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Abstract: Guidelines and performance expectations are provided for the application of power
electronic-based equipment on distribution systems of power providers to improve power quality.
It is a resource to electric utility providers as they enter into the competitive marketplace. It
provides detailed information about custom power devices as options to solve power quality
problems.
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Notice and Disclaimer of Liability Concerning the Use of IEEE Documents: IEEE Standards documents are developed
within the IEEE Societies and the Standards Coordinating Committees of the IEEE Standards Association (IEEE-SA)
Standards Board. IEEE develops its standards through a consensus development process, approved by the American National
Standards Institute, which brings together volunteers representing varied viewpoints and interests to achieve the final product.
Volunteers are not necessarily members of the Institute and serve without compensation. While 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.

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

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

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase, market, or
provide other goods and services related to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a
standard is approved and issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard. Every IEEE standard is subjected to review at least every ten years. When a document is
more than ten 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 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.

Translations: The IEEE consensus development process involves the review of documents in English only. In the event that
an IEEE 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 the official position of IEEE or any of its committees and shall not be considered to
be, nor 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 to ensure 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. Any person who
would like to participate in evaluating comments or revisions to an IEEE standard is welcome to join the relevant IEEE
working group at http:/standards.ieee.org/develop/wg/.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854

USA

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

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

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE Standards 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. 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://standards.ieee.org/index.html or
contact the IEEE at the address listed previously. For more information about the IEEE Standards
Association or the IEEE standards development process, visit IEEE-SA  Website at
http://standards.ieee.org/index.html.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.iece.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.iece.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.
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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.

. Documents
Copyright © 2012 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:21:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1409-2012


http://www.avadocuments.com/doc/ieee-1409-2012
http://www.avadocuments.com/doc/ieee-1409-2012

Participants

At the time this IEEE guide was completed, the Power Quality Solutions Working Group had the following

membership:

Richard Bingham
Math Bollen
Reuben Burch
James L. Burke
Ernst Camm
Gary Chang
Randy Collins
Larry Conrad
Fouad Dagher
Osmani Demirci
Andy Dettloff
Doug Dorr

Russ Ehrlich
Alan Fraser

Bill Garlatz
Dave Gilmer
Eric Gunther
Mark Halpin
Dennis Hansen
Fred Hensley

Gil Hensley

Ron Hotchkiss
Michael R. Ingram
Jon Jipping

Eric John

Brian K. Johnson
John Kennedy
Albert Keri
Thomas Key
Morteza Khodaie
Mike Kotch

David Mueller, Chair
D. Daniel Sabin, Vice Chair

David Kreiss

Frank Lambert
Thomas W. LaRose
Theo Laughner
Kevin Little

Mike Lowenstein
Tom McDermott
Alex McEachern
Mark F. McGranaghan
Chris McKissack
Harshad Mehta
Chris Melhorn
Tom Menten
Stephen Middlekauff
Bill Moncrief
Alejandro Montenegro
Larry Morgan
Malte Mosters

Ram Mukherji
Matt Norwalk

Ray O’Leary
Magnus Olofsson
Gregory L. Olson
Marty Page

Gilson Paulillo

Ben Pedersen

Scott Peele
Michael Pehosh
Charles Perry

Dean Philips
Alberto Prudenzi

Greg Rauch

Alvin Razon

Brad Roberts

Denis Ruest

Robert Saint
Ambra Sannino
John Schwartzenberg
Matt Seeley
Michael T. Sheehan
Michael Shepherd
Georges Simard
Jeff Smith

Doug Staszesky
Michael Swearingen
Ken Szediol

Steve Tatum

Rao Thallam
Michael Thesing
Tony Thomas
Grazia Todeschini
Robert Tucker
Timothy D. Unruh
Marek Waclawiak
Dan Ward

Charles Williams
Brian Wong

Neil H. Woodley
Chris Wyatt
Francisc Zavoda

The following members of the individual balloting committee voted on this guide. Balloters may have
voted for approval, disapproval, or abstention:

William J. Ackerman
Santiago Barcon
Craig Befus

Richard Bingham
William Bloethe
Frederick Brockhurst
Chris Brooks

Ted Burse

William Bush
William Byrd

Brent Cain

Arvind K. Chaudhary
James Cleary
Michael Coddington

Andy Dettloff
Kevin Donahoe
Carlo Donati
Gary Donner
Neal Dowling
Gary Engmann
Carl Fredericks
Fredric Friend
Bill Garlatz
Dave Gilmer
Mietek Glinkowski
Edwin Goodwin
Thomas Grebe
Randall Groves

vi
Copyright © 2012 IEEE. All rights reserved.

Eric Gunther
Ajit Gwal
Dennis Hansen
Edward Hare
David Harris
Steven Hodder
Werner Hoelzl
Robert Hoerauf
John Houdek

R. Jackson

Brian K. Johnson
John Kennedy
Yuri Khersonsky
Morteza Khodaie

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:21:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1409-2012


http://www.avadocuments.com/doc/ieee-1409-2012
http://www.avadocuments.com/doc/ieee-1409-2012

Jim Kulchisky
Saumen Kundu
Chung-Yiu Lam
Theo Laughner
Kevin Little
Greg Luri

Gary Michel

Bill Moncrief
Daniel Mulkey
Jerry Murphy
Michael S. Newman
David Nichols
Joe Nims
Gregory L. Olson
Lorraine Padden

Marty Page
Donald Parker
Bansi Patel
Christopher Petrola
Tulian Profir
Reynaldo Ramos
John Roach
Michael Roberts
Charles Rogers
Thomas Rozek
Robert Saint
Bartien Sayogo
Robert Schuerger
Ken Sedziol
Nikunj Shah

Gil Shultz

David Singleton
James Smith
Jerry Smith
John Spare
Gary Stoedter
Peter Sutherland
David Tepen
Eric Udren
Timothy D. Unruh
John Vergis
Carl Wall

Dan Ward

Larry Young
Jian Yu
Francisc Zavoda

When the IEEE-SA Standards Board approved this guide on 29 March 2012, it had the following

membership:

Satish Aggarwal
Masayuki Ariyoshi
Peter Balma
William Bartley
Ted Burse

Clint Chaplin

Wael Diab
Jean-Philippe Faure

*Member Emeritus

Richard H. Hulett, Chair
John Kulick, Vice Chair
Robert M. Grow, Past President
Judith Gorman, Secretary

Alexander Gelman
Paul Houzé

Jim Hughes

Young Kyun Kim
Joseph L. Koepfinger*
John Kulick

David J. Law

Thomas Lee

Hung Ling

Oleg Logvinov
Ted Olsen

Gary Robinson

Jon Walter Rosdahl
Mike Seavey

Yatin Trivedi

Phil Winston

Yu Yuan

Also included are the following nonvoting IEEE-SA Standards Board liaisons:

Richard DeBlasio, DOE Representative
Michael Janezic, NIST Representative

Julie Alessi

IEEE Standards Program Manager, Document Development

Matthew J. Ceglia

IEEE Client Services Manager, Professional Services

vii
Copyright © 2012 IEEE. All rights reserved.

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 24,2026 at 15:21:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1409-2012


http://www.avadocuments.com/doc/ieee-1409-2012
http://www.avadocuments.com/doc/ieee-1409-2012

Introduction

This introduction is not part of IEEE Std 1409-2012, IEEE Guide for Application of Power Electronics for Power
Quality Improvement on Distribution Systems Rated 1 kV Through 38 kV.

This guide introduces and defines the technology of custom power. This technology involves devices and
circuit configurations of power electronic equipment used in distribution systems of power providers rated
1 kV through 38 kV for the purposes of mitigating problems associated with power quality. The concept of
custom power is the employment of power electronic or static controllers in medium voltage distribution
systems for the purpose of supplying a level of power quality that is needed by electric power customers
that are sensitive to rms voltage variations. Custom power devices include static switches, converters,
injection transformers, master control modules, and/or energy storage modules that have the ability to
perform current interruption and voltage regulation functions in a distribution system to improve power

quality.

For voltage sag, swell, and interruption mitigation, the following custom power controllers are examined:
dynamic voltage restorer (DVR) devices, static voltage regulator (SVR) devices, backup stored energy
system (BSES) devices, and transfer switch (TS) devices. For harmonic and reactive compensation, the
following devices are reviewed: distribution static compensator (distribution STATCOM) devices,
distribution static var compensator (SVC) devices, and distribution series capacitors.

This guide includes definitions, general need guidelines, performance objectives, electrical environments,
input/output criteria, performance measurements, case studies, bibliography, and engineering tradeoffs. It
also addresses power assessment techniques.
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IEEE Guide for Application of Power
Electronics for Power Quality
Improvement on Distribution Systems
Rated 1 kV Through 38 kV

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, health, or
environmental protection, or ensure against interference with or from other devices or networks.
Implementers of IEEE Standards documents are responsible for determining and complying with all
appropriate safety, security, environmental, health, and interference protection practices and all
applicable laws and regulations.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http:/standards.ieee.org/IPR/disclaimers. html.

1. Overview

1.1 Scope

This guide introduces and defines the emerging technology of custom power. This technology involves
devices and circuit configurations of power electronic equipment used in utility power distribution systems
rated 1 kV through 38 kV for the purposes of mitigating problems associated with power quality. This
guide also includes definitions, general need guidelines, performance objectives, electrical environments,
input/output criteria, performance measurements, case studies, bibliography, and engineering trade-offs.
The proposed document addresses power assessment techniques as specified by IEEE Std 1250™-2011",
which defines power quality terms and phenomena, and IEEE Std 1159™-2009, which provides a
recommended practice for measuring power quality.

! Information on references can be found in Clause 2.
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IEEE Std 1409-2012
IEEE Guide for Application of Power Electronics for Power Quality Improvement on Distribution Systems Rated 1 kV
Through 38 kV

1.2 Purpose

This document provides guidelines and performance expectations for the application of power electronic-
based equipment on utility distribution systems to improve power quality and control in these distribution
systems. It can be a resource to utilities as they enter into the marketplace, providing detailed information
about custom power devices as options to solving power quality problems.

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.”

IEEE Std 519™-1992, IEEE Recommended Practices and Requirements for Harmonic Control in Electrical
Power Systems.’

IEEE Std 1159-2009, IEEE Recommended Practice for Monitoring Electric Power Quality.

IEEE Std 1250-2011, Guide for Identifying and Improving Voltage Quality in Power Systems.

3. Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary: Glossary of Terms and Definitions* should be consulted for terms not defined in this clause.

backup stored energy system (BSES): A device that disconnects a protected load from the power
provider supply within milliseconds of the detection of a disturbance and supplies the entire load using
stored energy. Typical sources for the stored energy are batteries, flywheels, or superconducting magnetic
coils.

BSES: See: backup stored energy system.

custom power: The concept of employing power electronic (static) controllers in 1 kV through 38 kV
distribution systems for supplying a compatible level of power quality necessary for adequate performance
of selected facilities and processes.

custom power controller: An active power electronic device, consisting of equipment, installation, and/or
apparatus with the ability to perform current interruption and/or voltage regulation in the distribution
system to improve power quality.

custom power park: A concept for providing improved power quality to an industrial or commercial
office park development serving multiple tenants with varying power quality requirements utilizing a
combination of custom power controllers and other power quality improvement devices. Also referred to as
a premium power park, the concept may also include multiple electrical feeds, energy conversion
equipment with multiple fuels, and integrated energy storage.

? The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers, Inc.
* IEEE publications are available from The Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,

USA (http:/standards.ieee.org/).
*IEEE Standards Dictionary: Glossary of Terms and Definitions is available at http://shop.ieee.org.
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dip: See: sag.

distribution series capacitor: A fixed capacitor connected in series with the distribution circuit and
provided with high-speed mechanical bypass protection. While it can be an effective solution for flicker
caused by varying loads, this device is not considered a custom power controller.

distribution STATCOM: A power electronics-based waveform synthesis device that is shunt connected
through a transformer to a distribution circuit for the purpose of instantaneous voltage regulation, power
factor correction, and reactive power control. The compensator may also have the capability of injecting
higher than fundamental frequency current vectors into the distribution circuit at the point of common
coupling to perform active filtering (mitigation) of current harmonics. The term distribution STATCOM
(distribution static compensator) specifically applies to equipment used for power quality improvement in
distribution applications. See also. static shunt compensator.

DVR: See: dynamic voltage restorer.

dynamic voltage restorer (DVR): A power clectronics-based waveform synthesis device that is series
connected directly into the primary distribution circuit by means of a set of series-connected single-phase
injection transformers. The principal function of the dynamic voltage restorer is to inject or absorb real
power during a short-duration change in the primary feeder voltage. This device may be coupled with
energy storage capability. Its controller may also have the capability of injecting higher than fundamental
frequency voltage vectors into the distribution circuit to perform active filtering (mitigation) of voltage
harmonics.

flicker: Impression of unsteadiness of visual sensation induced by a light stimulus whose luminance or
spectral distribution fluctuates with time.

NOTE—Flicker is defined by IEC 60050-161 [B12].>°

gate turn-off (GTO) thyristor: Variant of the thyristor with controlled turn-off initiated by large negative
current pulse to gate, capable of slow pulse-width-modulation waveform synthesis.

GTO: See: gate turn-off thyristor.

high-speed mechanical transfer switch (HSMTS): A transfer switch that utilizes vacuum switches to
transfer a load from a primary feed to a secondary with transfer times as fast as 1.5 cycles.

hybrid transfer switch: A transfer switch that employs a static switch in parallel with a vacuum switch to
transfer a load from a primary feed to a secondary with transfer times as fast as 1.5 cycles.

IGBT: See: insulated gate bipolar transistor.

IGCT: See: integrated gate commutated thyristor.

insulated gate bipolar transistor (IGBT): A power, voltage-controlled semiconductor device with turn-
on and turn-off capability, capable of high switching frequencies in pulse-width modulation waveform

synthesis.

integrated gate commutated thyristor (IGCT): A variant of the thyristor with turn-off controlled by a
large current (up to rating of load current) pulse. The IGCT is faster than an ordinary gate turn-off thyristor.

* Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard.
¢ The numbers in brackets correspond to those of the bibliography in Annex A.
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LES: See: line energy supply.

line energy supply (LES): A supply scheme for the DVR in which the energy injected into the distribution
circuit during voltage sag compensation is drawn from the system during the sag event by a diode bridge
rectifier that is connected to the dc-link of the DVR converter.

MCT: See: MOS controlled thyristor.

mechanical transfer switch (MTS): A transfer switch that utilizes mechanical switching components to
transfer a load from a primary feed to a secondary with typical transfer times that range from 100 ms to
approximately 10 s. While it is an effective solution for loads that can tolerate a momentary interruption,
this device is not considered a custom power controller.

MOS controlled thyristor (MCT): A variant of the thyristor with two internal power MOSFETs
controlling the device turn-on and turn-off, with superior turn-on/turn-off performance allowing higher
switching frequencies in PWM waveform synthesis.

MTS: See: mechanical transfer switch.

notch: A switching (or other) disturbance of 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.

NOTE—Voltage notching characteristics are defined in IEEE Std 519-1992.

phase jump: The change in voltage phase angle during a voltage sag as compared to the phase angle of the
voltage before the voltage sag. Also referred to as phase-angle jump or phase shift, it can be different for
each of the three phases in a three-phase system.

phase shift: See: phase jump.

power quality: The concept of powering and grounding sensitive equipment in a manner that is suitable to
the operation of that equipment.

NOTE—Power quality is defined in IEEE Std 1100™-2005 [B16].

power quality disturbance: Any deviation of the voltage and/or current from the nominal sinusoidal
waveform at rated amplitude and frequency, resulting in disruption, misoperation, or damage to equipment
Or processes.

premium power park: See: custom power park.

sag: A decrease to between 0.1 and 0.9 pu in rms voltage or current at the power frequency for durations of
0.5 cycles to 1 minute.

NOTE—Sag is defined in IEEE Std 1159-2009.
SCR: See: semiconductor controlled rectifier.

semiconductor controlled rectifier (SCR): An alternative name used for the reverse-blocking triode-
thyristor. See also. thyristor.

NOTE—The name of the actual semiconductor material (selenium, silicon, etc.) may be substituted in place of the
word semiconductor in the name of the components.
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SES: See: stored energy system.
SSB: See: static circuit breaker.

static circuit breaker or solid-state breaker (SSB): A device usually based on gate turn-off (GTO) and
semiconductor controlled rectifier (SCR) thyristors capable of providing sub-cycle interruption on faulted
feeders. SSBs that are designed for use at medium or high voltage, utilize snubbing networks across the
switching elements (e.g., GTOs or SCRs). The snubbing networks can carry current across the terminals of
the SSB, even when the switching elements are in their off-state. The use of an integral series mechanical
switch can be used to interrupt the small leakage current, which flows through the snubbing network.

static series compensator: See: dynamic voltage restorer.

static series/shunt compensator: A power-electronics controller designed to provide voltage
compensation to protect a sensitive load from voltage disturbances using a series element. It also provides
current compensation using a shunt element to protect a power system from a load that would otherwise
impart harmonic distortion, flicker, or power factor problems.

static shunt compensator: A power electronics-based waveform synthesis device that is shunt connected
through a transformer to the transmission or distribution circuit for the purpose of instantaneous voltage
regulation, power factor correction, and reactive power control. The compensator may also have the
capability of injecting higher than fundamental frequency current vectors into the distribution circuit at the
point of common coupling to perform active filtering (mitigation) of current harmonics. In the context of
this guide, only the application in distribution systems will be considered. See also: distribution
STATCOM.

static transfer switch (STS): A transfer switch that utilizes thyristors or gate-turnoff thyristors to transfer a
load from a primary feed to a secondary with subcycle transfer times.

static var compensator (SVC): A shunt-connected device with thyristor switching of passive reactive
components (capacitors and reactors) in continuous and/or discrete steps, which exchanges a continuously
controlled reactive current with the power system to control electrical parameters of the line at the point of
common coupling. SVC is typically used for voltage control, reactive power compensation, and power
factor correction in both transmission and distribution applications. In the context of this guide, only the
application in distribution systems will be considered.

static voltage regulator (SVR): A controller capable of providing voltage boost during a voltage sag,
constituted by a three-phase transformer supplying the load, equipped with thyristor switches that rapidly
change taps on one (or more) of the secondary windings. Such a device may also be designed to provide
voltage buck during voltage swells.

stored energy system (SES): A supply scheme for the dynamic voltage restorer (DVR) in which the
energy injected into the distribution circuit during voltage sag compensation is drawn from the system
during normal operation and stored in a proper system to be later released to the dc-link of the DVR
converter. The SES may use any storage media with energy extraction/recharge rates suitable for
instantaneous voltage sag mitigation.

STS: See: static transfer switch.
SVC: See: static var compensator.
SVR: See: static voltage regulator.

swell: An increase to between 1.1 pu and 1.8 pu in rms voltage or current at the power frequency for
durations from 0.5 cycles to one minute.
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NOTE—Swell is described further in IEEE Std 1159-2009.
TCR: See: thyristor-controlled reactor.

thyristor: A bistable semiconductor device comprising three or more junctions that can be switched from
the “off” state to the “on” state or vice versa, such switching occurring within at least one quadrant of the
principal voltage-current characteristic.

thyristor-controlled reactor (TCR): A reactor whose susceptance is controlled by continuously varying
the firing angle of a series static switch constituted by two antiparallel thyristors.

thyristor crowbar: A semiconductor shorting switch consisting of a single (or series connection of
multiple) thyristor device(s) used to short circuit the secondary turns of the series injection transformer at
the onset of an overcurrent condition in the protected downstream load. The thyristor crowbar is typically
rated with sufficient thermal capacity to maintain the shorted secondary current until the primary side
mechanical bypass switch can close effectively removing a series compensating device from the circuit
during the period of the overcurrent condition.

thyristor switched capacitor (TSC): A capacitor that is switched on and off by timed firing of a series
static switch constituted by two antiparallel thyristors.

transfer switch (TS): A switch arranged to permit transferring a conductor connection from one circuit to
another without interrupting the current.

NOTE—Transfer switch is defined in IEEE Std C37.100-1992 [B20].

transient: Pertaining to or designating a phenomenon or a quantity which varies between two consecutive
steady states during a time interval that is short compared to the time scale of interest. A transient can be a
unidirectional impulse of either polarity or a damped oscillatory wave with the first peak occurring in either
polarity.

NOTE—Transient is defined in IEC 60050-161 [B12].
TS: See: transfer switch.
TSC: See: thyristor switched capacitor.

uninterruptible power supply (UPS): A backup stored energy system that protects a load from power
outages using a stored energy system. Typical sources for the stored energy are batteries or flywheels. The
runtime of an uninterruptible power supply is shorter (usually several minutes) than more robust standby
power generators that may run for hours, but sufficient to allow time to bring an auxiliary power source on
line, or to properly shut down the protected equipment.

voltage change: A variation of the rms or peak value of a voltage between two consecutive levels sustained
for definite but unspecified durations.

voltage distortion: Any deviation from the nominal sine waveform of the ac line voltage.
NOTE—Voltage distortion is also defined in IEEE Std 1100-2005 [B16].
voltage fluctuation: A series of voltage changes or a cyclical variation of the voltage envelope.

NOTE—Voltage fluctuation is also defined in [IEC 61000-2-1 [B13].
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4. General needs

4.1 Definition of custom power

The concept of custom power is the employment of power electronic or static controllers in medium
voltage distribution systems for the purpose of supplying a level of power quality that is needed by electric
power customers that are sensitive to rms voltage variations and voltage transients. Custom power devices,
or controllers, are devices that include static switches, converters, injection transformers, master control
modules, and/or energy storage modules that have the ability to perform current interruption and voltage
regulation functions in a distribution system to improve power quality.

A custom power controller is part of a special class of all power conditioning devices. Power conditioning
technology in general includes all device solutions used to correct the problems faced by end-user loads in
response to voltage sags, voltage swells, voltage interruptions, flicker, harmonic distortion, and voltage
regulation problems. While the term “power conditioning” has no voltage boundary, the term ‘“custom
power” is bound by the scope of this guide to include power conditioners with input and/or output voltage
ratings between 1 kV and 38 kV. This scope limits the location of custom power devices to a primary
(medium voltage) distribution system. This scope limitation does not mean that there are not similarities
between low voltage power conditioning devices and custom power devices; rather, the technologies used
at medium voltage and at low voltage are frequently very similar.

4.2 Description of power quality phenomena

The term power quality is often used in conjunction with problems arising from malfunctioning power
electric equipment that is supplied with a voltage that is somehow imperfect. The most important cause for
the increasing concern about power quality problems is the dramatic increase in sensitive microprocessor
and power electronic equipment being used to control assembly line production, to automate office work,
and to enhance the home. Important compatibility gaps have developed between power electronics
manufacturers, power producers, and power users, in that many of these utilization systems are too
sensitive for the electrical environment in which they are being placed.

This article describes the power quality conditions that can exist on a medium voltage distribution system,
which custom power controllers are frequently designed to mitigate. This section is drawn from IEEE Std
1159-20009.

4.2.1 Transients

An impulsive transient is a sudden, non-power frequency change in the steady state condition of voltage,
current, or both, that is unidirectional in polarity (primarily either positive or negative). Impulsive transients
are normally characterized by their rise and decay times. These phenomena can also be described by their
spectral content. The most common cause of impulsive transients is lightning. Due to the high frequencies
involved, impulsive transients are damped quickly by resistive circuit components and are not conducted
far from their source. There can be significant differences in the transient characteristic from one location
within a building to another.

An oscillatory transient is a sudden, non-power frequency change in the steady state condition of voltage,
current, or both, that includes both positive and negative polarity values. An oscillatory transient consists of
a voltage or current whose instantaneous value changes polarity rapidly. Oscillatory transients with a
primary frequency component greater than 500 kHz and a typical duration measured in microseconds (or
several cycles of the principal frequency) are considered high frequency oscillatory transients. These
transients are usually due to some type of switching event. High frequency oscillatory transients are often
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the result of a local system response to an impulsive transient. A transient with a primary frequency
component between 5 kHz and 500 kHz with a duration measured in the tens of microseconds (or several
cycles of the principal frequency) is termed a medium frequency transient. For example, back-to-back
capacitor energization results in oscillatory transient currents in the tens of kHz. Cable switching results in
oscillatory voltage transients in the same frequency range. A transient with a primary frequency component
less than 5 kHz, and with a duration lasting from 0.3 ms to 50 ms, is considered a low frequency transient.
This category of phenomena is frequently encountered on subtransmission and distribution systems and is
caused by many types of events, primarily capacitor bank energization (see Figure 1). Capacitor bank
energization typically results in an oscillatory voltage transient with a primary frequency between 300 Hz
and 900 Hz.

Oscillatory Transient Waveform
Capacitor Energizing

Woltage (pu)
&
)]
|IIII|IIIIIIIIIIIIIIIIIIIIIIIIII

0.0 0.5 1.0 1.4 2.0 25 a0 3.4 4.0
Time (cycles)

Figure 1—Example oscillatory transient waveform caused by a capacitor energizing

4.2.2 Short duration RMS voltage variations

IEEE Std 1159-2009 describes the characteristics of a voltage sag as a decrease to between 0.1 pu and
0.9 pu in rms voltage or current at the power frequency for durations of 0.5 cycles to 1 m. It also describes
a voltage swell as an increase to between 1.1 pu and 1.8 pu in rms voltage or current at the power frequency
for durations from 0.5 cycles to 1 m. An interruption is the complete loss of voltage (<0.1 pu) on one or
more phase conductors for a period between 0.5 cycles and 60 s. The voltage sag characteristics will often
depend upon the fault location and other system conditions. A power system fault can cause either
temporary voltage rises (swells) or voltage drops (sags), or a complete loss of voltage (interruptions). See
Figure 2, Figure 3, and Figure 4 for example events.
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Short Duration RMS Voltage Variation
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Figure 2—Example waveform of a voltage sag

Short Duration RMS Voltage Variation
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Figure 3—Example waveform of a voltage swell

NOTE—This waveform occurred on an unfaulted phase of the event depicted in Figure 2.
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Short Duration RMS Voltage Variation
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Figure 4—Example waveforms of a voltage interruption

Terminology used to describe the magnitude of a voltage sag is often confusing. A “20% sag” can refer to a
sag that results in a voltage of 0.8 pu or 0.2 pu. This guide will indicate the remaining voltage throughout.
Just as an unspecified voltage designation is accepted to mean line to line potential, so an unspecified sag
magnitude will refer to the remaining voltage. For example, an 80% sag refers to a disturbance that resulted
in a remaining voltage of 0.8 pu.

4.2.3 Long duration RMS voltage variations

Long duration variations can be either overvoltages or undervoltages depending on the cause of the
variation. Overvoltages can be the result of load switching (e.g., switching off a large load), or variations in
the reactive compensation on the system (e.g., switching on a capacitor bank). Poor system voltage
regulation capabilities or controls result in overvoltages. Incorrect tap settings on transformers can also
result in system overvoltages. Figure 5 presents an overvoltage caused by a transformer failure.
Undervoltages are the result of the events that are the reverse of the events that cause overvoltages. A load
switching on or a capacitor bank switching off can cause an undervoltage until voltage regulation
equipment on the system can bring the voltage back to within tolerances. Figure 6 presents an undervoltage
initiated by a power provider. Overloaded circuits can also result in undervoltages. The decrease to zero of
the supply voltage for a period of time in excess of one minute is considered a sustained interruption.
Voltage interruptions longer than one minute are often permanent in nature and require manual intervention
for restoration. Figure 7 presents a sustained interruption due to the operation of an upline circuit breaker.
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Figure 5—Overvoltage on Phase A with a 48-hour duration due to transformer failure
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Figure 6—Undervoltage with a 12-hour duration due to voltage reduction
initiated by power provider
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Figure 7—Sustained interruption with a 7-hour duration due to an upline fault

4.2.4 Voltage imbalance

Voltage imbalance (or unbalance) is defined as the ratio of the negative or zero sequence component to the
positive sequence component. The negative or zero sequence voltages in a power system generally result
from unbalanced loads causing negative or zero sequence currents to flow. Imbalance can be estimated as
the maximum deviation from the average of the three phase voltages or currents, divided by the average of
the three phase voltages or currents, expressed in percent. The voltage imbalance estimation will be close to
the sequence components ratio if phase-to-phase measurements are used, the harmonic content is low, and
the zero sequence content is small. The primary source of voltage imbalance less than two percent will
usually be from unbalanced single-phase loads on a three-phase circuit. Voltage imbalance can also be the
result of capacitor bank anomalies, or voltage regulator misoperation. Severe voltage imbalance (greater
than 5%) will often be the result from single-phasing conditions.

4.2.5 Waveform distortion

Waveform distortion is defined as a steady state deviation from an ideal sine wave of power frequency
principally characterized by the spectral content of the deviation. There are five primary types of waveform
distortion: dc offset, harmonics, interharmonics, notching, and noise.

4.2.5.1 DC offset

The presence of a dc voltage or current in an ac power system is termed dc offset. This phenomenon can
occur as the result of a geomagnetic disturbance or due to the effect of half-wave rectification. Incandescent
light bulb life extenders, for example, may consist of diodes that reduce the rms voltage supplied to the
light bulb by half-wave rectification. Direct current in alternating current networks can be detrimental due
to an increase in transformer saturation, additional stressing of insulation, and other adverse effects.

4.2.5.2 Harmonics

Harmonics are sinusoidal voltages or currents having frequencies that are integer multiples of the frequency
at which the supply system is designed to operate (termed the fundamental frequency; usually 50 Hz or
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60 Hz). Harmonic distortion exists due to the non-linear characteristics of devices and loads on the power
system. Harmonic currents result from the normal operation of non-linear devices on the power system.
IEEE Std 519-1992 provides guidelines for harmonic current and voltage distortion levels on distribution
and transmission circuits. Figure 8 and Figure 9 show example voltage and current waveforms with
harmonic distortion.

Voltage Waveform
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Figure 8—Example voltage waveform with 2.24% total harmonic distortion

Current Waveform
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Figure 9—Example current waveform with 13.9% total harmonic distortion

4.2.5.3 Interharmonics

Voltages or currents having frequency components that are not integer multiples of the frequency at which
the supply system is designed to operate (e.g., 50 Hz or 60 Hz) are called interharmonics. They can appear
as discrete frequencies or as a wide-band spectrum. Interharmonics can be found in networks of all voltage
classes. The main sources of interharmonic waveform distortion are static frequency converters,
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cycloconverters, induction furnaces, and arcing devices. Power line carrier signals can also be considered
as interharmonics.

4.2.5.4 Notching

Notching is a periodic voltage disturbance caused by the normal operation of power electronics devices
when current is commutated from one phase to another. Voltage notching represents a special case that falls
between transients and harmonic distortion. Since notching occurs continuously (steady state), it can be
characterized through the harmonic spectrum of the affected voltage. However, the frequency components
associated with notching can be quite high and may not be readily characterized with measurement
equipment normally used for harmonic analysis. See Figure 10.
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Figure 10 —Example waveform with notching
4.2.5.5 Noise

Noise is defined as unwanted electrical signals with broadband spectral content lower than 200 kHz
superimposed upon the power system voltage or current in phase conductors, or found on neutral
conductors or signal lines. Noise in power systems can be caused by power electronic devices, control
circuits, arcing equipment, loads with solid-state rectifiers, and switching power supplies. Improper
grounding often exacerbates noise problems. Noise consists of any unwanted distortion of the power signal
that cannot be classified as harmonic distortion or transients.

4.2.6 Voltage fluctuations

Voltage fluctuations are systematic variations of the voltage envelope or a series of random voltage
changes. Any load that has significant time variations, especially in the reactive component, can cause
voltage fluctuations. Continuous, rapid variations in load current magnitude can cause voltage variations
often referred to as flicker. The term flicker is derived from the impact of the voltage fluctuation on lighting
intensity. Arc furnaces are the most common cause of voltage fluctuations on the transmission and
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distribution system. See Figure 11. Refer to IEEE Std 1453™-2011 [B18] for a recommended practice for a
measurement protocol and limits for flicker.
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Figure 11 —Example voltage waveform showing flicker due to an arc furnace

4.3 Typical rate and range of power quality phenomena in distribution systems

Table 1 presents voltage sag rates for rms variation less than 60 s in duration for various voltage
magnitudes as determined by the results of a survey of distribution substations and primary distribution
feeders, described by Sabin [B30]. The survey was conducted by EPRI from 1993 to 1995 and included
277 monitoring locations across the United States at system voltages ranging from 4 kV to 33 kV. Monitors
were installed at substation locations and on distribution feeder locations. The feeder locations were mostly
downline from a substation circuit breaker.

Table 1—Short duration RMS variation rates for substation locations
of the EPRI DPQ project, from 6/1/1993 to 6/1/1995, rates in events per 365 days,
60 s temporal aggregation, treated using sampling weights

RMS voltage
<0.9 pu <0.8 pu <0.7pu | <0.5pu < 0.1pu
Minimum 0.0 0.0 0.0 0.0 0.0
CP05 11.9 5.6 0.0 0.0 0.0
CP50 44.0 22.8 12.1 52 1.5
Mean 56.3 28.7 18.4 8.9 3.6
CP95 135.2 66.3 51.0 27.0 13.5
Maximum 207.6 103.4 70.5 56.3 35.7

In Table 1, the CP05, CP50, and CP95 values are the 5th, 50", and 95th percentile values, respectively.
From Table 1, the average EPRI DPQ substation monitor experienced about 29 short duration voltage sags
and interruptions per 365 days in which the rms voltage fell below 0.8 pu. Additionally, from the CP95
value listed for events less than 0.9 per unit we can say that less than 5% of the substation locations
experienced more than 135 sags per year with a retained voltage less than 0.9 per unit. The CP05 value
listed for events less than 0.9 per unit says that less than 5% of the substations experienced less than 11.9
voltage sags per year with a retained voltage less than 0.9 per unit. From Table 2, the average feeder
location also experienced about 31 sag and interruption events per 365 days.
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Table 2—Short duration RMS variation rates for feeder locations of the EPRI DPQ project from

6/1/1993 to 6/1/1995, rates in events per 365 days, 60 s temporal aggregation,
treated using sampling weights

RMS voltage
<0.9 pu < 0.8 pu < 0.7 pu < 0.5 pu <0.1pu
Minimum 0.0 0.0 0.0 0.0 0.0
CPO5 0.0 0.0 0.0 0.0 0.0
CP50 40.9 25.0 16.6 8.4 22
Mean 56.3 30.7 21.2 12.5 4.9
CP95 153.9 76.8 55.2 31.7 15.6
Maximum 225.2 121.9 97.1 85.7 61.7

Table 3 presents voltage harmonic distortion indices from the EPRI DPQ Project. The EPRI DPQ Project
statistics are computed from the 95 substations that were active from 6/1/1993 to 3/1/1995. From Table 3,
the typical EPRI DPQ substation measured an average of 1.35% voltage total harmonic distortion (THDV).
The typical feeder location monitored during the project had an average value of THDV of 1.68%. From
Table 3, 95% of the measurements at the EPRI DPQ Project substations were below 1.89%, and 99% of the
measurements at the substations were below 2.17%.

Table 3—Average THDV rates for monitoring project locations of EPRI DPQ project from
6/1/1993 to 3/1/1995, based on 16 million three-phase, single-cycle waveform snapshots

Monitor location Average 95" Percentile 99" Percentile
of THDy of THDy of THDy
Substation average 1.35% 1.89% 2.17%
Feeder average 1.68% 2.34% 2.70%

The CEA Canadian PQ survey was conducted from 1996 to 2000. Each of the 413 sites was surveyed for a
continuous period of one week. The survey covered nine utilities covering all of Canada. The statistic
validity for each index of the survey is detailed in the CEATI Report [B3]. The results were also published
in 2001 by Ethier et al. [B10]. Table 4 shows the voltage THD (95" percentile) recorded during the same
survey, for medium voltage and low voltage sites. Table 5 presents aggregated data (phase and temporal
over one minute) for dips, swells, and short interruptions for 405 sites.

NOTE—For each index measured, some data may have been rejected for miscellaneous reasons. This is why the total
number of sites reported in Table 4 and Table 5 is different, and in both cases lower than the total number of sites
monitored.
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