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IEEE Standards

 

 documents are developed within the Technical Committees of the IEEE Societies and the Standards
Coordinating Committees of the IEEE Standards Board. Members of the committees serve voluntarily and without
compensation. They are not necessarily members of the Institute. The standards developed within IEEE represent a
consensus of the broad expertise on the subject within the Institute as well as those activities outside of IEEE that have
expressed an interest in participating in the development of the standard.

Use of an IEEE Standard is wholly voluntary. The existence of an IEEE Standard does not imply that there are no other
ways to produce, test, measure, purchase, market, or provide other goods and services related to the scope of the IEEE
Standard. Furthermore, the viewpoint expressed at the time a standard is approved and issued is subject to change
brought about through developments in the state of the art and comments received from users of the standard. Every
IEEE Standard is subjected to review at least every Þve years for revision or reafÞrmation. When a document is more
than Þve years old and has not been reafÞrmed, it is reasonable to conclude that its contents, although still of some
value, do not wholly reßect the present state of the art. Users are cautioned to check to determine that they have the
latest edition of any IEEE Standard.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership afÞliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
speciÞc 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 all 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 technical committees are not able to provide an instant response to interpretation requests
except in those cases where the matter has previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
 445 Hoes Lane
 P.O. Box 1331
 Piscataway, NJ 08855-1331
 USA

IEEE Standards documents are adopted by the Institute of Electrical and Electronics Engineers without regard to
whether their adoption may involve patents on articles, materials, or processes. Such adoption does not assume
any liability to any patent owner, nor does it assume any obligation whatever to parties adopting the standards
documents.
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Foreword

 

(This foreword is not a part of IEEE Std 519-1992, IEEE Recommended Practices and Requirements for Harmonic Control in
Electrical Power Systems.)

 

This recommended practice was prepared by a joint task force sponsored by the Working Group on Power System
Harmonics of the Transmission and Distribution Committee of the IEEE Power Engineering Society and the Harmonic
and Reactive Compensation Subcommittee of the Industrial Power Conversion Committee of the IEEE Industry
Applications Society. This recommended practice is an update of the IEEE guide that was published in 1981. The work
to revise the guide was started in 1984 and has incorporated the evolving understanding of the effect of static power
converters and other nonlinear loads on electric power systems.

This recommended practice recognizes the responsibility that users have not to degrade the voltage of the utility
serving other users by requiring nonlinear currents from the utility. It also recognizes the responsibility of the utilities
to provide users with close to a sine wave of voltage. The recommended practice suggests guidelines for
accomplishing this.
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At the time that it balloted and approved this standard for submission to the IEEE Standards Board, the balloting group
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IEEE Recommended Practices and 
Requirements for Harmonic Control in 
Electrical Power Systems

 

1. Introduction, Scope, and Application

 

1.1 Introduction

 

The uses of nonlinear loads connected to electric power systems include static power converters, arc discharge devices,
saturated magnetic devices, and, to a lesser degree, rotating machines. Static power converters of electric power are the
largest nonlinear loads and are used in industry for a variety of purposes, such as electrochemical power supplies,
adjustable speed drives, and uninterruptible power supplies. These devices are useful because they can convert ac to
dc, dc to dc, dc to ac, and ac to ac.

Nonlinear loads change the sinusoidal nature of the ac power current (and consequently the ac voltage drop), thereby
resulting in the ßow of harmonic currents in the ac power system that can cause interference with communication
circuits and other types of equipment. When reactive power compensation, in the form of power factor improvement
capacitors, is used with these nonlinear loads, resonant conditions can occur that may result in high levels of harmonic
voltage and current distortion when the resonant condition occurs at a harmonic associated with nonlinear loads.

 

1.2 Scope

 

This recommended practice intends to establish goals for the design of electrical systems that include both linear and
nonlinear loads. The voltage and current waveforms that may exist throughout the system are described, and waveform
distortion goals for the system designer are established. The interface between sources and loads is described as the
point of common coupling; and observance of the design goals will minimize interference between electrical
equipment.

This recommended practice addresses steady-state limitation. Transient conditions exceeding these limitations may be
encountered. This document sets the quality of power that is to be provided at the point of common coupling. This
document does not cover the effects of radio-frequency interference; however, it does include electromagnetic
interference with communication systems.
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1.3 Application

 

This recommended practice is to be used for guidance in the design of power systems with nonlinear loads. The limits
set are for steady-state operation and are recommended for Òworst caseÓ conditions. Transient conditions exceeding
these limits may be encountered.

 

2. References

 

[1] ANSI C34.2-1968 (Withdrawn), American National Standard Recommended Practices and Requirements for
Semiconductor Power RectiÞers.

 

1

 

 

[2] IEEE C57.12.00-1987, IEEE Standard General Requirements for Liquid-Immersed Distribution, Power, and
Regulating Transformers (ANSI).

 

2

 

 

[3] IEEE C57.110-1986, IEEE Recommended Practice for Establishing Transformer Capability When Supplying
Nonsinusoidal Load Currents (ANSI). 

[4] IEEE Std 18-1992, IEEE Standard for Shunt Power Capacitors. 

[5] IEEE Std 59-1962 (Withdrawn), IEEE Standard for Semiconductor RectiÞer Components.

 

3

 

 

[6] IEEE Std 100-1992, The New IEEE Standard Dictionary of Electrical and Electronics Terms. 

[7] IEEE Std 223-1966 (Withdrawn), IEEE Standard DeÞnitions of Terms for Thyristors.

 

4

 

 

[8] IEEE Std 368-1977 (Withdrawn), IEEE Recommended Practice for Measurement of Electrical Noise and
Harmonic Filter Performance of High-Voltage Direct-Current Systems.

 

5

 

 

[9] IEEE Std 444-1973, IEEE Recommended Practices and Requirements for Thyristor Converters and Motor Drives:
Part IÑConverters for DC Motor Armature Supplies. 

[10] IEEE Std 469-1988, IEEE Recommended Practice for Voice-Frequency Electrical-Noise Tests of Distribution
Transformers (ANSI). 

 

3. Definitions and Letter Symbols

 

3.1 Definitions

 

DeÞnitions given herein are tailored speciÞcally to the harmonics generated by static power converters at utility system
frequencies. Additional useful deÞnitions will be found in IEEE Std 100-1992 [6]

 

6

 

, IEEE Std 223-1966 [7], IEEE Std
59-1962 [5], ANSI C34.2-1968 [1], and IEEE Std 444-1973 [9].

 

1

 

 This standard has been withdrawn; however, copies can be obtained from the Sales Department, American National Standards Institute, 11 West
42nd Street, 13th Floor, New York, NY 10036, USA.

 

2

 

IEEE publications are available from the Institute of Electrical and Electronics Engineers, Service Center, 445 Hoes Lane, P. O. Box 1331,
Piscataway , NJ 08855-1331, USA.

 

3

 

This standard has been withdrawn; however, copies can be obtained from the IEEE Standards Department, IEEE Service Center, 445 Hoes Lane,
P.O. Box 1331, Piscataway, NJ 08855-1331, USA.

 

4

 

See Footnote 3.

 

5

 

See Footnote 3.

 

6

 

The numbers in brackets correspond to those of the references in Section 3..
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FOR HARMONIC CONTROL IN ELECTRIC POWER SYSTEMS IEEE Std 519-1992

 

commutation: 

 

The transfer of unidirectional current between thyristor (or diode) converter circuit elements that
conduct in succession.

 

converter: 

 

A device that changes electrical energy from one form to another. A semiconductor converter is a converter
that uses semiconductors as the active elements in the conversion process.

 

deviation from a sine wave: 

 

A single number measure of the distortion of a sinusoid due to harmonic components. It
is equal to the ratio of the absolute value of the maximum difference between the distorted wave and the crest value of
the fundamental.

 

deviation from a sine wave, maximum theoretical: 

 

For a nonsinusoidal wave, the ratio of the arithmetic sum of the
amplitudes (rms) of all harmonics in the wave to the amplitude (rms) of the fundamental.

 

distortion factor (harmonic factor): 

 

The ratio of the root-mean-square of the harmonic content to the root-mean-
square value of the fundamental quantity, expressed as a percent of the fundamental.

 

Þlter: 

 

A generic term used to describe those types of equipment whose purpose is to reduce the harmonic current or
voltage ßowing in or being impressed upon speciÞc parts of an electrical power system, or both.

 

Þlter, damped: 

 

A Þlter generally consisting of combinations of capacitors, inductors, and resistors that have been
selected in such a way as to present a low impedance over a broad range of frequencies. The Þlter usually has a
relatively low 

 

Q (X/R).

 

Þlter effectiveness (shunt): 

 

DeÞned by the following two terms:

 

r

 

f

 

= the impedance ratio that determines the per unit current that will ßow into the shunt Þlter

 

r

 

s

 

= the impedance ratio that determines the per unit current that will ßow into the power source

 

r

 

f

 

 should approach unity and 

 

r

 

s

 

 should be very small at the tuned frequency.

 

Þlter, high-pass: 

 

A Þlter having a single transmission band extending from some cutoff frequency, not zero, up to
inÞnite frequency.

 

Þlter, series: 

 

A type of Þlter that reduces harmonics by putting a high series impedance between the harmonic source
and the system to be protected.

 

Þlter, shunt: 

 

A type of Þlter that reduces harmonics by providing a low-impedance path to shunt the harmonics from
the source away from the system to be protected.

 

Þlter, tuned: 

 

A Þlter generally consisting of combinations of capacitors, inductors, and resistors that have been
selected in such a way as to present a relative minimum (maximum) impedance to one or more speciÞc frequencies.
For a shunt (series) Þlter, the impedance is a minimum (maximum). Tuned Þlters generally have a relatively high 

 

Q (X/
R)

 

.

 

harmonic: 

 

A sinusoidal component of a periodic wave or quantity having a frequency that is an integral multiple of
the fundamental frequency.

 

NOTE  Ñ  For example, a component, the frequency of which is twice the fundamental frequency, is called a second harmonic.

 

harmonic, characteristic: 

 

Those harmonics produced by semiconductor converter equipment in the course of normal
operation. In a six-pulse converter, the characteristic harmonics are the nontriple odd harmonics, for example, the 5th,
7th, 11th, 13th, etc.

 

h

 

= 

 

kq

 

 

 

±

 

 1

 

k

 

= any integer

 

q

 

= pulse number of converter

 

harmonic, noncharacteristic: 

 

Harmonics that are not produced by semiconductor converter equipment in the course
of normal operation. These may be a result of beat frequencies; a demodulation of characteristic harmonics and the
fundamental; or an imbalance in the ac power system, asymmetrical delay angle, or cycloconverter operation.

DF
sum of squares of amplitudes of all harmonics

square of amplitude of fundamental
-------------------------------------------------------------------------------------------------------------- 100%×=
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harmonic factor: 

 

The ratio of the root-sum-square (rss) value of all the harmonics to the root-mean-square (rms)
value of the fundamental.

 

impedance ratio factor: 

 

The ratio of the source impedance, at the point in the system under consideration, to the
equivalent total impedance from the source to the converter circuit elements that commutate simultaneously.

 

IáT

 

 product: 

 

The inductive inßuence expressed in terms of the product of its root-mean-square magnitude (

 

I

 

), in
amperes, times its telephone inßuence factor (TIF).

 

kVáT

 

 product: 

 

Inductive inßuence expressed in terms of the product of its root-mean-square magnitude, in kilovolts,
times its telephone inßuence factor (TIF).

 

line voltage notch: 

 

The dip in the supply voltage to a converter due to the momentary short-circuit of the ac lines
during a commutation interval. Alternatively, the momentary dip in supply voltage caused by the reactive drops in the
supply circuit during the high rates of change in currents occurring in the ac lines during commutation.

 

nonlinear load: 

 

A load that draws a nonsinusoidal current wave when supplied by a sinusoidal voltage source.

 

notch depth: 

 

The average depth of the line voltage notch from the sine wave of voltage.

 

notch area: 

 

The area of the line voltage notch. It is the product of the notch depth, in volts, times the width of the notch
measured in microseconds.

 

power factor, displacement: 

 

The displacement component of power factor; the ratio of the active power of the
fundamental wave, in watts, to the apparent power of the fundamental wave, in voltamperes (including the exciting
current of the thyristor converter transformer).

 

power factor, total: 

 

The ratio of the total power input, in watts, to the total voltampere input to the converter.

NOTES:

 

1 Ñ  This deÞnition includes the effect of harmonic components of current and voltage (distortion power factor), the effect of
phase displacement between current and voltage, and the exciting current of the transformer. Volt-amperes are the product of
rms voltage and rms current.

2 Ñ  The power factor is determined at the ac line terminals of the converter.

 

pulse number: 

 

The total number of successive nonsimultaneous commutations occurring within the converter circuit
during each cycle when operating without phase control. It is also equal to the order of the principal harmonic in the
direct voltage, that is, the number of pulses present in the dc output voltage in one cycle of the supply voltage.

 

quality factor: 

 

Two 

 

p

 

 times the ratio of the maximum stored energy to the energy dissipated per cycle at a given
frequency. An approximate equivalent deÞnition is that the 

 

Q

 

 is the ratio of the resonant frequency to the bandwidth
between those frequencies on opposite sides of the resonant frequency, where the response of the resonant structure
differs by 3 dB from that at resonance. If the resonant circuit comprises an inductance, 

 

L

 

, and a capacitance, 

 

C

 

, in
series with an effective resistance, 

 

R

 

, then the value of 

 

Q

 

 is

 

short-circuit ratio: 

 

For a semiconductor converter, the ratio of the short-circuit capacity of the bus, in MVA, at the
point of converter connection to the rating of the converter, in MW.

 

telephone inßuence factor (TIF): 

 

For a voltage or current wave in an electric supply circuit, the ratio of the square
root of the sum of the squares of the weighted root-mean-square values of all the sine-wave components (including
alternating current waves both fundamental and harmonic) to the root-mean-square value (unweighted) of the entire
wave.

harmonic factor for voltage( )
E3

2
E5

2
E7

2
¼+ +

E1
--------------------------------------------------=

harmonic factor for current( )
I3

2
I5

2
I7

2
¼+ +

I1
---------------------------------------------=

Q
1
R
--- L

C
----=
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total demand distortion (TDD): 

 

The total root-sum-square harmonic current distortion, in percent of the maximum
demand load current (15 or 30 min demand).

 

total harmonic distortion (THD): 

 

This term has come into common usage to deÞne either voltage or current
Òdistortion factor.Ó

 

See:

 

 

 

distortion factor

3.2 Letter Symbols

The following set of letter symbols is used in thyristor converter circuit analysis and in the calculation of converter
characteristics.

3.2.1 Subscripts

o = at no load; for example, Edo
1 = at rated load, or fundamental; for example Ed1 or I1
d = direct current and voltage
h = order of harmonic
i = ideal
l = converter side of transformer, phase-to-phase, e1
L = line side of transformer
p = inherent
pu = per-unit quantities
s = converter side of transformer, phase-to-neutral

3.2.2 Letter Symbols

a = delay angle
g = margin angle (for inverter operation)
m = commutation angle
rf = Þlter impedance ratio
rs = source impedance ratio
cos¿1 = displacement power factor (including transformer exciting current)
cosd = distortion component of power factor
ah = amplitude of sine term for the h harmonic in Fourier expansion (crest value)
bh = amplitude of cosine term for the h harmonic in Fourier expansion (crest value)
ch = amplitude of resultant for the h harmonic in Fourier expansion (crest value)
Ecw = crest working voltage
Ed = average direct voltage under load
Ed o = theoretical direct voltage (average direct voltage at no load or light transition load, assuming zero phase

control and zero forward voltage drop)
Ed l = direct rated voltage
Edx = commutating voltage
Ef = total forward voltage drop per circuit element
Eii = initial reverse voltage
EL = ac system line-to-line voltage
En = ac system line-to-neutral voltage
Er = direct-voltage drop caused by resistance losses in transformer equipment, plus interconnections not

included in Ef
Es = transformer dc (secondary) winding line-to-neutral voltage (rms)
Ex = direct-voltage drop caused by commutating reactance
f = frequency of ac power system
Fx = IcXc/Es commutating reactance factor
Icl = transformer dc winding (secondary) coil rms current
Id = average dc load current of the rectiÞer, in amperes
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Ie = transformer exciting current
Ig = direct current commutated between two rectifying elements in a single commutating group
Ih = harmonic component of I of the order indicated by the subscript

which is the equivalent totalized harmonic component of IL
IL = alternating line current (rms)
Im = alternating line current (crest value)
Ip = transformer ac (primary) winding coil current
Is = transformer dc winding (secondary) line rms current
Il = fundamental component of IL
Ilp = power component of Il
Ilq = reactive component of Il
Ld = inductance of the dc reactor, in henrys
n = number of simple converters
p = pulse number of commutating group
pr = transformer load losses, in watts (including resistance and eddy current losses)
Pd = output power, in watts
q = pulse number of a converter
Rc = line-to-neutral commutating resistance for a set of commutating groups, in ohms
Rcn = equivalent line-to-neutral commutating resistance, in ohms, for a set of commutating groups referred to

the ac (primary) winding of a converter transformer
Rg = line-to-neutral commutating resistance, in ohms, for a single commutating group
Rp = effective resistance of the ac (primary) winding
Rs = effective resistance of the direct-current (secondary) winding
S = circuit factor [1 for single-way; 2 for bridge (double-way)]
THD = total harmonic distortion
Vh = harmonic component of voltage of the order indicated by the subscript

which is the equivalent totalized harmonic component of the voltage
Xc = line-to-neutral commutating reactance, in ohms, for a set of commutating groups
Xcpu = per-unit commutating reactance
Xcn = equivalent line-to-neutral commutating reactance, in ohms, for a set of commutating groups referred to

the ac (primary) winding of a converter transformer
Xg = line-to-neutral commutating reactance, in ohms, for a single commutating group
XL = reactance of supply line, in ohms (per line)
XLpu = per-unit reactance of supply line, expressed on base of rated voltamperes at the line terminals of the

transformer ac (primary) windings
XTpu = per-unit reactance of transformer, expressed on base of rated voltamperes at the line terminals of the

transformer ac (primary) windings
Zc = line-to-neutral commutating impedance, in ohms, for a set of commutating groups
Zcn = equivalent line-to-neutral commutating impedance, in ohms, for a set of commutating groups referred to

the ac (primary) winding of a converter transformer
Zg = line-to-neutral commutating impedance, in ohms, for a single commutating group

NOTE  Ñ  Commutating reactances due to various circuit elements may be indicated by subscript as in Xc1, Xc2, or XcT and XcL for
transformers and line, respectively.

IH Ih
2

2

¥

å=

V H V h
2

2

¥

å=
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4. Harmonic Generation

4.1 Converters

In this text, ÒidealÓ means simpliÞed by ignoring inductance effects in the ac circuit.

4.1.1 Ideal Voltage Wave

Fig 4-1 shows a three-phase power supply system feeding a bridge rectiÞer. Assuming no load, the highest line-to-line
voltage will be connected to the dc load circuit giving the voltage wave form shown in Fig 4-2.

Figure 4-1ÑThree-Phase Bridge Rectifier Circuit

Figure 4-2ÑIdeal Rectifier Output Wave
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4.1.2 Ideal Current Wave

Fig 4-3 shows the ideal ac current wave of a bridge rectiÞer. Its shape is based on the assumption that the dc current has
no ripple (inductive load), and that the dc current is transferred from one phase to another the instant the voltage on the
incoming phase exceeds the voltage on the outgoing phase. The formula for the harmonic current components of the
ac current wave is

(4-1)

(4-2)

where

h is the harmonic order
k is any positive integer
q is the pulse number of the rectiÞer circuit
Ih is the amplitude of the harmonic current of order h
I1 is the amplitude of the fundamental current

Figure 4-3ÑIdeal AC Current Waveform

4.1.3 Commutation Phenomena

A rectangular current wave implies zero inductance or inÞnite source in the ac circuit feeding the rectiÞer, in which
case voltage notching does not occur. When inductance is present, current does not transfer from one phase to another
instantly; instead, there is an overlap (or commutation) period during which the two devices are conducting. During
overlap, there is a transient ac short circuit through the two conducting devices. This short circuit is interrupted by the
reversal of current in the outgoing device. The duration of the overlap period depends on the closing angle of the ac
short circuit and its prospective value. Fig 4-4 shows commutation conditions with a equal to 0. Fig 4-5 shows
commutation conditions with a equal to 30°. The differences between the two cases are due to the different rates of

h kq 1±=

Ih

I1

h
----=
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increase of current in the incoming phase. When a equals 0, the  short-circuit conditions are those corresponding to
maximum asymmetry with its characteristic slow initial rise. At a equal to 90°, the short-circuit conditions are those
of zero asymmetry with its fast initial rate of rise of current. At this delay angle, the overlap angle is the smallest for a
particular value of current. Figs 4-6 and 4-7 show the ac line-to-neutral voltages for the same two cases.

Figure 4-4ÑCommutation Overlap a = 0°, m = 25°

Figure 4-5ÑCommutation Overlap a = 30°, m = 12°
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Figure 4-6ÑRectifier Voltage Notching a = 0°

Figure 4-7ÑRectifier Voltage Notching a = 30°
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The formula for current harmonics, allowing for delay and overlap angles and assuming ripple free dc current, is

( 4-3)

where

( 4-4)

NOTE  Ñ  For h = 1 and A = m/2, h = integer and m = overlap angle

( 4-5)

with h having the same range as above, see [B18]7 and [B24].

Figs 4-8, 4-9, 4-10, and 4-11 have been included to show the effect of variation of a (dc voltage) and m (impedance)
using this formula.

Figure 4-8ÑSix-Pulse Rectifier With DC Ripple Fifth Harmonic as a Function of DC Ripple

7The numbers in brackets, when preceded by the letter ÒB,Ó correspond to the bibliographical entries in Section 4..
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Figure 4-9ÑSix-Pulse Rectifier With DC Ripple Seventh Harmonic as a Function of DC Ripple

Figure 4-10ÑSix-Pulse Rectifier With DC Ripple 11th Harmonic as a Function of DC Ripple
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Figure 4-11ÑSix-Pulse Rectifier With DC Ripple 13th Harmonic as a Function of DC Ripple

4.1.4 Voltage Notching

The voltage notching of the ac voltage wave is caused by the commutating action of the rectiÞer. The ac current wave
shape is a result of this notching. Traditionally, the current wave shape is used as the basis for harmonic analysis, and
voltage notching is calculated from the I¥Z drops of the current harmonics. The depth of the notch at points nearer to
the power source is proportional to the system impedance up to that point. The width of the notch is the commutation
angle.

( 4-6)

( 4-7)

where

Xs = system reactance in per unit on converter base
Xt = converter transformer reactance in per unit on converter base
Id = dc current in per unit on converter base

4.1.5 Harmonics on the DC Side of a Converter

Any dc load that has a low time constant (low inductance), such as a dc motor, does not draw ripple-free current. The
harmonics in the voltage wave produce signiÞcant ripple currents in the dc current wave. The harmonics are related to
the pulse number of the converter circuit: six-pulse, sixth harmonic and 12-pulse, 12th harmonic.

m cos
1Ð

cos[ a Xs X t+( )Id ] aÐÐ=

cosm 1
2Ex

Edo
---------Ð=
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4.1.6 AC Line Harmonics

A formula (with deÞnitions shown in Fig 4-12) for the ac harmonics in a three-phase bridge feeding such a load is

( 4-8)

where

( 4-9)

Figure 4-12ÑDefinition of Values in Eq 4-9

NOTE  Ñ  When (h - 1) = 0, the second term of gh is (p/6 - m/2)

where

Ic = the value of dc current at the end of commutation.
rc = Di/Ic

The characteristic harmonics produced by a static power converter require balanced impedances in the ac system and
equal Þring of the thyristors in the converter. If the Þring circuits do not operate symmetrically so that the commutation
of each device is not correct, noncharacteristic harmonics are produced. These normally are small, but with a parallel
resonance at one of them, they can be ampliÞed to a value that could cause problems.
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4.1.7 Phase Multiplication

Harmonics can be reduced by phase multiplication. If m six-pulse rectiÞer sections

¥ have the same transformer ratios,
¥ have transformers with identical impedances,
¥ are phase shifted exactly 60/m degrees from each other,
¥ are controlled at exactly the same delay angle, and
¥ share the dc load current equally,

then the only harmonics present will be of the order of, kq ± 1, the characteristic harmonics, 6m is called the pulse
number and is given the symbol Ôq,Õ see IEEE Std 223-1966  [7].

No two rectiÞer sections are identical in all these respects. Therefore, in practice, the non-characteristic harmonics will
always be present to the degree that the above requirements are not met.

For example, two rectiÞer sections that are phase shifted by 30° result in 12-pulse, with the minimum harmonic being
the 11th; while three rectiÞers that are phase shifted 20° result in 18-pulse, with the lowest harmonic being the 17th;
and four rectiÞers that are phase shifted 15° result in 24-pulse, with the minimum harmonic being the 23rd. ANSI
C34.2-1968 [1] gives full details and formulas for many circuit arrangements as well as provides circuit numbers that
categorize rectiÞer circuits.

4.1.8 DC Ripple Current From Sources Independent of the Rectifier

Loads such as adjustable and constant frequency inverters and wound rotor slip recovery systems have sources of dc
current ripple independent of the rectiÞer ripple. These ripple currents sometimes are in synchronism with the rectiÞer
and sometimes are not. The ac harmonics due to this type of a load cannot be reduced by phase multiplication. Such
loads can produce subharmonics in the ac circuit.

4.2 Arc Furnaces

The harmonics produced by electric arc furnaces used for the production of steel are unpredictable because of the
cycle-by-cycle variation of the arc, particularly when boring into new steel scrap. The arc current is nonperiodic, and
analysis reveals a continuous spectrum of harmonic frequencies of both integer and noninteger orders. However,
harmonic measurements have shown that integer-order harmonic frequencies, particularly low-order starting with the
second and ending with the seventh, predominate over the noninteger ones. They have also shown that the amplitude
decreases with order. As the pool of molten metal grows, the arc becomes more stable, resulting in much steadier
currents with much less distortion and less harmonic activity. The current becomes symmetrical around the zero axis,
thus eliminating the even harmonic orders and noninteger harmonics.

Table 4-1 illustrates typical harmonic content of arc furnace current at two stages of the melting cycle in a typical arc
furnace for the production of steel. It must be emphasized that other furnaces will exhibit somewhat different patterns
of harmonic current; but these values may be useful in harmonic studies if more speciÞc data for a particular furnace
are not available.

See [B12].
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Table  4-1ÑHarmonic Content of Arc Furnace Current at Two Stages of the Melting Cycle

4.3 Static VAR Compensator

The thyristor-controlled reactor (TCR) has been used extensively as a static shunt compensator for electric arc furnace
power distribution systems and other applications to maintain voltage levels, reduce voltage ßicker (e.g., arc furnaces),
improve power factor, correct phase imbalance, and improve power system stability.

Fig 7-7 (see Section 7) is a schematic of the power circuit of a typical TCR. The reactor current, which contains only
a small in-phase component due to power losses, lags the voltage by nearly 90°. Full conduction current is sinusoidal;
however, gating delay of the thyristors not only reduces the current magnitude, it also alters the waveshape. The
harmonic currents produced by partial conduction will all be odd-order if the gating angle is balanced for both
thyristors in a pair. The rms value of the harmonic component is given by Eq 4-10:

( 4-10)

where

h = 3,5,7,...
V = line-to-line fundamental voltage
X = total inductive reactance of reactors in each phase
a = advance angle

Table 4-2 gives the maximum amplitudes of the harmonics to the 25th order. It may be noted that the maxima do not
occur at the same delay angle. Assuming balanced conditions, the values, which are expressed in percent of the
amplitude of the fundamental at full conduction, are the same for both phase and line currents. The values in
parentheses are triplens that will be present in the phase currents but will not be in the line currents, if the conditions
are balanced. However, in a typical arc furnace application in which unbalanced conditions prevail during unstable arc
periods, some triplens will appear in the line currents. Where phase currents are unbalanced, the individual phase
harmonics will appear in the line currents as phasor sums of the phase harmonics in their own harmonic domain.

4.4 Inverters for Dispersed Generation

The emergence of renewable, alternate energy sources has resulted in the use of many varied topologies as power
conditioners or inverters for utility tied operations. These inverters are available in single-phase units and in three-
phase units, and their outputs may be very clean sinusoids with near unity power factor or may contain various
characteristic and noncharacteristic harmonics and power factors that may cause unacceptable power quality on the
electric utility grid or interfere with its controls or relays.

Harmonic Current
% of Fundamental

Harmonic Order

Furnace condition 2 3 4 5 7

Initial melting (active arc) 7.7 5.8 2.5 4.2 3.1

Refining (stable arc) 0.0 2.0 0.0 2.1 0.0
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Table  4-2ÑMaximum Amplitudes of Harmonic Currents in TCR

These inverters may act as current sources attached to the electric utility or as voltage sources tied to the electric utility
through a series impedance, usually an inductor, to limit the current between the inverter and the electric utility grid.

This section will discuss the various topologies of the inverters and the harmonics associated with each. The inverter
types will include

1) Line commutated
2) Pulse width modulated (self-commutated PWM)
3) Self-commutated high-frequency link
4) Self-commutated programmed pulse switching ampliÞer

4.4.1 Single-Phase Inverters

The single-phase inverters for dispersed generation generally are rated for less than 10 kW and typically would cause
no problems for a utility in small numbers. As their use increases, however, large numbers of inverters tied to the same
feeder may cause problems if the inverterÕs harmonics are excessive.

4.4.2 Three-Phase Inverters

The three-phase inverters for dispersed generation are typically rated at 10 kW through 1 MW and are more likely, at
least in the near term, to cause unacceptable utility wave forms if the invertersÕ output wave forms contain high
percentages of harmonics. As with the single-phase inverters, the three-phase inverters may be line-commutated or
self-commutated (sometimes called force-commutated) topologies. Also, as with the single-phase inverters, the output
harmonics are dependent upon many variables. The dc operating voltage level for these inverters varies over a wide
range for most renewable energy sources. These variations are dependent upon weather, time of day, temperature,
tracking algorithms, aging of collectors, and many other uncontrolled factors.

Additionally, ac electric utilities may have undesirable effects on the output of the inverter. Variables such as ambient
utility harmonics, unbalanced line voltages, unequal phase separation, high and low levels of ac voltage, and line
impedances are several variables that affect the output harmonics of the inverters.

4.5 Electronic Phase Control

Control of power to loads by phase control of thyristors will create harmonic currents. The TCR discussed in 4.3 is
simply a special case of electronic control wherein the power factor is essentially zero. Heating loads, which have
nearly 100% displacement power factor, sometimes are controlled by phase control of thyristors. The wave shape will
differ from the 0% power factor case, but only odd-order harmonics are still produced, although with different
magnitudes.

Harmonic Order Present Harmonic Order Present

1 100 3 (13.78)

5 5.05 7 2.59

9 (1.57) 11 1.05

13 0.75 15 (0.57)

17 0.44 19 0.35

21 (0.29) 23 0.24

25 0.20

NOTE  Ñ  Those harmonics in parentheses are triplens.
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Except for the TCR application, loads usually are neither pure inductance nor pure resistance. For the general case of
loads with power factors other than 0% or 100%, harmonic maximum magnitudes will lie between the values of these
pure cases. Pelly [B23] has equations for the general case that may be used to calculate harmonic current magnitudes.

4.6 Cycloconverter Harmonics

The expressions for cycloconverter current harmonics are extremely complex. They vary as a function of the frequency
ratio of the cycloconverter.

Eq 4-11 shows the frequencies that are present. The Þrst term in the equation represents six-pulse converter
components and the second term denotes the converterÕs sideband characteristic frequencies.

( 4-11)

where

fh is the harmonic frequency imposed on the ac system
k and n are integers
fo is the output frequency of the cycloconverter

4.7 Switch Mode Power Supplies

Most recent electronic equipment use a switch mode power supply to provide the voltage to the equipment. This is an
economical power supply that is not affected by minor voltage changes in the power system. It feeds a capacitor that
supplies the voltage to the electronic circuitry. Since the load is a capacitor as seen from the power system, the current
to the power supply is discontinuous. That is, current ßows for only part of the half-cycle. Fig 4-13 shows the current
wave form of such a power supply. The harmonic current spectrum of the wave is shown in Table 4-3.

Figure 4-13ÑCurrent Wave of Switch Mode Power Supply

f h f 1 kq 1±( ) 6nf o±=

Copyright The Institute of Electrical and Electronics Engineers, Inc. 
Provided by IHS under license with IEEE

Not for ResaleNo reproduction or networking permitted without license from IHS

-
-
`
`
,
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-



Copyright © 1998 IEEE All Rights Reserved 19

FOR HARMONIC CONTROL IN ELECTRIC POWER SYSTEMS IEEE Std 519-1992

Table  4-3ÑSpectrum of Typical Switch Mode Power Supply

4.8 Pulse Width Modulated (PWM) Drive

This dc link drive is different from most static power converter circuits in as much as it has a diode rectiÞer that gives
it a high displacement power factor, but it has a large capacitor on the dc link that regulates the voltage on the dc link.
As a result, at light loads (to 30 Ð 50%), the current only ßows when the voltage output of the diode rectiÞer is above
that of the capacitor. At light loads, the current in the ac circuit is discontinuous. Fig 4-14 shows this waveform. It is
similar to the switch mode power supply except that it is a three-phase circuit high in Þfth harmonic current. As the
load on the drive increases, the current becomes continuous. The point at which the current becomes discontinuous is
determined by the size of the dc link inductance.

Figure 4-14ÑCurrent Wave of PWM Six-Pulse Power Supply Under Light Load (Discontinuous 
Current)

5. System Response Characteristics

5.1 General

The effect of one or more harmonic sources on a power system will depend primarily on the systemÕs frequency
response characteristics. The nonlinear devices described in Section 4 can be represented generally as current sources
of harmonics. Therefore, the harmonic voltage distortion on the power system will depend on the impedance vs.
frequency characteristics as seen by these current sources.

The system frequency response characteristics are affected by a number of factors. These factors must be considered
when performing an analysis for a speciÞc system.

Harmonic Magnitude Harmonic Magnitude

1 1.000 9 0.157

3 0.810 11 0.024

5 0.606 13 0.063

7 0.370 15 0.079
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5.1.1 System Short-Circuit Capacity

The system short-circuit capacity is an indication of the fundamental frequency system impedance at a point in the
system. For simple inductive feeders, this is also a measure of the system impedance at harmonic frequencies when
multiplied by the harmonic order. Stiffer systems (higher short-circuit capacities) have lower voltage distortion for the
same size harmonic current source than weaker systems (lower short-circuit capacities).

5.1.2 Capacitor Banks and Insulated Cables

Capacitor banks used for voltage control and power factor improvement and insulated cables are major components
that affect system frequency response characteristics. The connection of capacitors can cause resonance conditions
(both series and parallel) that can magnify harmonic levels. The effects of resonance conditions are discussed in 5.2.

Capacitor banks are used as a source of voltage for commutation of some static power converters. They can be
considered in parallel with the system when calculating the commutation reactance, and thus increase the di/dt of
commutation.

The line charging capacitances of transmission lines and insulated cables are also in parallel with the system
inductance. Therefore, they are similar to shunt capacitors with respect to affecting system frequency response
characteristics. Usually, capacitor banks are dominant in industrial and overhead distribution systems.

5.1.3 Load Characteristics

The system load has two important effects on the system frequency response characteristics:

1) The resistive portion of the load provides damping that affects the system impedance near resonant
frequencies. The resistive load reduces the magniÞcation of harmonic levels near parallel resonance
frequencies.

2) Motor loads and other dynamic loads that contribute to the short-circuit capacity of the system can shift the
frequencies at which resonances occur. These loads appear in parallel to the system short-circuit inductances
when calculating resonant frequencies. Motor loads do not provide signiÞcant damping of resonance peaks.

The effect of system loading is discussed in more detail in 5.3.

5.1.4 Balanced vs. Unbalanced System Conditions

When system conditions (source strength, capacitor banks, loading, line characteristics, harmonic sources) (e.g., in
industrial systems) are completely balanced, positive sequence models can be employed to evaluate system frequency
response characteristics. Under these balanced conditions, the harmonic currents will have sequence characteristics.
See Table 6-1.

When system conditions are not completely balanced (i.e., in utility distribution and transmission systems),
unbalanced analysis should be applied. These conditions would include unbalanced harmonic sources on the system,
e.g., single-phase sources, single-phase capacitor banks, or unbalanced system loading. In some cases, even the
imbalance introduced by untransposed transmission lines can be important. In all of these cases, it is important to use
a three-phase system representation for analysis. In these systems, each harmonic has its own positive, negative, and
zero-sequence component.

NOTE  Ñ  A three-phase system representation for studying harmonic responses is required where unbalanced loading and
impedances are likely to occur.
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5.2 Resonant Conditions

System resonant conditions are the most important factors affecting system harmonic levels. Parallel resonance is a
high impedance to the ßow of harmonic current, while series resonance is a low impedance to the ßow of harmonic
current. When resonant conditions are not a problem, the system has the capability to absorb signiÞcant amounts of
harmonic currents. It is only when these currents see high impedances due to parallel resonance that signiÞcant voltage
distortion and current ampliÞcation occur. Therefore, it is important to be able to analyze the system frequency
response characteristics and to avoid system resonance problems.

Methods of calculating resonant frequencies and overall system frequency response characteristics are described in
Section 8. The basic circuits resulting in resonance are described here.

5.2.1 Normal Flow of Harmonic Currents

Harmonic currents tend to ßow from the nonlinear loads (harmonic sources) toward the lowest impedance, usually the
utility source (see Fig 5-1). The impedance of the utility source is usually much lower than parallel paths offered by
loads. However, the harmonic current will split depending on the impedance ratios. Higher harmonics will ßow to
capacitors that are a low impedance to high frequencies.

Figure 5-1ÑNormal Flow of Harmonic Currents

5.2.2 Parallel Resonance

Parallel resonance (see Fig 5-2) occurs when the system inductive reactance and capacitative reactances are equal at
some frequency. If the combination of capacitor banks and the system inductance result in a parallel resonance near
one of the characteristic harmonics generated by the nonlinear load, that harmonic current will excite the ÒtankÓ
circuit, thereby causing an ampliÞed current to oscillate between the energy storage in the inductance and the energy
storage in the capacitance. This high oscillating current can cause voltage distortion and telephone interference where
the distribution circuit and the telephone circuit are physically proximal.
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Figure 5-2ÑParallel Resonance Condition

5.2.3 Series Resonance

Series resonance is a result of the series combination of capacitor banks and line or transformer inductances. Series
resonance presents a low-impedance path to harmonic currents and tends to ÒtrapÓ any harmonic current to which it is
tuned. Series resonance can result in high-voltage distortion levels between the inductance and the capacitor in the
series circuit. An example of a series circuit is a load center transformer with capacitors connected to its secondary (see
Fig 5-3). This appears as a series circuit when viewed from the transformer primary.

Figure 5-3ÑCapacitor Bank Resulting in Series Resonance

5.3 Effect of System Loading

Loading does not have a signiÞcant effect on system frequency response characteristics except near resonant
frequencies. The important components of the load, as seen from the primary of a distribution system, are shown in Fig
5-4. Each of these components can be important for harmonic analysis.

5.3.1 The Step-Down Transformer

The step-down transformer is represented by its series leakage reactance and resistance in the circuit. At lower order
harmonics, the leakage reactance is small compared to the load impedance (resistance). However, at the higher order
harmonics, the reactance of the step-down transformer becomes large compared to the load. The transformer
essentially isolates the load at the higher harmonic frequencies.
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Figure 5-4ÑLoad Representation for System Analysis

5.3.2 The Resistive Component

The resistive component of the load becomes very important at a system resonance. The resistance path (which offers
a lower impedance) is taken by harmonics when a parallel resonance exists. Therefore, higher loading levels on the
system result in a lower impedance near a parallel resonance. System response with a varying load level is illustrated
in Fig 5-5 for a system with a parallel resonance near the fourth harmonic.

Figure 5-5ÑSystem Response Illustrating the Effect of Resistive Load on Parallel Resonance Peak
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5.3.3 The Motor Component

Motor load appears primarily inductive at harmonic frequencies. The correct representation for motors at harmonic
frequencies is the short-circuit impedance (locked rotor, subtransient). This inductance does not provide signiÞcant
damping of resonance peaks; but it will shift the resonant frequency somewhat because it is essentially in parallel with
the source inductance. This is important if the resonance is close to a problem harmonic Ñ changes in the motor load
on the system can shift the resonance to the harmonic frequency. Motor load is particularly important on industrial
systems and on commercial and residential distribution systems with a high percentage of air conditioning load, in
which motor load is a signiÞcant portion of the total system load.

5.4 Typical System Characteristics

It is very difÞcult to develop any typical system frequency response characteristics because of the number of factors
affecting the response. However, it is worthwhile to look at some basic characteristics for different types of systems
and the causes of these characteristics. These basic characteristics, along with the calculating techniques described in
Section 8, can be used to determine whether or not more detailed analysis is required for a speciÞc system.

5.4.1 Distribution Systems

Distribution system frequency response characteristic are dominated by the interaction between shunt capacitance and
the system inductances (as shown in Fig 5-6). The damping provided by system loads is important. Besides capacitor
banks, the capacitance of insulated cables can inßuences system resonances.

Figure 5-6ÑTypical Distribution System Characteristic

Most severe resonant conditions occur when a single large capacitor bank is the primary means of shunt compensation
on the system (a large capacitor bank at the substation, for instance). In this case, there is one resonant point on the
system, and signiÞcant voltage distortion and magniÞcation of harmonic currents can occur if this resonance
corresponds to a harmonic current generated by nonlinear loads. It is quite common for this resonance to occur near
the Þfth harmonic, as is the case for the frequency response characteristics illustrated in Fig 5-5.

When a number of smaller capacitor banks are applied throughout the distribution system, there will be a number of
different resonant frequencies. If these capacitors are switched, the resonant characteristic of the system becomes more
difÞcult to determine. Each of the resonances generally will have magnitudes that are less than the magnitudes that
would be associated with one major resonance. Therefore, the effect of distributing the capacitors around the system
may reduce the potential for problems due to major resonance. The placement of a capacitor introduces an additional
parallel resonance that could interact with harmonic currents. The harmonic voltage distortion generally is worse when
capacitors are in service near the feeder extremities, resulting in a larger inductance from the line, which tunes the
resonances to lower frequencies and increases the distance the harmonic currents will ßow.

As mentioned previously, damping provided by loads is very important on distribution systems. This is often the factor
that prevents resonant conditions from causing signiÞcant harmonic problems. The resistive component of the load is
the most important factor.
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Balanced system analysis does not apply in many cases. However, it does provide useful information in cases with
large three-phase harmonic sources or in cases in which phase location of single-phase loads are not known. Any of the
following conditions can result in the need to analyze the distribution system response with a full three-phase
representation:

1) Large single-phase harmonic sources (nonlinear loads)
2) SigniÞcantly unbalanced load characteristics
3) Single-phase capacitor banks on the system

NOTE  Ñ  Unbalanced analysis requires that the (a-b-c) phase to which any single-phase loads and capacitors are connected be
known.

5.4.2 Industrial Systems

Industrial power systems resemble compact distribution system (see example in Fig 5-7), with a few very important
differences.

1) The frequency response usually is dominated by relatively large capacitor banks and the short-circuit
inductance. The associated resonance is often near lower order harmonics due to the power factor
characteristics of industrial loads. The line and cable impedances are often negligible.

2) The percentage of harmonic producing loads often is higher than for distribution systems. In fact, the major
loads may be nonlinear devices (e.g., rectiÞers, arc furnaces, adjustable-speed drives, etc.).

3) There often is very little resistive-type load to provide damping near the resonant frequency. This results in
more severe harmonic distortion if the resonance is near a generated harmonic. Motor loads are important in
that they shift the resonant frequencies.

4) Most industrial systems can be analyzed with a balanced representation. The loads generally are balanced
three-phase loads (including the harmonic sources), and three-phase capacitor banks are used.

Figure 5-7ÑTypical Industrial Power System

5.4.3 Transmission Systems

Transmission system frequency response characteristics are very complicated and are virtually impossible to
generalize. Unlike industrial system, the transmission system line and cable capacitances cannot be ignored in the
analysis. These capacitances are important and determine the system resonances. Long line hyperbolic equations must
be applied to the lines and cables to determine the correct representation at harmonic frequencies. Line transmission
must be taken into account.
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It is becoming more and more common to apply large capacitors at transmission voltage levels. These capacitor banks
have a dramatic effect on the frequency response characteristics. When they are switched, the resonant characteristics
of the system changes.

Transmission system harmonic analysis requires very extensive system representations because of the many paths
available for the harmonic currents to ßow. Analysis without a computer program is nearly impossible. Even with a
computer program, it is very difÞcult to predict system response because of changing system characteristics and the
unknowns in the model.

Figure 5-8ÑFifth Harmonic Current Flowing in a Transmission Network due to a 10 A Injection at 
Bus 7

One of the most important elements in the transmission system representation is the load model. (In terms of the
transmission system, the load is deÞned as not only including industrial plants connected to the transmission system,
but also including the utility distribution system. All of the various inductances and capacitances contribute to this load
model.) Because the correct load representation is not Þxed, the frequency response predictions for transmission
systems cannot be considered very accurate unless the model includes the distribution feeder level.

An example of predicted harmonic current ßows in a transmission system is provided in Fig. 5-8. This Þgure illustrates
the complexity of the current ßows, even for a very simple system.
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Simulations of transmission system frequency response characteristics should be used to provide a wide range of
possible system characteristics. Important parameters, such as load and capacitor banks, should be varied to determine
their effects. Also, a number of different system contingency conditions should be analyzed. With a lack of better
information, a worst-case analysis can be performed using this range of system characteristics. The range of
characteristics can also be used for Þlter design purposes, if harmonic levels are unacceptable. The large shunt
capacitance of the lines usually causes the characteristic system resonant frequency to be between the Þfth and the 13th
harmonic.

6. Effects of Harmonics

6.1 General

The degree to which harmonics can be tolerated is determined by the susceptibility of the load (or power source) to
them. The least susceptible type of equipment is that in which the main function is in heating, as in an oven or furnace.
In this case, the harmonic energy generally is utilized and hence is quite completely tolerable. The most susceptible
type of equipment is that whose design or constitution assumes a (nearly) perfect sinusoidal fundamental input. This
equipment is frequently in the categories of communication or data processing equipment. A type of load that normally
falls between these two extremes of susceptibility is the motor load. Most motor loads are relatively tolerant of
harmonics.

Even in the case of the least susceptible equipment, harmonics can be harmful. In the case of an oven, for example,
they can cause dielectric thermal or voltage stress, which causes premature aging of electrical insulation.

6.2 Motors and Generators

A major effect of harmonic voltages and currents in rotating machinery (induction and synchronous) is increased
heating due to iron and copper losses at the harmonic frequencies. The harmonic components thus affect the machine
efÞciency, and can also affect the torque developed. See [B32] and [B7].

Harmonic currents in a motor can give rise to a higher audible noise emission as compared with sinusoidal excitation.
The harmonics also produce a resultant ßux distribution in the air gap, which can cause or enhance phenomena called
cogging (refusal to start smoothly) or crawling (very high slip) in induction motors, see [B14].

Harmonic pairs, such as the Þfth and seventh harmonics, have the potential for creating mechanical oscillations in a
turbine-generator combination or in a motor-load system. The mechanical oscillations result when oscillating torques,
caused by interaction between harmonic currents and the fundamental frequency magnetic Þeld, excite a mechanical
resonant frequency. For instance, the Þfth and seventh harmonics can combine to produce a torsional stimulus on a
generator rotor at the sixth harmonic frequency. If the frequency of a mechanical resonance exists close to the
frequency of electrical stimulus, high-stress mechanical forces can be developed.

Table 6-1 deÞnes the characteristic harmonic orders derived from a six-pulse converter and implies the effect when
applied to the terminals of a rotating machine. Each harmonic voltage, the 5th, 7th, 11th, etc., will induce a
corresponding harmonic current in the stator of the machine. Each of these harmonics is a positive or negative
sequence symmetrical component of the total current. These currents will induce additional heating in the stator
windings, thus adding to the temperature rise caused by the fundamental current.
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Table  6-1ÑSix-Pulse Converter Harmonic

Another generally greater concern is the ßow of harmonic currents in the rotor, see [B7]. The ßow of each current in
the stator will produce a magnetomotive force in the air gap that will induce current ßow in the rotor of the machine.
Just as each characteristic harmonic can be deÞned as being a positive or negative sequence, the rotation of that
harmonic will be either forward or backward with respect to rotor rotation. The Þfth harmonic will rotate in a
backward direction (negative sequence), so a harmonic current will be induced in the rotor with a frequency
corresponding to the net rotational difference between the fundamental air gap frequency and the Þfth, i.e., the Þfth
plus one, or the sixth harmonic. Since the seventh harmonic will rotate in a forward direction (positive sequence), a
harmonic current will be induced in the rotor with a frequency corresponding to the net rotational difference between
the seventh and the fundamental air gap frequency, i.e., the seventh minus one, or the sixth harmonic. Thus, from a
rotor heating standpoint, the Þfth and the seventh harmonics in the stator combine to produce a sixth harmonic current
in the rotor. The 11th and the 13th harmonics act in the same manner to produce the 12th harmonic current in the rotor,
and so on with higher order harmonic pairs. There are two major concerns with these rotor harmonics:

1) Resultant rotor heating
2) Pulsating or reduced torques

The amount of rotor heating that can be tolerated, as well as the amount that is incurred in a given case, depends on the
type of rotor involved. Wound-rotor machinery is more likely to be more seriously affected than squirrel-cage rotor
machinery, and deep bar squirrel-cage rotors are more affected than ordinary squirrel cages, see [B7] and [B25].
Winding losses generally are of more concern than iron losses. The sum effect of the harmonics is a reduction in
efÞciency and life of the machinery. Neither reduction is pronounced for normally encountered harmonic content, but
the harmonic heating typically reduces performance to 90-95% of that which would be experienced with pure
fundamental sine waves applied, see [B7] and [B12].

ÒNormally encountered harmonic content,Ó as used in the previous statement, refers to the values cited in Table 11-1.
These statements apply to application of motors on distribution systems having allowable harmonic content. They
speciÞcally do not apply to the rating of a motor that is to be driven by an adjustable-frequency inverter, for instance.
Cummings [B7] concludes that a typical 1.0 service factor induction motor would suffer less under the conditions of
Table 11-1 than it would while running at rated load with supply voltage increased (or decreased) by 10%. Cummings,
see [B7], provides a detailed method of estimating harmonic loses and heating in cases in which more precise
information is required.

Harmonic 
Order

Frequency 
Hz

Sequence 
Network

Stator 
Harmonic

Harmonic 
Rotation

Rotor 
Harmonic

1 60 + 1 Forward Ñ

5 300 - 5 Backward 6

7 420 + 7 Forward 6

11 660 - 11 Backward 12

13 780 + 13 Forward 12

17 1020 - 17 Backward 18

19 1140 + 19 Forward 18

23 1380 - 23 Backward 24

25 1500 + 25 Forward 24
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As noted above, the harmonics can also cause a pulsating torque output. This can affect product quality where motor
loads are sensitive to such variations, e.g., in some synthetic Þber spinning or some metal working applications. In
cases in which substantial inertia is coupled to the rotor shaft, e,g., in a motor-generator or engine-generator, the
electrical harmonics can excite a mechanical resonance. The resulting mechanical oscillations can cause shaft fatigue
and accelerated aging of the shaft and connected mechanical parts.

6.3 Transformers

With the exception that harmonics applied to transformers may result in increased audible noise, the effects on these
components usually are those arising from parasitic heating.

The effect of harmonics on transformers is twofold: current harmonics cause an increase in copper losses and stray ßux
losses, and voltage harmonics cause an increase in iron losses. The overall effect is an increase in the transformer
heating, as compared to purely sinusoidal (fundamental) operation.

IEEE C57.12.00-1987 [2] proposes a limit on the harmonics in transformer current. The upper limit of the current
distortion factor is 5% at rated current. The recommended practice also gives the maximum rms overvoltages that the
transformer should be able to withstand in the steady state: 5% at rated load and 10% at no load. The harmonic currents
in the applied voltage must not result in a total rms voltage exceeding these ratings.

It should be noted that the transformer losses caused by both harmonic voltages and harmonic currents are frequency
dependent. The losses increase with increasing frequency and, therefore, higher frequency harmonic components can
be more important than lower frequency components in causing transformer heating. As discussed in Section 4, in
general, the higher frequency harmonics occur with diminished amplitude, which tends to cancel their greater effect.
However, as also noted in Section 4, a given actual situation may exhibit unexpectedly high amplitudes for certain
higher frequencies. IEEE C57.110-1986 [3] furnishes further guidelines relative to expected effects.

Transformer losses may be segregated into load losses and no load losses. Load loss may be further divided by I2R
(winding losses) and stray losses. Stray losses are of special importance when evaluating the added heating due to the
effect of a nonsinusoidal current waveform.

Stray losses are eddy-current losses due to stray electromagnetic ßux in the windings, core, core clamps, magnetic
shields, tank wall, and other structural parts of the transformer. The winding stray loss includes winding conductor
strand eddy-current loss and the loss due to circulating currents between strands or parallel winding circuits. This loss
will rise in proportion to the square of the load current and the square of frequency. The temperature will also rise in
the structural parts because of eddy currents, again approximately as the square of the load current and the square of
the frequency.

IEEE C57.110-1986 [3] provides a calculation procedure to obtain the eddy-current loss for a given transformer.

6.4 Power Cables

Cables involved in system resonance, as described in 5.1.2, may be subjected to voltage stress and corona, which can
lead to dielectric (insulation) failure. Cables that are subjected to ÒordinaryÓ levels of harmonic current are prone to
heating.

The ßow of nonsinusoidal current in a conductor will cause additional heating over and above what would be expected
for the rms value of the wave form. This is due to two phenomena known as Òskin effectÓ and Òproximity effect,Ó both
of which vary as a function of frequency as well as conductor size and spacing. As a result of these two effects, the
effective ac resistance, RAC, is raised above the dc resistance, RDC, especially for larger conductors. When a current
waveform that is rich in high-frequency harmonics is ßowing in a cable, the equivalent RAC for the cable is raised even
higher, amplifying the I2RAC loss.
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Typical capacity derating curves have been plotted for a number of cable sizes, as shown in Fig 6-1 for a six-pulse
harmonic distribution. See [B25].

It can be seen from Fig 6-1 that the effect of harmonic heating in cables normally is not a matter of great concern.
Prudent design should, however, provide the required derating.

6.5 Capacitors

A major concern arising from the use of capacitors in a power system is the possibility of system resonance. This effect
(considered in detail in 5.1) imposes voltages and currents that are considered higher than would be the case without
resonance.

The reactance of a capacitor bank decreases with frequency, and the bank, therefore, acts as a sink for higher harmonic
currents. This effect increases the heating and dielectric stresses. Frequent switching of nonlinear magnetic
components (e.g., iron core), such as transformers and reactors, can produce harmonic currents that will add to the
loading of capacitors.

IEEE Std 18-1992 [4] gives limitations on voltage, current, and reactive power for capacitor banks. These can be used
to determine the maximum allowable harmonic levels.

The result of the increased heating and voltage stress brought about by harmonics is a shortened capacitor life.

Although the previous discussion is intended to describe effects in power distribution apparatus such as power factor
improvement or harmonic Þlter capacitors, it should be noted that other capacitors can be affected as well. For
instance, the capacitors used in capacitor-run single-phase motors, or those used in rectiÞer snubber circuits, will be
subject to similar thermal and voltage stresses.
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Figure 6-1ÑCable Derating vs. Harmonics With Six-Pulse Harmonic Current Distribution (See [B25])

6.6 Electronic Equipment

Power electronic equipment is susceptible to misoperation caused by harmonic distortion. This equipment is often
dependent upon accurate determination of voltage zero crossings or other aspects of the voltage wave shape. Harmonic
distortion can result in a shifting of the voltage zero crossing or the point at which one phase-to-phase voltage becomes
greater than another phase-to-phase voltage. These are both critical points for many types of electronic circuit controls,
and misoperation can result from these shifts.

Other types of electronic equipment can be affected by transmission of ac supply harmonics through the equipment
power supply or by magnetic coupling of harmonics into equipment components. Computers and allied equipment
such as programmable controllers frequently require ac sources that have no more than a 5% harmonic voltage
distortion factor, with the largest single harmonic being no more than 3% of the fundamental voltage. Higher levels of
harmonics result in erratic, sometimes subtle, malfunctions of the equipment that can, in some cases, have serious
consequences. Instruments can be affected similarly, giving erroneous data or otherwise performing unpredictably.
Perhaps the most serious of these are malfunctions in medical instruments. Consequently, many medical instruments
are provided with line-conditioned power. Less dramatic interference effects of harmonics can occasionally be
observed in radio and television equipment, as well as in video recorders and audio reproduction systems.

Since most electronic equipment is located at a low voltage level of its associated power distribution system, it is
frequently exposed to the effects of voltage notching (see 8.5). Voltage notches frequently introduce frequencies, both
harmonic and nonharmonic, that are much higher than normally exhibited in 5 kV and higher voltage distribution
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systems. These frequencies can be in the radio frequency (RF) range, and, as such, can introduce harmful effects
associated with spurious RF. These effects usually are those of signal interference introduced into logic or
communication circuits. Occasionally, the notching effect is of sufÞcient power to overload electromagnetic
interference (EMI) Þlters and similar high-frequency sensitive capacitive circuits.

6.7 Metering

Metering and instrumentation are affected by harmonic components, particularly if resonant conditions exist that
result in high harmonic voltages and currents on the circuits. Induction disk devices, such as watthour meters,
normally see only fundamental current; however, phase imbalance caused by harmonic distortion can cause erroneous
operation of these devices. Studies, see [B3], [B9], and [B10], have shown that both positive and negative errors are
possible with harmonic distortion present, depending on the type of meter under consideration and the harmonics
involved. In general, the distortion factor must be severe (>20%) before signiÞcant errors are detected. 60 Hz
instrument transformers, used in both metering and relaying, are not affected by harmonic levels normally
encountered, see [B8].

6.8 Switchgear and Relaying

As with other types of equipment, harmonic currents can increase heating and losses in switchgear, thereby reducing
steady-state current carrying capability and shortening the life of some insulating components.

Fuses suffer a derating because of the heat generated by harmonics during ÒnormalÓ operation.

There are currently no standards for the level of harmonic currents that switching devices or fuses are required to
interrupt or to carry. All tests are performed at rated supply frequency.

The Power System Relay Committee of the IEEE Power Engineering Society has prepared a report entitled ÒSine
Wave Distortions on Power Systems and the Impact on Protective RelayingÓ [B27]. This report covers most types of
distortion that occur in power systems and discusses their impact on protective relay operation. The report makes clear
the impossibility of completely deÞning relay responses because of the variety of relays in use and the variations in the
nature of the distortions that can occur, even if the discussion is limited to the characteristic harmonics of six-pulse or
12-pulse converters. Not only can the harmonic magnitudes and predominant harmonic orders vary, but relative phase
angles can also vary. Two wave shapes with the same characteristic harmonic magnitudes can differ substantially if
their harmonics have different phase angles relative to the fundamental. A relay can respond differently to each wave
shape even though each contains the same harmonic magnitudes. The relay committee report states:

ÒProtective relays generally do not respond to any one identiÞable parameter such as the rms value of a primary
quantity or the fundamental frequency component of that quantity. As a related consideration, the performance of a
relay to a range of single frequency inputs is not an indication of how that relay will respond to a distorted wave
containing those frequencies. Superposition does not apply. Multi-input relays may be more unpredictable than single
input relays in the presence of wave distortion. Relay response under distorted conditions may vary among relays
having the same nominal fundamental frequency characteristics, not only among different relay manufacturers, but
also among different vintages of relays from the same manufacturer.Ó

A Canadian study documents the effects of harmonics on relay operation as follows (see [B16])8:

1) Relays exhibit a tendency to operate slower and/or with higher pickup values, rather than operate faster and/
or with lower pickup values.

2) Static underfrequency relays are susceptible to substantial changes in operating characteristics.
3) In most cases, the changes in operating characteristics are relatively small over the moderate range of

distortion expected during normal operation (e.g., 5% harmonic factor).

8Reprinted with permission from the Canadian Electric Association.
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4) For different manufacturers, overvoltage and overcurrent relays exhibit different changes in operating
characteristics.

5) Depending on harmonic content, operating torques of relays are sometimes reversed.
6) Balanced beam impedance relays show both overreach and underreach, depending on the distortion.
7) Harmonics sometimes impair the high-speed operation of differential relays. Some tests demonstrate that the

relays could exhibit complete restraint.

In general, harmonic levels required to cause misoperation of relays are greater than the levels recommended in
Section 11. Distortion factors of 10Ð20% generally are required to cause problems in relay operation.

First or second generation solid-state tripping devices on low-voltage circuit breakers have responded to peak currents.
Since about 1978, these devices have been responding to rms current values. Earlier models may cause nuisance
tripping in circuits carrying harmonic currents.

6.9 Telephone Interference

The presence of harmonic currents or voltages in circuitry associated with power conversion apparatus can produce
magnetic and electric Þelds that will impair the satisfactory performance of communication systems that, by virtue of
their proximity and susceptibility, can be disturbed. For a given physical arrangement, it is apparent that the
disturbance is a function of both the amplitude and the frequency of the disturbing component in the conversion
apparatus.

The study of means for minimizing the interference that power systems might cause in communication systems is a
proper subject of inductive coordination, which had been actively pursued by the Joint Subcommittee for Development
and Research of the Edison Electric Institute and The Bell Telephone System. Since a primary source of interference
is the presence of harmonic currents or voltages in the power system, a task force of the above joint subcommittee has
revised the weighting factors to be placed upon the harmonic frequency components to bring them up-to-date with the
improved state of the communication systems in 1960, following the introduction of the 500-type telephone set. By
subjective and objective listening tests on a group of individuals, relative weights were established for the various
harmonic frequencies that indicate the disturbance to voice frequency communication that the injection of a signal of
the harmonic frequency into the communication network will produce relative to that which would be produced by a
1000 Hz signal similarly injected.

6.9.1 TIF Weighting Factor

The TIF weighting is a combination of the C message weighting characteristic, which accounts for the relative
interfering effect of various frequencies in the voice band (including the response of the telephone set and the ear), and
a capacitor, which provides weighting that is directly proportional to frequency to account for the assumed coupling
function. TIF is a dimensionless quantity that is indicative of the waveform and not the amplitude and is given by

( 6-1)

or, equivalently,

( 6-2)

where

Xt = total rms voltage or current
Xf = single frequency rms current or voltage at frequency f
Wf = single frequency TIF weighting at frequency f

TIF
I f W f×( )2å
Xt

-------------------------------------=

TIF
X f W f×( )

Xt
------------------------å

2
=
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The TIF weighting function, Wf, which reßects the present C message weighting and the coupling (proportionality
component) normalized to 1 kHz, is given by

( 6-3)

where

5 = constant
Pf = C message weighting at frequency f
f = frequency under consideration

As an example, the TIF wieghting at 1 kHz is 5000 because the C message attenuation is unity, that is

( 6-4)

In practice, telephone interference is often expressed as a product of the current and the TIF, i.e., the IáT product, where
the I is rms current in amperes and T is TIF. Alternatively, it is sometimes expressed as a product of the voltage and the
TIF weighting, where the voltage is in rms kV, i.e., the kVáT product. The single frequency TIF values are listed in
Table 6-2. The curve of Fig 6-2 plots the values.

W f 5P f f=

W f 5( ) 1( ) 1000( ) 5000= =
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Table  6-2Ñ1960 Single Frequency TIF Values

Figure 6-2Ñ1960 TIF Weighting Values

6.9.2 Methods of Reducing Interference

Where the power conversion equipment is directly connected to a utility system, most of the interference will result
from harmonic current and voltage disturbances that are placed upon the utility network by the converter. This is due
to the proximity and greater exposure that the communication circuits will have to this network. Other exposures to the
converter interference are more closely contained within the industrial complex, and their interfering effects can be
held to negligible levels by suitable placement and shielding of the wiring. The disturbance to the communications
system can be reduced by the following means.

FREQ TIF FREQ TIF FREQ TIF FREQ TIF

60 0.5 1020 5100 1860 7820 3000 9670

180 30 1080 5400 1980 8330 3180 8740

300 225 1140 5630 2100 8830 3300 8090

360 400 1260 6050 2160 9080 3540 6730

420 650 1380 6370 2220 9330 3660 6130

540 1320 1440 6560 2340 9840 3900 4400

660 2260 1500 6680 2460 10340 4020 3700

720 2760 1620 6970 2580 10600 4260 2750

780 3360 1740 7320 2820 10210 4380 2190

900 4350 1800 7570 2940 9820 5000 840

1000 5000
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6.9.2.1 Multiphasing of the Conversion Equipment

Increasing the number of phases or pulse number of the conversion system generally will reduce certain harmonic
components in the leads to the converter.

6.9.2.2 Residual or Ground Return Currents

Telephone circuits are particularly susceptible to the inßuence of ground return currents. Special care should be
exercised in holding these to an absolute minimum. As long as both conductors of a telephone circuit have equal
exposure to a balanced three-phase power circuit, as is the case with twisted pairs, the induced harmonic voltages and
currents cancel.

6.9.2.3 Commutation Effects

Presence of reactance in the utility source and reactance in the converter transformers, both of which can contribute to
the commutating reactance of the converter, will cause the Iá T product and the kVáT product at the line terminals of the
converter to increase rapidly with the angle of phase retard. To minimize the inductive inßuence, it is desirable, where
practicable, to maintain the angle of phase retard of commutation in the converter as small as possible.

6.9.2.4 Filtering

The inßuence of currents and voltages in the utility system caused by harmonic components in the converter can be
reduced by a judicious choice of series and shunt reactive Þlters placed at the connecting interface between the two
systems.

Extreme care and caution must be exercised in the application of such Þlters to avoid possible resonant conditions
resulting from unexpected harmonics that might appear at some future time in the utility system, thereby causing
catastrophic damage.

6.10 Static Power Converters

Static power conversion devices generally are perpetrators in that they generate harmonics as a necessary concomitant
of their function (see Section 4). In some situations, the converters can themselves be affected by harmonics, either
self-generated or (more frequently) generated by another source of harmonics. Often, the other source of harmonics is
a similar or identical converter that has been paralleled on the ac supply.

Converters exist in a number of functional and topological forms. (See Section 2 for deÞnition of the converter as used
in this document.) Some of these forms are relatively insensitive to harmonics. The diode rectiÞer normally is not
affected. However, if it uses capacitors in a voltage sharing network (e.g., diodes in series in a high-voltage rectiÞer),
those capacitors may be subjected to thermal stresses beyond those contemplated in design because of the high
currents impressed on them by harmonics in the ac supply. These harmonics will also be passed to the rectiÞer load,
which may harm or disturb the dc side process equipment.

The difÞculties encountered by diode rectiÞers can be encountered by other types of converters such as thyristors or
inverters. The latter have several additional sensitive areas. They usually have additional capacitive circuits such as
snubbers, EMI Þlters, and power-supply Þlters, which are subject to thermal stress from harmonic currents. Most
converters rely on various characteristics of the ac supply voltage (e.g., zero crossing times) for their control. If the
incoming ac supply is severely distorted by harmonics, the converters may misÞre, fail to commutate, or generate
uncharacteristic harmonics. The converter control circuits also frequently include elements such as ßip-ßops, which
are sensitive to high-frequency harmonic phenomena (e.g., glitches derived from notching that are capacitively
coupled into the logic circuits). Thus, the controls can receive false stimulation, thereby causing a functional failure or,
in some cases, component destruction.
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7. Reactive Power Compensation and Harmonic Control

7.1 Converter Power Factor

The power factor of a converter is made up of two components: displacement and distortion. The effect of the two are
combined into the total power factor. Their relationship is shown in Fig 7-1.

Figure 7-1ÑRelationship Between Distortion, Displacement, and Total Power Factor Components

The displacement component is the ratio of the active power of the fundamental wave, in watts, to the apparent power
of the fundamental wave, in voltamperes. This is the power factor as seen by watthour and varhour meters.

The distortion component is that part associated with the harmonic voltages and currents present. It is deÞned as the
ratio of the fundamental component of the ac line current to the total line current (I1/IL).

The maximum theoretical power factor of a converter is given by the expression

( 7-1)

where

q = number of converter pulses
(p/q) = angle in radians
q ¹ 1

Total PF
q
p
---sin

p
q
---è ø

æ ö=
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This expression assumes no commutation overlap and no phase retard and neglects transformer magnetizing current.
For a six-pulse converter, this expression reduces to

( 7-2)

A 12-pulse converter has a theoretical maximum value of approximately 0.988. With commutation overlap and phase
retard, the equation becomes

( 7-3)

where

EÕd = Ed + Er + Ef
Ed = average direct voltage under load
Er = resistance drop
Ef =total forward drop per circuit element
Id =dc load current supplied by the converter, in average amperes
EL =primary line-to-line rms voltage
IL =ac primary line current, in rms amperes
a =phase retard angle
m =angle of overlap or commutation angle
Edo =theoretical dc voltage
Ex =direct voltage drop due to commutation reactance

and

( 7-4)

Displacement power factor is the power factor that is measured by metering equipment, and is the one on which utility
billing is based. Assuming no phase retard and neglecting transformer magnetizing current, displacement power factor
is given by the expression

( 7-5)

Fig 7-2 shows the relationship between displacement power factor and system reactance. This relationship neglects
transformer magnetizing current. Transformer magnetizing current (Imag) correction is approximately

( 7-6)

where

cosf1 = displacement power factor, not including transformer magnetizing current

Fig 7-3 shows the total power factor of six-pulse and 12-pulse converters with no phase retard and various values of
transformer magnetizing current.
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Figure 7-2ÑDetermination of Displacement Power Factor (Neglecting Transformer Exciting 
Current)

Line-commutated static power converters need a supply of reactive power whether they are rectifying or inverting. In
either case, the thyristor can only turn the current on after the voltage has become more positive than the previous
phase voltage. The closer the operation is to zero volts dc (see Fig 7-4), the more reactive power is required with the
same output current. The reactive power requirement of commonly used converter circuits is a function of load and
output voltage and may be calculated.

It is possible to reduce reactive power requirements of line-commutated static power converters by

1) Limiting the amount of phase control required during normal operation (limit a)
2) Lower reactance of converter transformers (limit m)
3) Asymmetrical or sequential control of converters (limit a)

7.1.1 Limiting Phase Control

Static power converters usually are designed to operate from a power system whose voltage range is from +10% to -
5% of nominal voltage. If the converter is to invert, it usually is designed to operate with a ±10% voltage. This means
that the power system voltage can vary over ±10% and still have satisfactory operation of the converter. If some other
means of voltage control is used to maintain the power system voltage in a narrower range, the secondary voltage of
the converter transformer can be chosen so that, during normal operation, the converter is operated more nearly fully
phased on (less retard).

If the load that the converter is feeding requires a wide range of voltage, voltage control from transformer taps can be
used to limit the amount of phase control used by the converter.
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Figure 7-3ÑTotal Power Factor of Six-Pulse and 12-Pulse Converters, a = 0

7.1.2 Lower Reactance Transformer

Reactive power is required to excite the magnetizing and leakage reactances of transformers. Reducing magnetizing
current and leakage reactance reduces reactive power and commutation angle. However, reduced leakage reactance
may introduce circuit protection hazards.

7.1.3 Asymmetrical or Sequential Control

By designing a static power converter to operate with two converter sections in series, it is possible to operate one
section fully phased on and the second section adding or subtracting from the voltage of the Þrst section. Because a
smaller part of the total static converter is operating with phase control, a smaller amount of reactive power is required.
Fig 7-4 shows the reactive requirement of a single converter (solid line) and two converters in series (dashed line).

7.1.4 Other Considerations

The ability to reduce the reactive power requirements of a static power converter is sometimes limited by the number
of units involved and the economics of using any of the above methods. Voltage control by means of a regulating
transformer can reduce the amount of voltage control required by phase retard in the converter. A lower reactance
converter transformer may result in unacceptable short-circuit currents in the converter. Asymmetrical or sequential
control may be economical if the application requires large enough converters so that two converter sections are
needed.
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7.2 Reactive Power Compensation

Electric utility rate structures are made up of two main components: demand charge and energy charge. The Þrst is a
result of the investment in equipment to furnish that amount of total power to the customer. The second is the result of
fuel that must be expended to generate the energy used.

Figure 7-4ÑReactive Power vs. DC Volts of Converter

The total load (kVA) is made up of two components in quadrature: active power (kW) and reactive power (kvar), see
Fig 7-5. If the kVA can be reduced by furnishing reactive power locally, the demand charge can be minimized.

Figure 7-5ÑRelationship Between kW and kvar

Reactive power sources are

1) Static power capacitors
2) Synchronous machines
3) Forced-commutated static power converters

7.2.1 Reactive Power Compensation Using Static Power Capacitors

Power capacitors are an inexpensive source of reactive power. They provide vars that are proportional to the square of
the applied voltage. These vars cause a voltage rise through the inductive reactance of the power system, which raises
the operating voltage level. Capacitors must be switched in order to control voltages and provide variable reactive
power.

Four methods of controlling vars using capacitors, in the order of complexity, are

1) Switching by power circuit breakers, circuit switchers, or vacuum switches
2) Back-to-back phase control thyristor switching of a reactor in parallel with the capacitor bank
3) Back-to-back thyristor switching of capacitors that will turn on or off at current zero
4) Saturable reactor in parallel with capacitor bank
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7.2.1.1 Switching Power Capacitors by Circuit Breakers, Circuit Switchers, or Vacuum Switches

For controlling reactive power on a continuous basis, switching power capacitors by circuit breakers, circuit switchers,
or vacuum switches requires a switching device that can be operated frequently and can interrupt at current zero with
a high voltage across the contacts without reignition. Because of these requirements, this method is used only for
switching larger banks once or twice a day, when the demand changes from normal to light load conditions. The
switching device has the special requirement of being able to interrupt a current that leads the voltage by 90°. Where
these limitations are not an operating disadvantage, this method of controlling vars is most economical. See Fig 7-6.

Figure 7-6ÑCapacitors Switched in Binary Values

7.2.1.2 Back-to-Back Phase Control of a Thyristor-Controlled Reactor (Inductor) (TCR)

Back-to-back phase control of a thyristor-controlled reactor in parallel with capacitors has the advantage of smooth var
control over the operating range of the equipment. By switching the current to the reactor, the problems related to
capacitor switching are avoided. Thyristor controlling of a balanced three-phase load causes Þfth, seventh, etc.,
harmonic currents. Therefore, the capacitors may be divided into two or more sections with tuning reactors to Þlter
these harmonics. The reactor var rating is normally equal to the capacitor rating to obtain full control. More capacitors
can be supplied if a bias of vars is needed on the system. See Fig 7-7.

7.2.1.3 Back-to-Back Thyristor Switching of Capacitors (TSC) at Current Zero

Back-to-back thyristor switching of capacitors at zero current leaves the capacitor charged with either a positive or a
negative full charge on the capacitor. The thyristorÕs Þne control allows the switching on of the capacitor when the
system voltage equals the charged capacitor voltage. This eliminates any transients on the system. The capacitors are
switched in Þnite steps as reactive power is needed. The switched capacitors can be tuned with a reactor to Þlter
harmonics on the system. This system can also be used with a Þxed bias of capacitors to provide base vars with the
switched capacitors to be used for variable vars. A combination of thyristor-switched capacitors and a thyristor-
controlled reactor can be used to get vernier control between the steps of the TSC. See Fig 7-8.

7.2.1.4 Saturable Reactor in Parallel With a Capacitor Bank

A saturable reactor in parallel with a capacitor bank provides a variable var supply that requires no external control
circuitry. This system consists of a self-saturating reactor in parallel with a capacitor bank that can be arranged into
tuned series circuits. The self-saturating reactor draws heavy currents at overvoltages so that the voltage drop through
the system reactance counteracts the voltage rise at the load. As the system voltage decreases, the reactor draws less
current and the paralleled capacitors furnish the vars needed at the load. The harmonics generated by iron saturation
are somewhat compensated by the winding conÞguration; however, the paralleled capacitor usually is furnished with
series tuned circuits to the major harmonics: Þfth, seventh, etc. See Fig 7-9.
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Figure 7-7ÑStatic VAR Compensator Using a Thyristor-Controlled Reactor

Figure 7-8ÑThyristor-Switched Capacitor

Figure 7-9ÑReactive Power Compensation Using Saturable Reactor

7.2.2 Reactive Power Compensation Using Rotating Machinery

Synchronous machines can be made to operate with either a leading or lagging power factor by controlling the Þeld
excitation. This property can be used to provide reactive power compensation on a dynamic basis with the appropriate
control strategy.
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A synchronous machine is referred to as a synchronous condenser when it is dedicated solely to reactive power
compensation. It has no mechanical load, and all machine capacity is available as reactive power. A synchronous
condenser often is used with a Þxed capacitor bank equal to the machine vars. This will allow a total range of operation
from zero to twice the machine rating for vars with proper adjustment of the Þeld excitation.

A synchronous motor can be sized to provide vars. When the system includes synchronous motors, consideration
should be given to this possibility because the incremental cost of providing leading vars can be quite attractive.
Furthermore, with proper control strategy, the vars can be adjusted to the system requirements (power factor
regulator).

When synchronous machines are used to provide power factor compensation, the following technical areas of interest
should be considered:

1) Time proÞle of the var and kW demand on the bus to be protected
2) Allowable voltage deviation on this bus (transient and steady state)
3) Time proÞle of the vars the synchronous machine must provide in order to maintain the voltage deviations

limits
NOTE  Ñ  The synchronous machine, by virtue of its stored magnetic energy, will be able to provide instantaneous

compensation of a voltage disturbance. The Þeld must be adjusted to provide complete compensation. The
time required can be reduced by Þeld forcing with a static power converter Þeld exciter.

4) Compatibility with static power converters in such areas as
a) Voltage imbalance sensitivity
b) AC line harmonic heating
c) Bearing currents

5) Control limits that will avoid
a) Exceeding machine pullout torque capability
b) Exceeding machine thermal limit

7.2.3 Reactive Power Compensation Using Self-Commutated Converters

The technique of forcing commutation to a different phase before the voltage has become more positive produces
leading vars. An example of this type of converter is an inverter using a fuel cell or battery as an energy source.

Self-commutated converters incorporate their own means of commutation and can commutate independently of the
line voltage. These systems are voltage sources rather than current sources, as in line-commutated conversion. The
self-commutated converter functions nearly the same as a conventional utility generator; that is, a voltage source
behind an impedance. The converters have essentially no inductance on the dc side, but do require additional
inductance on the ac side. Reactive compensation is not required.

Harmonic voltage generation can be controlled by the use of a number of different cancellation techniques, such as
pulse multiplication and step wave, that cancel the lower order harmonic pairs. Treatment of the remaining harmonics
is quite different with the forced commutated converter. The inductance on the ac side of forced commutated
converters offers a high impedance to the passage of the higher harmonic currents. In cases in which the ac system is
stiff relative to the ac side reactance, no control of harmonic voltages at the ac bus is required. A small, high-pass shunt
Þlter or a small capacitor bank sufÞces with 18-pulse or 24-pulse conÞgurations because the ac side inductance
restricts harmonic current ßow.
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7.3 Control of Harmonic Currents

The diagram of Fig 7-10 shows a converter supplied from power source, G, over a three-phase line, L1. The reactance
of the source, XG + XT2, and the line, L1, are in series with the converter transformer reactance, Xt. If a harmonic
current, Ih, ßows between the converter and the source, there will be harmonic voltage Eh = Ih Xh at location A. (Xh is
the reactance of the source at the harmonic frequency, h.) When there is an extension, L2, for supplying other loads, the
harmonic voltage at A will cause a harmonic current to ßow over that line as well, although the power to the rectiÞer
is supplied only over line L1. The higher the value of Xh, the greater will be the harmonic voltage at A and the higher
the magnitude of the harmonic currents ßowing over line L2. Actually, the harmonic currents from a converter can ßow
into any part of an ac system to which it is connected, as determined by the impedances of the various branches of the
system at the harmonic frequencies. The harmonic voltages and currents can be calculated.

Harmonic current can be controlled by several techniques. These include

1) Shunt Þlters
2) Phase multiplication
3) Harmonic compensation or injection

7.3.1 Shunt Filters

Shunt Þlters for reduction of harmonic currents ßowing into an ac power system consist of one or more tuned circuits
consisting of series L-C circuits. The Þlter commonly used on HVDC transmission consists of individual circuits tuned
for the 5th, 7th, 11th, and 13th harmonics plus a high-pass Þlter tuned near the 17th harmonic. Filters in industrial
systems can be simpler because the Þlter size compared to the system capacity is large. Filters are usually sized to
provide vars for power factor improvement as well as for Þltering the harmonic currents. As a result, the size of the
Þlter is large enough to control the ßow of not only the harmonic to which it is tuned, but also the higher order
harmonics. The impedance of the Þlter with respect to the power system is low. In low-voltage systems, the X/R ratio
is small; therefore, a single Þlter sufÞces because of the additional damping. The damping factor is greater with a small
X/R ratio.

7.3.1.1 Shunt Filter Design

Shunt Þlters are made up of two components, the capacitor and the inductor. The capacitor must be capable of
withstanding the arithmetic sum of the peak voltage of the fundamental and harmonic voltage drop across the
capacitor. The current as seen by the Þlter is the voltage impressed on the Þlter divided by the total reactance of the
tuning inductor and the capacitor. Since the total reactance is less than the capacitive reactance (the inductive reactance
has an opposite sign to the capacitive reactance so that the total is the difference of the two values), the fundamental
current into the Þlter will be larger than into the capacitor without the tuning reactor. The harmonic voltage across the
capacitor is the voltage, due to the harmonic current, to which the Þlter is tuned that is available from the system times
the reactance of the capacitor at the tuned frequency.
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Figure 7-10ÑPower System Showing Harmonic Current and Voltage Influences

The reactor must be able to withstand the rms current going into the Þlter. This includes not only the harmonic current
to which the Þlter is tuned, but any other harmonic currents that might be present as well as the fundamental current.

7.3.2 Phase Multiplication

Single-phase converters are used commonly for small loads. For lowest initial cost, a half-wave circuit may be used
where current requirements are small. Half-wave rectiÞcation produces even harmonics that have a dc component that
saturates transformers. These are to be avoided. Full-wave rectiÞcation should be used.

The basic polyphase converter is a six-pulse unit. Theoretically, a 12-pulse unit will eliminate the 5th, 7th, 17th, 19th,
etc., harmonic frequencies. Further phase multiplication will reduce other harmonic currents. For example, a 24-pulse
circuit is usually constructed with four six-pulse bridges, each of which is phase shifted 15° from the other rectiÞer
units by a separate phase-shifting transformer or by additional coils in the primary windings connected in zigzag or
hexagon, see Fig 7-11. If one six-pulse unit is out of service, the harmonic current equivalent to that unit will be
present. Large installations may require the addition of shunt Þlters to minimize harmonic currents. Phase
multiplication is most effective for an installation in which equal size converters with equal loading and phase retard
are used.
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Figure 7-11ÑTransformer Connections for a 24-Pulse System

7.3.3 Harmonic Injection

Harmonic currents can be eliminated by inducing harmonic ßuxes in the core of a transformer with a 180° phase shift
from the harmonic ßuxes induced by the current ßowing in the transformer secondary.

Adaptive compensators are still in the experimental stage. These devices are designed to constantly monitor the load
current and inject a current equal and opposite to the distortion component and, thus, cancel it.

8. Analysis Methods

Calculation of system harmonic levels resulting from harmonic sources on the system requires a knowledge of the
harmonic source characteristics and a representation of the system frequency response characteristics. Both of these
aspects of the analysis are discussed in the following subsections.

8.1 Harmonic Current Calculations

Most harmonic sources can be represented as ideal current sources for analysis purposes. That is, for analysis at each
harmonic frequency, the nonlinear device can be replaced with a current source as indicated in Fig 8-1. The assumption
that permits this representation is that the system voltage is not distorted. For most nonlinear devices, the
representation is quite accurate up to harmonic voltage distortion levels of at least 10%.
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Figure 8-1ÑModeling Nonlinear Loads by Current Sources

The speciÞc characteristics for different types of nonlinear devices were discussed in Section 4. Basically, these
devices fall into three general categories:

1) Power electronic type devices (converters, etc.)
2) Arcing type devices (arc furnaces, ßuorescent lights)
3) Ferromagnetic devices (transformers)

For power electronic type devices, the harmonic generating characteristics can often be determined analytically. For
arcing devices and transformers, it is usually necessary to use typical characteristics, unless better information is
available.

8.2 System Frequency Response Calculations

Once the harmonic source characteristics are determined, the response of the system to these sources should be
calculated. Important elements of the model used to perform these calculations include the following:

1) System short-circuit equivalent impedance
2) Capacitor banks
3) Characteristics of lines and cables on the system
4) Load characteristics

The system analysis can be performed using relatively simple hand calculations for some industrial circuits and simple
distribution systems. However, most systems require some type of computer simulation program that can represent the
system at multiple frequencies for analysis.
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8.2.1 Simple Calculations

Manual calculations are limited to problems that can be simpliÞed to the circuit shown in Fig 8-2. This circuit is
adequate for analyzing many industrial circuits and some distribution circuits where capacitors are applied at the
substation.

Figure 8-2ÑSimple Circuit for Hand Calculations

The most important calculation for this circuit is the resonant frequency. This is given by

( 8-1)

where

hr is the resonant frequency as a multiple of the fundamental frequency
MVAsc is the short-circuit duty at the point of study
Mvarcap is the capacitor rating at the system voltage
Xc is the capacitive reactance of the capacitor bank at fundamental frequency
Xsc is the short-circuit reactance at the substation

If the calculated resonance is near one of the characteristic harmonics of the source, the potential for problems should
be evaluated further.

The next step is to calculate the actual system impedance at the characteristic harmonics of the source being
considered:

( 8-2)

where

Z(w) = Zh    is the system impedance as a function of frequency w = 2pf
R + jwL      is the source impedance as a function of frequency
1/jwC      is the capacitive reactance as a function of frequency

Once Zh is obtained at each characteristic harmonic, the voltage magnitude can be calculated at each harmonic as
follows:

( 8-3)

hr

MVAsc

Mvarcap
---------------------

Xc

Xsc
--------= =

Z w( ) R jwL+

1 w
2

LC( ) jwRC+Ð
--------------------------------------------------=

V h Ih( ) Zh( )=
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where

Ih = the source current at each characteristic harmonic

Further calculations can be performed using the individual harmonic voltages and currents. It may be important to
calculate quantities such as the total harmonic distortion (THD) and the IáT product for telephone interference.

8.2.2 Computer Simulations

When the system being studied is more complicated than the circuit in Fig 8-2, computer simulations are usually
required. With a computer program, one can perform analyses including

1) Frequency scans for system response
2) Response to multiple harmonic sources
3) Multiphase, unbalanced system solutions

The most common method employed in a computer program for harmonic analysis is a direct solution of the
admittance matrix at multiple frequencies. With this type of solution, nonlinear devices are modeled as ideal voltage
sources or current sources at the harmonic frequencies. Frequency dependence of system elements (transmission lines,
transformers, motors, etc.) should be included in the calculation even though the system is assumed to be linear at each
individual frequency. For most systems, the admittance matrix is sparse, thus allowing for efÞciencies in solution
speed and memory utilization.

Another approach that has been used for harmonic simulations has been termed a harmonic load ßow. A load ßow
equation formulation is used as opposed to the direct solution of the admittance matrix. That is, the power constraints
at the load and source nodes are included. A Newton-Raphson iterative method is used for solution. Implementations
of this approach have been for balanced systems only, and it is generally more applicable to transmission system
analysis than to distribution systems.

8.3 Modeling Guidelines for Harmonic Analysis

As mentioned previously, general modeling guidelines for harmonic analysis are difÞcult to develop because of the
number of parameters that can affect system frequency response characteristics. However, it is worthwhile to identify
the most important system characteristics that affect the frequency response.

8.3.1 Overall Modeling Complexity

For industrial and distribution systems, it is generally sufÞcient to model the system in detail only on the low side of
the step-down transformer from the transmission system. A short-circuit equivalent at the high side of the step-down
transformer is sufÞcient because the impedance is usually dominated by the step-down transformer itself. On the low
side of the step-down transformer, it is important to include nodes (buses) at all capacitor locations and large loads. It
is usually acceptable to ignore the capacitance of lines because capacitor banks dominate at these lower voltages.
However, the capacitance of any signiÞcant insulated cable lengths can be important. When calculating the IáT product
at the higher frequencies (above the 25th harmonic), the capacitance of distribution lines is important.

The existence of a capacitor bank near the primary of the step-down transformer must be modeled because the
combination of the reactance of the step-down transformer in series with the capacitor bank is a ÒÞlterÓ when viewed
from the harmonic source on the secondary side of the transformer.

Transmission systems require a much more complex model than do distribution systems, in order to accurately
determine frequency response characteristics. Accurate representations for transmission lines, cables, transformers,
capacitor banks, loads, and machines are required.
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8.3.2 Three-Phase vs. Single-Phase System Models

For most harmonic studies, a single-phase system representation utilizing the positive sequence system model will be
sufÞcient. The exceptions to this rule are the following situations:

1) Telephone interference is a concern. Here, the inßuence of residual current (zero sequence) harmonics is
important. In this case, system or harmonic source imbalance must be represented in order to accurately
determine the residual current harmonics.

2) Single-phase capacitor banks. Balanced single-phase models are not sufÞcient when there are single-phase
capacitors on the system. A full three-phase model is needed to determine the system response.

3) Single-phase or unbalanced harmonic sources. In this case, the imbalance of the sources can only be
represented if a three-phase system model is used.

4) Triplen harmonic voltage sources. A three-phase model is required to demonstrate the high impedance to the
ßow of triplen harmonic currents.

8.3.3 Motor and Machine Models

Motors and machines are represented by their subtransient reactances. Normally, the averages of the direct axis and
quadrature axis reactances are used. Induction motors are represented by their locked rotor impedance if the
subtransient characteristics are not known. These reactances are multiplied by the orders of the harmonic frequencies.
It is important that large motor loads be modeled accurately.

8.3.4 Line and Cable Models

For low frequencies and/or short lines, a simple series impedance is a sufÞcient representation for lines. However, it is
often important to include the shunt capacitance in the representation for lines and cables when performing studies in
which frequencies above the 25th harmonic are important.

For transmission lines, long line correction (transposition and distributed capacitance) should also be employed to
correctly represent the line characteristics, see Fig 8-3. For three-phase models, long line correction is performed on
the modes of propagation separately and then is converted back to phase quantities. This is done through Eigen vector
analysis. For balanced lines, the modes can be the symmetrical component modes.

Figure 8-3ÑLong Line Equivalent Circuit
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8.3.5 Transformer Models

The transformer has two components that are of concern:

1) Leakage impedance
2) Magnetizing impedance

A lumped impedance model generally is adequate for the leakage impedance. However, it is important to remember
that the resistive component of this impedance is not constant with frequency. A conservative assumption used for
harmonic studies of industrial distribution systems is that the transformer X/R ratio is constant with frequency and is
equal to ten. For transmission power transformers, the X/R ratio typically is in the range of 20 to 30. For distribution
transformers, a range of 5 to 10 is more typical.

If the transformer is not a signiÞcant source of harmonics, the magnetizing impedance can be neglected. If the
harmonic production of the transformer is signiÞcant, the magnetizing branch can be modeled as a current source of
harmonics.

For three-phase transformers, the winding connections are important in determining the effect of the transformer on
zero-sequence harmonic components. Delta connections isolate these currents from one voltage level to the next.

8.3.6 Load Models

The important components of the load for harmonic studies are described in 5.3. They are

1) The step-down transformer
2) The resistive component
3) The motor components

The step-down transformer becomes important at higher frequencies because it is a reactance in series with the load.
The resistive component provides damping when the overall system response is near a parallel resonance (high
impedance). The motor components are important because they can shift the system resonance slightly as they are a
source whose reactance is in parallel with the system reactance.

In general, system loads have only a minimal effect on overall system response characteristics unless the system is near
a resonant frequency. When close to resonance, the effect of the load is to reduce the peak resonant impedance
(damping) or to shift the resonant frequency (motor inductance).

8.4 Telephone Interference

Two equations generally are used in North America.

8.4.1 Voltage Telephone Influence Factor

The voltage telephone interference factor, VTIF, is

( 8-4)

where

V1 = fundamental line-to-neutral voltage (rms)
Ih = harmonic current into power system
Zh = power system impedance at harmonic order h

V TIF

T hZhIh( )2

h 1=

H

å
V 1

----------------------------------------=
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Th = telephone interference weighting factor (TIF) (1960 curves currently in use)
H = upper limit of harmonics, 5000 Hz

8.4.2 IáT Product.

The other equation that is frequently used is the IáT product:

( 8-5)

8.5 Line Notching Calculations (for Low-Voltage Systems)

Fig 8-4 shows a typical three-phase full-control converter bridge. The thyristors operate in pairs to convert three phase
ac to dc by switching the load among the various thyristor pairs six times per cycle. During the process, a brief short
circuit produces a notch in the line-to-line voltage waveform.

Figure 8-4ÑThree-Phase Full Wave Converter

The current in the converter of Fig 8-4 has been ßowing from Phase A through thyristor 1. When thyristor 3 Þres [see
Figs 8-5(a), 8.5(b), and 8.5(c) at time, t (30° on the line-to-line voltage base), the current begins to transfer from Phase
A to Phase B. Source reactance prevents instantaneous transfer, thus the commutating time (angle) required becomes
the notch width, m.

The resulting notch is shown on a line-to-neutral basis in Fig 8-5(a) and on a line-to-line basis in Fig 8-5(b). The latter
clearly illustrates the shorting action when both thyristors 1 and 3 are conducting simultaneously. The other notches
reßect the action of the thyristor on the other phases of the ac circuitry.

8.5.1 Notch Area Calculations

The area of the notch is dependent upon the volt-seconds absorbed in the circuits from the source to the point of the
circuit that is of interest. The area of the notch is an indication of the effect that the static power converter will have on
other loads.

I T× IhT h( )2

h 1=

H

å=
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Figure 8-5ÑVoltage Notches

The notch area is calculated (refer to Fig 8-6) as follows:

( 8-6)

( 8-7)

( 8-8)

V N

LLe

LL Lt Ls+ +
-----------------------------=

tN

2 LL Lt Ls+ +( )Id

e
-------------------------------------------=

AN V NtN=
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where

VN = notch depth, in volts (line-to-line), of the deeper notch of the group
tN = width of notch, in microseconds
Id = converter dc current, in amperes
e = instantaneous voltage (line-to-line) just prior to the notch on the lines to be commutated
L = inductance, in Henrys, per phase
AN = notch area, in volt-microseconds

also,

( 8-9)

Combining the above equations,

( 8-10)

Figure 8-6ÑImpedance Diagram

8.5.2 Calculation of Source Inductance, Transformer Inductance (600 V and Below)

Dry-type transformers used in converters at this voltage have approximately equal reactance and resistance when
considering the transient characteristics of the commutating phenomena. The following equation can then apply:

( 8-11)

where

X = transformer nameplate per unit reactance
EL = rated line-to-line voltage
I1 = rated ac full load
f = line frequency

The above assumes XL = RL.

e 2EL=

AN 2IdLL=

transformer inductance
X

2( ) 2pf( )
--------------------------

EL

3I1

------------Henrys×=
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8.5.3 Calculation of Line Inductance

Typically, the per-phase line inductance on a three-phase ac line can be considered to be 0.3 mH per foot of line, or
about 1 mH/m.

8.6 Total Harmonic Distortion

The total harmonic distortion (THD) is used to deÞne the effect of harmonics on the power system voltage. It is used
in low-voltage, medium-voltage, and high-voltage systems. It is expressed as a percent of the fundamental and is
deÞned as

( 8-12)

( 8-13)

(See Section 4 for speciÞc harmonics generated by different loads.)

8.6.1 Relationship Between Line Notching and Total Harmonic Distortion

See Figs 8-5 and 8-7.

From the above, for f1 = 60 Hz and EL = 460 V,

( 8-14)

* The Ò2Ó refers to the two deep notches and the Ò4Ó refers to the four half notches.

( 8-15)

( 8-16)

( 8-17)

( 8-18)

( 8-19)

where

( 8-20)

r = the ratio of the total inductance to the common system inductance
f1 = power system fundamental frequency
VH = sum of harmonic rms voltages

THD sum of all squares of amplitude of all harmonic voltages
square of the amplitude of the fundamental voltage

--------------------------------------------------------------------------------------------------------------------------------------- 100%×=

THD
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See 8.5.1 for other terms.

8.7 System Calculations (Low Voltage, Below 1000 V)

A typical plant distribution system is shown in Fig 8-7(a) and an impedance diagram is shown in Fig 8-7(b). The
system can be considered an RLC circuit. Since the rectiÞer can be considered a short circuit during commutation, it
is replaced by a knife switch in the simpliÞed circuit. The equivalent impedance of the transformer must be included
in the simpliÞed sketch.

Figure 8-7ÑTypical Power System and Equivalent Impedance Diagrams
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8.7.1 System Damping Factor

In most systems, the rectiÞer transformer plus line impedance is much larger than the distribution transformer
impedance so that the distribution transformer can be neglected in calculating the damping factor and the natural
frequency.

In a series resonant circuit, the following equations can be employed:

( 8-21)

( 8-22)

( 8-23)

For low-voltage equipment, the damping factor of the system should be greater than 0.5 when the natural frequency of
the system is less than 2100 Hz (35th harmonic on 60 Hz). At frequencies greater than 2100 Hz, the increased system
losses, such as skin effect, provide additional damping.

8.8 Displacement Power Factor Improvement Calculation

Because reactive power varies on a given thyristor motor drive, depending upon operating speed and torque,
requirements may increase more than 100% from top speed down to low speed. No single capacitance value can be
applied to a single drive to maintain near constant reactive power throughout its operating range. (PWM converters
with diode rectiÞers are an exception.)

However, a group of such drives may, by their diversity, reßect a more uniform kilovar requirement. Recording
wattmeter and varmeter data obtained over a representative period of time would establish the feasibility of applying
nonswitched capacitors for displacement power factor improvement. In many cases, utility company billing [from
which power, real and reactive, and displacement power factor (PF) may be derived] will provide this information to
size a cost-saving power capacitor. Utility company rate schedules differ with respect to reactive power so that each
must be studied and evaluated on an individual basis.

Detailed knowledge of the operating mode of the individual drives in a group may be used to establish a target value
of kvars to add for reactive compensation. Each driveÕs kW and kvar value is derived from load and speed
characteristic data, taking into account basic variations in operating mode. Summation of these kW and kvar values
along with similar data for other loads will provide an overall basis upon which to size supplemental kvar
requirements. If the converters are used for purposes other than motor drives, similar considerations will be required
for the loading in each case.

Below is an example illustrating this approach, which is based upon loading in a particular plant. For conciseness, the
actual plant loading is consolidated in this listing.

damping factor
R
2
--- C

L
----=

natural frequency wN, 1
LC
-------rad/s=

natural frequency f,
1

2p
------ 1

LC
-------Hz=
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Fig 8-8 illustrates the low displacement power factor (0.7165) associated with this load and shows that an added 3289
kvar is necessary to improve the displacement power factor to 0.95. The amount of reactive compensation will depend
on the economics of compensation with regard to utility company billing. A given rate structure may make
compensation to unity displacement power factor economical.

Figure 8-8ÑPower-Reactive Triangle for Power Factor Improvement

A 3300 kvar capacitor bank is easily made up of standard units. Assuming such a bank is applied in a plant on a 4160
V supply bus, Þfth harmonic resonance will occur if the short-circuit capacity is approximately 80 MVA.

( 8-24)

Similarly, seventh harmonic resonance will occur at approximately 150 MVA.

( 8-25)

Depending upon the actual system short-circuit level, a tuning inductor in each phase may be required. If required, it
should be selected for Þfth harmonic suppression. Changing the capacitor size can also control the resonance point
with some sacriÞce in displacement power factor correction.

Induction motors:

1200 kW @ 0.80 PF = 900 kvar

900 kW @ 0.70 PF = 918 kvar

Thyristor dc drives:

600 kW @ 0.70 PF = 612 kvar

1100 kW @ 0.50 PF = 1902 kvar

Other loads:

1300 kW @ 0.9 PF = 630 kvar

Total: 5100 kW @ 0.716 PF = 4965 kvar

H res

MVAsc

Mvarcap
--------------------- 80

3.3
------- 4.92= = =

H res
150
3.3
--------- 6.74= =
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The tuning inductor is sized to take into consideration the actual (measured) capacitor bank kvar, which can be up to
5% above the nameplate rating. The capacitor reactance (Xcap fundamental frequency) is

( 8-26)

( 8-27)

where

Xr = reactance of tuning inductor at fundamental frequency
1.05 = tolerance of capacitors

Thus, the tuning inductor should have 0.20 W per phase reactance at fundamental frequency and a current carrying
capability at least equal to that required by the capacitor.

The question sometimes arises as to the effect that power capacitor banks have on the response of the converter. No
adverse effect on response time should be expected as long as harmonic resonance is not present at a characteristic
harmonic. Actually, a power capacitor bank does stiffen the ac power system transient response, which would
theoretically enhance response time.

9. Measurements

9.1 General

Measurements of current and voltage harmonics are essential for the reliable distribution of electric energy. The
following are a few reasons that highlight the importance of measurements:

1) Monitoring existing values of harmonics and checking against recommended or admissible levels.
2) Testing equipment that generates harmonics.
3) Diagnosing and troubleshooting situations in which the equipment performance is unacceptable to the utility

or to the user.
4) Observing existing background levels and tracking the trends in time of voltage and current harmonics (daily,

monthly, seasonal patterns).
5) Measuring for veriÞcation of simulation studies that include harmonic load ßow.
6) Measuring harmonic currents and harmonic voltages with their respective phase angle. Such measurements

can be made with and without a part of the nonlinear loads connected, and can help determine the harmonic
driving point impedance at a given location.

The techniques used for harmonics measurements differ from those used for ordinary power system measurement. The
frequency bandwidth of the ordinary measurements of voltage, current, and power can be accomplished with attention
to a narrow band of frequencies near the distribution frequency. Substantially wider bandwidths (up to 3 kHz) are
required in the study of power system harmonics.
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9.2 Basic Equipment Used for the Analysis of Nonsinusoidal Voltages and Currents

9.2.1 Oscilloscope

The display of the waveform on the oscilloscope gives immediate qualitative information on the degree and type of
distortion. Sometimes cases of resonances are identiÞable through the visible distortion that is present in the current
and voltage waveforms.

9.2.2 Spectrum Analyzers

These instruments display the power distribution of a signal as a function of frequency. A certain range of frequencies
is scanned, and all the components, harmonics, and interharmonics of the analyzed signal are displayed. The display
format may be a CRT or a chart recorder.

9.2.3 Harmonic Analyzers or Wave Analyzers

These instruments measure the amplitude (and in more complex units, the phase angle) of a periodic function. These
instruments provide the line spectrum of an observed signal. The output can be recorded, or it can be monitored with
analog or digital meters.

9.2.4 Distortion Analyzers

These instruments indicate total harmonic distortion (THD) directly.

9.2.5 Digital Harmonics Measuring Equipment

Digital analysis can be performed with two basic techniques:

1) By means of digital Þlter. This method is similar to analog Þltering. Dual-channel digital signal analyzers
include digital Þltering. In the setup for a particular measurement, the frequency range to be measured sets up
the digital Þlters for that range. Also, the bandwidth is varied to optimize the capture of smaller harmonics in
the presence of a very large fundamental.

2) The Fast Fourier Transform technique. These are real-time, very fast methods of performing a spectrum
analysis that permit the evaluation of a large number of functions. Multichannel analog-digital conversion
and micro or mini computers are used for real-time data acquisition.

When the waveform is recorded with suitable bandwidth using either analog or digital techniques on-line, the Fast
Fourier Transform (FFT) calculation of harmonic components, the conversion to engineering units, the calculation of
statistics, and the plotting and printing of results can be performed off-line in the laboratory using suitable facilities.

9.3 Requirements for Instrument Response

For accurate harmonics measurements, the following important requirements must be met.

9.3.1 Accuracy

The instrument must perform the measurement of a constant (steady-state) harmonic component with an error
compatible with the permissible limits. It is reasonable to use an instrument with an uncertainty no larger than 5% of
the permissible limit. For example, assume a 480 V, three-phase system in which the 11th harmonic should be less than
0.70%. The line-neutral 11th harmonic, V11, is less than 1.94 V. This indicates that the instrument should have an
uncertainty of less than ±(0.05) (1.94) = ±0.097 V.
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9.3.2 Selectivity

The selectivity of the instrument is an indication of its ability to separate harmonic components of different
frequencies. One practical way to ensure good selectivity is to deÞne requirements for minimum attenuation of an
injected frequency, while the instrument is set (tuned) at a frequency fh = 60 Hz. Table 9-1 gives minimum required
attenuation.

Table  9-1ÑMinimum Required Attenuation (dB)

In many applications, the fundamental current may be very large in comparison to the harmonic currents. The
harmonic currents may be signiÞcant enough to cause serious disturbance, as in the case of telephone interference. In
such situations, the dynamic range required for overall harmonic surveillance in a power system is important. Almost
all harmonic measuring devices can meet 60 dB (0.1% of fundamental) minimum. Extra cost instruments reach down
to 90 dB (.00316%).

9.3.3 Averaging or Snapshot

If the measured harmonics vary in time, it is necessary to Òsmooth outÓ rapidly ßuctuating components over a period
of time. Two factors become important in this case: dynamic response and bandwidth.

9.3.3.1 Dynamic Response

If, for example, an average over a period of 3 s is desirable, then the response of the output meter should be identical
to a Þrst order low-pass Þlter with a time constant of 1.5 ± 0.15 s.

9.3.3.2 Bandwidth

The bandwidth of the instrument will strongly affect the reading, especially when harmonics are ßuctuating. It is
recommended that instruments with a constant bandwidth for the entire range of frequencies be used. The bandwidth
should be 3 ± 0.5 Hz between the -3 dB points with a minimum attenuation of 40 dB at a frequency of fh + 15 Hz. In
situations in which interharmonics and transients are present, a larger bandwidth will cause large positive errors.

The notion of smoothing out load variations over a period of time must be approached with a clear understanding of
the load-cycle of the disturbing loads. For example, with an SCR-driven electric open pit mine shovel, the harmonics
only appear during the ÒcrowdÓ or ÒdigÓ portion of the shovel operating sequence. If one tried to average such a
harmonic transient event over a long time, the result would be to lose the harmonic information. In the electric mine
shovel case, the ability to select a single ÒsnapshotÓ of the current and voltage during the crowd portion of the shovel
sequence is essential. Repeated shapshots of the harmonics during the crowd sequence will yield an indication of the
characteristic harmonics of the shovel drive. On the other hand, the very deÞnition of harmonics is based on
periodicity. Therefore, in situations in which the monitored load contains transients, it is necessary to view a ÒwindowÓ
of one or more cycles as a part of a periodic, steady-state wave. The result of the FFT for this respective window can
be considered as an average value of harmonics.

Injected Frequency 
(Hz)

Frequency-Domain 
Instrument

Time-Domain 
Instrument

60 0 0

30 50 60

120 to 720 30 50

720 to 1200 20 40

1200 to 2400 15 35
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Where the harmonics are not always pronounced, averaging is very useful. The dual-channel digital signal analyzer
has the advantage of allowing selection of a variable averaging time or number of cycles, so that one can adjust the
averaging as needed.

9.4 Presentation of Harmonic Data

The measured data can be presented either in the form of tables (see Table 9-2) or in graphical form.

Table  9-2ÑCurrent Harmonic Spectrum

The output from the analyzer is shown in Fig 9-1.

The spectrum display in Fig 9-2 is given on a linear scale. Logarithmic scales can also be used that reveal harmonic
components below 5% distortion more readily.

Time-variable harmonics are conveniently presented as a function of time, see Fig 9-2. Time-dependent statistics can
be deÞned when harmonics are ßuctuating. If a data acquisition period, TD, is divided in m subintervals, the total
observation time be mT = TD.

The mean value of current for each subinterval is

( 9-1)

where, during the subinterval T, k measurements were taken.

The mean square value is

( 9-2)

The above values enable us to compute the standard deviation

( 9-3)

Frequency (Hz) 60 180 420 540 660 780 1020 1140

Amplitude (A) 305 10.3 42.4 2.0 21.7 9.5 9.2 4.6
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Figure 9-1ÑSpectrum Analyzer Ñ Time Domain

Figure 9-2ÑSpectrum Analyzer Ñ Frequency Domain

The maximum and minimum values for each subinterval are part of the data acquisition program.

Ihmax = maximum (Ih) over k measurements
Ihmin = minimum (Ih) over k measurements
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Probability distributions (often referred to as histograms), see Fig 9-3, are bar graphs with bar height representing the
relative frequency of occurrence of an harmonic current quantity.

Figure 9-3ÑHarmonic Histogram of Voltage THD

This information can be most conveniently displayed in the form of inverse distribution functions, see Fig 9-4. In this
form, the information becomes a powerful tool in evaluating the effect of harmonics on equipment such as capacitors,
motors, transformers, etc.

Figure 9-4ÑHarmonic Distribution Curve of Voltage THD

9.5 Transducers for Harmonic Measurements

9.5.1 Current Measurements

9.5.1.1 Current Transformers

For measurements of harmonic currents in the frequency range up to 10 kHz, the normal current transformers that are
used for switchgear metering and relaying have accuracies of better than 3%. If the CT burden is inductive, there will
be a small phase shift in the current. Hall Effect or clamp-on current transformers are available to clamp around the
current transformer secondary leads to give an output signal that can be fed directly into an instrument.
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Shielded conductors (coaxial or triaxial cables) are a must for accurate results. Proper grounding and shielding
procedures should be followed to reduce the pickup of parasitic voltages (see IEEE Std 518-1992 [B1]).

Coaxial cable is suitable for relatively short leads. If one is forced to measure at a distance of tens to hundreds of
meters, or if the sensor is near high voltage, the use of a voltage-to-frequency converter at the sensor, a nonmetallic
Þbre optic cable for transmission, and a suitable frequency-to-voltage converter on the receiving end is very helpful for
avoiding spurious signal pickup as well as for providing a safety barrier.

9.5.1.2 Search Coils

The magnetic Þeld in the proximity of a conductor or coil carries information on the components of the current that
generates the Þeld. The amplitude of the induced harmonic voltage in a search coil, see Fig 9-5, is proportional to the
effective coil area, the number of turns, the amplitude of the harmonic magnetic Þeld perpendicular to the coil surface,
and the frequency of the harmonics.

Figure 9-5ÑSketch of a Search Coil

In such measurements, the measured magnetic Þeld can arise from the contributions of more than one source. The
magnetic Þeld is inversely proportional from the distance to the source. Where it is possible to place the search coil at
a small distance, d, from the conductor, while other conductors are located at distances larger than 20d, the
measurements of values in the chosen conductor are not substantially changed by Þelds of the other conductors.

9.5.1.3 Rogowski Coils or MaxwellÕs Worms

These devices are coils that are wound on ßexible plastic mandrels so that they can be used as clamp-on devices. They
have no metallic core, so problems of core saturation are avoided in the presence of very large alternating currents,
such as a 60 to 100 kA feed to an arc furnace, or direct currents.

9.5.2 Voltage Measurements

On low-voltage systems, the analyzer can be connected directly to the terminals where the voltage components must
be determined. On medium and high-voltage systems, means of attenuation are used as described in the following
paragraphs.
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9.5.2.1 Magnetic Voltage Transformers

Magnetic voltage transformers, which are most easily available, are designed to operate at fundamental frequency.
Harmonic frequency resonance between winding inductances and capacitances can cause large ratio and phase errors.
Fig. 9-6 presents typical variations of transformer ratio vs. frequency. For harmonics of frequencies less than 5 kHz,
the accuracy of most potential transformers is within 3%, which is satisfactory.

Figure 9-6ÑPotential Transformer Accuracy

9.5.2.2 Capacitive Voltage Transformers

Capacitive voltage transformers cannot be used for voltage harmonic measurements because, typically, the lowest
frequency resonance peaks appear at frequencies of less than 200 Hz.

9.5.2.3 Capacitive Voltage Dividers

Capacitive voltage dividers are easily built, see Fig 9-7. In high-voltage substations, bushing insulators that are
equipped with a capacitive tap provide a convenient means of measuring voltage components. High-input-impedance
instrumentation ampliÞers must be included in such measurements. For best results, the input ampliÞer should be
battery operated or should use a suitable shielded and isolated supply. The leads from the low-voltage capacitors to the
input ampliÞer should be as short as possible. In general, short leads from the ampliÞer to the analyzer will greatly
reduce the angle error when measuring phase angles. These devices have a limit on the burden that they can supply
without saturation, hence the requirement for a high-impedance ampliÞer.
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Figure 9-7ÑCapacitive Voltage Divider

10. Recommended Practices for Individual Consumers

10.1 General

This section describes the current distortion limits that apply to individual consumers of electrical energy. Section 11
describes the quality of electrical power that the producer should furnish to the consumer. These limitations are for the
beneÞt of all parties involved. This recommendation supersedes IEEE Std 519-1981 and focuses on the point of
common coupling (PCC) with the consumer-utility interface. It speciÞcally excludes those high-voltage direct current
(HVDC) facilities and static var control (SVC) systems owned and operated by the utility. Such installations, which
are generally large in MVA ratings with potentially substantial impacts on the entire power system operation, justify
more extensive harmonic studies and a more conservative approach to harmonic control than those recommended here.

It would be ideal if it were possible to control harmonics to such an extent that harmonic effects caused by connection
of harmonic-producing loads were nil at every point in the entire system encompassing the consumerÕs own circuit,
and other consumersÕ circuits. In reality, however, economic factors and the effectiveness of the harmonic control must
be balanced; and some harmonic effects are unavoidable at some points in the system. The recommendation described
in this document attempts to reduce the harmonic effects at any point in the entire system by establishing limits on
certain harmonic indices (currents and voltages) at the point of common coupling (PCC), a point of metering, or any
point as long as both the utility and the consumer can either access the point for direct measurement of the harmonic
indices meaningful to both or can estimate the harmonic indices at point of interference (POI) through mutually
agreeable methods. Within an industrial plant, the PCC is the point between the nonlinear load and other loads.

Good harmonic indices are characterized by the following:

1) The values given by the harmonic indices should be physically meaningful and strongly correlated to the
severity of the harmonic effects.

2) It should be possible to determine by measurements whether or not the limits of the harmonic indices are met.
3) Harmonic indices should be simple and practical so that they can be widely used with ease.
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Recommended harmonic indices are

1) Depth of notches, total notch area, and distortion (RSS) of bus voltage distorted by commutation notches
(low-voltage systems)

2) Individual and total voltage distortion
3) Individual and total current distortion

As described in Section 6, the harmonic effects differ substantially depending on the characteristics of the equipment
affected. Therefore, the severity of the harmonic effects imposed on all types of equipment cannot be perfectly
correlated to a few, simple indices. Moreover, the harmonic characteristics of the utility circuit seen from the PCC
often are not known accurately. Accordingly, good engineering judgments are required on a case-by-case basis, and
this recommendation in no way overrides such judgments.

Strict adherence to the recommended harmonic limits will not always prevent problems from arising, particularly
when the limits are approached. It is reasonable to consider that system changes will often justify reexamination.
Harmonic measurements should be performed from time to time to determine system behavior and equipment
performance. The consumer should conÞrm:

1) That power factor correction capacitors or harmonic Þlters are not being overstressed by excessive harmonics
2) That a harmful series or parallel resonance is not occurring
3) That the level of harmonics at PCC and utilization points is not excessive

10.2 Development of Current Distortion Limits

The philosophy of developing harmonic limits in this recommended practice is to

1) Limit the harmonic injection from individual customers so that they will not cause unacceptable voltage
distortion levels for normal system characteristics

2) Limit the overall harmonic distortion of the system voltage supplied by the utility

In order to develop limits for the harmonic current injection by individual customers, it is Þrst necessary to deÞne what
is meant by normal system characteristics.

For purposes of this document, it will be assumed that the system can be characterized by a short-circuit impedance.
The effect of capacitors is neglected. This is a conservative assumption for higher frequencies at which capacitors can
provide low-impedance paths for harmonic currents to ßow. At lower frequencies, resonant conditions could cause the
system impedance to be greater than the assumed short-circuit impedance. The effect of loads is also neglected. The
most important effect of loads is to provide damping near resonant frequencies, thereby reducing the impedance seen
by the harmonic current source.

The harmonic voltage distortion on the system will be a function of the total injected harmonic current and the system
impedance at each of the harmonic frequencies. The total injected harmonic current will depend on the number of
individual customers injecting harmonic currents and the size of each customer. Therefore, a reasonable approach to
limiting the harmonic currents for individual customers is to make the limits dependent upon the customer size. Larger
customers will have more stringent limits because they represent a larger portion of the total system load. In Table 10-
3, the customer size is expressed as the ratio of the short-circuit current capacity, at the customers point of common
coupling with the utility, to the customerÕs maximum load current. The individual harmonic current limits are
expressed in percent of this maximum load (demand) current.

The objectives of the current limits are to limit the maximum individual frequency voltage harmonic to 3% of the
fundamental and the voltage THD to 5% for systems without a major parallel resonance at one of the injected
harmonic frequencies. These voltage distortion limits are developed in Section 11.

Copyright The Institute of Electrical and Electronics Engineers, Inc. 
Provided by IHS under license with IEEE

Not for ResaleNo reproduction or networking permitted without license from IHS

--``,-`-`,,`,,`,`,,`---



70 Copyright © 1998 IEEE All Rights Reserved

IEEE Std 519-1992 IEEE RECOMMENDED PRACTICES AND REQUIREMENTS

The current distortion limits developed assume that there will be some diversity between the harmonic currents
injected by different customers. This diversity can be in the form of different harmonic components being injected,
differences in the phase angles of the individual harmonic currents, or differences in the harmonic injection vs. time
proÞles. In recognition of this diversity, the current limits are developed so that the maximum individual frequency
harmonic voltage caused by a single customer will not exceed the limits in Table 10-1 for systems that can be
characterized by a short-circuit impedance.

Table  10-1ÑBasis for Harmonic Current Limits

If individual customers meet the current distortion limits, and there is not sufÞcient diversity between individual
customer harmonic injections, then it may be necessary to implement some form of Þltering on the utility system to
limit voltage distortion levels. However, it is more likely that voltage distortion problems would be caused by system
frequency response characteristics that result in magniÞcation of harmonic current at a particular harmonic frequency.
This changing of the system impedances vs. frequency characteristic is a result of the systemÕs physical conÞguration.
This situation has to be solved on the utility system by either changing capacitor locations or sizes, or by designing a
harmonic Þlter.

10.3 Limits on Commutation Notches

The notch depth, the total harmonic distortion factor (THD), and the notch area of the line-to-line voltage at PCC
should be limited as shown in Table 10-2.

Table  10-2ÑLow-Voltage System Classification and Distortion Limits

These limits are recommended for low-voltage systems in which the notch area is easily measured on an oscilloscope.
It should be noted that the total voltage distortion factor is related to the total notch area, AN, by the equality given in
Eq 8-20.

Fig 10-1 deÞnes notch depth and area.

SCR at PCC

Maximum Individual 
Frequency Voltage 

Harmonic (%) Related Assumption

10 2.5Ð3.0% Dedicated system

20 2.0Ð2.5% 1Ð2 large customers

50 1.0Ð1.5% A few relatively large customers

100 0.5Ð1.0% 5Ð20 medium size customers

1000 0.05Ð0.10% Many small customers

Special 
Applications*

*Special applications include hospitals and airports.

General
System

Dedicated 
System 

 A dedicated system is exclusively dedicated to the converter load.

Notch Depth 10% 20% 50%

THD (Voltage) 3% 5% 10%

Notch Area (AN)à

àIn volt-microseconds at rated voltage and current.

16 400 22 800 36 500

NOTE  Ñ  The value AN for other than 480 V systems should be multiplied by V/480
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Figure 10-1ÑDefinition of Notch Depth and Notch Area

10.4 Current Distortion Limits

Ideally, the harmonic distortion caused by a single consumer should be limited to an acceptable level at any point in the
system; and the entire system should be operated without substantial harmonic distortion anywhere in the system. The
harmonic distortion limits recommended here establish the maximum allowable current distortion for a consumer. The
recommended current distortion limits are concerned with the following indice:

TDD: Total demand distortion (RSS), harmonic current distortion in % of maximum demand load current (15 or 30
min demand)

The limits listed in Tables 10-3, 10-4, and 10-5 should be used as system design values for the Òworst caseÓ for normal
operation (conditions lasting longer than one hour). For shorter periods, during start-ups or unusual conditions, the
limits may be exceeded by 50%.

These tables are applicable to six-pulse rectiÞers and general distortion situations. However, when phase shift
transformers or converters with pulse numbers (q) higher than six are used, the limits for the characteristic harmonic
orders are increased by a factor equal to

provided that the amplitudes of the noncharacteristic harmonic orders are less than 25% of the limits speciÞed in the
tables. See 13.1 for an example.

Table 10-3 lists the harmonic current limits based on the size of the load with respect to the size of the power system
to which the load is connected. The ratio Isc/IL is the ratio of the short-circuit available at the point of common
coupling (PCC), to the maximum fundamental load current. It is recommended that the load current, IL, be calculated
as the average current of the maximum demand for the preceding 12 months. Thus, as the size of the user load
decreases with respect to the size of the system, the percentage of harmonic current that the user is allowed to inject
into the utility system increases. This protects other users on the same feeder as well as the utility, which is required to
furnish a certain quality of voltage to its customers.

All generation, whether connected to the distribution, subtransmission, or transmission system, is treated like utility
distribution and is therefore held to these recommended practices.

q
6
---
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Table  10-3ÑCurrent Distortion Limits for General Distribution Systems (120 V Through 69 000 V)

Table  10-4ÑCurrent Distortion Limits for General Subtransmission Systems                                             
(69 001 V Through 161 000 V)

Maximum Harmonic Current Distortion in Percent of IL

Individual Harmonic Order (Odd Harmonics)

Isc/IL <11 11£h<17 17£h<23 23£h<35 35£h TDD

<20* 4.0 2.0 1.5 0.6 0.3 5.0

20<50 7.0 3.5 2.5 1.0 0.5 8.0

50<100 10.0 4.5 4.0 1.5 0.7 12.0

100<1000 12.0 5.5 5.0 2.0 1.0 15.0

>1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

* All power generation equipment is limited to these values of current distortion, 
regardless of actual Isc/IL.

where
Isc = maximum short-circuit current at PCC.
IL = maximum demand load current (fundamental frequency component) at PCC.

Maximum Harmonic Current Distortion in Percent of IL

Individual Harmonic Order (Odd Harmonics)

Isc/IL <11 11£h<17 17£h<23 23£h<35 35£h TDD

<20* 2.0 1.0 0.75 0.3 0.15 2.5

20<50 3.5 1.75 1.25 0.5 0.25 4.0

50<100 5.0 2.25 2.0 0.75 0.35 6.0

100<1000 6.0 2.75 2.5 1.0 0.5 7.5

>1000 7.5 3.5 3.0 1.25 0.7 10.0

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

* All power generation equipment is limited to these values of current distortion, 
regardless of actual Isc/IL.

where
Isc = maximum short-circuit at PCC.
IL = maximum demand load current (fundamental frequency component) at PCC.
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Table  10-5ÑCurrent Distortion Limits for General Transmission Systems (<161 kV), Dispersed 
Generation and Cogeneration

10.4.1 Transformer Heating Considerations

The harmonic current distortion limits, as outlined in Tables 10-3 and 10-4, are only permissible provided that the
transformer connecting the user to the utility system will not be subjected to harmonic currents in excess of 5% of the
transformers rated current as stated in IEEE C57.12.00-1987 [2]. If the transformer connecting the user will be
subjected to harmonic levels in excess of 5%, the installation of a larger unit, capable of withstanding the higher levels
of harmonics, should be considered. When the harmonic current ßowing through the transformer is more than the
design level of 5% of the rated current, the heating effect in the transformer should be evaluated by applying the
methodology contained in IEEE C57.110-1986 [3]. This evaluation will ensure that the transformer insulation is not
being stressed beyond design limits.

10.4.2 Probabilistic Application of Harmonic Distortion Limits

Although the effects of harmonics on electric equipment, appliances, etc., are not fully understood at this time, it is
recognized that the stated current distortion limits can be exceeded for periods of time without causing harm to
equipment. When evaluating user compliance with the stated limits, it is recommended that probability distribution
plots be developed from the recorded data and analyzed. If the limits are only exceeded for a short period of time, the
condition could be considered acceptable. Fig 10-2 depicts a typical probability plot for harmonic current on a
distribution feeder.

Individual Harmonic Order (Odd Harmonics)

Isc/IL <11 11£h<17 17£h<23 23£h<35 35£h THD

<50 2.0 1.0 0.75 0.3 0.15 2.5

³50 3.0 1.5 1.15 0.45 0.22 3.75

Even harmonics are limited to 25% of the odd harmonic limits above.

Current distortions that result in a dc offset, e.g., half-wave converters, are not allowed.

* All power generation equipment is limited to these values of current distortion, 
regardless of actual Isc/IL.

where
Isc = maximum short-circuit at PCC.
IL = maximum demand load current (fundamental frequency component) at PCC.
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Figure 10-2ÑProbability Distribution of Current THD

10.5 Flicker

This phenomenon is a result of applying a load on the converter, releasing it, then reapplying it some time later, etc.
The converter does not in itself cause ßicker. If this process is carried out at a frequency to which the human eye is
susceptible, and if the resulting system voltage drop is great enough, a modulation of the light level of incandescent or
ßuorescent lamps will be detected. This is the effect that gives the phenomenon its name, and one that may be a matter
of concern. In modern power systems, however, there may be other apparatus, such as computers, instrumentation, and
communication equipment, that suffer deleterious effects. For some cases, these effects may exist even though the
ßicker of incandescent lamps is not discernible.

The measure of ßicker is comprised of the amount of system voltage variation involved and the frequency at which the
variation recurs. The frequency may be a pure single frequency; but it is more often a frequency band. Sources of
ßicker in industrial power distribution systems can be, for instance, the somewhat random variations of load typiÞed
by an arc furnace melting scrap steel or an elevator motorÕs starts and stops. A ßicker source may be nearly periodic,
as in the case of jogging or manual spot-welding. A source may also be periodic, as in the case of an automatic spot-
welder.

Flicker intensity (that is, the magnitude of the voltage variation) is determined by the power system source impedance
and load peak power requirements. When planning to install pulsed converters, the effects of the pulse load on other
parts of the distribution system should be calculated. This requires knowledge of

1) The voltampere requirements of the pulsed load, magnitude, and frequency
2) The impedance of the source(s) within the distribution system back to a supply of such stiffness that

variations can be considered truly inconsequential
3) Whether or not apparatus that are susceptible to ßicker are within the exposed distribution sector and their

degree of susceptibility
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10.5.1 Limits of Flicker

Frequently, the degree of susceptibility is not readily determinable. Fig 10-3 is offered as a guide for planning for such
applications. This curve is derived from empirical studies made by several sources. There are several such curves
existing that have approximately the same vertical scale.

Figure 10-3ÑMaximum Permissible Voltage Fluctuations

10.5.2 Compensation for Flicker

Methods for compensating for existing or potential ßicker are much the same as those used to compensate for
subtransient disturbances, such as those evidenced by notching or harmonic currents. The simplest and generally most
effective technique is to provide a sufÞciently stiff source of power so that the effect is negligible at the point where the
ßicker source is tapped off from the rest of the power distribution system. Compensatory methods are used to emulate
the stiff source. Series capacitors, thyristor switching of inductors with shunt capacitors (static var control), saturating
shunt inductors, and thyristor switched shunt capacitors may be used to maintain a relatively steady voltage at the tie
point. As in cases in which such schemes are used to provide subtransient compensation, the possibility of overall
distribution system instability must be thoroughly investigated before one can conÞdently apply the technique.

Note that the curves in Fig 10-3 are being revised and should be available by 1995.
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11. Recommended Practices for Utilities

11.1 General

The factors that deÞne the quality of electrical service include harmonic distortion in addition to more familiar factors
such as safety of service (e.g., surge protection and step-and-touch voltage), service continuity, voltage regulation, and
ßicker. The distortion limits recommended in this section establish the maximum voltage distortion at the point of
common coupling (PCC) with each consumer.

If the limits are exceeded, the following steps may be taken:

1) Perform harmonic measurements at selected points within the utility circuit, including the PCC, and look for
consumers with converters operating with current distortion beyond the limits. If identiÞed, such consumers
should be asked to keep the harmonic distortion within the recommended limits by installing Þlters, by
reducing harmonic generation, or through other means.

2) Install Þlters to control the harmonics.
3) Install a new feeder. This is effective in stiffening the source and isolating the harmonic problems. However,

it is not always economically feasible.

It should be noted that it is possible to add new converter loads to a circuit already polluted with harmonics to the
recommended limits as long as properly designed Þlters are also provided.

11.2 Addition of Harmonics

The waveshape of the converter ac current is determined by the delay angle at which commutation starts and by the
commutating overlap angle. Consequently, the harmonic current components generated by one converter may not be
in phase with the respective harmonic current components generated by another converter connected to the same
feeder circuit. The same can be said for the respective harmonic impedance voltage drop components. The addition of
the harmonic voltage and current contributions from multiple converters is conceptually simple. KirchoffÕs voltage
and current laws are applied to the phasers of each harmonic frequency. In practice, the rigorous addition of the
harmonic components is likely to be impossible. A prohibitive amount of phasing data would have to be collected and
then analyzed statistically for time-of-day variations.

A simple, approximate, and conservative method of addition is recommended; namely, solving the circuit for each
harmonic source separately to determine the branch currents and node voltages caused by the harmonic source, and
then arithmetically adding them up. Coincidence factors of the converter loads can be used to reÞne the addition if such
data are readily available.

Harmonic measurements should be performed from time to time at selected points at which a high level of harmonic
distortion is suspected to determine the system behavior and conÞrm

1) That utility capacitors, Þlters, cables, and transformers are not being overstressed by excessive harmonics
2) That a harmful degree of series or parallel resonance is not occurring
3) That the level of harmonics are within the limits

The harmonic analysis based on the coincidence factors of converter loads should be made to evaluate the
measurement results and to extrapolate the results for the assessment of the effects of new converters to be installed.
Sole reliance on an extensive analytical addition of harmonics is not recommended.
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11.3 Short-Duration Harmonics

Devices such as a thyristor-controlled drive applied to a rolling mill generate short-duration bursts of harmonic
currents as the material passes through the mill. Generation of intermittent harmonics and the resulting voltage stress
on the capacitors, the transformers, and other power apparatus is sometimes more tolerable than the stress caused by
the constant generation of harmonics. Intermittent harmonics and constant harmonics will cause similar effects as far
as harmonic interference to the control circuits, the communication circuits, and the electronic equipment is
concerned. It is likely, however, that ßicker is the major problem in this case and that harmonic problems are
secondary. A solution to the ßicker problem may well eliminate the harmonic problems.

11.4 Abnormal Conditions for Harmonic Problems

Some of the less common conditions known to cause harmonic problems are described here. They are the natural
resonance of a transmission line, overexcitation of transformers, and harmonic resonance in the zero-sequence circuit.

Each transmission line has many natural resonant frequencies determined by its length, its geometry, and its
termination. The input impedance of a transmission line can become close to zero and resistive (series resonance) or
inÞnitely large (parallel resonance) at the natural resonant frequencies. If a series resonance frequency is close to one
of the dominant harmonics generated by converters, there is a risk of severe telephone interference. The problem can
be corrected by changing the natural frequency of the transmission line (by changing the termination or the line length)
or by preventing the harmonic current ßow into the line with a series blocking Þlter, a shunt Þlter, or both.
Unfortunately, these solutions are often expensive.

Because of transformer core characteristics, overexcited transformers generate odd order harmonics. There is a
tendency to operate high-voltage circuits with voltage that is substantially higher than nominal by switching in
capacitor banks well ahead of daily load increase. This assures a desired load ßow and voltage stability, but can cause
harmonic problems. Excess reactive power during light load conditions can cause similar problems.

A harmonic resonance can occur in the zero-sequence circuit under the following conditions:

1) Wye-connected generator neutrals are grounded through reactors.
2) Generators are connected to the feeders directly or through transformers with wye-connected windings, on

the generator side, that are grounded solidly or through neutral reactors.
3) Power factor correction capacitors connected in a grounded-wye arrangement are applied along a feeder.

These conditions may be satisÞed in small isolated systems. The generator voltage always contains zero-sequence
harmonic voltages. These harmonic voltages act like voltage sources because of the small internal impedances
involved. The harmonic voltage sources are connected to a series combination of an inductive reactance (generator
reactance, transformer reactance, feeder reactance, and neutral grounding reactance) and a capacitive reactance. If the
two are similar in magnitude at one of the harmonic frequencies, a large amount of harmonic current will ßow in the
loop and can cause unusual problems such as high step-and-touch voltages, erroneous operation of kWh meters for
single-phase consumers, and false operation of ground overcurrent relays. One solution is to break the ground loop by
changing grounding schemes for generators and capacitors. Proper use of delta-connected windings of step-up
transformers also breaks the ground loop.

11.5 Voltage Distortion Limits

The recommended voltage distortion limits (see Table 11-1) are concerned with the following indice:

THD: Total (RSS) harmonic voltage in percent of nominal fundamental frequency voltage.
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The limits listed in Table 11-1 should be used as system design values for the Òworst caseÓ for normal operation
(conditions lasting longer than one hour). For shorter periods, during start-ups or unusual conditions, the limits may be
exceeded by 50%.

Table  11-1ÑVoltage Distortion Limits

11.6 Limits of Interference With Communication Circuits

It is difÞcult to place speciÞc limits on the telephone inßuence that the harmonic components of current and voltage in
converter systems can inßict. The actual interference to voice communication systems in proximity to the power
system supplying the converter is dependent upon a number of factors not under the control of the designer of the
converter system. These factors will vary from location to location and from time to time as the state-of-the art of
inductive coordination progresses.

There are some data available that relate to the IáT (see 6.9.1) performance of large converters used in telephone ofÞces
to charge batteries (see Table 11-2). It should be noted that the values shown in Table 11-2 are given for illustrative
purposes and are not to be considered as requirements. Furthermore, the values shown are applicable to the secondary
distribution within the telephone building. The IáT on the primary system would be reduced by the turns ratio in the
distribution transformer, which is typically in the range of 40:1 to 60:1. For example, an IáT of 100 000 for a 240 V,
1600 A converter would become 2000 on a 12 kV primary. This, of course, is important because the exposure to the
primary feed will be greater in length. Fig 11.3 gives typical IáT values for 48 V dc ferroresonant converters.

Table  11-2ÑTypical IáT Values for 48 V DC Converters

These converters were of the six-pulse type with phase-shifting taps to permit two converters to be operated in parallel
on a 12-pulse basis or four converters to be operated on a 24-pulse basis. Recently, consideration has been given to
lower the speciÞed maximum values to one-half or less of the above Þgures, particularly where the battery plant is to
be associated with an electronic switching ofÞce.

Bus Voltage at PCC
Individual Voltage 

Distortion (%)
Total Voltage 

Distortion THD (%)

69 kV and below 3.0 5.0

69.001 kV through 161 kV 1.5 2.5

161.001 kV and above 1.0 1.5

NOTE  Ñ  High-voltage systems can have up to 2.0% THD where the cause is an 
HVDC terminal that will attenuate by the time it is tapped for a user.

Three-Phase
Line-to-Line

Voltage

Rectifier Full Load 
Output Current 

Rating

IáT
on Secondary 
Distribution

208/240 V 400 25 000

800 50 000

1600 100 000

480 V 400 12 000

800 25 000

1600 50 000

NOTE  Ñ  For the case of ferroresonant units that do not utilize phase 
shifting, the IáT is typically much lower, as indicated in 
Table 11-3.
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The IáT on primary transmission is of most interest to a telephone company inductive coordination engineer. Although
there are no speciÞc requirements, experience with interference problems over the years had provided some guidelines
that may be useful. These are summarized in Table 11-4.

Noise sensitive installations fall into Category I. Commercial buildings and industrial plants fall into Category II.
Unrestricted areas fall into Category III.

Table  11-3ÑTypical IáT Values for 48 V DC Ferroresonant Converters

It should be pointed out that the above guidelines are applicable to balanced rather than residual components on power
systems. Table 11-4 provides representative IáT guidelines for electric lines that tie industrial and commercial
converter installations to primary distribution and transmission line networks, see [8]. Similar IáT guidelines for HV
and EHV transmission lines are published in IEEE Std 368-1977 [8].

Table  11-4ÑBalanced IáT Guidelines for Converter Installations, Tie (Supply) Lines

12. Recommended Methodology for Evaluating New Harmonic Sources

12.1 General

A general harmonic analysis procedure should be adopted as part of the system planning process. This procedure
should be employed whenever known large harmonic sources exist on a system or when signiÞcant dispersed
generators are being proposed. In the future, the harmonic analysis procedure may be part of the general design
process due to the increasing level of harmonic generation associated with normal system loads. This general
procedure is described in the following sections.

Three-Phase
Line-to-Line

Voltage
(Secondary)

Converter Full Load 
Output Current 

Rating

IáT
on Secondary 
Distribution

208/240 V 100*

*Single-phase rectifiers

750

400 1500

480 V 100* 350

400 750

Category Description IáT

I Levels most unlikely to cause interference Up to 10 000*

*For some areas that use a ground return for either telephone or power circuits, this value may be as low as 1500.

II Levels that might cause interference 10 000 to 25 000

III Levels that probably will cause interference greater than 25 000

NOTE  Ñ  These values of IáT product are for circuits with an exposure between overhead 
systems, both power and telephone. Within an industrial plant or commercial building, 
the exposure between power distribution in cables and telephone lines in cable with 
twisted pairs is extremely low and no interference is normally encountered. IáT 
products similar to those of Table 11-2 should be used within plants and buildings.
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12.2 Identifying Harmonic Analysis Objectives

The overall harmonic analysis procedure will depend on the speciÞc objectives of the study being performed. Possible
objectives include the following:

1) To characterize existing harmonic levels
2) To evaluate a system problem (failure, telephone interference) that may be related to harmonics
3) To evaluate impact of a new harmonic producing load, device, or dispersed generator on the system
4) To design harmonic control equipment

12.3 Developing Initial System Model/Perform Preliminary Simulations

Preliminary simulations should be performed to identify expected harmonic levels and system response
characteristics. These simulations should be performed for different system conditions to identify the conditions of
potential concern. The initial system model should be based on the modeling guidelines outlined in 8.3.

The potential impact of individual harmonic sources should be evaluated at this point. If the projected harmonic levels
based on the guidelines outlined in this document are acceptable, then no further investigation may be required. If
excessive harmonic distortion is anticipated, further analysis and the development of solutions to the problem is
required.

12.4 Performing Harmonic Measurements

Measurements will continue to be an important part of many harmonic investigations. For some situations, it may be
possible to accomplish all of the objectives with simulations. However, measurements will often be needed for any of
the following reasons:

1) To characterize existing background harmonic levels, including statistical characteristics
2) To determine harmonic source characteristics
3) To validate simulation models

If a converter is in continuous conduction, it may be used to determine system inductance. The minimum dc current
(commutating current) and the notch area are measured with an oscilloscope. The per phase inductance can be
determined from these values. (See 8.5.1.)

12.5 Performing Detailed Simulations

Detailed simulations should utilize any measurement results for model validation and then should expand beyond the
speciÞc system conditions associated with the Þeld tests. All possible system conÞgurations can be studied, and
different load conditions can be evaluated. The simulations should expand on the measurements in the following ways:

1) Analyze different system conditions, including possible future conditions.
2) Determine the effect of new harmonic sources on the system.
3) Simulate equipment parameter and operating procedures for harmonic control.

12.6 Developing Solutions to Harmonic Problems

Simulations will be used to develop solutions to any potential harmonic problems. The solutions can include

1) Operating restrictions
2) Changed system conÞgurations
3) Harmonic Þlters
4) Reduced coupling to telephone and communication circuits
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13. Application Examples

In order to better understand what this recommended practice means in practical terms, the following two applications
of this recommended practice are discussed.

13.1 Example of Large Industrial Plant Furnished at Transmission Voltage

Fig 13-1 shows a large industrial plant such as an oil reÞnery or chemical plant being serviced from a utility
transmission voltage at 115 kV. The demand on the utility system is 50 MVA and 50% of its load is 12-pulse static
power converter load. Table 13-1 shows the equivalent harmonic current distortion characteristic of this load.

Figure 13-1ÑSingle-Line Diagram of Large Industrial Plant Fed From Transmission Voltage Used in 
Calculation of Current and Voltage Distortion

At the 115 kV PCC, the load current, IL, is 250 A, and the static power converterÕs (SPC) current is 125 A. The amount
of each of the harmonic currents is based on the factors that are listed in Table 13-1. Table 10-4 has classiÞed the
percent allowable harmonic current distortion in accordance with the harmonic order for 69.001 through 161 kV.
Results are displayed in Table 13-2. Thus, for a short-circuit ratio, Rsc, of 40, the allowable distortion caused by
harmonics less than the 11th is 3.5%. From the 11th to the 17th, 1.75% is allowed, etc. In the example, the distortion
of the 12-pulse characteristic harmonics (11th, 13th, 23rd, 25th, 35th, etc.) are higher than allowed even though it is
within the limits for the Þfth and seventh harmonics and other categories.

In the example, the distortion of the load with the 11th and the 13th harmonic currents are higher than Table 10-4,
which allows for 115 kV for Rsc = 40. The 12-pulse system does meet the criteria for Rsc of 50 or above. The systemÕs
ability to absorb the harmonic currents without exceeding the voltage distortion is shown in Table 13-3. In this
particular case, a review with the utility could be made to see if the excess current distortion is acceptable as long as
the voltage distortion is within limits.

Table 13-3 lists the resulting harmonic voltages associated with the harmonic currents listed in Table 13-2. The
harmonic voltages depend upon the impedance in the system through which the harmonic currents must ßow. The
listing in Table 13-3 shows how the harmonic voltages decrease with the size of the system. It is evident that the
harmonic currents from this plant do not distort the voltage greater than what is recommended in the recommended
practice. If there are other users on this line, however, the utility system may be distorted more than what is allowed by
the recommended practice. If that is the case, this user must correct the harmonic current to be within the limits
recommended in the recommended practice.
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Table  13-1ÑPer Unit Fundamental Current (fh ) for Harmonic Currents                                                   
Based on Xc = 0.12 and a = 30°

Note that on the 13.8 kV bus, the voltage distortions are greater than recommended. A properly sized harmonic Þlter
applied on the 13.8 kV bus would reduce the current distortion and the voltage distortion to within the current limits
to the utility and the voltage limits on the 13.8 kV bus.

13.2 Example of Several Users on a Single Distribution Feeder

Fig 13-2 shows a utility distribution feeder that has four users along the feeder. Each user sees a different value of short
circuit or system size. Cases A through D are described in Table 13-4. Tables 13-5 through 13-8, Case A, list the
current distortion from each of the users as a function of its static power converter load. Note that user #1 (see Table
13-5) is well within the limits as speciÞed by Table 10-3. User #2 (see Table 13-6) is marginal, and users #3 and #4 (see
Tables 13-6 and 13-7) are both well over the recommendations. Table 13-9, Case A, shows the resulting voltage
distortion on the feeder due to the four users. For each user,  the voltage distortion is above the 5% limit shown in Table
11-1.

There are two possible solutions to this problem, and Table 13-4 tabulates the cases that will be discussed. The Þrst
solution would be for the utility to place a harmonic Þlter near user #3 to absorb the harmonic currents coming from
the larger sources, users #3 and #4. Since approximately 4 Mvar (Case B) of capacitors are needed to furnish the vars
for these loads, a Þlter with this value of capacitance incorporated can be furnished, and the cost borne by the users that
are above the recommended limits on current distortion. Table 13-9, Case B, shows that the voltage distortion is within
limits for users #1 and #2, but still above 5% for users #3 and #4. Individual current harmonics and current total
harmonic distortion (THD), are all within prescribed IEEE Std 519 limits except for users #3 and #4, 11th to 22nd
harmonic.

Harmonic PU Value Harmonic PU Value

1 1.00

5 0.192 29 0.014

7 0.132 31 0.012

11 0.073 35 0.011

13 0.057 36 0.010

17 0.035 41 0.009

19 0.027 43 0.008

23 0.020 47 0.008

25 0.016 49 0.007

The magnitude of the harmonic currents in a 12-pulse converter that are shown in 
bold type are normally taken as 10% of the six-pulse value.

For converters used in PWM (Pulse Width Modulated) drives where the rectifier 
feeds a capacitor on the dc link, values of fifth harmonic can be much higher (0.3 
pu).
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The second alternative is for the two users, #3 and #4, to furnish Þlters on their systems (Case C). These Þlters would
improve their power factor above the penalty point and would also keep the current distortion within limits. The
economic incentive for the users to correct the problem is the lower power cost because of power factor improvement.
If the utility has no penalty, there is little incentive for the user to make the correction rather than the utility. Table 13-
9, Case C, lists the improvements in the voltage distortion with the users furnishing Þlters on their 4.16 kV buses. In
Case C, the voltage distortion values as well as the current distortion values are within the recommended limits.
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Figure 13-2ÑSingle-Line Diagram of Distribution System Feeder Used in Calculation of Current and 
Voltage Distortion

Table  13-4ÑArrangement of Harmonic Filters

Case D was calculated to see the effect of increasing the size of the utility furnished Þlter. Even a 40% increase in the
utility Þlter still leaves the voltage distortion on users #3 and #4 above the limits.

From this example, it is shown that the most effective way to correct harmonic distortion is at the source of the
harmonic current or at the userÕs point of common coupling with the utility.

Case Filter Size (Mvar) Location

A None Ñ

B 4.1 At user #3
13.8 kV Bus

C 3.6 At user #3
4.16 kV Bus
At user #4

4.16 kV Bus

D 5.8 At user #3
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