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Figure 1 © 1983 IEEE. Reprinted, with permission, from the IEEE and R. H. Stevens. 
 
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 
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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]a). The mechanism of electric energy flow for nonsinusoidal and/or 
unbalanced conditions is well understood today. 

c) 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 
[B9]). 

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 

                                                 
a 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 eee IVS 3= , where eV  and eI  are the 
equivalent voltage and current. In sinusoidal and balanced situations, Se is equal to the 
conventional apparent power IVIVS n 33 == , where nV  and V  are the line-to-neutral 
and the line-to-line voltage, respectively. For sinusoidal unbalanced or for nonsinusoidal 
balanced or unbalanced situations, Se 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 SN (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 DI identifies the segment of nonfundamental nonactive power due to 
current distortion. This is usually the dominant component of SN. 

⎯ Voltage distortion power DV separates the nonfundamental nonactive power component due to 
voltage distortion.  

⎯ Apparent harmonic power SH indicates the level of apparent power due to harmonic voltages 
and currents alone. This is the smallest component of SN and includes the harmonic active power 
PH.  

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://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously. 

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

Errata 

Errata, if any, for this and all other standards can be accessed at the following URL:  
http://standards.ieee.org/reading/ieee/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, or and 
unbalanced conditions. It lists the mathematical expressions that were used in the past, as well as new 
expressions, and explains the features of the new definitions. 

 

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

 
This trial-use standard is meant to provide organizations with criteria for designing and using metering 
instrumentation. 
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2. Normative references 
 
This trial-use standard shall be used in conjunction with the following publications. If the following publica- 
tions are superseded by an approved revision, the revision shall apply. 
 
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.1 

 
IEEE Std 280-1985 (Reaff 1997), IEEE Standard Letter Symbols for Quantities Used in Electrical Science 
and Electrical Engineering.2 

 
IEC 80000-6:2008, ISO 31-5:1992 Quantities and Units—Part 6:5: Electricity and Magnetism.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.3 

 
 

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.4 

 
 
3.1 Single phase 
 
3.1.1 Single-phase sinusoidal 

 
A sinusoidal voltage source 

 
 
 
 

 
supplying a linear load will produce a sinusoidal current (assumed lagging the voltage) of 
 
 
 
 

where 
 
 

V      is the rms value of the voltage (V)  
I        is the rms value of the current (A) 
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1DIN publications are available from the DIN Deutsches Institut für Normung, Burggrafenstrasse e.V., Burggrafenstrabe 6, 
Postfach 1107, 12623 10787 Berlin 30, Ger- many (011 49 30 260 1362)., Germany 
 2IEEE(http://www.din.de).2IEC publications are available from the Institute Sales Department of Electrical and Electronics 
Engineers, 445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331, USA (http://standards.ieee.org/). 
3ISO publications are available from the ISO Central Secretariat the International Electrotechnical Commission, Case Postale 56, 
1131, 3 rue de Varembé, CH-1211, Genève 20,  
Switzerland/Suisse (http://www.iso iec.ch/). ISO 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/. 
4 Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement 
this standard. 

 

 
ω      is the angular frequency 2πf (rad/s) 
f       is the power system frequency (Hz) 
θ      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 280TM-1985 [B13] and IEC 80000-6:2008. 

 
 

3.1.1.1 Instantaneous power (W) 
 

The instantaneous power p is given by 
 

|| p =vi 
 

p = p a + p q 

 
 

where 
 
 

p a =VI cos θ[1− cos (2ωt )] = P[1− cos (2ωt )] ; P =VI cos θ 
 

pq =− VI sin θ sin(2ωt ) = − Q sin(2ωt ) ;  Q =VI sin θ
 

NOTE 1—The component pa 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 pa is the rate of flow of the 
energy 

 
 
 
 
 
 

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

2—The instantaneous power pq is produced by the reactive component of the current, i.e., the component that is in 
quadrature with the voltage. It is the rate of flow of the energy 
 
 
NOTE 2—The instantaneous active power has two terms: the active or real power P and This type of energy oscillates 
between the source inductances, capacitances, the intrinsic power −P cos(2ωt ) . 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 pq 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 pq is the rate of 
flow of the energy 
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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 observation  measurement time interval τ to τ + kT 

 

 

 
 
 
 
 

 
where 
 

T = 1/f                 is the cycle time (s) 
k                      is  a positive integer number 
τ                        is the moment when the measurement starts 

 

P = VI cos θ 
 

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




Q = VI sin θ 
 
 

 
 
 
 
 
 

NOTE 1— If the load is inductive, then Q > 0. If the load is capacitive, then Q < 0. This means that when the current 
lags the voltage θ > 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 & Definitions5). 
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|| S =VI 
 

 
 
 
 
 

 
 

NOTE—Instantaneous power p follows a sinusoidal oscillation with a frequency 2f = 2 ⁄ 2 biased by the active 
power P. The amplitude of the sinusoidal oscillation is the apparent power S. 
 

3.1.1.5 Power factor
 
3.1.1.6 Complex power (VA) 
 

S = V I = P + jQ 
 

where 
 

V = V 0°is the voltage phasor, 

I = I  

is the conjugated current phasor. 
 

This expression stems from the power triangle, S, P, Q, and is useful in power flow studies. Figure 1 summa- 
rizes the conventional power flow directions as interpreted in literature (Stevens [B12]4). 

 
3.1.2 Single-Phase nonsinusoidal 

 
For steady-state conditions a nonsinusoidal instantaneous voltage or current has two distinctive components: 
the power system frequency components v1 and i1, and the remaining terms vH and iH that contains all inte- 
ger and noninteger number harmonics. 

 

 
v1 =2V 1 sin ( t – 1 ) 

 

 
i1 =2 I 1 sin ( t – 1 ) 

 
 

vH  =2  V h sin ( ht – h ) 
   h  1 

  

 

iH  =2  I h sin ( ht – h ) 
   h  1 

 
 
4The numbers in brackets correspond to those of the bibliography in Annex C. 
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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 I 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 f = 2ω / 2π biased by the 
active power P. The amplitude of the sinusoidal oscillation is the apparent power S. 

 
 

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

 
 

3.1.1.5 Power factor 
 
 
 
 
 
 
 

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  jQ  VI 


where according to 3.1.1 
 

V  V /0 o   is the voltage phasor 

I  I / is the current phasor 

I   I /is the complex conjugate of the current phasor 




 
This expression stems from the power triangle, S, P, and Q, and is useful in power flow studies. Figure 1 
summarizes the conventional power flow directions as interpreted in literature (see Stevens [B19]). The 
angle θ is the phase angle of the equivalent complex impedance Z/  = 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 v1 and i1 and the remaining term vH and iH, 
respectively. 

 
 
 
v  v1  v H and i  i1  iH 

 
 

where 
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The corresponding rms values squared are as follows: 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

are the squares of the rms values of v H and i H , respectively. 
 
 

NOTE 1—The direct voltage and the direct current terms V0 and I0, must be included in VH and IH. 
They correspond to a hypothetical 0 = 0 = –45° ; (sin(–0 ) = sin( –0 ) = sin 45° = 1/  2 ) . Significant  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 h < 1. The components belonging to this group 
have periods larger than the period T 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 kT, 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  mTi ; 

Ti  1 / fi , where fi  is the interharmonic frequency and k , m   integer numbers). When the measurement time 

interval kT does not include an integer number of periods Ti (i.e., kT  mTi ), 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 h is an irrational number, then the observed waveform is not periodic (it is 
called nearly periodic.) In such a case, the measurement time interval kT 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 kT, 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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