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Abstract: Harmonic studies and analysis of industrial and commercial power systems are
described. The basic concepts involved in such studies are described first. This is followed by a
discussion of how to determine the need for a harmonic study, how to assemble the required data,
how to recognize potential problems, and how to implement corrective measures.
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These notices
and disclaimers, or a reference to this page, appear in all standards and may be found under the heading
“Important Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be obtained on
request from IEEE or viewed at http://standards.ieee.org/[PR/disclaimers.html.

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use,
are developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute) develops its standards through a consensus
development process, approved by the American National Standards Institute (“ANSI”), which brings
together volunteers representing varied viewpoints and interests to achieve the final product. Volunteers
are not necessarily members of the Institute and participate without compensation from IEEE. While IEEE
administers the process and establishes rules to promote fairness in the consensus development process, IEEE
does not independently evaluate, test, or verify the accuracy of any of the information or the soundness of any
judgments contained in its standards.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document
relating to the standard, including, but not limited to, the warranties of: merchantability; fitness for a particular
purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of material. In
addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE standards
documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO:
PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.
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Translations

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

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations
Manual shall not be considered or inferred to be the official position of IEEE or any of its committees and shall
not be considered to be, or be relied upon as, a formal position of IEEE. At lectures, symposia, seminars, or
educational courses, an individual presenting information on IEEE standards shall make it clear that his or her
views should be considered the personal views of that individual rather than the formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless
of membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
consensus of concerned interests, it is important that any responses to comments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and Standards
Coordinating Committees are not able to provide an instant response to comments or questions except in
those cases where the matter has previously been addressed. For the same reason, IEEE does not respond to
interpretation requests. Any person who would like to participate in revisions to an IEEE standard is welcome
to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not imply compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.
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Photocopies

Subject to payment of the appropriate fee, IEEE will grant users a limited, non-exclusive license to photocopy
portions of any individual standard for company or organizational internal use or individual, non-commercial
use only. To arrange for payment of licensing fees, please contact Copyright Clearance Center, Customer
Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions
of any individual standard for educational classroom use can also be obtained through the Copyright Clearance
Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years old
and has not undergone a revision process, it is reasonable to conclude that its contents, although still of some
value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that they have
the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended through
the issuance of amendments, corrigenda, or errata, visit the IEEE-SA Website at http://iecexplore.ieee.org/ or
contact IEEE at the address listed previously. For more information about the IEEE-SA or IEEE’s standards
development process, visit the IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL: http://
standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting inquiries
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility.
Further information may be obtained from the IEEE Standards Association.
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Introduction

This introduction is not part of IEEE Std 3002.8™-2018, IEEE Recommended Practice for Conducting Harmonic
Studies and Analysis of Industrial and Commercial Power Systems.

IEEE 3000 Standards Collection™

This recommended practice was developed by the Technical Books Coordinating Committee of the Industrial
and Commercial Power Systems Department of the Industry Applications Society, as part of a project
to repackage the popular IEEE Color Books®. The goal of this project is to speed up the revision process,
eliminate duplicate material, and facilitate use of modern publishing and distribution technologies.

When this project is completed, the technical material included in the 13 IEEE Color Books will be included
in a series of new standards—the most significant of which will be a new standard, IEEE Std 3000™, IEEE
Recommended Practice for the Engineering of Industrial and Commercial Power Systems. The new standard
will cover the fundamentals of planning, design, analysis, construction, installation, startup, operation, and
maintenance of electrical systems in industrial and commercial facilities. Approximately 60 additional dot
standards, organized into the following categories, will provide in-depth treatment of many of the topics
introduced by IEEE Std 3000™:

— Power Systems Design (3001 series)

— Power Systems Analysis (3002 series)

— Power Systems Grounding (3003 series)

—  Protection and Coordination (3004 series)

— Emergency, Standby Power, and Energy Management Systems (3005 series)
— Power Systems Reliability (3006 series)

— Power Systems Maintenance, Operations, and Safety (3007 series)

In many cases, the material in a dot standard comes from a particular chapter of a particular IEEE Color Book.
In other cases, material from several IEEE Color Books has been combined into a new dot standard.

IEEE Std 3002.8™

The material in this recommended practice originally comes from Chapter 10 of the IEEE Brown Book™,
IEEE Std 399™-1997, Recommended Practice for Industrial and Commercial Power Systems Analysis but
includes major modifications based on the latest technological advancements.

This publication provides a recommended practice for conducting harmonic studies and analysis of power
systems in commercial and industrial facilities. It is likely to be of greatest value to the power-oriented engineer
with limited commercial or industrial plant experience. It can also be an aid to all engineers responsible for
the electrical design of commercial and industrial facilities. However, it is not intended as a replacement
for the many excellent engineering texts and handbooks commonly in use, nor is it detailed enough to be a
design manual. It should be considered a guide and general reference on analysis of commercial and industrial
facilities.

Topics of this standard are organized in the following sequence:

a)  Harmonic-analysis objectives
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b) Harmonic-analysis methodologies and applicable standards

¢) System and component models for use in computer simulations for harmonic analysis

d) Datarequired for computer simulations

e) Common data collection and preparation procedures

f)  Importance of model and data validation

g) Typical harmonic-analysis study scenarios, solution parameters, and results and reports interpretation
h)  Preferred features for harmonic-analysis tools

i) Illustration examples
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IEEE Recommended Practice for Conducting

Harmonic Studies and Analysis of
Industrial and Commercial Power Systems

1. Overview

1.1 Scope

This recommended practice describes how to conduct harmonic studies and analysis of industrial and
commercial power systems. The basic concepts are described first. This is followed by a discussion of how
to determine the need for a harmonic-analysis study, how to assemble the required data, how to
recognize potential problems, and how to implement corrective measures.

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

CIGRE Working Group 36, 05, “Harmonics—characteristic parameters, methods of study, estimates
of existing values in the network,” Electra,no. 77, pp. 35-54, 1981.!

IEC/TR 61000-3-6, Electromagnetic compatibility (EMC)—Part 3-6: Limits—Assessment of emission limits
for the connection of distorting installations to MV, HV and EHV power systems.”

IEEE Power Engineering Society, “Tutorial on harmonics modeling and simulation,” Publication
No. 98TP125-0. Piscataway, NJ: Institute of Electrical and Electronics Engineers, 1998.>

IEEE Power Engineering Society Transmission and Distribution Committee Task Force on
Harmonics Modeling and Simulation, “Test systems for harmonic modeling and simulation,” IEEE
Transactions on Power Delivery, vol. 14, no. 2, pp. 579-587, April 1999, http:// dx .doi .org/ 10 .1109/
61.754106.

!CIGRE publications are available from the Council on Large Electric Systems (http://www.e-cigre.org/).

[EC publications are available from the International Electrotechnical Commission (http://www.iec.ch) and the American National
Standards Institute (http://www.ansi.org/).

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

“IEEE publications are available from The Institute of Electrical and Electronics Engineers (http:/standards.ieece.org/).
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IEEE Std 18™, IEEE Standard for Shunt Power Capacitors.

IEEE Std 519-2014™, IEEE Recommended Practices and Requirements for Harmonic Control in Electric
Power Systems.

IEEE Task Force on the Effects of Harmonics on Equipment, “Effects of harmonics on equipment,” IEEE
Transactions on Power Delivery, vol. 8, no. 2, pp. 672-680, April 1993, http://dx.doi.org/10.1109/61.216874.

Prabhakara, F. S., R. L. Smith, and R. P. Stratford, Industrial and Commercial Power Systems Handbook. New
York: The McGraw-Hill Companies, 1996.

Shipp, D. D., “Harmonic analysis and suppression for electrical systems supplying static power converters
and other nonlinear loads,” IEEE Transactions on Industry Applications, vol. 1-A-15, no. 5, pp. 453-458,
Sept./Oct. 1979.

3. Definitions

For the purposes of this document, the following terms and definitions apply. The IEEE Standards Dictionary
Online should be consulted for terms not defined in this clause.’

The following definitions are adapted from IEEE Std 519™.

harmonic (component): A component of order greater than one of the Fourier series of a periodic quantity.
For example, in a 60 Hz system, the harmonic order 3, also known as the third harmonic, is 180 Hz.

interharmonic (component): A frequency component of a periodic quantity that is not an integer multiple of
the frequency at which the supply system is operating (e.g., 50 Hz or 60 Hz).

I-Tproduct: The inductive influence expressed in terms of the product of root-mean-square current magnitude
(I), in amperes, times its Telephone Influence Factor (TIF).

kV-T product: Inductive influence expressed in terms of the product of root-mean-square voltage magnitude
(V), in kilovolts, times its Telephone Influence Factor (TIF).

maximum demand load current: This current value is established at the Point of Common Coupling and
should be taken as the sum of the currents corresponding to the maximum demand during each of the 12
previous months divided by 12.

notch: A switching (or other) disturbance in the normal power voltage waveform, lasting less than 0.5 cycles,
which is initially of opposite polarity than the waveform and is thus subtracted from the normal waveform in
terms of the peak value of the disturbance voltage. This includes complete loss of voltage for up to 0.5 cycles.

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.

Point of Common Coupling (PCC): Point on a public power supply system, electrically nearest to a particular
load, at which other loads are, or could be, connected. The PCC is a point located upstream of the considered
installation.

SIEEE Standards Dictionary Online subscription is available at: http://dictionary.ieee.org.
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pulse number: The total number of successive non-simultaneous 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.

short-circuit ratio: At a particular location, the ratio of the available short-circuit current, in amperes, to the
load current, in amperes.

Telephone Influence 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.

Total Demand Distortion (TDD): The ratio of the root mean square of the harmonic content, considering
harmonic components up to the 50th order and specifically excluding interharmonics, to the maximum
demand current expressed as a percent value. Harmonic components of order greater than 50 may be included
when necessary.

Total Harmonic Distortion (THD): The ratio of the root mean square of the harmonic content, considering
harmonic components up to the 50th order and specifically excluding interharmonics, to the fundamental
component expressed as a percent value. Harmonic components of order greater than 50 may be included
when necessary.

4. Introduction

This recommended practice discusses the basic concepts involved in studies of harmonic analysis of industrial
and commercial power systems. The need for such an analysis, recognition of potential problems, corrective
measures, required data for analysis, and benefits of using a computer as a tool in a harmonic-analysis study
are also addressed in this recommended practice.

Any devices with nonlinear voltage-current characteristics generate harmonics. The main sources of
harmonics in industrial and commercial power systems are static power converters used as rectifiers for
various industrial processes and for other applications such as adjustable/variable speed drives, uninterruptible
power system (UPS), chargers, switched-mode supplies, static frequency converter, cycloconverters, etc. Arc
furnaces and saturated magnetic devices are also harmonic sources. Since nonlinear devices represent an ever-
increasing percentage of the total load in industrial and commercial electrical power distribution systems,
harmonic studies become an important part of overall system design and operation. Fortunately, the available
software for harmonic analysis has also grown. Guidelines for the acceptance of harmonic distortion at Point
of Common Coupling (PCC) level are defined in IEEE Std 519™, and the interharmonic effects to voltage
flickers at other system levels are also discussed. By modeling power system impedances as a function of
frequency and harmonic sources as injecting currents or forced voltages, a harmonic study can be made to
determine the effect of the harmonic contributions from nonlinear loads on the voltages and currents in the
power system.

Most commercial software packages calculate and provide the following results while performing harmonic
analysis.

a)  Harmonic bus voltages and branch current flows in the network
b) Impedance versus frequency spectrums for determining resonance conditions

¢)  Performance indices that quantify the effect of harmonics on voltage and current waveforms, electro-
magnetic interference, with telephone lines, etc.

d) Individual and total harmonic bus voltage and branch current distortion limit violation alerts
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e) Alerts indicating equipment (cable, transformer, capacitor bank, harmonic filter, etc.) overloading or
overstress

The software can also help in sizing and locating capacitors or passive filters for minimizing the effect of
harmonics and optimizing system performance.

In cases where a system cannot be easily or accurately modeled in the frequency domain, time-domain
simulation programs such as the Electro Magnetics Transients Program (EMTP) are used for harmonic
analysis. The output waveforms of these simulations are then post-processed using the Fast Fourier Transform
(FFT) to yield the calculated harmonic spectrum.

System modeling details described here particularly apply to industrial and commercial systems at low and
medium voltages, but the basics are also applicable to other systems and higher voltages. This standard does
not deal with active filters as part of the filter design; however, some reference is made to their applications.

It may be said at the outset that harmonic filter design is very closely linked to power factor (PF) requirements
of the system (often based on minimizing utility tariffs) and both must be considered at the same time. PF
compensation capacitors are also used for a variety of other purposes, such as transformer and conductor
sizing, motor starting, and voltage support. PF compensation studies will always take into account the shift
in system resonance points and the absorption of harmonics associated with introduction of power factor
capacitors.

The current revision of IEEE Std 519 should be referred to for general information and particularly for
harmonic generation from static power converters and other harmonic sources. An exhaustive reference list is
provided in Annex A, which should be referred to for details in specific areas.

5. Background

In the context of power system harmonic concerns, a nonlinear load or device is one that does not draw a
sinusoidal current when excited by a sinusoidal voltage. The most common nonlinear devices are switching
devices, such as solid-state converters, which force the conduction of currents for only certain periods and, to
a lesser extent, saturatable impedance devices such as transformers with nonlinear voltage versus impedance
characteristics. In computer modeling and simulation, a nonlinear load or device is considered a source of
harmonic currents, where harmonic frequencies are generally integer multiples of the system frequency.
However, certain nonlinear loads, such as an arc furnace or a cycloconverter, may also have non-integer
harmonic frequencies in addition to the expected integer harmonics.

Harmonics, by definition, occur in every cycle of the fundamental component and are calculated as part of
the steady-state solution. However, exceptions exist, and harmonics may vary from cycle to cycle. These
are termed time-varying harmonics. Also, harmonics may appear in quasi-steady-state or transient situations,
such as in magnetization inrush current of a transformer. This standard does not deal with transient harmonics
or time-varying harmonics, which require harmonic source models as a function of time and involve time
domain simulations.

The generated harmonic frequencies are dependent upon the type of nonlinear load or device. Most nonlinear
loads or devices produce odd harmonics with small even harmonics. However, loads such as arc furnaces
produce the entire spectrum of harmonics: odd, even, and non-integer harmonics in between (non-integer
harmonics are also referred to as interharmonics). Generally, the amplitude of the harmonics decreases as the
frequency (or the harmonic order) increases.

An ideal current source is one that provides a constant current irrespective of the system impedance seen by
the source. In most studies for industrial applications, the nonlinear load or the harmonic source is considered
an ideal current source without a Norton’s impedance across the source (i.e., Norton impedance is assumed
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to be infinite). This approximation is generally reasonable and yields satisfactory results. When the nonlinear
device acts like a voltage source, meaning that it has relative fixed voltage waveform distortion rather than
fixed current waveform distortion (e.g., a pulse-width-modulated [PWM] inverter, or an arc furnace, or a
utility connection), a Thevenin equivalent voltage source model can be used.

During harmonic analysis the system is subjected to harmonic current injections and/or harmonic voltage
affection at multiple frequencies, the network is solved for voltage and current at each frequency separately.
The total voltage or current in an element is then found either by a root-mean-square sum or arithmetic
sum, using the principle of superposition. The effect of harmonic current propagation through the network,
including the power source, produces distortion of the voltage waveform depending upon harmonic voltage
drops in various series elements of the network. Therefore, the voltage distortion at a given bus is dependent
on the equivalent source impedance; the smaller the impedance, the better the voltage quality. Note that the
harmonic sources, which are nonlinear loads, are not the sources of power, but are the cause of additional
active and reactive power losses in the system.

6. Analysis objectives

With the growing proliferation of nonlinear loads in commercial buildings and industrial plants, which may
be in the range of 30% to 50% of the total load, the effects of harmonics within the system and their impact on
the utility and neighboring loads need to be examined before any complaints are made for equipment damage
or production loss.

The following situations may necessitate a harmonic study, which should include recommendations for
mitigating the effects of harmonics:

— Compliance with IEEE Std 519, which defines the current distortion limits a user should meet at the
Point of Common Coupling (PCC) with the utility. Voltage distortion limits are also defined as a basis
for the system design. The voltage distortion limits are primarily intended for the utility to provide a
good sine wave voltage; however, an individual user is expected to use the voltage limits as a basis for
the system design. The chances are that if the current distortion limits are met, the voltage distortion
limits will also be met, except in some unusual circumstances.

— A history of harmonic-related problems, such as failure of power-factor compensation capacitors,
overheating of cables, transformers, motors, etc., or misoperation of protective relays or control
devices.

— Plant expansion where significant nonlinear loads are added or where a significant amount of
capacitance is added.

— Design of a new facility or power system where the load flow, power factor compensation, and
harmonic analyses are considered as one integrated study to determine how to meet the reactive power
demands and harmonic performance limits.

When harmonics appear to be the cause of system problems, it is necessary to determine the resonant
frequencies at the problem sites. With PF correction capacitor banks, a parallel system resonance can occur
at or near one of the lower harmonic orders (3, 5...). This resonance can be critical if excited by a harmonic
current injection at that frequency. Refer to 7.4 for an approximate calculation of harmonic resonant frequency.
An estimate of the resonant frequencies is very useful for an initial evaluation.

Reasons to conduct harmonic-analysis studies of industrial and commercial power systems include, but may
not be limited to:

1) Benchmark existing system and collect data to calibrate model by measurements of existing system
with well-defined test plan.
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2)  Identify location, type, and magnitude of harmonic sources in the system.
3)  Simulate impacts of these harmonic sources on system voltages and currents.
4)  Study harmonic penetrations to the system.

5) Calculate voltage and current harmonic distortions on each individual frequency and Total Harmonic
Distortion (THD).

6)  Check if there exist any violations in harmonic voltage and current distortion level.

7)  Calculate other harmonic indices and compare them to the standard or code limitations.
8)  Identify if the system has parallel or series resonance conditions.

9)  Design harmonic filters and test harmonic filters.

10) Test transformer phase shift and analyze its effects on harmonic current cancellation and harmonic
distortion deduction.

11) Test other harmonic mitigation designs and performance.

More specifically, during the system design phase, it is important that the following factors be considered in
the study:

a)  Model harmonic sources from nonlinear loads and power electronics devices, simulate their impacts
to the system, and assess harmonic voltage and current distortion levels.

b)  Calculate all harmonic indices, both voltage and current.

c¢) Compare the distortion levels and harmonic indices with the standard and code limits to see if there are
any violations.

d) Identify system parallel or series resonance frequencies.
e) Check if'there are any harmonic source frequencies at or near the system parallel resonance points.

f)  If there are harmonic source frequencies at or near the system parallel resonance points, assess the
overvoltage conditions at these frequency points.

g) Ifthere are harmonic source frequencies at or near the system series resonance points, assess the over-
current conditions at involved capacitor banks.

h)  Ifnecessary, design and test harmonic mitigation methods such as:

1) Install harmonic filters to reduce the harmonic distortion levels and shift resonance frequencies
to less harmful regions.

2) Usetransformer phase shift to cancel harmonics and obtain overall harmonic distortion reduction.

i) Simulate the final system for overall harmonic voltage and current distortions after harmonic
mitigations are implemented.

In the system operation phase, harmonic-analysis studies should be done to simulate various operating
conditions and configurations to verify if there are any excessive harmonic distortions and harmful parallel
resonances under all possible operating conditions.

In the system expansion phase, harmonic-analysis studies should be performed to model and simulate system
changes and prevent harmonic distortion deterioration and new parallel resonance and overvoltage situations
which could be introduced by new harmonic sources added to the system and system impedance changes due
to new configurations.
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7. Methodology and standards
7.1 General harmonic-analysis methodology

In harmonic-analysis computer simulation, distorted voltages and currents due to nonlinear devices are
modeled as harmonics sources, and network power flow solutions are found with these harmonic sources.
The general approach is to simulate harmonic current sources by injecting the harmonic currents into the
network and simulate harmonic voltage sources by placing harmonic voltage at buses, and calculate voltages
and currents in the network as a function of harmonic sources at each individual harmonic frequency. When
network voltages and currents are solved, different harmonic indices are then computed at critical locations
and compared to standard or code limits, or any applicable contractual limitations. If violations are found,
harmonic mitigations will be required to reduce harmonic distortions. Harmonic mitigation methods usually
include one or a combination of design and installation of harmonic filters, both in static types or active types,
configuration and utilization of parallel transformer with phase-shifts, and harmonic load rebalancing. If the
system has capacitor banks or other significant capacitive loads or devices, a frequency scan that computes
driving point (or Thevenin equivalent) impedance at designated buses should be performed to identify parallel
resonance locations and resonance frequencies. Once the parallel resonances are identified, overvoltage
conditions at the resonant locations and resonant frequencies should be computed and assessed. For excessive
voltage situations, elimination of resonances or relocation of resonant frequencies should be done through
design and placement of harmonic filters to avoid actual parallel resonance and overvoltage situations in the
system.

7.2 Harmonic sources

All harmonic sources are referred to as nonlinear loads because they draw non-sinusoidal currents when a
sinusoidal voltage is applied. The non-sinusoidal current may be due to the inherent characteristic of the load
(e.g., arc furnaces), or due to a switching circuit (e.g., a 6-pulse converter that forces conduction of currents for
only certain periods). In industrial and commercial power systems there may be many such harmonic sources
distributed throughout the system.

The harmonic study requires knowledge of the harmonic currents or voltages generated by nonlinear loads or
nonlinear sources. There are several options to acquire data for harmonic analysis:

a)  Obtain the harmonic spectrum of the source from the equipment manufacturer. This is particularly
important in cases where new technology or non-standard equipment is applied.

b) Calculate the generated harmonics by analytical methods where possible, such as at converters or
static var compensators.

c) Use computer simulation software that simulates the operation of the power electronics circuit to
generate harmonic spectra and waveforms.

d)  Apply typical values based on similar applications or published data.

In practice, combinations of all four methods are used to provide reasonable results. However, it should be
noted that on-site harmonic measurements may not yield the worst-case harmonic spectrum, depending on the
equipment operating modes at the time the measurements are made. Calculation of harmonics by analytical
methods can be challenging, as it requires determining an equation for the subject waveform and performing a
Fourier analysis on that equation.

Since the system configuration and load continually change, the harmonics also change and it would be a
formidable task to study all such conditions. Usually, the worst operating condition is determined, and the
design is based on the “worst-generated”” harmonics ratio. However, it needs to be recognized that even with
the “worst-generated” harmonic case, the harmonic flows within different elements of the network can be
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different, depending on the number of transformers or tie breakers in service. This necessitates that for the
“worst-generated” case, the “worst-operating” cases(s) must be analyzed.

One other difficulty in the analysis arises from the fact that when multiple harmonic sources are connected to
the same bus (or different buses), the phase angles between the harmonics of the same order are usually not
known. Generally speaking, arithmetic addition of harmonic magnitudes is reasonable if the harmonic sources
are similar and have similar operating load points. However, this approach can lead to a more conservative filter
design and distortion calculations if the sources are different or operate at different load points. Determination
of phase angles of harmonics and vectorial addition can be quite a complex and expensive approach for
general industrial application. This is often resolved by simplifying assumptions based on experience or by
field measurements. More advanced techniques are used in high-voltage dc transmission and other utility
applications where precision is important.

Industrial harmonic studies are usually represented on a single-phase basis, i.e., based on the assumption that
the system is balanced and positive sequence analysis applies. A three-phase study is warranted only if the
system or the load is severely unbalanced, or a four-wire system with single-phase loads exists. However, with
the development and operation of electrical railway systems in some countries, more and more unbalanced
three-phase systems have been observed. In such a situation it will be desirable to determine the harmonics
generated in all three phases. The cost of a three-phase study could be higher than a single-phase study and
should be used only when such an expense and purpose can be justified.

7.3 Effects of harmonics

The effects of harmonics are described here only in the context of the analytical harmonic system study,
details of these effects can be found in referenced literature. IEEE Std 519 and Prabhakara, Smith, and
Stratford’s Industrial and Commercial Power Systems Handbook deal with the subject in detail. The effects of
harmonics in a power system are pervasive in that they influence system losses, system operation, and system
performance. Unless the harmonics are controlled to acceptable limits, the power equipment and, even more
so, the electronic equipment may be damaged, resulting in costly system outages.

The effects of harmonics are due to both current and voltage, although current-produced effects are more
likely to be seen in day-to-day performance. Voltage effects are more likely to degrade the insulation and
hence shorten the life of the equipment. The following describes some of the common effects of harmonics:

a) Increased losses within the equipment and associated cables, lines, etc.
b)  Pulsating and reduced torque in rotating equipment

c¢) Premature aging due to increased stress in the equipment insulation

d) Increased audible noise from rotating and static equipment

e) Misoperation of equipment sensitive to waveforms

f)  Substantial amplification of currents and voltages due to resonances

g) Communication interference due to inductive coupling between power and communication circuits

Generally, harmonic studies involving harmonic flows and filter design do not involve detailed analysis of
the effects of harmonics if the limits imposed by the user or by a standard are met. However, in specific cases,
analysis of harmonics penetrating into rotating equipment, causing relay misoperation, or interfering with
communication circuits may require a separate study.

For additional information, see the report by the IEEE Task Force on the Effects of Harmonics on Equipment.
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7.4 Resonance
7.4.1 Introduction

Most power system circuit elements are primarily inductive, therefore the presence of shunt capacitors used
for power-factor correction or harmonic filtering can cause cyclic energy transfer between the inductive and
capacitive elements at the natural frequency of resonance. At this frequency, the inductive and capacitive
reactances are equal.

The combination of inductive (L) and capacitive (C) elements as viewed from a bus of interest, generally
the bus at which harmonic currents are injected by a nonlinear load (source bus), can result in either a series
resonance (L and C in series) or a parallel resonance (L and C in parallel). As shown in the following sections,
the series resonance results in low impedance and parallel resonance in high impedance. At either series or
parallel resonance, the net impedance is resistive. In harmonic studies, it is essential that the driving-point
impedance, as seen from the harmonic source bus (or other bus of interest), be examined to identify the series
and parallel resonance frequencies and resulting impedances.

In practical electrical systems, power factor (PF) correction capacitors are primarily utilized to offset the
power factor penalty imposed by the utility. This can create an abnormal situation, because the combination
of capacitors and inductive elements in the system can result in either series or parallel resonance or a
combination of both, depending upon the system configuration. Usually parallel resonance occurs more often
because capacitor banks act in parallel with system impedance (inductive); this can be a matter of concern if
the resonant frequency happens to be close to one of the frequencies generated by the harmonic sources in the
system.

The result of a series resonance may be the flow of unexpected amounts of harmonic currents through certain
elements. A common manifestation of excessive harmonic current flow is inadvertent relay operation, blown
fuses, and overheating of cables, etc.

The result of a parallel resonance may be the presence of excessive harmonic voltages across network
elements. A common manifestation of excessive harmonic voltages is capacitor or insulation failure.

7.4.2 Series resonance

An example of series resonant circuit is shown in Figure 1. Each circuit element is described in terms of its
impedance. The equivalent impedance of the circuit and the current flow are expressed by Equation (1) and
Equation (2). This circuit is said to be in resonance when the inductive reactance X; is equal to the capacitive
reactance X.. The resonant frequency at which X; = X is given by Equation (5).

E:R'i'j()(L_‘Xc) )
T=— @
R+j(X, -X¢)
:% atresonance (X, = X_) (3)
1
e “)
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