalent shunt resistance, representing transformer core losses and cable dielectric losses
7o is the effective Thevenin resistance. Theoretically 7, can be obtained from the equivalence of
losses as follows:
x_ 2
rsI _'rerK:.l'fIh
h
Where
1=S/V
Ksh>1 is a coefficient that accounts for the skin effect and proximity effect, as well as the losses caused in

cable sheath. This coefficient is a function of harmonic frequency and the geometry and conductors’ material.

The value of reis affected by the current harmonic spectrum.

Tde is the Thevenin dc resistance (A).

Ko isthe-skin ek et corthe il e,
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3.1.2.8 Fundamental or-60/50-Hz-apparent power (VA)

Fundamental apparent power S; and its components P; and Q; are the actual quantities that help define the
rate of flow of the electromagnetic field energy associated with the 60/50-Hz fundamental voltage and

current—This-ts-a-productof-high-mterest-forboth-thewtithty-and-the-ecnd-user

5 =1
al al ]
S{=R +0f

NOTE—The fundamental apparent power is often referred to by the fundamental frequency. For example, for a 60
Hz power system, S| can be referred to as “60 Hz apparent power.”

3.1.2.9 Nonfundamental apparent power (VA)

The separation of the rms current and voltage into fundamental and harmonic terms (see 3.1.2) resolves the
apparent power in the following manner (see Emanuel [B8]):

ST = (VI = (Vi+ Vg +1g) = (Vi) + (Vg + (Vgl )" + (Valg)'= (5] +5%)

—

S_J".' = "UIIE-_S'?

is the nonfundamental apparent power and is resolved in the following three distinctive terms:

St =Df +Df + Sx
3.1.2.10 Current distortion power (var)
D,=V,I,=S,(THD,) ||
3.1.2.11 Voltage distortion power (var)
Dy,=V,1, =5/(THD,) ||
3.1.2.12 Harmonic apparent power (VA)

Sy=Vyly=S8,(THD,)(THD,)||

Sy = JPy+Dy
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3.1.2.13 Harmonic distortion power (var)

Dy =4S - Pz

In practical power systems, THD;< THD,, and Sycan be computed using the following expression (see

Emanuel [B8]):

Sy = 514/ (THD)* +(THDy )

When THDy < 5 %-andFHD <200 %, this expression yields an error less than 0.15 % for any value of THD,.

For THDy < 5% and THD; > 40%, an error less than 1.00% is obtained using the following expression (see

Emanuel [B8]):

Sy~ 8 (THD,)
3.1.2.14 Nonactive power (var)

N=+s?-p?

This power lumps together both fundamental and nonfundamental nonactive components. In the past, this
power was called “fictitious power. ” The nonactive power N shall not be confused with a reactive power.

Op (see 3127 -thatleadsto-the following: Only when the waveforms are perfectly sinusoidal, N =0 =0
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3.1.2.15 Fundamental e+-60/50-Hz power factor

Pr = -5
fl—ca561—?|

This ratio helps evaluate separately the fundamental power flow conditions. It can be called the fundamental
power factor. The fundamental power factor is often referred to by the fundamental frequency. For
example, for a 60 Hz power system PF, can be referred to as 60 Hz power factor. PF, is also often
referred to as the displacement power factor.

3.1.2.16 Power factor

A+Fy _ (B/S00+(Fy TH) [1+(Fy (F)IFE

PF =
J5 +55  \14(5y/5)° |1+ THD;] +THD; +(THD,THD, )’

P
S

oad-while-keeping-its-load-voltage onstant-and-line-losses-constant-The-result-is-that- for a given S and
V, maximum utilization of the line is obtained when P = S; hence, the ratio P/S is a utilization factor
indicator.

NOTE 2—The overall degree of harmonic injection produced by a large nonlinear load, or by a group of loads or
consumers, can be estimated from the ratio Sy /S;. The effectiveness of harmonic filters also can be evaluated from such
a measurement. The measurements of S;, P;, PF;, or Q; help establish the characteristics of the fundamental power

flow.

NOTE 3—In most common practical situations, it is difficult to measure correctly the higher order components of Py
using simple instrumentation. The main reason for this difficulty stems from the fact that the phase angle between the
voltage phasor Vk and the current phasor /, may be near /2. so even small errors in phase angle measurement

can cause large errors in Py, even to the extent of changing the sign of P, Thus, one eannet—rely—en should use
instrumentation optimized specifically for measurements of P components when making technical decisions
regarding harmonics compensation, energy tariffs, or to—quantify—the— the quantification of the detrimental effects
made by a nonlinear or parametric load to a particular power system (see Emanuel [BS], IEEE Working Group on Non-
sinusoidal Situations [B14]. and Swart et al. [B20]).

NOTE 4—When THDy < 5% and THD, > 40%, it is convenient to use the following expression:

PF = —————FF,

J1+THD?

NOTE 5— In typical nonsinusoidal situations, D; > Dy > Sy > Py.

The definitions presented in 3.1.2.8 through 3.1.2.16 are summarized in Table 1.
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Table 1—Summary and grouping of the quantities in single-phase systems
with nonsinusoidal waveforms

Quantity or Combined Fundamental Nonfundamental
indicator powers powers
Apparent S S Sy Su
(VA) (VA) (VA)
Active P P, Py
(W) (W) (W)
Nonactive N Q D, Dy Dy
(var) (var) (var)
Line utilization PF=P/S PF,=P,/S, —
Harmonic pollution — — Sy/S;

NOTE—A more detailed explanation of the power components followed by a numerical example is presented in
Annex B.

3.2 Three-phase systems

2 2 1 Threa-nhacea cinnenidal halgnced

v, =2 Vsin(or)

{wise rotating positive-sequence system, a, b, ¢, the line-to-neutral

vy =2 Fsinfomr —120%)

v, =42 Psinfoae +1720%1

v, =2 Isinfwr)

vy =2 Psin(or—1207)

v, =2 sinfe¢ +120°)

The line currents have similar expressions, and they are as follows:

i =2 Isin(oor — )

5 =<2 Tsin(m —A—120%)

=

i, =2 I'sinfor — 8 +120°)
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NOTE 1—Perfectly sinusoidal and balanced three-phase, low-voltage systems are uncommon. Only under laboratory
conditions, using low-distortion power amplifiers, is it possible to work with ac power sources with THD; < 0.1% and
voltage unbalance ¥ /¥ "< 0.1%. Practical low-voltage systems will rarely operate with THD, < 1% and V /¥ "<
0.4%, where " and V'~ are the positive- and negative-sequence voltages..

NOTE 2—In the case of three-wire systems, the line-to-neutral voltages are defined assuming an artificial neutral node,
which can be obtained with the help of three identical resistances connected in Y.

3.2.1.1 Instantaneous power (W)

For three-wire systems i, +ij +i. =0 ., and the instantaneous power has the following expressions:

where v, .v, .and v, are instantaneous line-to-line voltages. Because the voltages and the currents are

balanced, the instantaneous power p is constant and equal to the active power P.

For four-wire systems

If the voltages are referred to an arbitrary reference point r, then the expression of the instantaneous power
is as follows:

i

=Varlg ¥ Vprip +Verie =P

where v, .v,, .and v, are instantaneous line-to-reference point voltages.

3.2.1.2 Active power (W)

1 T+kT
1P=s ], e
T

P=3VIcosB=3 Vi IcosB

where
V is line-to neutral rms voltage
Vi is line-to-line rms voltage
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3.2.1.3 Reactive power (var)

0 =31TsinB=+37,,Isin#

where S is defined in 3.2.1.4.

3.2.1.4 Apparent power (VA)
|8 =307 =371

3.2.1.5 Power factor

P
| PF=—
5
3.2.2 Three-phase sinusoidal unbalanced

In this case, the three current phasors 1,, I, and 1., do not have equal magnitudes, and they are not shifted
exactly 120° with respect to each other. Load imbalance leads to asymmetrical currents that in turn cause
voltage asymmetry. There are situations when the three voltage phasors are not symmetrical. This leads to
asymmetrical currents even when the load is perfectly balanced.

The line-to-neutral voltages are as follows:

¥, =, Strfetr+e,)

», =2 sinfert+re, +1202)

Theli , e ons Tl collows:

i, =2, siter—P,)

i =21, sinfert—B, —1202)

i, =21 sinfetr—p3, +120%)
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v, =27, sin(ot +0,)
vy =2 T sin(er + o5 —120°)

v, =2 7, sinfor + o, +120°%)

where at least one of the three line-to-neutral amplitudes has V2 V. A2V b,or . 2V, ., -a value different than the
value of the other two amplitudes. The same may apply to the phase angles o, . a,. and a . If one phase
angle has a value different than the value of the other two, the system is losing its symmetry and is
unbalanced.

The line currents have similar expressions. They are as follows:

i =21 sin{eor +P_)
iy =+/2 Iy sinfor + P —120%)

- =2 Isin(ar + B, —120%)

=
)

NOTE—In the case of three-wire systems, the line-to-neutral voltages are defined assuming an artificial neutral node,
which can be obtained with the help of three identical resistances connected in Y.

3.2.2.1 Instantaneous power (W)

For three-wire systems-where, i4+ip+i, =0, and the instantaneous power has the following expressions:

Il p =Vapla +Veplc =Voalp T Veale = Vacla T Vhelp

where v, ,v,.,and v, are the-instantaneous line-to-line voltages.

For four-wire systems,

If the voltages are referred to an arbitrary reference point r, then the expression of the instantaneous power
is as follows:

where v, .v, .and v, are instantaneous line-to-reference point voltages.
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3.2.2.2 Active power (W)

| P=F; +Fy +F,

where F,. F. and F, are phase active powers:

1 T+ET ]
[Bo=—z | valadt =T, cosé, 8, = oty —B,
1 p#w+iT
5 =E.|t Vplpdt =115 cosBy ; By =0y — Py
1 T+ET
|R=r [ vi,dt =11, cos8, : 8, =0, —B,
T

3.2.2.2.1 Positive-, negative-, and zero-sequence active powers (W)

In seme systems with four-wires there are situations when the use of symmetrical components may be
helpful. The symmetrical voltage components ¥, ¥, and ¥°and current components I*, I, and I°
with the respective phase angles 0%, 07, and 0° yield the following three active power components:

The positive-sequence active power
FY =3V, Mcos8”
The negative-sequence active power
P =3V"1I cos6”
The zero-sequence active power

P =31°7° cos0°

The total active power is

p=pP"+p +P

3.2.2.3 Reactive power (var)

Per-phase reactive powers are defined with the help of the following expressions:
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i) 1:+-!!'I. .
0, =EL ig I;I“.-ﬂ.:iu:lci.=1'-nfa sin H,
0 1.'+.ir]"_ r . . .

+EI T 7
0. ——[ " | [vede | dt =71 sine,

i
KT <t

For the imaginary component of the vector apparent power Sy (see 3.2.2.6), the total reactive power Q is as
follows:

1O =0a+ Op+ Oc

NOTE—The abeve previous expression of Q cannot be used in conjunction with the arithmetic apparent power S,
which is defined in 3.2.2.5.

3.2.2.3.1 Positive-, negative-, and zero-sequence reactive powers (var)

The three reactive powers are as follows:

The positive-sequence reactive power

QO =3V"I"sin0"
The negative-sequence reactive power
Q =3V"I sin0”
The zero-sequence reactive power
0" =3101" sin 8"
The total reactive power is

0=0"+0"+0°
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3.2.2.4 Phase apparent powers (VA)

Sg=Taly: Sp=T31p: Se =TI,

2 _p2, 52 1 _p2 .52 e _p2, o2
Sa=Pr+0z: S;=P +0;: S;=P;+0;

3.2.2.5 Arithmetic apparent power (VA)

SA =Sa+Sb +SC

NOTE 1—The arithmetic apparent power cannot be resolved according to 3.1.1.4,

S 2P+
where
P =P, +P,+P,
and
QO =04+0p+0,

NOTE 2—1t is recommended to renounce the arithmetic apparent power definition and replace it with the effective
apparent power: see 3.2.2.8.

3.2.2.6 Vector apparent power (VA)

——
Sy = AP+ 0"

Sy = |Pa+ P+ P+ (0, +0,+0,)| = |P+j0O|

P+ P+ P+ j(0"+ 0+ 0%

[#51
-
1

NOTE—It is recommended to renounce the vector apparent power definition and replace it with the effective apparent
power; see 3.2.2.8.

A geometrical interpretation of Sj-and Sy is presented in Figure 3.
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Figure 3—Arithmetic and vector apparent powers:-sinusoidal-situation_(VA)

3.2.2.6.1 Positive-, negative-, and zero-sequence apparent powers (VA)

st = |57 = |77+ jo
s =157 =+ o
s' = |s" = |£°+ 50"

Sy =57 +5 +5"

5,25 +5 +5

3.2.2.7 Vector power factor and arithmetic power factor

P

FPry = —
Sy

P

FPra = o
) Sy

NOTE—A three-phase line supplying one or more customers should be viewed as one single path, one entity that trans-
mits the electric energy to locations where it is converted into other forms of energy. It is wrong to view each
phase as an independent energy route. In poly-phase systems, the meaning of power factor as a utilization indicator is
retained (see 3.1.2.16). Unity power factor means minimum possible line losses for a given total active power
transmitted. The following example helps clarify certain limitations pertinent to the outdated, old apparent power
definitions S, and S}
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EXAMPLE:

A four-wire, three-phase system, Figure 4(a), supplies a resistance R connected between phases a and b.
The active power dissipated by R is as follows:

.\
Pp = 3F
R
and assume the line current /, = 1/J’v,m / R . Assuming each line has the resistance r, the total power loss

1S

Now, let us assume a second system with a perfectly balanced three-phase load, Figure 4(b), consisting of
three resistances Rp connected in Y. This system dissipates the same active power as the unbalanced one;
hence,

2

T
I

Fpp =3

Rpg

thus, Rz = R and the line currents flowing within the three lines, Figure 4(b), is

14
I[=_
R

The line power loss for this balanced system is as follows:
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r 1 R
'r__I._ Ry
r_I. Rp
r VoV Var

Figure 4—Unbalanced system: (a) actual circuit, (b) balanced equivalent circuit,
and (c) phasor diagram

The power loss dissipated in the unbalanced system is twice the power loss in the balanced one. This obser-
vation leads to the conclusion that the unbalanced system has PF < 1. The balanced system operates with
minimum possible losses for a given load voltage and active power; hence, its power factor is unity.

For the unbalanced system, the arithmetic and vector apparent powers have the following components [see

phasor diagram in Figure 4(c)]:

Po= VI c0s(30%) = ==V, I 0, = V_{_sin30° =
.- - " i\.'li_ . - "
Py = Vplyeos(-30°) = =V, J 0y = Viplpsini-30°)
P,=0.=85,=0
The total active power is
oy 37
P=Fy+F =311 ==

The total reactive power is

0=0,+0,+0.=0

The vector apparent power is

SV:P

= 2V,

Sp = Vplpy = Vil
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The arithmetic apparent power is

-
Tr=
i

R

S =5, +5,+5,=2WI=23

The power factor computed for the unbalanced system using Sy gives PEF,= P/S;, =1.0. The power factor

computed with S, gives PF; =F /5, = Jir2=0366.

If the unbalanced load consists of a resistance connected between line and neutral, then S,= S, = P and
PF, =PF,;=10.

These results indicate that both the arithmetic and the vector apparent powers do not measure or compute
power factor correctly for unbalanced loads. As a rule, PF, < PF;.

3.2.2.8 Effective apparent power (VA)

This concept assumes a virtual balanced circuit that has exactly the same line power losses as the actual
unbalanced circuit. This equivalence leads to the definition of an effective line current /, (see Depenbrock

and an-effeetive line-to-neutral-voltage ¥, Staudt [B4] and Emanuel [B8]).

For a four-wire system, the balance of power loss is expressed in the following way:

-

P2+ I+ I +pID) =32
where

r is the line resistance-assumed-te-be-equal-te

I is the neutral current (rms value)

Fa

¥

ra_ is the neutral wire (or the equivalent neutral current return path) resistance

From the abeve previous equations, the equivalent current and-veltage-for a four-wire system is obtained.

a

LI +17 +pI? T 3
|1 :J a b e PLy :J(I+)‘+(I Y +1+3p)I")?
3
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In case that the value of the ratio p is not known, it is recommended to use p =1.0.

For a three-wire system-can-be-found-byusing =34, [ 0_0 and

e —
ID+1I5+1I7

| [ pp—
A S (N

NOTE—In practical systems, p is time dependent. The complicated topology of the power network as well as the
unknown neutral path resistance, that is function of soil moisture and temperature, make the correct estimation of p
nearly impossible. Since the zero-sequence resistance of three-phase lines is larger than the positive sequence
resistance, it can be concluded thatp>1.0, and taking p=1.0 will not put the customer at disadvantage when

computing /, (see Pajic and Emanuel [B16] and DIN 40110-1997).

The equivalent voltage is obtained assuming that the active components of the load consist of a set of three
equivalent resistances Ry connected in Y, supplied by a four-wire line and dissipating the active power B.

The remaining active load consists of three A -connected equivalent resistances,RA_ . ,that dissipate the
power P, The power equivalence between the actual and the equivalent system is expressed as follows:

i R Ty S 2 2
]’a +Ib +ir|: +irlf2|b +Ib\{' +Ica 3]”@2 gi”ez
Ry Ry Ry Ra
where
Ve is the effective line-to-neutral voltage.
With the notation
. Py 9 Ry 3Ry
B Ry 317 Ry
results
[ e N [ R R A0, 2
v, = (3G +Ts +V )+ o + T +TV0) _ |||:T-’+:|‘+|:F-"j‘+(! }P
\ 91 +2) \ Ire

In case that the value of the ratio & is not known., it is recommended to use & =1.0, thus leading to the

following expression:

RS e W e 70,2
I, =1|I|I a T The ab T b TV ea =1|i|[r,,+)z @) 44 2)
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NOTE—In most practical systems, ¥° / 7+ < 0.04 and the ratio & does not affect the value of V_L

For practical situations where the differences between a.,, oy, and o, do not exceed £10° and the differences

among the line-to-neutral voltages remain within the range of +10%, the following simplified expression
can be used:

{702 rd ,2
7 +F-EJIS+F-Gﬂ

- |~ ab rrt 2 =2
Ve = =+
1=~ 2—4 VO @)

The error caused by this simplified expression is less than 0.2% for the above conditions. This equation
gives accurate results for three-wire systems.

The effective apparent power (see Buchholtz [B1] and Goodhue [B7]) is as follows:

IS, =3V,1,

NOTE 1—Applying the concept of S, to the unbalanced circuit described in the example given in 3.2.2.7 results in the
following:

1
= — = 0707 <« Ppy < Pry
NE FA=LFY

NOTE 2—When the system is balanced, then

Vy=Vy=V.=V =V,

S,<8,<5S,
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and
Pp <Pp, <P,
4—Both
Sy=8,=S,

NOTE 3—When the ¥
unbalanced , then

and
PFe < PFA < PFV

3.2.2.9 Effective power factor

1P~ P/S,

NOTES

i =i iy i =3 2 sinthet—B,)

=036

" 2 V; <008V,
“\'/kzo,,ﬁ....
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P =31 eosP,

P, = 3—%41#{#%&9#19
=t

6=, Py,

Op= 0, +0,,isthe Budeanu’s reactive power (var)
where

@, =31 sintP)
Oy = 3—%44 1,80, 4
1

HS@ = 3_116}6

NOTE 4—Both the vector and the arithmetic apparent powers do not satisty the linearity requirement of system power

=S, and-P = PAS>P, = PAS, loss versus the apparent power squared (see Emanuel [B8]).

S, =8=

€
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3.2.2.10 Positive-sequence power factor

PF =P /S"

This index has the same significance as the fundamental power factor PF, (see 3.1.2.15). It helps evaluate
the positive-sequence power flow conditions.

3.2.2.11 Unbalanced power (VA)

2
¥

.2 +
S =‘\||5-g —(57)

It evaluates the amount of VA caused by the system unbalance. It should not be confused with the voltage
unbalance. It reflects on both the load unbalance and the voltage asymmetry.

where

St=3r"I" s the positive-sequence apparent power

2= +©"?
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3.2.3 Three-phase nonsinusoidal and unbalanced systems

This subclause covers the most general case. It deals with all the situations presented in the 3.2.1 through

3.2.2.5-results-inthe-following:

3.2.3.1 The effective apparent power and its resolution

In the past, S, was divided into active power P and nonactive power N as follows:

5= PPNt

L

This approach, however, does not separate out the positive-sequence fundamental powers. The approach
used in 3. 1 2 8 to 3 1.2.14 and 3.2.2.8 can be expanded for this situation.-Fhe-rms-effective-ctrrentand-volt

where-for-For a four-wire system, the balance of losses in the actual line and the fictitious one is

2 = 2 2 2 - 2
302 =g Z E (I + T + 154 e Z g
h h

Forthree-wire-systems; £, =1, ;; = O—and-the-expressions-becomesimpler. Thereselutionof-S, =34 1,

The equivalent resistance re=K 174 (i.e., the line resistance measured at fundamental frequency), where

I'4cis the dc resistance and K41 is the skin and proximity effect coefficient at fundamental frequency
(most common being 60 or 50 Hz). Thus, the equivalent current will have the following expression:

| -
K, K

JT‘ pd a1, 410y i e g2

1||3 lT Kn Ka g ]
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where

K sh> K snh
are the skin and proximity effect coefficients of the supplying line conductor and
the neutral current path, respectively, computed for the /4 harmonic order, or any
frequency component present in the currents spectra

Tndc

is the dc resistance of the neutral current path

nonfundamental / oH > (see Emanuel [B8] and IEEE Working Group [B14].

I,=\13 +Ik

1.2 T2 2 ml "
Iﬂl =J_[(Ial+I&l +Irl:|+:'L)]Ir.~'_]; P] = : e
3 Kq v
1(r_ .2 2 .2 17 K, E_
Igy= _{ oy + I "‘fc_:;}"‘P::In&]JL; K = I Py =" mh "nde
3t Ky Eq g

In most practical applications, the ratios D120y and K 5, are not known. Moreover, these ratios are function
of temperature, network topology. and loading. Until tools that allow the correct determination of such

values will be available, it is recommended to use the value p; =pj =k =1.0. This approach leads to
simpler expressions that do not disadvantage the user (i.e., yield for the effective current a value smaller
than the value obtained from the exact expression). The practical expressions are as follows:

g +Ip +12+ 13
o= =25

[.2 2 2,2
|In1+Ibl +f¢] +Ir1]
Ilfe1=1h| 3

| 2] %
12+ I + 12y +10m

2 2
I3H=1|II 3 =+I; -1
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For three-wire systems, /,; =/,, =0 and the expressions become simpler.

|'f§ +17 417

I.=
| £ 1||| 3
2 2 2
|Ial+I,'_-|1+Ir'.
lIE::H'f

[ 2 2 2
I amr +IE:-H +I
Iom = 3

The practical expressions for the effective voltage are obtained in a similar manner

rrd
Ve =l +Vem

. |[1[,T,: I ST, U S| ,2]
| Ve=y| =B Vg +Ty +V70+TV 5+ + V2

V1s

. |'1[ I RS S B R T,:]
|I€1=‘|E3|:T-a-_+-b1+Lc1j+T-Hbl+|br1+lm-_

1

. | [ I S R S .2 _] [ .2
VaE =.II|E3I:T'EH+T'EJH +I¢H}+;ﬂbH+r'er +H g = —T'g'_

For three-wire systems

[,2 2 2
oo |Vapr * Ve *lealt _ [370
i ir'I_‘]I| 9 =yie Vel |
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The resolution of S,=3V,1, is implemented in the manner shown in 3.1.2.9 to 3.1.2.14.

o d 2 .2
-}E = 531 + '56..:"\"
where

| So =3Valyg is the fundamental effective apparent power and S,y is the

nonfundamental effective apparent power. The resolution of S,yis
identical to the resolution of Sy given in 3.1.2.9.

2 2 2 2 2 2
|'5‘a_“v' ='5‘e _Sel =De'. +DE'I-'+SE'H

The current distortion power, voltage distortion power, and harmonic apparent power are as follows:
D1 =3Veilen
[ Dy= Weri 1ol

||SeH:3VeHIeH

and

f
=
|

|DEH = r\ll‘seH _P;H

By defining the equivalent total harmonic distortions as follows:

Ve
THD,y = -
| 7 Vf'.
I
|TED,, = &
) Iel

practical expressions, identical to those found in 3.1.2.10 through 3.1.2.14, for the nonfundamental apparent
power S,y and its components D,;, D,y, and S,y are obtained.

S,y = Su,THD:;+ THD,+ (THD ,THD,y)"
De." = SEI{THD_-':I
D,y = Su{THDy)

S,y = 5,(THD,)(THDy)
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For systems with THD,, < 5% and THD,;>40%, the following approximation is recommended (see
IEEE Working Group [B14]):

Se.ﬁ":: Scl(THDeE:l

The load unbalance can be evaluated using the following fundamental unbalanced power:

S = JSa-(51)

where

+ is the fundamental positive-sequence apparent power (VA). This
1 important apparent power contains the following components:

PT =3V IT cos8 s the fundamental active power (W).
of = 3V1+ I 1+ sin 91+ is the fundamental reactive power (var).

Together they result in
+ II .2 + 2
51 = _l..ll:P'_} +|:Q1:|

and the fundamental erthe-60/50-Hzpositive-sequence power factor

+ R
| PR =?

that plays the same significant role that the fundamental power factor has in nonsinusoidal single-phase
systems.

The power factor is

F
|Pr = =

3

Lo

The most important definitions are summarized in Table 2.
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Table 2—Summary and grouping of quantities for three-phase systems
with nonsinusoidal waveforms

Quantity or indicator Combined Fundamental powers Nonfun d_ﬁ]:.nenral
: powers
. Se : st Sy - ;
Apparent (VA) Se1 A Sew (VA) Semr
. F f{'- Py
Active e 7
(W) (W) (W)
T +
Non-active N g D, D’;: o
(var) (var) (var) ?
Line utilization PF=P/5, PR =R" /57 —
Harmonic pollution — — Sav [ Sa
Load unbalance — Sur /ST —

Table 2 lists the three basic powers: apparent, active, and nonactive. The columns are partitioned into three
groups—the combined powers, the fundamental powers, and the nonfundamental powers. The last three
rows give the following indices: power factors (i.e., line utilization factor), harmonic pollution factor, and
load unbalance factor.
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Annex A (informative)

Theoretical examples

A.1 The effect of the integration interval

Table A.1 summarizes voltage and current phasor values at the input terminals of a nonlinear load taking
a total active power P = 4072.716 W. The oscillograms are presented in Figure A.1.

Table A.1—Phasors and the active powers of the studied load

h f —Vi /—O(h lh LB_h B, =V, ﬂ(ﬁi —&y )
i %) A) W)
0.0217 1.302 3.5-10™/-900 1.48 /80.2 51734104
0.0433 2.598 1.4:107/-107.3 2.26/-8.4 -4.9507 .10~
0.957 2742 0.16/-75.5 092 / —173.5 -0.0208
0.978 38.68 0.56/-97.2 2.24/-193.2 =0.1329
1.0 60 70.71/-7.2 70.71/-42.4 4085.72
1.022 61.32 0.46/-82.9 1.75/-178.9 =0.08425
1.043 62.58 0.35/-104.3 0.91/-202.3 =0.04488
3.0 180 5.02/-76.0 19.09/18.3 ~7.18671
4.268 256.1 0.95/176.4 5.43 /-87.0 —0.59219
5.0 300 3.18/-114.0 7.64/-15.8 =3.46588
7.0 420 2.33/-142.0 3.68/-43.2 =1.31261
9.0 540 1.13/-165.0 1.41/-69.0 =0.16724

The voltage and current waves contain harmonics (fundamental, 3rd, 5th, 7th, and 9th) as well as three
interharmonics (2 = 1.022, 1.043, and 4.268) and four subsynchronous interharmonics (2 = 0.0217, 0.0433,
0.957. and 0.978).

Figure A.2 graphs the theoretical error

liw'dt
r'|

Y%ep = -1100

-0
4072716
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§, =5, 5, 5= 35524+4H306+0- 7683 VA

versus time for 200 ms < ¢ <3000 ms. At ¢ = 200 ms, the error is approximately —4%. and as the

measurement time reaches 3000 ms = 180 cycles, the error is significantly reduced.

Figure A.3 presents the error obtained when only the power of the interharmonic of order & = 4.268 is
measured. In this case, the error can be significant, reaching approximately 112% at ¢+ = 300 ms and
converging toward +8% around ¢ = 3000 ms.

/\ﬂﬂ/\ﬂf\é
VYV VY

Figure A.1— Studied voltage (upper trace) and current (lower trace) oscillograms
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Figure A.2—Total active power measurement percent error versus measurement time

£ =2 2, P = 249984 26335-0— 333k
Phemereaptnelom nee e Lollos s
J AAAAAAAAAAAJ
3_ VVVVVVVVVV

Figure A.3—Interharmonic of order h = 4.268: active power measurement percent
error versus measurement time
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A.2 The use of varmeters in the presence of distorted waveforms

Varmeters that use 90° phase shift in time of fundamental may measure correctly the reactive power under

sinusoidal conditions. When the voltage and current waveforms are highly distorted, such meters yield a
reading that has questionable significance (see Filipski, and Labaj [B9]; Filipski et al. [B10]; Cataliotti et

al. [B2], and The IEEE Standards Dictionary: Glossary of Terms & Definitions®). The theoretical
expressions of the measured results depend on the definition on which the meter design is based

Case A:
1 T+ET
0= vOit-T/4dt=0+R-F+0-F+0;
where
O =TI sin(8y) : Py =Tplg : By =Thl; cos(8) : Qs =T31; sin(Bs)
Case B:
o [T O O O
Q—EL H'L-dz_ln:rjdr—g+im&,+T+T+---T

The-neutral-conduetor powerloss;ineluded- AL, s-asfolews:

AP, = ¢l = 0021 % 210.66= 9319 W

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

Case C:

o ‘-HH' d hQ
Fry— —dt= + 2 + 30+
=i Twl . Ed‘{ O +20, +30; Eh

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on August 04,2014 at 19:13:43 UTC from IEEE Xplore. Restrictions apply.



Varmeters that operate according to Budeanu’s definition (see Czarnecki [B3] and Lyon [B15]) will
measure

O0p=01+0,+03+"7 Q)

Because 0, =V, 1, sin(9,) can be positive or negative, it results that is not a reliable indicator of the thermal

Pretorius et al. [B18]).

In conclusion, when the voltage or the current waveforms are highly distorted, none of the previous
methods vield a correct value for the fundamental reactive power or for the nonactive powers defined in

this standard (see 3.1.1.3 and 3.1.2.9).

This standard emphasizes Q; , the fundamental reactive power, and O . the fundamental positive-sequence

reactive power, as separate quantities.

The effective apparent power is separated in five basic components (see 3.2.3.1 and Annex B):

.‘33 =l-“=]2 +r:;:r]2 +DS; +D31.r +.‘3§H

The ratio B/ AS,, =117 indieates a significant nonsinuseidal situation that is quantified by
Sy =10029- VA

The terms D¢y . Doy and a large part of Sz are nonactive powers that correctly correlate with the line
power losses caused by instantaneous power components that oscillate between the measured load and the
voltage source.

These components (except the harmonic active power

= 3
Po= "n.'l SH-Dg) do not transfer net energy to

the load.

Annex-A
in e
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h 1 3 5 7 9 H B 15
¥, %) 1006-00 598 +74 200 s +4 085 089
¢, (deg) 2380 —3012 1733 2139 —20-40 8724 —60-68 15640
1, %) 106-00 5420 278 247 538 554 310 3-04
®,, (deg) 2331 H570 —4338 16130 16+ —+41-80 82:66 —7919

Table-A-2—Percent-powers
Eosevsluer s, =000 00
S, =H441 S, =100-00 S =5559
S, =380
P=6635 P, =696} P,=326
AN=0320 9, =73407 P;=5506
Dy =69+
Dy, =196
P=PLS=0580 P =L A5, =0696 S\ AS, =0556
Op =758 Dp =59:69

Authorized licensed use limited to: UNIVERSIDADE DE SAO PAULO. Downloaded on August 04,2014 at 19:13:43 UTC from IEEE Xplore. Restrictions apply.



The degree of distortion can be estimated with the ratio-S /S, = 0556~ whieh is nearly equal te
FHD = 0:549~

h 1 3 5 7 9
¥y, (%) 10000 1326 134 148 348
4, (deg) 235 776 83.54 16320 4274
1 (%) 100-00 6884 34.90 27.84 5.94
®, (deg) 2200 100-00 17500 6501 4799
1, (%) 0 206.52 0 0 1782
¥y, (%) 19320 0 234 255 0
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S, =713 s, =$,100 Sy =469
Sy =0 S =445
P=93.67 P =P =94.18 Py =0.513
N-=9320 Q}:Q}f:%%-é% - ‘961—_1-45_1-4_ g
Q—l-:g 9#—9—957 T
D, =+445
S, =S, =13068 0,=2336 D, =88.07

; a_aﬂd—t b
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h 1 3 5 7 9
Hop (%) 100-00 1028 492 744 864
{antdeg) 074 676 14230 14670 —47:40
15 (%) 100-00 6884 34.90 27.85 593
®,, (deg) 2200 100-00 —175.00 6500 48.00
¥y (%) 104-49 1053 599 8.58 H-05
Spntdeg) —2120 628 167:40 12520 —49.19
1y, (%) 93.49 7997 4230 4581 4059
®,, (deg) —120.80 99.49 65-09 —167-90 4189
¥, (%) 103.73 869 430 658 822
Lo (deg) 12130 970 15770 136:50 —47.35
Ly %) 0 0 0 0 0
L, (%) 17842 2104 6328 6787 6575
¥ (%) 17756 026 248 319 243
¥y (%) 17793 193 165 2:49 2.84
Vo (%) 17828 167 136 151 04+

e y : :
¥, =27453 N =274 03 Vo K, = 4370 THD, =016}

28757V, =28320V F, =4994V . THD A =017

¥, =283.81 V- F =281 13 Vo2, =3885 V- FHD, = 0438

Vo= 48143V F o= 48126 Vo, = 1279 NCSTHD,, = 0027
¥ = 82ZMHNH, =4822 NV, =234 NTHD,, =0026
V., = 48322V, = 48347 VLK, =722 V- THD, = 0.015
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£, =364 A—, =93 A—, ,, = 10907 A—THD, = 1167
}G:QA;%Q:QA; Iy =0A

1,=210.66 A, = 12593 A1, = 168.90- A+ THD, =134+
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Annex B

(informative)

Practical studies and measurements : A detailed explanation of apparent
power components

A load is supplied with a nonsinusoidal voltage

v=y+v s+ =2 Z P, sin{hodr —aly,)
h=13.37

Sood! l?i" C effoct; ; l' Lt .;eJ—lse-AL“. |
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has a nonsinusoidal current

k=1,3,5.7

(To simplify the explanations. the eventual presence of dc components was ignored.)

In this case, the instantaneous power has 16 terms that can be separated in two groups

=y = L

3

where

P =W +val +5i5 +vgily = YTy

Ly = e e

is the instantaneous power that contains only direct products (i.€., each component is the result of
interaction of voltage and current harmonics of the same order).

P =Wy (i3 +is + 1 )+ vy () +15 +12) +vs (i) +1; +5) +v5 (i) +i5 +i-) = Z v, Z i,

I
s
L
:

a
It
L
tad
LN

1

is the instantaneous power that contains only cross products (i.e., each component is the result of interaction
of voltage and current harmonics of different orders).
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The direct products yield

Viip =2 T sin(hor — o )2 T, singhor—B, ) = By [1—cos(2hot — 20, )] — Oy sin(2hot —20t;,)
where

'F-;i" = Tr}l_I‘h CD‘.&EEJI:I aﬂd Q‘-’.‘ = I:II}.' -Hﬂ.(ﬂz_}

are the harmonic active and reactive powers of order A, respectively, and 0, =0, —a,, is the phase angle

between the phasors V), and 1, .

The total active power is

where
R =W cos(6)) is the fundamental (power-frequency) active power
Pr=RB+FE+P-= Z B, is the total harmonic active power

h#1

For each harmonic order, there is an apparent power of order /

s, =J}f +0;

The cross-products of the instantaneous powers have expressions as follows:

Vil = 'qlrl_]'fm sinmt — o, ) 'q'rE_I,, sinf{ret —B,) = Dy, {-:u:ua[(m — i) — Oy, + [, ]+ cos[(m + n ot — o, — By, ]}
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where

The total apparent power squared

52 =PI = U 47 U VNI +15 +13 +19)

may be separated in the same manner as the instantaneous power, in direct and the cross-products:

§2=TPIF 4TI VST 4 VT I3 + TP (I5 +13 +I9)+If (FF +T78 +777)
+VFIE + V12 + V315 + VeI + VI3 + V7 12

or

2 2 3 3 ) ) 2 2
§% =57 +57 +5: +53+Dj +Dj +D3s + D, +D35 +Di; +D35 +D% =57 +5%

where

[ =]

T . .. I ol :
¥, = 2429V 1=616-6A THD,, =0-046; THD,=0913
P=331201W: P, =1055W: P, =476 W: P, =63 W: P, =0TW
Pp; =1000; Pp=0737

with S;, P, and O, are the apparent, active, and reactive fundamental powers, and

S% =D} +Df + Sk
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Where

,) . . .
D ? _ Vlz (I 32 Iy 5? +13) is the current distortion power

2
D%— =1 12 (V32 +Vs + V—;Q) is the voltage distortion power

2 2 2 2 2 2 2 2 2 2
Sg =51 +5§ +57 + D35 + D37 + D53 + D57 + D7y + DY

=P} +P} +P? +05 +0F +07 +Di5 + D§; + D33 + D§; + D33 + D7 (B1)

is the harmonic apparent power

Table B.2— Powers-measured-at secondary side-of Transformer1

S=44925 VA §; =33146-kVA Sy =30325kVA
Sy =037, VA S =1391HNVA

P=33120kW P, =33146 kW Py=163W
— 9, =094 kvar B, =30253Jevar
Dy =34524Jevar
By =139 kvar
— Op =247 kvar Dy =303 evar

If the load is supplied by a line with a resistance r the power loss in the line is

aP=i? =522 75?45} )= |R2 +0f + D} + D} + 5 2)
G S G g

It is learned from this expression that every component of S contributes to the total power loss in the
supplying system. This means that not only fundamental active and reactive powers cause losses but also
the current and voltage distortion powers as well as the harmonic apparent power cause losses.

The following numerical example is meant to facilitate the understanding of the previous explanations:

The instantaneous voltages and currents are

v =+/2 100 sin(c¢ —0%) i, =2 100 sin(wr —30%)

3

vy =2 Bsin{3er—70%) iy =2 20sin(3r —165%)
s =~/2 13sin(50r +140%) i =2 13sin(50r +234%)

vo =+J2 sin{Tor+ 20%) iz =+2 10sin{Tor+ 234%)
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The calculated active powers are summarized in Table B.1.

Table B.1—Active powers

W) B W) £ (W) B (W) P(W) By (W)
8660.00 —13.94 —11.78 -1.74 8632.54 —27.46
The total harmonic active powerPy = —27.46 W < 0 is supplied by the load and injected into the

power system. This condition is typical for dominant nonlinear loads. The bulk of the active power is
supplied to the load by the fundamental component P = 8660.0 W.

The four reactive powers are given in Table B.2.

Table B.2—Reactive powers

0, (var) 0 (var) 0s (var) 0 (var)
5000.00 159.39 —224.69 49.97

Of interest is the fact that 05 <0, whereas other reactive powers are positive. If one incorrectly defines a

total reactive power as the sum of the four reactive powers (in accordance with C. Budeanu’s definition):

Qp=01 +03 +0s5 + 07;=4984.67 var

and assumes that the supplying line has a resistance 7 =1.0 £} and the load is supplied with an rms voltage

V =240 V. the power loss due to Opin line is

1

=

240-

4984672 =43137W

APp =—0F =

According to the previous analysis, [see Equation (B1) and Equation (B2)], the correct way to find the
corresponding power loss due to @), 05, Os , and O,

2P=L(0f +0F +03 +0})=43530 > a5
2t

The reactive power Os . despite its negative value, contributes to the line losses in the same way as the

positive reactive powers. The fact that harmonic reactive powers of different orders oscillate with different
frequencies reinforces the conclusion that the reactive powers should not be added arithmetically (as
recommended by Budeanu).

The cross-products that produce the distortion powers D, and Dy are given in Table B.3.
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Table B.3—Distortion powers and their components

D3 (var) Dys (var) D5 (var) D (var)
2000.00 1500.00 1000.00 2692.58
Dy (var) Dy (var) Dy (var) Dy (van)
800.00 1500.00 500.00 1772.00

Finally the remaining cross-products that belong to the harmonic apparent power are presented in
Table B.4.

Table B.4—Distortion harmonic powers

D5 (var) Dy; (var) Ds3 (var) Ds; (var) Dy3 (var) D5 (var)
120.00 80.00 300.00 150.00 100.00 75.00

The studied system has the rms voltage and current:

V =101.56 V and I =103.56 A with the total harmonic distortions

THD,=0.177 and THD,=0.269

The apparent power and its components are represented in the following tree:

§=1051755VA

B =8660W
\.sa 10000VAT
T g, =5000ver

Sy =3256.88 VA Dy =2692.58 var

Dy =1772.00var
Sy =471.13 VA? Py =-27.46W
Dy =476.34 ver

The fundamental power factor (displacement power factor) is PH =1, /_S]_ =0.866 ., and the power factor is
PF=P/S =0.821. The dominant power components are £} and O . Due to relatively large distortion,
Sy is found to be a significant portion of S, and the current distortion power Dyis the dominant
component of S N -
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