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Abstract: The selection and application of controllers and automation to industrial and commercial
power systems is covered by this recommended practice. It is likely to be of greatest value to the
power-oriented engineer with limited experience with this equipment. It can also be an aid to all
engineers responsible for the electrical design of industrial and commercial power systems.
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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 notic-
es 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 Asso-
ciation (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus de-
velopment process, approved by the American National Standards Institute (“ANSI”), which brings together
volunteers representing varied viewpoints and interests to achieve the final product. IEEE Standards are doc-
uments developed through scientific, academic, and industry-based technical working groups. Volunteers in
IEEE working groups 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 develop-
ment 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 Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. Implementers and users of IEEE Standards doc-
uments are responsible for determining and complying with all appropriate safety, security, environmental,
health, and interference protection practices and all applicable laws and regulations.

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 appropri-
ate, 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: PROCURE-
MENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS; OR BUSINESS
INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY, WHETHER IN CON-
TRACT, 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 pertain-
ing 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 concur-
rence of a balance of interests. For this reason, IEEE and the members of its societies and Standards Coordi-
nating 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 require-
ments. 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 pro-
motion 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 Ser-
vice, 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, corri-
genda, 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 Xplore at http://iceexplore.icee.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 discrim-
ination 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 re-
sponsible 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 valid-
ity 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 3001.11-2017, IEEE Recommended Practice for Application of Controllers
and Automation to 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 re-
package 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 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 Rec-
ommended 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 intro-
duced 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 3001.11

The material in this recommended practice largely comes from subclauses 10.6 and 10.7 of the /EEE Red
Book™, IEEE Std 141™-1993, IEEE Recommended Practice for Electric Power Distribution in Industrial
Plants, and Chapters 6 and 14 of the IEEE Grey Book™, IEEE Std 241™-1990, IEEE Recommended Practice
for Electric Power Systems in Commercial Buildings.

This publication provides a recommended practice for the electrical design of commercial and industrial fa-
cilities. 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 electrical design for commercial and industrial facilities.

Tables, charts, and other information that have been extracted from codes, standards, and other technical liter-
ature are included in this publication. Their inclusion is for illustrative purposes; where technical accuracy is
important, the latest version of the referenced document should be consulted to assure use of complete, up-to-
date, and accurate information.
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IEEE Recommended Practice for
Application of Controllers and
Automation to Industrial and
Commercial Power Systems

1. Overview
1.1 Scope

This recommended practice covers the selection and application of controllers and automation to industrial
and commercial power systems. It is likely to be of greatest value to the power-oriented engineer with limited
experience with this equipment. It can also be an aid to all engineers responsible for the electrical design of
industrial and commercial power systems.

The present edition of this recommended practice focuses on the application of ANSI/NEMA design control-
lers. There are differences in the design of IEC controllers which require additional application considerations
which are beyond the scope of the present edition.

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.

CSA C22.1, Canadian Electrical Code, Part I (CE Code).!

IEEE Std 141™, [EEE Recommended Practice for Electric Power Distribution for Industrial Plants (/EEE
Red Book™) >3

IEEE Std 242™, [EEE Recommended Practice for Protection and Coordination of Industrial and Commercial
Power Systems (/IEEE Buff Book™).

'The electrical installation code is location specific; consult the version authorized by the relevant authority having jurisdiction (AHJ).
CSA standards can be purchased from www.shop.csa.ca.

*The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers, Inc.
SIEEE publications are available from The Institute of Electrical and Electronics Engineers, Inc., 445 Hoes Lane, Piscataway, NJ 08854,
USA (http://standards.ieee.org/).
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IEEE Std 3001.11-2017
IEEE Recommended Practice for Application of Controllers and Automation to Industrial and Commercial Power Systems

NEMA ICS 2, Industrial Control and Systems Controllers, Contactors, and Overload Relays Rated 600 Volts.*
NEMA ICS 3, Industrial Control and Systems: Medium Voltage Controllers Rated 2001 to 7200 Volts AC.

NFPA 70, National Electrical Code® (NEC®).>

3. Definitions and acronyms
3.1 Definitions

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

building automation system (BAS): A system that performs the functions of supervision, control, and moni-
toring of a building.

data transmission medium (DTM): The pathway by which signals are transmitted within a facility automa-
tion system.

NOTE—Examples include wire, radio transmission, and fiber-optic links. A combination of several types of DTMs may
be used, as appropriate, within the facility automation system.®

facility automation system (FAS): A system that performs the functions of supervision, control, and monitor-
ing of a facility.

NOTE—One FAS may incorporate many building automation systems (BASs).
field device: Equipment that receives or transmits a signal, such as controllers, sensors, and relays.

field interface device (FID): A mid-level or lower-level data-processing unit that operates compatibly with
the central processing unit (CPU), but generally at a different location.

NOTE—These devices are sometimes referred to as satellite processing units (SPUs), remote terminal devices (RTDs), or
slave stations.

intelligent multiplexer (IMUX): A device that combines data from a number of points in the data environ-
ment and communicates on a single channel.

human/machine interface (HMI): The displays, keyboards, printers, etc., used to allow a human to monitor
or modify the operation of a machine, including a system. Syn: man/machine interface (MMI) or operator/
machine interface (OMI).

low voltage (LV): Voltages less than 1000 Volts.

NOTE—Refer to 4.2.3 for discussion.

medium voltage (MV): Voltages greater than low voltage, but less than 35 kV.

“NEMA publications are available from the National Electrical Manufacturers Association (http://www.nema.org/).

SNFPA publications are published by the National Fire Protection Association (http://www.nfpa.org/).

The electrical installation code is location specific; consult the version authorized by the relevant AHJ.

"IEEE Standards Dictionary Online subscription is available at: http://www.ieee.org/portal/innovate/products/standard/standards
_dictionary.html.

8Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement this
standard.
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NOTE—Refer to 4.2.3 for discussion.

3.2 Acronyms

AHJ
AHU
ASD
ATC
BAS
CCTV
CMMS
CPU
DCS
DDC
DGP
DTC
DTM
EMS
FAS
FID
HMI
HVAC
IMUX
LAN
MCC
MTTR
MUX
PID
PLC
PWM
RTU
SCADA
UPS
VDU
VFD

authority having jurisdiction
air-handling unit

adjustable-speed drive

automatic temperature control

building automation system
closed-circuit television

computerized maintenance management system
central processing unit

distributed control system

direct digital control

data-gathering panel

data terminal cabinet

data transmission medium

energy management system

facility automation system

field interface device

human machine interface

heating, ventilating, and air conditioning
intelligent multiplexer

local area network

motor control center

mean time to repair

multiplexer
proportional-integral-derivative
programmable logic controller
pulse-width modulation

remote terminal unit (a component of a SCADA system)
supervisory control and data acquisition
uninterruptible power supply

video display unit

variable frequency drive
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4. Controllers
4.1 General discussion

A controller’, according to the IEEE Standards Dictionary, is “a device or group of devices that serves to gov-
ern, in some predetermined manner, the electric power delivered to the apparatus to which it is connected.”
This definition is essentially the same as is found in the National Electrical Code® (NEC®) and Canadian Elec-
trical Code (CE Code). As such, a controller can be as simple as a manually-operated overload switch mounted
on the wall to control a fractional horsepower ventilation fan, or as complex as a variable frequency adjust-
able-speed drive in a dedicated building, controlling a medium-voltage motor which drives a large compres-
sor. Most industrial loads are motors, so they will be discussed in more detail, but there are other loads in both
industrial and commercial facilities which require controllers as well. Electrical heaters are applied for process
heating, space heating, and pipe or vessel heating; controllers are required for all of these loads. Lighting is of-
ten provided with controllers. Capacitor banks installed for power factor improvement or some other purposes
utilize controllers. Other more-specialized loads have specialized controllers associated with them as well.
The selection of a controller needs to be based on the electrical and mechanical characteristics of the loads to
be controlled. Loads are discussed briefly in 4.11. The majority of motors utilized by industrial facilities are in-
tegral horsepower induction motors of squirrel-cage design supplied from distribution systems of three-phase
600V ac and below. The choice of an integral horsepower motor controller depends on a number of factors:

a)  Power source. Does it use dc or ac? Is it single-phase or three-phase? What is the voltage and frequen-
cy? Will the system permit large inrush currents during full voltage starting without excessive voltage
drop?

b)  Motor. Is the controller to be used with dc, squirrel-cage induction, wound-rotor induction, synchro-
nous motor, or adjustable frequency drives? What is the horsepower? Will the motor be jogged or re-
versed frequently? What is the acceleration time from start to full speed? Will the motor design specify
reduced current inrush?

¢)  Driven load. Is the load geared, belt-driven, or direct-coupled? Loaded or unloaded start? Is it either
necessary or desirable to vary the speed of the load?

d)  Operation. Is operation to be manual or automatic? What control interfaces are required?

e)  Protection. Motor protection is very generally considered to have two separate components: short-cir-
cuit and overload protection. Are fuses or circuit protectors to be used for short-circuit protection? To
size the elements of motor overload relays, the full-load current of the motor, the ambient temperature
at the motor and controller, and the service factor of the motor should be known.

f)  Environment. Will either the motor or the controller be subjected to excessive vibration, dirt, dust, oil,
or water? Will either be located in a hazardous or corrosive area? What type of enclosure is required?

g) Cable connections and space. Will there be the required space for cable entrance, bending radius,
terminations, and for reliable connections to line and load buses? Will capacitors be installed at either
the motor terminal box or the controller for power factor improvement'*? Will surge-protective equip-
ment, surge arresters, and capacitors be installed at the motor terminal box? Will current transformers
for motor differential protection be installed at the motor terminal box?

To answer these questions for the proper application of motor controllers, the specifying engineer should seek
the assistance of the application engineers from the power supply utility and the manufacturers. In addition,
process engineers and operating personnel associated with the installation should be consulted. The proper

*The term controller is also used in process control applications as “a device that operates automatically to regulate a controlled variable
in response to a command and a feedback signal.” (IEEE Standards Dictionary). While in a very general manner this device is often
included in automation (Clause 5), it is not the focus of IEEE Std 3001.11.

I"K VAR ratings of power factor improvement capacitors, located either on individual motors or in banks should be selected with care to
avoid the possibility of overvoltages caused by motor self-excitation. Refer to IEEE Std 141, Chapter 8, for more information.
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application of a controller to a load requires consideration of the load, the controller, and the power system the
controller is connected to.

4.2 Controllers
4.2.1 General

Controllers in general are usually, but not always, specially designed for the load to be controlled. Manu-
ally-operated motor controllers are essentially a manual switch of some form, with an integrated overload
component.'' All other motor controllers are electrically operated. Motor controllers which do not require
adjustable speed operation generally utilize contactors for the control element, unless they are so large that
contactors are not available, in which case general purpose circuit breakers are used. Contactors are electro-
mechanical switching devices that are available in electrically-held and mechanically-held models. Electri-
cally-held models are the most commonly applied; mechanically-held models are preferred for applications
where the dropout of the contactor upon loss of supply voltage is disadvantageous. Contactors have much
higher mechanical endurance ratings than other types of switching devices, with some published ratings stated
in millions of operations.

Fixed-speed motor controllers are available in a wide variety of configurations, depending on voltage, mo-
tor-starting considerations, and motor winding details. The common configurations are discussed below.
Fixed-speed motor controllers'? are often called motor starters. Controllers for non-motor loads are also avail-
able. Any application of a controller to a load requires consideration of the characteristics of that load. Some
comments are made under the discussion of load characteristics in 4.11.

Power can be provided to a mechanical load at adjustable speed by electrical or mechanical means. Electrical
adjustable-speed drives are available in a wide variety of ratings and configurations which appear to be contin-
uously increasing. In some situations, a mechanical adjustable speed mechanism will be utilized in the form of
a fluid coupling or a hydraulic pump/hydraulic motor combination.

4.2.2 Disconnects

A controller requires a means of isolation from the power-distribution system for the purpose of servicing and
maintaining the controller more safely. Almost any switching device can be used as a disconnect. It is common
to combine the function of short-circuit protection into the disconnect device through the use of instanta-
neous-trip circuit breakers or fusible switches. In facilities where the NEC applies, the disconnecting means
for a motor branch circuit must comply with Article 430, Part IX. Disconnects are generally marked with con-
tinuous current ratings, but may also be marked with a horsepower rating.

Besides providing isolation at the controller, additional disconnects may be required local to the load to pro-
vide a disconnecting means for the load that can be more closely monitored by the servicing personnel should
the load be located out of sight of its controller. These requirements are specified in the NEC and CE Code.

4.2.3 Voltage considerations

While most applications will involve controllers at the same nominal voltage as the connected load, there
are situations where a controller will be provided at a different voltage from the load, with a suitable voltage
transformation means provided between the two. While this transformation is usually in the form of a power
transformer, this may in some applications be accomplished with a solid-state drive.

"Some special motor designs, typically very small fractional horsepower motors, do not require external overload protection.
2Discrete multiple-speed motor controllers, such as two-speed controllers, are typically also included in the term motor starters in
common usage in North America.
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In general, controllers are classified in accordance with the installation code (NEC or CE Code) designations
of low voltage or high voltage. Low voltage in these codes is defined as anything less than 1000 V'3, and high
voltage as anything higher than low voltage. In most industrial and commercial facilities, the voltage level
above 1000 V is informally called medium voltage to distinguish from the common power transmission sys-
tem voltages and the outdoor pole- or structure-mounted equipment commonly employed at those voltages.
This standard applies the term medium voltage to voltages between 1 kV and 35 kV. Note that some standards,
for example the IEEE C37 breaker standards, include this definition of medium voltage under the term high
voltage, in compliance with the installation code usage. ANSI C84.1 defines medium voltage as greater than
1000V and less than 100 kV; some IEEE standards (including IEEE Std 141™) follow this practice. However,
there is a tendency in some newer IEEE standards to adopt either 34.5 kV or 35 kV as the upper limit of medi-
um voltage. There is presently no consensus in a definition of medium voltage, as noted in the /EEE Standards
Dictionary.

4.2.4 Medium-voltage controllers

Controllers are routinely available for system voltages from 1500 V ac to 7200 V ac. At present, there is a
limited availability of 13.8 kV controllers; work is progressing on extending the certification standard to in-
clude 15 kV rated controllers. There is a tri-national certification listing standard (CSA C22.2 No. 253 [B15],
NMX-J-564/106-ANCE [B86], UL 347 [B92]) for this equipment, which supersedes NEMA ICS 3 which was
previously the key reference standard.

Two types of controllers are generally available:

a) Class E1 controllers utilize the main contactor to make and break currents up to the rated breaking
capacity of the controller. In contrast to Class E2 controllers, the fault interrupting capacity of a Class
E1 controller depends on the capacity of the main contactor, which is much smaller than a power fuse.

b) Class E2 controllers utilize the main contactor to make and break operating currents, and utilize medi-
um-voltage fuses to interrupt fault currents which exceed the breaking capacity of the main contactor.
E2 controllers provide an interrupting fault capacity of 40 kA or 50 kA rms symmetrical, depending on
the power fuse used.

A medium-voltage contactor is designed differently from a medium-voltage circuit breaker. The circuit break-
er is designed to interrupt a rated (high) fault current, but is not expected to do it thousands of times in its life,
while a contactor is designed to interrupt a much lower operating current, but it is expected to do this for many
thousands of operations. In applying medium-voltage contactors, it is important to coordinate the protection
relay settings with the fuse characteristics and the contactor rated interrupting current. Some situations where
this may be a consideration are motor overcurrent (50/51), motor differential current (87M), and ground fault
(50/51G) elements.

Additionally, while all the vacuum interrupters (which predominate in new installations) exhibit a current
chopping phenomena, the vacuum contactor is designed to have a low chopping current while, due to the more
severe fault interrupting duty, a vacuum circuit breaker will have a higher chopping current. This chopping
current is important in determining what additional surge protection may be required for controlled motors.
For motors too large for any available contactor, where circuit breakers need to be employed, this becomes an
important application consideration. For additional information regarding the application of circuit breakers
in industrial and commercial applications, refer to IEEE Std 3001.5™ [B38].

Starters for medium-voltage motors are designed as integrated complete units based on maximum horsepower
ratings for use with squirrel-cage, wound-rotor, synchronous, and multispeed motors for full- or reduced-volt-
age starting. Class E2 controllers are normally used. Each starter will be completely self-contained and pre-
wired by the vendor, with all components in place. Contactors will be current rated based on motor horse-

13Some certification standards commonly used for low-voltage controllers are limited to 600 V ac and 1000 V dec. The installation codes
variously define low voltage as below 750 V ac to 1500 V ac.
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power requirements. Combinations of motor starters and switchgear are available as assemblies. Starters are
available with air-break contactors or vacuum contactors; vacuum contactors predominate in current vendor
offerings. While most medium-voltage motor controllers are “across-the-line” types, other starting schemes
are available. While the general information on motor-starting schemes in this standard is based on low-volt-
age designs and standards, it is adaptable to medium-voltage systems when required.

4.2.5 Low-voltage controllers

NEMA ICS 2 summarizes the NEMA standard for low-voltage magnetic controllers. The related certifica-
tion standard is a tri-national standard (CSA C22.2.No. 254 [B16], NMX-J-353-ANCE-2006 [B85], UL 845
[B93)).

In low-voltage ac motor starters, contactors are generally used for controlling the circuit to the motor. Contac-
tors should be carefully applied on circuits and in combination with associated short-circuit protective devices
(circuit breakers, motor circuit protectors, or fusible disconnects) that will limit the available fault current and
the let-through energy to a level the contactor can withstand. These withstand ratings should be in accordance
with the certification standards.

Unlike medium-voltage controllers where vacuum interrupters predominate, most low-voltage controllers
employ air-break contactors. Some vacuum contactors are available, and are sometimes used for higher power
rated controllers, often due to the large physical size of the higher current rated air-break contactors.

A variety of specialty controllers is available for low-voltage non-motor loads.

4.3 Motor controllers
4.3.1 Introduction

The primary function of a motor controller is starting, stopping, and protecting the motor that it serves. In
some applications, motor controllers are additionally required to control the speed of the motor, or to facilitate
rapid stopping (braking) of the motor. The type of controller used depends upon the motor size and type, the
distribution system, any limitations imposed by the local power source, and the desired control functions or
operations.

In a typical three-phase ac motor controller, a magnetically-operated contactor connects the motor to the pow-
er source. This contactor is designed for a large number of repetitive operations in contrast with the typical
circuit breaker. Energizing the contactor’s operating coil with a small amount of control power causes it to
close its contacts, connecting each line of the motor to the power supply. If the starter is to be reversing, two
contactors, one forward and one reverse, are used to connect the motor with the necessary phase relation for
the desired shaft rotation.

4.3.2 Physical protection

The controllers themselves are protected from physical damage, as opposed to electrical damage, by the con-
troller enclosure. NEMA standards ICS 6 [B69] and 250 [B62] cover the classification of enclosures and their
associated degree of protection. For example, a NEMA 1 (general purpose indoor) enclosure would be used in
dry indoor locations. A NEMA 3R (rainproof and sleet-resistant) or 4 X (watertight, dust-tight, and corrosion
resistant) enclosures is typically used outdoors. Sprinkler-resistant enclosures are available for installation in
areas serviced by fire-suppression sprinklers. Special enclosures are listed for installation in hazardous loca-
tions as defined by NEC sections 500 and 505 or CE Code sections 18, 20, J18, or J20.

4.3.3 Overload protection

An overload is an operating condition where the full-load ratings or ampacities of a motor are exceeded. It is
not a short-circuit or fault current condition. A running overload is an overcurrent greater than the rated maxi-
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mum running current, but no greater than the locked-rotor current, which is commonly 6.5 times the full-load
motor current'*. If the situation continues for too long a time period, damage due to overheating can result.
Motor life can be shortened due to heating. Overloads cause a rise in the temperature in the motor windings
due to the higher than normal current. This increased temperature causes damage and deterioration to the
winding insulation.

Motors are required to be protected against overloads by the NEC and CE Code. NEC Article 430'5, Part 111
gives the requirements for motor and branch circuit overload protection for motors of less than 600 V. The
various requirements for overload protection are based upon motor duty, horsepower, and type. NEC Ta-
ble 430.37 gives the number and location of overloads required for various types of motor and supply system
combinations. Under certain conditions, the motor overloads are permitted to be shunted during motor start-
ing; see NEC section 430.35.

Motor overload protection is typically provided by overload relays. Overload relays can be thermal, magnetic,
or solid-state type, and have inverse time-overcurrent tripping characteristics to allow for starting inrush cur-
rent or momentary overloads. This means that for small overcurrents, a longer time will elapse before tripping
occurs. At high overcurrents (locked-rotor current) tripping occurs in a shorter time period.

In the case of magnetic relays a dashpot is used to provide the time delay. For thermal relays, the time-current
characteristic is derived from the response of components of the relay to heat generated by a thermal element
that simulates the heating of the motor windings due to line current. Thermal overloads can be either melting
alloy (eutectic) or bimetallic type. Some old installations rely on fuses for overload as well as short-circuit
protection; the fuse used in such applications needs to be examined very carefully to confirm it will interrupt
reliably on overload conditions. Many motor fuses, such as the medium-voltage “R” rated fuses used in many
modern medium-voltage motor starters, are ONLY suitable for short-circuit protection and are NOT suitable
for overload protection.

Solid-state overload relays sense motor currents, transform them into logic level signals, and process these
signals to simulate motor thermal (I’t) models. Solid-state relays approximate the motor damage curve more
closely than either the thermal or magnetic types. Some of these relays offer field selectability for overload
class (or curve), and communication capabilities for centralized control or monitoring. Solid-state overload
relays permit field adjustment of overload settings, thereby eliminating the need for individual heater elements
calibrated to specific motor currents. Some overload relays provide for stator winding overtemperature pro-
tection based on embedded detectors, which typically are thermistors for low-voltage motors and RTDs for
medium-voltage motors.

Solid-state overload relays for medium-voltage motors are available with many standard and optional mo-
tor-protective functions in a singular modular unit, which permit precise protection of motors and allow mo-
tors to be utilized very close to their ratings. Protective functions generally available in these electronic relays
are inverse time overload protection, instantaneous overcurrent protection, stator winding overtemperature
protection based on resistance temperature detectors (RTDs) embedded in stator windings, motor bearing
overtemperature protection based on RTDs placed at motor bearings, load bearing over-temperature protec-
tion based on RTDs at load bearings, undercurrent protection, underload protection, phase reversal protection,
and incomplete sequence protection. Some modern electronic relays provide many more sophisticated protec-
tion and monitoring features as well, plus programmable control logic capabilities.

The rating or setting of these units is determined by the full-load motor current and the motor controller used.
Relays need to be reset after operation or “tripping.” This can be done manually through a reset button on the
controller, or it can be done automatically. Automatic resetting is not permitted where restarting the motor

“Some standards still refer to locked-rotor current as 6.0 times full-load current, but this ratio increases in most modern high-efficiency
motors. A compromise position adopted by many industrial users is to limit new motors to a locked-rotor ratio of 6.5 in specifying new
motors. If this is not done, the default offering, especially in small integral horsepower NEMA design motors, will generally have a
locked-rotor ratio substantially in excess of 6.5, which should be considered when applying controllers to those motors.

“The equivalent CE Code material is in section 28.
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would place the operator or other personnel in danger. Ambient temperature compensated and noncompensat-
ed overload relays are also available. There are basically two types of applications for ambient compensated
relays. The first is where the ambient compensation mechanism is utilized to provide for appropriate trip char-
acteristics over a wide range of ambient temperature. These are intended for general use. The other application
is where the controller is in a controlled environment, and the motor is in a non-controlled environment (for
example, submersible pumps). In applications where the motor and controller are in the same environment, it
is not advisable to use ambient compensated overload relays because the protected device (motor, cable) is not
ambient compensated.

A motor damage curve shows how long a particular overcurrent can be sustained before the motor is damaged.
Devices are available that react to motor overload, phase loss, phase reversal, mechanical jam, ground fault,
current unbalance, voltage unbalance, low-voltage conditions, and more. The response time can be changed to
fit the application. Solid-state devices can be combined with motor temperature sensors, such as thermistors
(typically LV motors) or RTDs (typically MV motors). Memory can be provided if motor starts or overloads
happen frequently.

NEMA standards divide overload relays into three classes: Class 10, 20, and 30. Some electronic controllers
incorporate all three classes, and sometimes additional interpolations of these classes, in one device. Each
class is defined by the maximum time in seconds in which the relay should function on six times its ultimate
trip current (1.25 times full-load motor current for motors having a service factor of 1.15; and 1.15 times full-
load motor current for motors having a service factor of 1.0). No minimum trip time is standard. Overload re-
lays should have sufficient thermal capacity to allow the motor to start. The type of overload relays to be used
on a particular application depends upon required reliability, type of load, ambient conditions, motor type and
size, safety factors, acceleration time, and probability of an overload.

4.3.4 Overcurrent protection

Overcurrent protection is required to protect motors, and their branch circuits and controllers, from short
circuits or ground faults. Overcurrent conditions due to faults can cause damage to motors, controllers, and
conductors. NEC Article 430, Part I1I covers the requirements for overcurrent protection for motors under 600
V. While the overcurrent protection of a controller protects both the conductors and the load, protection of the
conductor is not part of the scope of this standard. Refer to I[EEE Std 242™, Chapter 9.

Overcurrent protection can be provided by circuit breakers, motor circuit protectors, or fuses. Traditional
low-voltage molded case circuit breakers are referred to as thermal-magnetic circuit breakers; they have both a
thermal tripping element and a magnetic tripping element. The thermal element provides an inverse time-cur-
rent characteristic while the magnetic element provides instantaneous tripping. Motor circuit protectors are
typically adjustable instantaneous-trip circuit breakers that have a magnetic element only. Fuses have an inter-
nal element that melts under overcurrent conditions. By varying the type of internal construction and materi-
als, fuses can be either fast-acting or time-delay types. Time-delay fuses provide both short-circuit and backup
overload protection for the motor, if they are sized correctly. Time-delay fuses are typically a dual element
type of fuse, but some manufacturers utilize other fuse construction types. Special purpose motor fuses (preva-
lent for medium-voltage motor starters) are designed for good short-circuit interrupting characteristics, but are
not designed for motor overload protection'®. Fuses have to be replaced after operation while circuit breakers
only need to be reset, provided they operated on an overload condition. If a circuit breaker operates under a
short-circuit condition, which is typical when used for motor branch circuit, short-circuit, and ground fault
protection, the fault condition should first be repaired before resetting the circuit breaker. If the fault was near
the interrupting capability of the circuit breaker, the circuit breaker should be inspected, tested, and replaced
if needed. The devices used to provide the overcurrent protection require a time-current characteristic that is

*Some fuses explicitly caution that they may fail at currents greater than their rated operating current but less than a specified higher
current. If there is no specific guidance from the fuse manufacturer, but the provided fuse time-current curve does not extend into the
long time region, (often as low as 100 s), it is prudent to assume that the fuse operation in the motor running overload region is either
unpredictable or undefined and should be avoided.
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capable of carrying the motor’s starting current, and of operating under fault conditions. NEC Table 430.52
gives the maximum allowable ratings for various types of motor short-circuit protective devices.

When circuit breakers are used to provide motor overcurrent protection, there are two key considerations: the
motor locked-rotor current, and the motor inrush current, which exceeds locked-rotor current for a very short
time but can cause some circuit breakers to trip. IEEE Std 242 and NEMA MG-1 [B76] indicate that this inrush
current is some cases can be as high as 2.83 times locked-rotor current, although 1.76 times locked-rotor cur-
rent is traditionally used for industrial designs. Refer to IEEE Std 242, IEEE Std 3004.8™ [B39], and NEMA
MG-1 for additional information.

Another consideration in low-voltage motor protection is that of Type 1 versus Type 2 protection. These are
two levels of protection that are defined by the International Electrotechnical Commission (IEC). They pertain
to the amount of damage the controller is allowed to sustain due to a fault. Under both Types 1 and 2, there is
to be no significant damage to the equipment. In Type 1 protection the controller may be damaged to the point
that components, or the entire controller, need to be replaced. Under Type 2 protection, only minimal damage
to the contactor and controller, in the form of light contact welding, is allowed. The controller is to be opera-
tional after fuse replacement and contact separation. No parts are allowed to be replaced except the fuses. Type
2 protection is used where minimal downtime of a process or operation is required after a fault. Type 2 protec-
tion can be achieved with both NEMA and IEC products.

Overload and overcurrent protection requirements for motors over 600 V are covered in NEC Article 430, Part
XI'. For fire pumps, some of the requirements of NEC 430 are modified. NEC Article 695 and NFPA 20 [B&1]
cover fire pumps. NEC Article 440 has requirements that are specific to hermetic type motors for air condition-
ing and refrigeration equipment. These requirements are in addition to, or modify some of, the requirements in
NEC Article 430.

4.3.5 Equipment protection (single phase, undervoltage, and other)

Motors may also need to be protected from adverse conditions other than overloads and overcurrents. Some of
these conditions are under/overvoltages, phase reversal, and phase loss. Relays or other devices are available
to provide this protection and can be added to the motor controller.

Small voltage unbalances can cause very high currents in the rotor circuit. The condition is even more severe
if a three-phase motor runs on a single-phase supply (loss of one phase). Full-load speed reduces slightly
when operated at unbalanced voltages. Additionally, locked-rotor and breakdown torques decrease when the
voltage is unbalanced. Line monitoring relays sense and react to voltages that are higher or lower than the
motor’s normal operating range, but voltage magnitude monitoring does not generally detect a loss of phase
on a running motor circuit. Undervoltage can result in overheating and reduced torque. A current imbalance
can also result in nuisance tripping of the overloads or circuit protective device. Refer to NEMA MG-1 [B76],
IEEE Std 3004.8 [B39], and IEEE Std 242 for additional information.

When a three-phase motor is started from a de-energized state with voltage on only two of the three phases,
the motor should not be expected to turn, although current will flow in the windings that is substantially higher
than rated motor full-load current. This creates more heat than a stalled motor is designed to dissipate. Where
this event is a significant risk, protection should be provided unless replacement of a failed motor is deemed an
acceptable mitigation approach. This could be especially dangerous for elevators, where motor replacement
is neither trivial nor inexpensive. Suitable phase failure relays and single-phase protection can be provided to
protect the motor in these situations.

When motors are transferred from one source to another, for example, from an emergency generator to the util-
ity, both the motor controller and the motor are often momentarily de-energized. If the utility voltage is out of
phase with the motor residual voltage when the motor is reconnected to the utility source, the motor will often

"Refer to CE Code section 28. CE Code section 36 provides additional “high voltage” rules, but none are specific to motors.
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draw excessive current and generate high-transient torques that may cause nuisance tripping of breakers and
possibly cause damage to the motor, portions of the power-distribution system, the driven equipment, the cou-
pling to the driven equipment, or the foundation. To overcome this problem, automatic transfer switches often
include optional in-phase monitors that prevent transfer until the residual voltage of the motor and the utility
voltage are nearly synchronized, or alternately delay transfer until the residual voltage has decayed to a safer
level. Phase reversal protection can be added to prevent the motor from operating if the phases are reversed.
For applicability to medium-voltage motors, refer to the IEEE PSRC working group J9 report to the Rotating
Machinery Protection Subcommittee [B43]. This report contains an extensive bibliography, in addition to pro-
viding an excellent discussion of the issues involved. The accepted criteria for safe motor bus transfer has re-
cently been questioned by Beckwith, et al. [B10], based on field data. This is a subject of ongoing research and
proposed papers which are not yet written. The user is advised to look for revisions or follow-up documents to
[B43] and [B10] for possible additional guidance. The user is also cautioned that while not explicitly stated,
the practical criteria for bus transfer of low-voltage motors appear to be different from that for medium-volt-
age motors.

In addition, ground-fault relays are sometimes used for disconnecting motors in the case of a ground fault in
the motor winding or its branch circuit.

In many cases, motors have temperature sensors that are placed in the winding of the motor. These protectors
are sensitive to the motor winding temperature itself, to the rate-of-rise of the temperature, or to a combi-
nation of these. These sensors commonly range from a simple embedded bi-metallic switch to thermistors
(large low-voltage motors) to RTDs (many medium-voltage motors). This is discussed in IEEE Std 242 and
IEEE Std 3004.8 [B39].

Other equipment protection controls include vibration of the motor and/or the driven equipment, and equip-
ment control and safety interlocking and shutdown systems.

4.3.6 General motor-starting considerations

When electric motors are started, there is a large inrush current that can cause excessive voltage sags or dips.
A sag is defined in IEEE Std 1100™ as “an RMS reduction in the ac voltage, at the power frequency, for du-
rations from a half-cycle to a few seconds.” These sags can have a negative impact on other electrical items
such as lights, electronic equipment, contactors and relays, and heavily loaded motors; refer to IEEE Std 141
and [EEE Std 1100 [B35] for more information. For guidance regarding motor-starting calculations refer to
IEEE Std 399™ [B27], Chapter 9.

Voltage sags in power systems can lead to flicker in incandescent lamps and cause high intensity discharge
(HID) lamps to cut off. HID fixtures may then have to cool before restriking of the lamp is possible. Lumen
output also decreases as voltage decreases. Voltage sags can affect computers or other low-voltage susceptible
equipment.

The starting characteristics of a motor and its load may create a voltage sag that prevents the motor from
starting successfully. A large sag can cause the opening of magnetic motor contactors and control relays. If the
voltage is low enough, the coil will be unable to keep the contacts closed and the motor will stop. During start-
ing, too low a voltage will result in “contact chatter,” where the contacts open and close quickly because the
coil doesn’t have enough power to stay closed. NEMA standards only require that contactors stay closed down
to 0.85 pu (per unit) of normal voltage. At voltages lower than this, contactor performance may be affected.
Often, control equipment will be sensitive to less severe voltage sags.

Large voltage sags can also cause heavily loaded running motors to stall. As a rule of thumb, typical NEMA
design motors that are not overloaded should not stall at motor terminal voltages greater than 80% of motor
rated voltage. If this may be an issue, a detailed dynamic analysis is needed.
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For any manual motor starter, the motor will automatically restart upon return of power. Manual motor starters
should not be used where automatic restarting of the motor could endanger personnel or equipment.

In many applications, a number of safety or operating interlocks are required to ensure that appropriate safety
or operability conditions are met prior to attempting to start a motor. See also Clause 5.

4.4 Full-voltage (across-the-line) non-reversing starters

4.4.1 General

Figure 1 shows a typical full-voltage, or “across-the-line,” non-reversing motor-starting configuration. Com-
mon variations are:

a)  Manual. Provides overload protection, but not undervoltage protection. Controllers are commonly
available for single-phase and three-phase motors no larger than 7.5 kW (10 hp) at 460 V or 575V, for
example. Operating controls are commonly available in toggle, rocker, or push-button design.

b)  Magnetic, non-reversing. For full-voltage frequent starting of ac motors, suitable for automatic or
remote control with push-button station, control switch, or with automatic pilot devices. Undervoltage
protection is obtained by using a momentary contact starting push-button in parallel with an interlock
contact in the starter and a series-connected stop push button (Figure 8). For further discussion regard-
ing controls refer to 4.10.12. Available in single-phase construction up to 11.2 kW (15 hp) at 230 V,
and three-phase ratings up to 1200 kW (1600 hp) at 460 V or 575 V.

M T1
L1 | |
|
N T2
L? | MOTOR
N T3
L3 N

STARTING CONDITIONS:

1. MOTOR TERMINALS WOLTAGE EQUALS THE LINE WOLTAGE.

2. MOTOR CURRENT SHALL BE EQUAL TO THE LINE CURRENT

3. STARTING TORRUE SHALL BE EQUAL TO LOCKED ROTOR TORGUE.

Figure 1—Across-the-line starting

4.4.2 Combination across-the-line starters

The combination starter adds short-circuit (“overcurrent”) protection (refer to 4.3.4) and a disconnecting
means to the basic starters described above.

4.4.3 Reversing starters

Areversing starter has an extra contactor that is interlocked with the forward starter to prevent both units from
being operated at the same time. The reversing contactor reconnects two of the motor line connections, caus-
ing the motor to rotate in the opposite direction. Reversing is available for full-voltage and multispeed starters
only. Reduced-voltage starters are not readily available with reversing capabilities.
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4.5 Reduced-voltage controllers

4.5.1 General

For some applications, such as ventilating fans or small pumps, full-voltage starting is not objectionable. As
a result, most of these controllers are full-voltage types. However for many larger motors, the starting inrush
current may be great enough to cause objectionable voltage sags. Some couplings or driven equipment also
have limitations on the torque that may be applied without damage. Sometimes the torque limitation comes
from a process constraint (e.g., controlling pipeline pressure pulsations on startup). Such maximum torque
limits may require reduced-voltage starting. In other applications, sudden abrupt starts and stops may be haz-
ardous, such as in an elevator, or can cause damage to other items, such as bottles on a bottling line. Some
form of reduced-voltage controller should be used in these instances. Some of the benefits of reduced-volt-
age starting are decreased starting torque, allowing longer life of belts, gears, couplings, pulleys, and motor
shafts (which are commonly weakened with across-the-line starting) and decreased inrush current, resulting
in smaller voltage sags. However, the user needs to confirm that enough torque is available with the selected
controller to successfully accelerate the load. IEEE Std 399 [B27] Chapter 9 provides guidance in performing
motor-starting studies.

Objectionable voltage sags are in general of two types. The first is any voltage sag which may cause unaccept-
able operational issues with the facility. This can include:

— Some lights dimming when certain motors are started
— Controls mis-operating when some motors are started

— Some operating motors stalling due to undervoltage when other motors are started

The other general type of objectionable voltage sag is one that is not acceptable to the local power supply
authority. Details vary with different supply authorities. Additional guidance regarding voltage issues is pro-
vided in IEEE Std 141 Chapter 3.

Many kinds of reduced-voltage controllers are in common use. These controllers can be divided into the elec-
tromechanical types and the solid-state controller types. Figure 2 through Figure 5 show the principles of the
most common electromechanical reduced-voltage starters for squirrel-cage motors. Figure 6 shows a sol-
id-state reduced-voltage controller. Table 1 provides comparisons between the various types of electrome-
chanical reduced-voltage controllers.

In selecting the type of reduced-voltage controller, consideration should be given to the motor control tran-
sition from starting to running. In a closed-circuit transition, power to the motor is not interrupted during the
starting sequence, whereas on open-circuit transition it is interrupted. Closed-circuit transition is recommend-
ed for all applications to minimize inrush voltage disturbances and associated phenomena.

Many reduced-voltage controllers are rated for short time operation only, on the basis that these devices are
only intended for motor starting, which is of a short duration. Sixty second and 90 s ratings are common. After
the rated time, these controllers must be bypassed and not carrying current, to allow their components to cool.
Applications which may benefit from operating at reduced voltage for a longer time, including continuously,
need to be examined carefully to ensure the equipment selected is suitable for this service.

4.5.2 Autotransformer type

An autotransformer starter (Figure 2) is a reduced-voltage controller that uses three contactors, a timer, and
an autotransformer. It has characteristics that are similar to, but more efficient than, the resistor-reactor starter
(Figure 2). An autotransformer controller reduces the voltage by transformation; the motor terminal voltage is
less than the line voltage by the transformer ratio. The torque is reduced by the square of the terminal voltage.
For motors up to 37 kW (50 hp), autotransformer starters usually have taps for 65% and 80% of rated voltage.
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For larger motors, the taps are for 50%, 65%, and 80% of rated voltage. The torque of the motor does not in-
crease with acceleration, but remains essentially constant until the transfer is made from starting to running
voltage.

Closed transition starters are usually standard. In a closed transition (also known as the Korndorfer connec-
tion), a smooth transition from reduced to full voltage is made. The motor is not disconnected from the line so
there is no interruption in line current, which can cause a second inrush during the transition time. In an open
transition starter, the motor is momentarily disconnected from the line on transfer from the starting connec-
tion to the run connection. This open transition may result in some voltage disturbance. Standard motors can
be used with autotransformer starters. The automatic version of an autotransformer starter, which is the most
common, has a timing relay, speed relay, current relay, or other mechanism for adjustment of the time at which
full voltage is applied.

There is an additional consideration when the controller (usually a contactor) is either a vacuum or SF, inter-
rupter. While modern vacuum contactors have a very low chopping current, such circuits have been reported
to consistently result in substantial damage to autotransformers (Farr, et al., [B20]). This can in part be attribut-
ed to the extremely short conductors interconnecting the interrupters with the autotransformers. While this is
predominantly considered a medium-voltage phenomena, it should be considered for a low-voltage vacuum
contactor design as well. As a minimum, when such designs are contemplated, provision should be made in the
starter for installation of snubbers, which must be designed by a specialist later when detailed characteristics
of the components including the autotransformer become available. Refer also to IEEE Std C57.142™ [B41].
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RUN: R - CLOSED, S AND Y OPEN
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STARTING CHARACTERISTICS:

1. MOTOR TERMINAL IS LESS THAN LINE YOLTAGE (BY TRANSFORMER RATIOD.

2. MOTOR CURRENT EXCEEDS LINE CURRENT ¢BY INVERSE OF TRANSFORMER RATION.
3. STARTING TORQUE IS REDUCED BY THE SQUARE OF THE TERMINAL VOLTAGE.

Figure 2—Autotransformer reduced-voltage starting

Autotransformer starters are suitable for hard-to-start loads such as reciprocating compressors, grinding mills
and pumps. “Hard-to-start” loads are those where the motor has to overcome a large inertia to get the load
started. They are used where complete acceleration at reduced current is needed. An autotransformer starter
offers the greatest amount of flexibility and is the most expensive of the electromechanical reduced-voltage
starters.

4.5.3 Primary resistor or reactor type

This is the simplest reduced-voltage starting method. It uses two contactors, a timer, and either a resistor or a
reactor (see Figure 3). The voltage at the motor terminals is reduced by the voltage drop across the reactor or
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resistor. The inrush current is reduced proportionately (approximately). When the motor has accelerated for
a predetermined interval, a timer initiates the closing of a second contactor to short the primary resistor or re-
actor, connecting the motor to the full line voltage. The transition from starting to running is smooth since the
motor is not disconnected during this transition. The starting torque is a function of the square of the terminal
voltage. Therefore, if the initial voltage is reduced to 50%, the starting torque of the motor will be about 25%
of'its full-voltage starting torque. Resistor/reactor starters can be used with standard motors. Typical allowable
starting times are 5 s for resistor types and 15 s for reactor types.

A three-step resistor-type starter usually does not start rotating the motor until the end of the first step. At the
second step, the starting torque is 45% to 50% of normal starting torque. The time setting is also usually be-
tween 3 s and 4 s. The branch-circuit protection is the same as for full-voltage starters.

Reactor-type reduced-voltage starters have somewhat better torque speed characteristics than resistor-type
starters; but resistor-type starters are less expensive. Resistor-type starters have the disadvantage that the watt-
age dissipation during start up can be costly for large motors that are started frequently. For this reason, re-
sistor-type starters are not often used with large motors. Reactor-type reduced-voltage starters are difficult to
adjust however, and are generally only used for larger medium-voltage motors. Typical applications are where
current reduction requirements are low, or where torque during acceleration is minimal. These starters have
smoother acceleration relative to the other types of starters. Where reactors are switched by either vacuum or
SF, interrupters, there are additional considerations, similar to the switching of an autotransformer by these
controllers. See 4.5.2.
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START: R - OPEN, § - CLOSED

RUN: R - CLOSED, S - OPEN
CLOSED TRANSITION R CLOSES BEFORE S DPENS)

STARTING CONDITIONS:
1. MOTOR TERMINALS VOLTAGE 1S REDUCED FROM LINE VOLTAGE

2. MOTOR CURRENT SHALL BE EQUAL TO THE LINE CURRENT.

3. STARTING TORQUE IS REDUCED BY THE SQUARE OF THE TERMINAL VOLTAGE

Figure 3—Series resistance and reactance reduced-voltage starting

4.5.4 Part-winding type

This type of starting connects part of the winding to the supply lines for the first step, and then connects the
balance in an additional step to complete the acceleration. Typically, the motor has two equal windings, but /5
windings are also available. The inrush current drawn from the line is about 65% of the normal inrush current.
The starting torque is about 50% of the full-voltage starting torque. These numbers will vary depending upon
the motor and the winding percentages. The total starting time should be set for about 2 s to 4 s. Due to severe
torque dip during the transfer, the transition time should be short and at approximately half-speed.

Part-winding starting is suited to light starting (low torque) loads such as fans, blowers, motor-generator sets,
and compressors with relief or unloading valves. While a part-winding starter is relatively inexpensive, the
motor cost will be higher than for a normal squirrel-cage motor. Its smoothness of acceleration and application
flexibility are poor.
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STARTING CONDITIONS:

1 STARTING CURRENT IS 60-75% OF NORMAL, DEPENDING ON THE SPECIFIC WINDING CONNECTION.
2. STARTING TORQUE IS VERY LOW (MAY NOT EVEN TURN THE SHAFT>

3. WINDING HEAT IS VERY HIGH ON START CONNECTION.

Figure 4—Part-winding starting

4.5.5 Wye-delta type

In a wye-delta starter (also known as star-delta), the motor’s internal connections are changed. They are wye
connected for starting and delta connected for running. This causes the impedance seen for starting to be three
times that for running, reducing the starting current. Starting current and torque are approximately 33% of nor-
mal. As with autotransformer starters, these starters can be either open or closed transition types. For closed
transition, resistors are used. In this instance, ventilation is required to remove the heat from the resistors.
Open transition starters will have a severe current peak at the transition. The branch-circuit protection has to
be selected very carefully for open transition starters so as to avoid tripping during transition. The time setting
should be set somewhat longer than for part-winding starters; that is, 3 s to 4 s on open transition, and 3 s to 5
s on closed transition autotransformer and wye-delta starters. On closed transition wye-delta and autotrans-
former starters, the standard branch-circuit protective device is selected in the same manner as are full-voltage
starters.

Wye-delta starters are suitable for high inertia loads with long acceleration times, such as centrifugal com-
pressors and centrifuges. They can also be used where the load torque during acceleration is low. Wye-delta
starters are extensively utilized in Europe and in the United States, particularly for large air-conditioning units.
Six- or 12-lead delta connected motors can also be wye started using this type of starter. The starter cost is
somewhat more expensive than a part-winding starter, and like the part-winding starter, the motor cost is also
higher than a standard motor.
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ETARTING CHARACTERISTICS:
1. STARTIMG CURRENT IS APFROXIMATELY 30% OF NORMAL
2 ITARTING TORGUE IS APPROXIMATELY 25-30% OF NORMAL

Figure 5—Wye-delta reduced-voltage starting

A comparison of starting currents and torques produced by various kinds of reduced-voltage starters is shown
in Table 1.

Table 1—Comparison of electromechanical reduced-voltage starters

— Primary resistor

Autotransformer® Part winding®
or reactor

Wye delta
50% | 65% | 80% y

o, o, - -
tap tap tap 65% tap 80% tap 2-step | 3-step

Starting current drawn
from line as percent-
age of that which 28% | 45% | 67% 65% 80% 60% 25% 33'5%
would be drawn upon
full-voltage starting®

S;Ziﬁggg:i?:’;;bped 25% | 2% | 64% | 42% 64% 0% |, /1220 " 331/%
which would be deye loped Increases slight- Increases great- — — —
on full-voltage starting ly with speed ly with speed
Table continues
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Table 1—Comparison of electromechanical reduced-voltage starters (continued)

T Autotransformer® Primary resistor Part winding®
or reactor
50% | 65% | 80% Wye delta
(1] 0 (] 0 0 _ _
tap tap tap 65% tap 80% tap 2-step | 3-step

Smoothness of ac- Second in order of | Smoothest of re- Fourth in order of | Third in order
celeration smoothness duced-voltage types. As | smoothness of smoothness

motor gains speed, cur-

rent decreases. Voltage

drop across impedance

decreases and motor ter-

minal voltage increases.
Installed cost High High Low Medium
Starting current and 'Afijustable_ within _Afl]ustable‘ within NA NA Fixed
torque adjustment limits of various taps limits of various taps

*Closed transition.

®Approximate values only. Exact values can be obtained from the motor manufacturer.
Full-voltage start usually draws between 500% and 650% of full-load current.

4.5.6 Solid-state type

Most solid-state controllers (also known as “soft starters”) are of the reduced-voltage type. These are readily
available for both low-voltage and medium-voltage motors. There is another variation of solid-state controller,
the reduced-frequency type, which at present is semi-custom, and requires working with the applications en-
gineers of the selected manufacturer. The reduced-frequency controller uses an adjustable-speed drive (ASD)
to start the motor. ASDs are discussed in more detail in 4.10. Normally a reduced-voltage controller will be
selected. However, for applications where the load torque will exceed the available starting torque at reduced
voltage, the reduced-frequency controller will be needed.

Most solid-state controllers of either type are rated for short time operation only. Sixty-second and 90-s rat-
ings are common. After the rated time, these solid-state controllers must be bypassed and not carrying cur-
rent, to allow their components to cool. For some applications, detailed calculations will be required to deter-
mine the necessary component ratings, and components approaching a continuous current carrying version
may be required. This will affect the size and cost of the solid-state controller, especially for medium-voltage
applications.

Solid-state, or electronic, reduced-voltage (SSRV) controllers provide very similar motor output torque and
inrush currents as an autotransformer, but with more options. They are designed to decrease inrush current to
the motor during starting and limit the available starting torque by more smoothly ramping the voltage. The
amount of starting current is field adjustable by the user, within certain limitations. Three methods of acceler-
ation are available:

1)  Constant current acceleration: the motor is accelerated to full speed at a field-selectable, preset current
level.

2)  Current ramp acceleration: the voltage is gradually increased to provide smooth, stepless acceleration
under varying loads.

3) Linear timed acceleration: the motor is accelerated at a linear rate that is field-adjustable (tachometer
feedback circuit required).

One simple type of reduced-voltage motor controller uses six thyristors in a full-wave configuration to vary
the input voltage from zero to full on, so that the motor accelerates smoothly from zero to full running speed.
The thyristors are activated by an electronic control section that has an initial step voltage adjustment. This ad-

Documents

26 Document Sharing Hub
Authorized licensed use limited to: Tsinghua UnfvERYJIIbSEhHGEdBF Mafehriias6$@D4eab: 26 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 3001.11-2017


http://www.avadocuments.com/doc/ieee-3001-11-2017
http://www.avadocuments.com/doc/ieee-3001-11-2017

IEEE Std 3001.11-2017
IEEE Recommended Practice for Application of Controllers and Automation to Industrial and Commercial Power Systems

justment, combined with a ramped voltage and current-limit over-ride, can provide constant current (torque)
to the motor until it reaches full speed.

Variations in the design of starting circuit are as follows:

a)  Three power diodes replace the three return-conducting thyristors. The control circuit is simple and
each thyristor is protected against reverse voltage by its associated diode. This half-wave configura-
tion will produce more harmonics than the full-wave configuration, and generate added heat in the
motor windings. Thermal protective devices should be properly sized to prevent this additional heat
from damaging the motor.

b)  Thyristors are used only during the starting phase. At full voltage, a run contactor closes and the circuit
operates as a conventional electromechanical starter. This is the most common configuration used for
large motors.

c)  Acontroller with linear-timed acceleration uses a closed-loop feedback system to maintain the motor
acceleration at a constant rate. The required feedback signal is provided by a tachometer coupled to
the motor.

These controllers are readily available for motors rated from fractional horsepower to thousands of horsepower.

SSRYV controllers are particularly suitable for applications that require extremely fast or a large number of
operations, or both (several million under load). Applications include conveyors, elevators, compressors, ma-
chine tools, pumps, and fans. To a limited extent, they can also be used for speed control and other functions
for ac and dc motors. SSRV controllers have some benefits that other reduced-voltage starting methods lack.
Most SSRV controllers have an option to reduce the voltage when motor loading is low. This provides an op-
portunity for energy savings during light loading conditions. Another advantage is smooth seamless starting
with an infinite number of torque/current settings, giving the SSRV controller superior flexibility.

4.6 Wound-rotor motor controllers

The wound-rotor or slip-ring motor functions in the same manner as the squirrel-cage motor, except that the
rotor windings are connected through slip rings and brushes to external circuits with resistance to vary motor
speed. Increasing the resistance in the rotor circuit reduces motor speed and decreasing the resistance in-
creases motor speed. Some variations of this type of controller employ thyristors in place of contactors and
resistors. Some even rectify the secondary current and invert it to line frequency to supply back into the input,
appreciably raising the efficiency.

4.7 Multispeed motor controllers

These controllers are designed for the automatic control of two-, three-, or four-speed squirrel-cage motors
of either the consequent-pole or separate-winding types. They are available for constant-horsepower, con-
stant-torque, or variable-torque three-phase motors used on fans, blowers, refrigeration compressors, and sim-
ilar machinery.

Multiple speed motors are used to obtain different predefined motor speeds from a single motor. There are
two types of multiple speed motors: consequent pole and separate winding. Consequent pole motors have a
winding for every two motor speeds while separate winding motors have a winding for each speed. The speed
ratios for consequent pole motors are typically limited to a 2:1 ratio. The controller is designed for two steps,
and speed cannot be varied in a wide, stepless range. If greater flexibility is desired, separate winding motors
should be used. Both motors are available for constant horsepower, constant torque, and variable torque appli-
cations. Controllers for consequent pole and separate winding motors have different numbers of poles in the
contactors. The consequent pole controller has a five-pole and a three-pole contactor. The separate winding
controller has two three-pole contactors. Before a controller is selected, the type of motor needs to be known.
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