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Abstract: The design, manufacturing, and testing unique to the application of uncontrolled
semiconductor power rectifiers for direct current (dc) supplied transportation substation
applications up to 1500 V dc nominal output is covered in this standard. The standard is intended
to address traction power substation rectifiers that are to be provided as part of a rectifier
transformer unit or are provided separately. Application information and extensive definitions of
related technical terms are included.

Keywords: commutating reactance, double-way, extra heavy traction, heavy traction, interphase
transformer, light transition load, power rectifier, rectifier transformer unit, service rating, traction
power substation
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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of
the Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the IEEE does not independently evaluate, test, or verify the accuracy
of any of the information or the soundness of any judgments contained in its standards.

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

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

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

In publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other
person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon his or
her 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.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received the concurrence of a balance of interests. For this reason,
IEEE and the members of its societies and Standards Coordinating Committees are not able to provide an instant
response to interpretation requests except in those cases where the matter has previously received formal consideration.
A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations Manual
shall not be considered the official position of IEEE or any of its committees and shall not be considered to be, nor be
relied upon as, a formal interpretation of the 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, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Comments on standards and requests for interpretations should be submitted to the
following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854
USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by The Institute
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, 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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Introduction

This introduction is not part of IEEE Std 1653.2-2009, IEEE Standard for Uncontrolled Traction Power
Rectifiers for Substation Applications up to 1500 V DC Nominal Output.

The intention of the working group that developed this standard was to provide an up-to-date replacement
for the rescinded NEMA Standards Publication RI 9 and the rescinded ANSI C34.2.* To make this task
more manageable, the scope of this effort was limited to uncontrolled (diode type) traction power rectifiers
supplying power to direct current (dc)-supplied transportation equipment.

Notice to users

Laws and regulations

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

Copyrights

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

Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine
whether a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association Web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA Web site at http://standards.ieee.org.

a . .
Information on references can be found in Clause 2.
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Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL
for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/interp/index.html.

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 with respect to the existence
or validity of any patent rights in connection therewith. 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 Standard for Uncontrolled
Traction Power Rectifiers for

Substation Applications Up to
1500 V DC Nominal Output

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or
environmental protection in all circumstances. Implementers of the standard are responsible for
determining appropriate safety, security, environmental, and health practices or regulatory
requirements.

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

1. Overview

1.1 Scope

This standard covers the design, manufacturing, and testing unique to the application of uncontrolled
semiconductor power rectifiers for direct current (dc)-supplied transportation substation applications up to
1500 V dc nominal output.

1.2 Purpose

Currently, there are no suitable standards governing requirements for traction power rectifiers. This
standard provides requirements specific to traction power rectifiers supplying power to dc-supplied
transportation equipment.
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IEEE Std 1653.2-2009
IEEE Standard for Uncontrolled Traction Power Rectifiers for Substation Applications Up to 1500 V DC Nominal Output

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.

ANSI C34.2, Practices and Requirements for Semiconductor Power Rectifiers (Rescinded).'

ANSI C84.1, Electric Power Systems and Equipment—Voltage Ratings (60 Hz).

ANSI/EIA-282-A, Standard for Silicon Rectifier Diodes.’

IEEE Std C57.12.01™-1998, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers, Including Those with Solid- Cast and/or Resin-Encapsulated Windings.>*

IEEE Std C57.12.91™, IEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

IEEE Std C57.18.10™-1998 (Reaff 2003), IEEE Standard Practices and Requirements for Semiconductor
Power Rectifier Transformers.

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

NEMA Pub. No. RI 9, Silicon Rectifier Units for Transportation Supplies (Rescinded).’

3. Definitions
For the purposes of this document, the following terms and definitions apply and are tailored specifically to
traction power rectifier equipment. The IEEE Standards Dictionary: Glossary of Terms and Definitions®

should be referenced for terms not defined in this clause. Additional definitions for rectifier diodes are
included in ANSI/EIA-282-A.

3.1 Basic rectifier components and equipment

anode terminal: The anode terminal of a rectifier diode or rectifier stack is the terminal to which forward
current flows from the external circuit.

NOTE—In the semiconductor rectifier components field, the anode terminal is normally marked “negative.””

! ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, 13th Floor,
New York, NY 10036, USA (http://www.ansi.org/).

2 EIA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA
(http://global.ihs.com/).

3 [EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,
USA (http://standards.ieee.org/).

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

> NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112, USA
(http://global.ihs.com/).

® The IEEE Standards Dictionary: Glossary of Terms & Definitions is available at http://shop.ieee.org/.

” Notes 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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cathode terminal: The cathode terminal of a rectifier diode or rectifier stack is the terminal from which
forward current flows to the external circuit.

NOTE—In the semiconductor rectifier components field, the cathode terminal is normally marked “positive.”

forward direction: The forward direction of a rectifier diode is the direction of lesser resistance to steady
direct current flow through the diode, for example, from the anode to the cathode.

power converter: As used in this standard, an assembly of semiconductor devices or device stacks,
including all necessary auxiliaries, for the purpose of changing alternating current power to direct current
power.

power rectifier: A rectifier unit in which the direction of average energy flow is from the alternating
current circuit to the direct current circuit.

rectifier: An integral assembly of semiconductor rectifier diodes or stacks including all necessary
auxiliaries such as cooling equipment, current balancing, voltage divider, surge suppression equipment,
etc., and housing, if any.

rectifier diode: A semiconductor diode having two electrodes and an asymmetrical voltage current
characteristic, used for the purpose of rectification, and including its associated housing, mounting, and
cooling attachments if integral with it.

reverse direction: The reverse direction of a rectifier diode is the direction of greater resistance to steady
direct current flow through the diode, for example, from the cathode to the anode.

rectifier junction: The portion of a rectifier diode that exhibits an asymmetrical current voltage
characteristic.

rectifier stack: An integral assembly, with terminal connections, of two or more semiconductor rectifier
diodes, which includes its associated housing and any associated mounting and cooling attachments.

NOTE—It is a subassembly of, but not a complete, semiconductor rectifier.

rectifier unit: An operative assembly consisting of the rectifier, or rectifiers, together with the rectifier
auxiliaries, the rectifier transformer equipment, and interconnecting circuits/bus work. A frequently used
alternative expression is transformer rectifier unit.

section of rectifier unit: A section of a rectifier unit is a part of a rectifier unit, including its auxiliaries,
which is capable of independent operation.

3.2 Appurtenances and auxiliaries

cooling system (of a rectifier): The equipment (i.e., parts and their interconnections) used for cooling a
rectifier. It includes all or some of the following: rectifier water jacket, cooling coils or fins, heat
exchanger, blower, water pump, expansion tank, insulating pipes, and so on.

current balancing reactors: Reactors used in rectifiers to force satisfactory division of current among
parallel connected rectifier bridges, phases, or diodes.

diode failure detector: A device or system to indicate the failure of one or more diodes. This function is
normally performed by monitoring the failure of a fuse associated with the failed diode: (1) visually, by a
mechanical device or light on each fuse, (2) by a summary contact associated with any fuse failure, or (3)
by a two-stage system in which the second stage is from a second failure in the same element.
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diode fuses: Diode fuses are fuses of special characteristics connected in series with one or more
semiconductor rectifier diodes to disconnect the semiconductor rectifier diode in case of failure and protect
the other components of the rectifier.

forced air cooling system: An air cooling system in which heat is removed from the cooling surfaces of
the rectifier by means of a flow of air produced by a fan or blower.

heat exchanger cooling system (of a rectifier): A cooling system in which the coolant, after passing over
the cooling surfaces of the rectifier, is cooled in a heat exchanger and recirculated.

heat sink: The heat sink of a rectifier diode is a mass of metal generally having much greater thermal
capacity than the diode itself, and intimately associated with it. It encompasses that part of the cooling
system to which heat flows from the diode by thermal conduction only, and from which heat may be
removed by the cooling medium.

interphase transformer: A transformer or reactor that introduces commutating inductance between
parallel connected simple rectifier units. Its purpose is to enable paralleled rectifier units to operate
essentially independently at 120° conduction angle.

natural air cooling system: An air cooling system in which heat is removed from the cooling surfaces of
the rectifier only by the action of the ambient air through convection.

reverse voltage dividers: Devices employed to ensure satisfactory division of reverse voltage among
series connected semiconductor rectifier diodes. Transformers, bleeder resistors, and capacitors, or
combinations thereof, may be employed.

temperature regulating equipment: Any equipment used for heating and cooling the rectifier, together
with the devices for controlling and indicating its temperature.

voltage surge suppressors: Devices used in the rectifier to attenuate the surge voltages of internal or
external origin. Capacitors, resistors, and nonlinear resistors, or combinations thereof, may be employed.
Nonlinear resistors include electronic and semiconductor devices.

3.3 Semiconductor rectifier diode characteristics

ac rms voltage rating: The alternating current (ac) root mean square (rms) voltage rating is the maximum
rms value of applied sinusoidal voltage.

average forward current: The average forward current rating is the maximum average value of forward
current averaged over a full cycle.

crest working voltage: The crest working voltage between two points is the maximum instantaneous
difference of voltage, excluding oscillatory and transient overvoltages, which exists during normal
operation.

dc blocking voltage rating: The direct current (dc) blocking voltage rating is the maximum continuous dc
reverse voltage.

forward power loss: The power loss within a semiconductor rectifier diode resulting from the flow of
forward current.

forward slope resistance: The value of resistance calculated from the slope of the straight line used when
determining the threshold voltage.
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forward voltage drop: The forward voltage drop is the voltage drop in a semiconductor rectifier diode or
stack resulting from the flow of forward current.

initial reverse voltage: The instantaneous value of the reverse voltage that occurs across a rectifier circuit
element immediately after the conducting period and including the first peak of oscillation.

maximum surge current (nonrepetitive): The maximum surge current is the maximum peak forward
current with a specified wave form and short specified time interval.

nonrepetitive peak reverse voltage: The maximum instantaneous value of the reverse voltage, including
all nonrepetitive transient voltages but excluding all repetitive transient voltages, which occurs across a
semiconductor rectifier diode or stack.

peak forward current (repetitive): The peak forward current is the maximum repetitive instantancous
forward current. It includes all repetitive transient currents but excludes all nonrepetitive transient currents.

recovery charge: The total amount of charge recovered from a diode, including the capacitive component
of charge, when the diode is switched from a specified conductive condition to a specified nonconductive
condition with other circuit conditions as specified.

repetitive peak reverse voltage (PRV): The maximum instantaneous value of the reverse voltage,
including all repetitive transient voltages but excluding all nonrepetitive transient voltages, which occurs
across a semiconductor rectifier diode or stack.

reverse power loss: The power loss within a semiconductor rectifier diode resulting from the flow of
reverse current.

reverse recovery current: The transient component of reverse current of a rectifier diode associated with
a change from forward conduction to reverse blocking.

threshold voltage: The threshold voltage is the zero-current voltage intercept of a straight line
approximation of the forward current voltage characteristic over the normal operating range.

total power loss: The sum of the forward and reverse power losses.

virtual junction temperature: A calculated temperature within the semiconductor material that is based
on a representation of the thermal and electrical behavior of a rectifier diode.

NOTE 1—The virtual junction temperature is not necessarily the highest temperature of the diode.

NOTE 2—Based on the virtual junction temperature and on the thermal resistance and transient thermal impedance
that correspond to the mode of operation, the power dissipation can be calculated using a specified relationship.

working peak reverse voltage: The peak reverse voltage excluding all transient voltages.
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3.4 Rectifier circuit properties and terminology

base load resistor: A resistor connected as a load on the rectifier for the purpose of lowering the no-load
voltage by magnetizing the interphase transformer. The value of this resistor is dependent on the current
required to magnetize the interphase transformer.

NOTE—The current required to magnetize the interphase transformer is typically 1% to 3% of the full load current.

cascade rectifier: A rectifier in which two or more simple rectifiers are connected in such a way that their
direct voltages add, but their commutations do not coincide.

commutation: Commutation is the transfer of unidirectional current between rectifier circuit elements that
conduct in succession.

commutation factor: The commutation factor for a rectifier circuit is the product of the rate of current
decay at the end of conduction, in amperes per microsecond, and the initial reverse voltage in kilovolts.

commutating angle (#): The time, expressed in electrical degrees, during which the current is commutated
between two rectifier circuit elements. It is also referred to as the angle of overlap.

commutating group: A group of rectifier circuit elements and the alternating-voltage supply elements
conductively connected to them in which the direct current of the group is commutated between individual
elements that conduct in succession.

commutating reactance (X.): Commutating reactance is the reactance that effectively opposes the transfer
of current between rectifier circuit elements of a commutating group or set of commutating groups.
Commutating reactance includes source, rectifier transformer, and rectifier ac bus reactance.

NOTE—For convenience, the reactance from phase to neutral, or one-half the total reactance in the commutating
circuit, is the value usually employed in computations, and it is the value designated as the commutating reactance.

commutating reactance factor (F,): The line-to-neutral commutating reactance in ohms, multiplied by
the commutated direct-current, and divided by the effective (root-mean-square) value of the line-to-neutral
voltage of the rectifier transformer direct- current winding, or /cX/Es. A dimensionless quantity, it is
often referred to simply as the “reactance factor.” It is used primarily to characterize the mode of operation
of a rectifier.

commutating reactance transformation constant (D,): A constant used in transforming line-to-neutral
commutating reactance in ohms on the direct current rectifier transformer winding to equivalent line-to-
neutral reactance in ohms referred to the alternating current winding.

commutating voltage (E,): The phase-to-phase ac voltage of a commutating group.

conducting period: The part of an alternating-voltage cycle during which the current flows in the forward
direction.

double-way rectifier: A rectifier in which the current between each terminal of the alternating-voltage
circuit and the rectifier circuit elements conductively connected to it flows in both directions.

NOTE—The terms single way and double way provide a means for describing the effect of the rectifier circuit on
current flow in transformer windings connected to rectifiers. Most rectifier circuits may be classified into these two
general types. Double-way rectifiers are also referred to as bridge rectifiers.
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