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Abstract: The use of some electrical equipment attached to typical power systems creates power
quality concerns. There is an increasing awareness that some equipment is not designed to
withstand the surges, faults, distortion, and reclosing duty present on typical utility distribution
systems. Traditional concerns about steady-state voltage levels and light flicker due to voltage
fluctuation also remain. These concerns are addressed by this guide by documenting typical
levels of these aspects of power quality and indicating how to improve them. Other documents
that treat these subjects in more detail are referenced.

Keywords: benchmarking, dips, disturbance analyzers, faults, harmonic distortion, IEEE 1250,
light flicker, momentary voltage disturbances, noise, performance, power conditioners, power
quality, sags, susceptible equipment, surge protection, surges, swells, transients, voltage
fluctuation, voltage quality
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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.

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.
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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 U.S. 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.

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.
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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 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 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/xpl/standards.jsp 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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IEEE Guide for Identifying and
Improving Voltage Quality in Power
Systems

1. Overview

1.1 Scope

The reader of this guide will find discussions of ways to identify and improve power quality in power
systems, as well as references to publications in this area. More specifically, this guide includes the
following:

a) Power quality levels from benchmarking studies

b) Factors that affect power system performance

¢) Mitigation measures that improve power system performance

d) References to current relevant in-depth IEEE standards and other documents

This guide only addresses subjects in depth where no other power quality reference does so. It is a
“gateway” document for power quality that points the way to other documents in this field.

1.2 Purpose

The primary purpose of this guide is to assist power delivery system designers and operators in delivering
power with power quality that is compatible with electrical end-use equipment. Another purpose is to point
utility system customers toward power quality solutions that may exist in the power utilization system and
equipment.

2. The power system

2.1 Introduction

This subclause describes typical utility power systems. Understanding the basics of power system design
and operation is helpful in understanding the power quality characteristics described in Clause 3. Power
quality characteristics can be affected at various levels of a power system. Electricity is typically generated
and delivered at either 50 Hz or 60 Hz.
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2.2 Overview of power systems

Power systems are usually thought of as having three main divisions—generation, transmission, and
distribution. With the proliferation of distributed energy resources (DER) such as wind turbines, solar
panels, and fuel cells, generation is no longer centralized into a small number of power plants. DER is
connected to transmission, distribution, and consumer low voltage electrical systems. Figure 1 shows a
diagram of a changing electrical power system.

Figure 1—The electric power system

Interconnection of the generation, transmission, and distribution systems takes place in an electrical
substation. Substations may include transformers that raise or lower the voltage depending on the need. A
substation that has a step-up transformer increases the voltage while decreasing the current, whereas a step-
down transformer decreases the voltage while increasing the current for distribution. Electric power may
flow through several substations between generating plants and consumers, and it may be changed in
voltage several times.

The generation and transmission components are typically connected in an interconnected grid fashion.
Within the “grid,” the transmission lines transport bulk power for long distances that typically cross
multiple service territories and multiple utilities. Figure 2 shows a simple transmission system, referred to
as a transmission network, illustrating how most of the substation buses have more than one source. In most
circumstances, the loss of a single line or generator should not cause overloads within the remaining
network. This offers a high degree of reliability because power can be maintained to most buses even with
the loss of a line or source.

Distribution lines (commonly called primaries) are usually not interconnected but are designed in a radial
fashion except in some cities that use a mesh or network distribution scheme. Traditional radial distribution
systems consist of a source originating at a substation in which the system voltage is stepped down (see
Figure 3). The distribution bus has breakers that feed lines (feeders) that carry the power to many
customers in an area. There are usually line protective components (reclosers and fuses) downstream of the
substation breaker on distribution lines. These components create situations in which only a portion of the
distribution line may need to be de-energized to clear a fault (short circuit), thereby saving many customers
on the line from experiencing interruptions unnecessarily. This protection scheme is commonly called line
sectionalization. With smart grid becoming more common, another distribution protection scheme called
segmentation is being utilized. Segmentation involves electronic line reclosers communicating with one
another and isolating the smallest amount of customers closest to the fault location. It also involves
switching portions of one circuit over to other circuits in some cases. DER sources can connect to
distribution feeders near the substation or out on the feeder. Typically, there is a line protective component
placed at the DER metering point.
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Figure 2—Transmission network showing generators, substations, and line sections
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Figure 3—Distribution substation and example of recloser and fuses along line

Power system voltages are typically expressed in line-to-line kV. The line-to-line voltage is V3 or 1.732
times the line-to-neutral voltage on wye systems. Practically all generation and transmission is three phase.
Distribution lines typically leave the substation as three phase and may proceed that way for several miles.
However, they may also have lateral tap lines that are only providing one or two phases, depending on the
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loads being served. Electrical services to customers may be from the transmission or the distribution
system. Table 1 describes the various components and typical voltage ranges of the utility system.

Table 1—Common parts of the power system

Converts sources of energy such as fuel, falling water, or nuclear
material to electricity.

Source of electric power that is not directly connected to a bulk power
Distributed Energy Resource transmission system. DERs include both generators and energy
storage technologies.

Bulk power transport connecting generating stations to substations
serving load areas.

Generally 230 kV to 765 kV.

Long lines with few, if any, taps or customer connections.

Conventional Generation

Transmission

May be overhead or underground; underground circuits are short
because of charging current limitations.

Loading limits for lines and loading areas including normal, long-term
emergency, and short-term emergency limits.

Loading may be limited by system stability, voltage control, or
thermal considerations.

Loading follows a cycle with time of day, season, and weather.

Not distinguished in many systems. Lower level bulk power
connecting transmission and distribution substations.

Generally 46 kV to 161 kV.
May serve large loads directly.

Subtransmission

Distribution Local connections to supply customers or groups of customers.
4 kV to 35kV.

Short lines with many taps, laterals, or branches; direct customer
connections; may be reconfigured from time to time.

Loading is especially variable as customers turn devices ON and OFF.
May be overhead or underground, with underground especially in
urban or new residential areas.

A significant goal related to the operation of the utility power system is to provide reliable power with a
minimum number of interruptions. The utility systems are designed to isolate problem areas quickly and to
interrupt as few customers as possible. The system protection schemes must quickly identify a faulted
component and then trip or open the proper isolating component to cause the fewest number of customers
to experience the loss of power.

3. Identifying power quality in electrical systems

3.1 Introduction

This subclause describes expected power quality characteristics at various levels of a power system.
Electric utilities strive to maintain good power quality. Limiting disturbances and distortion that affect
power quality minimizes damage and the costs to maintain the network. There are some statutory
guidelines, generally put forward by regulatory agencies that provide limits for frequency, voltage, and
sometimes reliability (interruptions).

Methods of describing the power quality characteristics are presented along with example benchmarking
results. Important characteristics that may impact the power quality characteristics are also described.
Finally, most utilities strive to meet their customers’ needs for reliability and power quality.
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3.2 Basic types of power quality variations
It is useful to divide power quality characteristics into the following two basic categories:

a) Steady-state (continuous) power quality characteristics. This refers to the quality of the normal
voltage supplied to a facility. How much can the voltage magnitude vary from the nominal value?
How distorted is the voltage or current? What is the imbalance among the three-phase voltages or
current? What is the magnitude, frequency, and angle of each phase? All of these characteristics
can be quantified, and limits for the variations can be developed.

b) Disturbances. This refers to power quality variations that occur at random intervals and are not
associated with the continuous characteristics of the voltage. The variations include sustained
interruptions, momentary interruptions, voltage sags (and swells), and transients. All of these
disturbances can impact a facility, depending on the equipment susceptibility and investments that
have been made in power conditioning.

Each of these two basic categories has indices associated with it. Indices provide the foundation for
characterizing the supply system power quality levels in a consistent manner. Indices can be used to
establish baselines of performance as a function of system characteristics. The following subclauses
describe indices that can be used to describe power quality levels in both of these major categories along
with example benchmarking results that can provide the basis for establishing targets and limits.

3.3 Steady-state (continuous) voltage characteristics

Steady-state power quality characteristics must meet minimum requirements to assure the proper operation
of equipment. The basic concepts of voltage levels are established in ANSI C84.1 [B3]' where service
voltage ranges and utilization voltages ranges are stated. There are two ranges, range A and range B. The
service voltage is at the point where the electrical system of the supplier and the electrical system of the
user are connected. The utilization voltage is at the line terminals of utilization equipment.

The concepts of compatibility levels are established in IEC 61000-2-2:2002 [B20]. This concept applies to
all steady-state types of power quality. It is not as applicable to disturbances, such as voltage sags (dips),
interruptions, and transients. The normal variations of steady-state power quality characteristics allow them
to be characterized with trends over time and with statistical distributions. The statistical nature of these
characteristics lends them to being represented by specific statistical levels. For instance, the limits in EN
50160-2010/A1:2015 [B14] for steady-state power quality are evaluated at the 95% probability level.
Recent discussions have indicated that other probability levels may also be appropriate for fully
characterizing performance.

Figure 4 illustrates the relationship between the severity of network events (left-most curve) and the
sensitivity of end-use equipment to those events (right-most curve). The goal is for the severity of all
network events to be below a pre-defined level of compatibility (center) and for all equipment to also be
immune to misoperation for all events below that same compatibility level. Various planning, alarm, and
immunity levels are established and maintained in order to help achieve this outcome.

! The numbers in brackets correspond to those of the bibliography in Annex C.
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Figure 4—Concept of compatibility levels for the electric supply system and the immunity
characteristics of equipment

Figure 5 illustrates the concept of the “compatibility level” compared to a time trend of a steady-state
power quality characteristic (for example, harmonic distortion). Other important power quality levels are
also shown in both Figure 4 and Figure 5.

Disturbance magnitude

N Equipment damage levels

Equipment immunity test levels

Alarm levels

Compatibility level

Utility planning levels

Assessed level

time

Figure 5—Important concepts for compatibility levels of the steady-state power quality
characteristics of the supply system

The following is a list of the characteristics illustrated in Figure 5:

Equipment damage level—This is the level of quality that may pose a threat to equipment health if it is
exceeded. Such conditions are important to identify when they occur and to prevent if possible. Examples
may include harmonic resonance, ferroresonance, high neutral currents, conditions that may cause
overheating, and so on. There should be some margin between the compatibility level for the supply and
the equipment damage level.
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Equipment immunity level—This is the level of quality that may affect equipment performance if it is
exceeded. It is also defined statistically. There should be some margin between the compatibility level for
the supply and the equipment immunity level.

Alarm level—This is the level of quality at which notification will occur (i.e., the level at which an
investigation or other response may be warranted). The alarm level should be above the planning level but
below equipment immunity, equipment damage, and safety levels.

Compatibility level—This is the level of quality that, if exceeded, could affect equipment performance, or
objectionable flicker observed.

Utility planning level—This is the level of quality that the electric utility establishes as its design
objective. Usually, the planning level is defined at some level below the compatibility level to help assure
that the actual compatibility level will not be exceeded. For instance, the compatibility level for harmonic
voltage distortion might be 8%, but the planning level might be 5% to help make sure that the 8% level is
not exceeded.

Assessed level—This is the actual level existing on the system, usually based on measurements. For
instance, the evaluation of performance for the European standards requires measurements over a 1 week
period and then the assessed level for comparison with the minimum performance requirements (based on
the compatibility levels) is the level that is exceeded for 5% of the measurements (one measured value
every 10 min).

Additionally, this level should define the steady-state power quality levels that allow proper operation of
virtually all customer equipment. Thus, if these power quality levels are met at the supply point, the steady-
state quality should be considered acceptable and should not result in customer problems. There is little
value to providing even better power quality if these levels are not likely to cause problems. Extremely
susceptible equipment that requires even better quality justifies special power conditioning and should not
be the basis of the overall system requirements.

The steady-state power quality levels should be evaluated using the measurement procedures outlined in
IEC 61000-4-30: 2015 [B24]. This standard provides a convenient reference to make sure that all systems
are being evaluated in the same manner. The IEEE 1159 working group has developed a similar set of
recommended characterization procedures (IEEE Std 1159™-2009 [B31]) that are consistent with the
methods in the IEC standard.

Studies of the typical levels of these steady-state characteristics are provided from the following two
important sources:

— The EPRI Distribution Power Quality (DPQ) project ([B15]) describes steady-state power
quality characteristics for distribution systems in the United States. Note that these statistics are
based on the evaluation of single-cycle samples of the three-phase voltages. These samples are
then analyzed to determine the root mean square (rms) voltage magnitudes, the imbalance, and
the harmonic distortion levels. Flicker levels were not characterized in the EPRI DPQ project.
This method of evaluating steady-state power quality characteristics is different from the
method recommended in IEC 61000-4-30: 2015 [B24] and related standards. These methods use
10 min rms values as the basis for characterizing the steady-state power quality. The 10 min
calculations can involve smoothing compared with the single-cycle samples.

— In the CIGRE C4.07 Working Group Report [B10], this working group gathered survey
information describing both steady-state power quality and disturbances from systems around
the world. In general, the surveys referenced in this report used IEC methods for characterizing
performance.
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3.3.1 Voltage regulation

The ability of equipment to handle steady-state voltage variations varies. The steady-state voltage variation
limits for equipment are usually part of equipment specifications. The Information Technology Industry
Council (ITIC) specifies equipment withstand recommendations for IT equipment according to the ITIC
Curve [formerly the Computer Business Equipment Manufacturer’s Association (CBEMA) curve]. The
1996 ITIC Curve specifies that equipment should be able to withstand voltage variations that last longer
than 10 s within + 10% of equipment nominal.

Steady-state voltage will vary at different points along the electric supply network. As load current flows
through the lines and transformers, voltage drops are caused by the impedances. Utilities use various design
strategies and equipment to control or regulate the voltage levels on the network to provide the end users
with suitable voltage levels.

Voltage regulation of a system is affected by the electrical equipment from the generators to the end user.
However, voltage regulation is tied most closely with the distribution system. The distribution system will
typically have voltage-regulating transformers that can either increase or decrease the voltage that is
supplied to the voltage input of service transformers. These voltage-regulating transformers are commonly
capable of increasing or decreasing the distribution voltage up to 10%, usually in multiple steps of either
0.625% or 1.25% per step. The wide operating range allows the distribution voltage to correct
automatically for the varying load conditions and voltage variations on the system. The voltage-regulating
feature can either be built into the substation distribution transformer itself or be separate regulating
transformers located downstream of the substation transformer. Substation transformers with regulating
capabilities are called either tap changing under load (TCUL) or on load tap changing (OLTC)
transformers. They have multitapped transformer windings usually designed into the low-voltage winding
of the transformer. All three phases will change steps simultaneously either to raise or lower the voltage by
changing the transformation ratio. Single-phase voltage regulators are also used extensively on distribution
systems downstream of the substation transformer. They are often installed at strategic points along
distribution lines to maintain proper voltage levels and can be cascaded along the circuit.

The current that flows to provide the reactive power requirements of inductive loads, such as motors, on the
network is a significant cause of line voltage drop. A phase angle relationship exists between the reactive
and real currents drawn by loads on a power system. A properly sized capacitor located near an inductive
load will serve to counteract the reactive power conducted through the power system by the inductive load.
By using capacitor banks to provide reactive power for inductive loads, such as motors, the total current
flowing from the substation is reduced, and so the voltage drop along the distribution line is reduced also.
Utilities use capacitor banks located on distribution lines or in substations to help control voltage by
controlling reactive power flow. Utility capacitor banks either will be switched by automatic controls or
will be manually switched seasonally. Automatic capacitor switching controls use such things as voltage
level, temperature, time of day, or reactive power flow to determine whether to close or open a particular
capacitor bank.

3.3.1.1 Recommended limit and assessment method

Because the objective is to define minimum acceptable requirements based on an evaluation at the Point of
Common Coupling (realizing that the voltage variations inside a facility may be greater than the voltage
variations on the system or at the supply point), the recommended level is £5% with an evaluation at the
95% probability level.

3.3.1.2 Example survey

Figure 6 illustrates the statistics of voltage regulation levels obtained in the EPRI DPQ project [B15].
Voltage regulation is described in this case as the range of voltage over the period of the day expressed as a
percent of nominal. Although the percent regulation is given as an absolute value, the results illustrate that
almost all sites achieve a total variation level within 10%. The 95% for the entire sample of sites is a
voltage regulation range of 8.5%.
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Figure 6—Voltage regulation statistics (total daily voltage variation range) from EPRI DPQ
project (1 June 1993 to 1 June 1995) [B15]

3.3.2 Voltage imbalance

Voltage balance is referred to as unbalance or imbalance and both are used interchangeably with one
another throughout the industry, even IEEE Standards Dictionary Online list both together. In this
subclause, the term voltage imbalance is used.’

There are many reasons for voltage imbalance on utility distribution systems. It is well known that the most
common cause of voltage imbalance on a utility distribution system is current imbalance on the system
itself. Depending on the length of the circuit and the circuit make up, the system may seem to be balanced
at the substation but out on the circuit it could have a current imbalance causing a voltage imbalance
situation. Current imbalance can become a challenge on utility circuits because the utility system has
single-phase customers on the system, along with underground networks and long overhead networks in
rural areas. This can create a voltage imbalance at different points on the distribution system and at
different times of day. Another cause of voltage imbalance in a utility distribution system is non-
transposition of transmission lines. In a transmission system with long circuits with no phase transposition,
the coupling with high load balanced current will cause voltage imbalance and current imbalance. The
transposing of lines to cancel the effect of the circuit will help keep this type of voltage imbalance at a
minimum. VAR balances with capacitor banks and loads on the system can also create balance issues for
utility distribution systems. There are two effects from a three-phase capacitor banks when opening a single
fuse. One effect is that the VAR imbalance may cause a voltage imbalance on the system. The other effect
is the loss of one fuse will cause a voltage drop on that phase, and the remaining phase will have the
associated voltage rise. VARs are also developed from underground cable capacitance. Single-phase
underground networks can cause imbalances due to VAR loading from the cabling on the system. A larger
underground circuit on one phase vs. another phase can cause the same effect as a blown fuse on a three-
phase capacitor bank.

Banking of transformers can cause voltage imbalance if the transformer impedances are not matched within
a certain percentage of their %Z rating. When installing a three-phase bank, the bank impedances should be
within 7.5% of each other for %Z rated values more than 2.5% and 10% for values %Z rated values 2.5%

2IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org.
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and less (IEEE Std C57.12.00-2015 [B37]). This will help ensure that the loading on the bank will not
cause excessive voltage drop difference on each bank thus causing a voltage imbalance.

With a renewed emphasis on voltage reduction to decrease loading on the utility system, other challenges
are presented. Specifically, single-phase regulators on a utility system installed to level the voltage profile
along the circuit, may create voltage imbalance. Most regulator controls are phase to ground (neutral)
sensing for voltage regulation. In most cases, the single-phase regulator will improve voltage balance.
However, if a system has imbalanced current, single-phase regulators may raise or lower each phase-to-
neutral voltage in significantly different amounts, and could make the system have a greater voltage
imbalance, when measuring phase-to-phase voltage, due to a phase angle shift. Even a 1 to 2 degree phase
angle shift can have a great effect on the voltage imbalance at the measured point in the system.

Understanding the effects of voltage imbalance is important to recognize an issue on the electrical system.
Voltage imbalance has an influence on heating of three-phase devices such as motors, transformers, drives,
and rectifier circuits. This excess heating can cause damage to the device. For example, according to Figure
7, a three-phase motor running at full load should be de-rated if the voltage imbalance exceeds 1%.
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Figure 7—Figure 14-1 in NEMA MG 1 [B50]

The efficiency of the device can be reduced as well. Experimentation has shown that when voltage
imbalance is between 3% and 5% the efficiency of a motor can decline by 1% to 3% (see Agamloh, Peele,
and Grappe article [B1]). ANSI C-84.1 [B3] standard Annex C field survey results states that
“approximately 98% of the electric supply systems surveyed were within the 0% to 3% voltage imbalance
range.” A 1% voltage imbalance can cause approximately 7% to 8% current imbalance in traditional poly-
phase motors. Effects on VSD and rectifying load can cause even higher current imbalances. Motors
typically have circuit protection installed in the circuit to trip them off, when they experience imbalance
conditions above a threshold value. This includes the extreme case of voltage imbalance known as single
phasing. This is where one of the incoming phases serving the loads has been lost. Single phasing can
originate on the primary source voltage or the secondary source voltage. Protection relays use three basic
sensing techniques, thermal, current, or voltage, depending on their function. Many of the devices installed
to protect the motor and the circuit, are protection relays and fall into different categories such as Thermal
Overload Relay, Over Current relay, Over and Under Voltage Relay, Single Phasing Relay, and Imbalance
relay.

Voltage imbalance relays typically operate by sensing an imbalance in the phase-to-phase voltage, such that
once the sensed imbalance exceeds a specified threshold, a control signal is generated that may be used to
interrupt power flow to the protected device (by tripping a circuit breaker or contactor). These devices can
be put on each individual motor for protection, or with the advent of shunt trip breakers, on entire circuits
or facilities. Some facilities have also started implementing Voltage Imbalance relays on their main
switchgear.

There are different ways to calculate voltage imbalance and they have been well defined in many papers
and documents. NEMA’s definition of voltage imbalance in Equation (1) is the most useful definition
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