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software technology to find and highlight document changes. More professionals
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Because it may not be technically possible to capture all changes accurately, it is
recommended that users consult previous editions as appropriate. In all cases,
only the current base version of this publication is to be considered the official
document.
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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 that are to be provided separately. Application information and extensive definitions of related
technical terms are included.

Keywords: bridge rectifier, commutating reactance, double-way rectifier, extended heavy traction,
extra heavy ftraction, heavy traction, IEEE 1653.2™ in-line test, interphase transformer, light
traction, light transition load, power rectifier, rectifier transformer unit, service rating, traction power
substation
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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

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

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use,
are developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus
development process, approved by the American National Standards Institute (“ANSI”), which brings
together volunteers representing varied viewpoints and interests to achieve the final product. IEEE Standards
are documents 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 development process, IEEE does not independently evaluate, test, or verify the accuracy of any of
the information or the soundness of any judgments contained in its standards.

IEEE 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
documents 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 appropriate,
seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

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

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

Official statements

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

Comments on standards

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

Comments on standards should be submitted to the following address:

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

Laws and regulations

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

Copyrights

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

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

Updating of IEEE Standards documents

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

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

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore at http://iecexplore.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 IEEE standards can be accessed via https://standards.ieee.org/standard/index.html. Search
for standard number and year of approval to access the web page of the published standard. Errata links are
located under the Additional Resources Details section. Errata are also available in IEEE Xplore: https://
ieeexplore.ieee.org/browse/standards/collection/ieee/. Users are encouraged to periodically check for errata.

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 https://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation
or under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

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

This introduction is not part of IEEE Std 1653.2-2020, 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 the first version of 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 that task more manageable, the scope of that effort was limited to uncontrolled (diode type) traction
power rectifiers supplying power to direct current (dc)-supplied transportation equipment. This first revision
continues the same approach with primarily minor modifications except for changes to the standard service
ratings, and a new Recommended Practice and Design Guide (Annex A).
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IEEE Standard for Uncontrolled Traction Power Rectifiers for Substation

Applications up to 1500 V DC Nominal Output

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

This standard defines the terminology, circuit arrangements, service ratings, performance

characteristics, and test procedures unique to uncontrolled power rectifiers for transportation

substation (traction) application. It also provides recommended design and application guidelines.
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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.
s

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

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

JESD 282, ANSHELA-282-AStandardfor Silicon Rectifier Diodes-2

IEEE Std C57.12.01™-1998, IEEE Standard General Requirements for Dry-Type Distribution and

Power Transformers;
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 Electric

Eleetrieal Power Systems.

1ANSI 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[EDEC EfA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, Colorado 80112,
USA (http://global.ihs.com/).

3IEEE publications are available from The Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,

USA (http://standards.ieee.org/).

4The IEEE standards or products referred to in this clause are trademarks owned by The Institute of Electrical and Electronics

Engineers, Incorporated.
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IEEE Std 1653.1™, TEEE Standard for Traction Power Rectifier Transformers for Substation

Applications up to 1500 V dc Nominal Output.

NEMA-Pub-Ne- RI 9, Silicon Rectifier Units for Transportation Supplies (Rescinded):5
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_Online=Glessary—of

Iﬁ%—%&l—@eﬁﬁ%ﬁi%é should be consulted referenced for terms not defined in this clause.2
Additional definitions for rectifier diodes are included in JEDEC JESD ANSIH/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.”7

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.”

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

OThe IEEE Standards Dictionary_Online: s is available at: http://dictionary.ieee.org. An IEEE account is

required for access to the dictionary, and one can be created at no charge on the dictionary sign-in page http://shep-iceeorgl.

7Notes 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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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—1It 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.
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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.

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.
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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.
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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.

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 (PRV): 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
instantaneous 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.
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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 (PRV): The peak reverse voltage excluding all transient voltages.
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.
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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 (u): 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 (Xc): 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 (Fy): 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 ICXC/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 (Dy): 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 (Ejx): 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.
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double-way rectifier: A rectifier in which the current, between each terminal of the alternating-
voltage circuit and the rectifier circuit elements which are 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.

full-wave rectifier: A rectifier that changes a single-phase alternating current into a pulsating

unidirectional current, utilizing both halves of each cycle.

half-wave rectifier: A rectifier that changes a single-phase alternating current into a pulsating

unidirectional current, utilizing only one half of each cycle.

light transition load: The light transition load is the load at which the interphase transformer (IPT)
is magnetized, and the terminal voltage falls on the inherent regulation curve. The light transition

load is dependent on the IPT characteristics and is typically less than 3%.

NOTE —Light transition load is important in multiple rectifier circuits.

light-load resistor: A high-value resistor connected as a load on the rectifier for the purpose of

discharging the no load voltage increase due primarily to system capacitance.

NOTE —Typical light-load resistor current would be less than 0.1% of the rated load.

loosely coupled: A rectifier transformer with coupling factor Kg < 0.25.

closely coupled: A rectifier transformer with coupling factor Kg > 0.75.

mode of operation: The mode of operation of a rectifier circuit is the characteristic pattern of

operation determined by the sequence and duration of commutation and conduction.

NOTE —Most rectifier circuits have several modes of operation that may be identified by the shape

of the current waves. The particular mode obtained at a given load depends on the circuit constants.
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multiple rectifier: A rectifier in which two or more simple rectifiers are connected in such a way that

their direct currents add, but their commutations do not coincide.

parallel rectifier: A rectifier in which two or more simple rectifiers are connected in such a way that

their direct currents add and their commutations coincide.

phase number (p): The number of alternating current (ac) circuits connected to the rectifier that have
nominally equal voltage magnitudes and frequencies but different phase angles. For example, six &
pulse double-way rectifiers have a phase number of three 3, whereas 12 pulse double-way rectifiers

have a phase number of six 6.

pulse number (g): The total number of successive, non-simultaneous commutations occurring
within that rectifier circuit during each cycle when operating without phase control. It is also equal
to the order of the principal harmonic in the direct voltage, that is, the number of pulses present in

the direct current (dc) output voltage during one cycle of the supply voltage.

rectifier circuit element: A group of one or more semiconductor rectifier diodes, connected in series
or parallel or any combination of both, bounded by no more than two circuit terminals and

conducting forward current in the same direction between these terminals.

rectifier transformer secondary coupling factor (Ks): An expression of the degree of mutual
coupling between the secondary windings of a three-winding rectifier transformer. Ks = 0 signifies
fully uncoupled secondaries and is equivalent to the coupling of two separate two-winding
transformers. The transformer Kg factor has a major impact on the voltage regulation and short-

circuit current of a rectifier unit.

reverse period: The reverse period of a rectifier circuit element is that part of an alternating-voltage

cycle during which the current flows in the reverse direction.

series rectifier: A rectifier in which two or more simple rectifiers are connected in such a way that

their direct current (dc) voltages add and their commutations coincide.

set of commutating groups: A set of commutating groups consists of two or more commutating

groups that have simultaneous commutations.
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simple rectifier: A rectifier consisting of one commutating group of single way, or two commutating

groups of double way.

single-way rectifier: A rectifier in which the current between each terminal of the alternating-
voltage circuit and the rectifier circuit element or elements conductively connected to it flows only in

one direction.
transition load: The load at which a rectifier changes from one mode of operation to another.

NOTE—The load current corresponding to a transition load is determined by the intersection of
extensions of successive portions of the direct-voltage regulation curve where the curve changes

shape or slope.

3.5 Rectifier characteristics

bridge current unbalance: A calculation that describes the variation of current among rectifier
bridge circuits for multi-bridge rectifier designs. Expressed as a percent, it is the maximum deviation

of one bridge current from the average of all bridge currents, divided by the average bridge current.

diode current unbalance: An expression of the degree to which currents flowing in parallel diodes
are unequal. Expressed as a percent, the diode unbalance for individual diodes equals 100% x
(individual diode current — average diode current) / average diode current, where the average diode

current is the average of all the currents flowing through parallel diodes.

displacement power factor: The displacement component of power factor is the ratio of the active
power of the fundamental wave, in watts, to the apparent power of the fundamental wave in

voltamperes (including the exciting current of the rectifier transformer).

distortion power factor: The current and/or voltage harmonic distortion-influenced component of

the total power factor.

efficiency: The efficiency of a rectifier, or a rectifier unit, is the ratio of the power output to the total

power input at a specified value of load.
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NOTE—The efficiency may also be expressed as the ratio of the power output to the sum of the

output and the losses.

form factor: The form factor of a periodic function is the ratio of the root-mean-square (rms) value to

the average absolute value, averaged over a full period of the function.

harmonic content: The harmonic content of a nonsinusoidal periodic wave is its deviation from the

fundamental sinusoidal form.

inherent voltage regulation: The inherent voltage regulation of a rectifier unit is the change in
output voltage, expressed in volts, that occurs when the load is reduced from some rated value of
current to zero, or to light transition load for multiple rectifier circuits, under the following

conditions:
— Rated sinusoidal voltage applied to the alternating current (ac) line terminals.
— The rectifier transformer is on the rated tap.
— The effect of ac system impedance is excluded.

— The corrective action of any automatic voltage regulation means is excluded, but not the

impedance of the automatic voltage regulation means.

Inherent voltage regulation is based on the impedance of the rectifier, the rectifier transformer, and

the interconnecting circuits.

phase current unbalance: A calculation that describes the variation of current among each of the
rectifier’s alternating current phases. When calculated in terms of current magnitudes, it is the
maximum deviation of one phase current from the average of all phase currents, divided by the

average phase current.

power factor (total): The ratio of the total power input, in watts, to the total volt-ampere input to the

rectifier unit, at a specified value of load.
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NOTE 1—This definition includes the effect of harmonic components of current and voltage, the
effect of phase displacement between the current and voltage, and the exciting current of the

transformer. “Voltamperes” is the product of root-mean-square (rms) voltage and rms current.

NOTE 2—The power factor is determined at the alternating current (ac) line terminals of the rectifier

unit.

ripple amplitude: The maximum value of the instantaneous difference between the average and

instantaneous values of a pulsating unidirectional wave.

NOTE—The amplitude is a useful measure of ripple magnitude when a single harmonic is
dominant. Ripple amplitude is expressed in percent or per unit referred to the average value of the

wave.

ripple voltage or current: The alternating component whose instantaneous values are the difference

between the average and instantaneous values of a pulsating unidirectional voltage or current.

root-mean-square (rms) ripple: The rms effective value of the instantaneous difference between the
average and instantaneous values of a pulsating unidirectional wave integrated over a complete

cycle.
NOTE—The rms ripple is expressed in percent or per unit referred to the average value of the wave.

total voltage regulation: The total voltage regulation of a rectifier unit is the change in output
voltage, expressed in volts, that occurs when the load current is reduced from some rated value of
current to zero, or light transition load for multiple rectifier circuits, with rated sinusoidal
alternating voltage applied to the alternating current line terminals. It includes the effect of the
alternating current system source impedances as observed from the rectifier primary terminals as if
they were inserted between the line terminals and the transformer, with the rectifier transformer on
the rated tap but excluding the corrective action of any automatic voltage regulating means, but not

its impedance.
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voltage regulation: The voltage regulation of a semiconductor rectifier, or rectifier unit, is the
change in output voltage that occurs when the load is reduced from a rated value of load current to
no load or to light transition load for multiple rectifier circuits, with all other quantities remaining
unchanged. Because the rated load current value may differ from 100% rated load, the load range
associated with a particular voltage regulation value shall be provided. When expressed as a
percent, voltage regulation equals 100% x (voltage at light transition load — voltage at the rated load)

/ voltage at rated load.

voltage unbalance: A calculation that describes the variation of voltage among each of the rectifier’s
alternating current phases. When calculated in terms of voltage magnitudes, it is the maximum
deviation of one phase voltage from the average of all phase voltages, divided by the average phase
voltage. Voltage input unbalance creates current unbalance in the rectifier and rectifier transformer,

additional harmonic currents, and complicates interphase transformer design.
3.6 Rectifier unit ratings

continuous rating of a rectifier unit: The continuous rating of a rectifier unit defines the maximum
load that can be carried continuously without exceeding established temperature rise limitations

under prescribed conditions of test and remaining within the limitations of established standards.

rated alternating voltage: The rated alternating voltage of a rectifier unit is the root-mean-square

(rms) voltage between the alternating current line terminals which is specified as the basis for rating.

NOTE —When the alternating current winding of the rectifier transformer is provided with taps, the

rated voltage shall refer to a specified tap that is designated as the rated voltage tap.

rated load of a rectifier unit: The kilowatt power output that can be delivered continuously at the

rated output voltage. It may also be designated as the 100% load or full load rating of the unit.

NOTE —Where the rating of a rectifier unit does not designate a continuous load it is considered

special.
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rated output current of a rectifier unit: The rated output current of a rectifier unit is the current
derived from the rated load and the rated output voltage. The rated current value is to be referred to

as the 100% value.

rated output voltage of a rectifier unit: The rated output voltage of a rectifier unit is the voltage
specified as the basis of rating. It is the average value of the direct voltage between direct current

(dc) terminals of the assembly or equipment at rated direct current.

rated value: A specified value for the electrical, thermal, mechanical, and environmental quantities
assigned by the manufacturer to define the operating conditions under which a diode, diode stack,

assembly, or rectifier is expected to provide satisfactory service.

NOTE—Unlike many other electrical components, semiconductor devices may be irreparably

damaged within very short time intervals when operated in excess of maximum rated values.

rating of rectifier unit: The rating of a rectifier unit is the kilowatt power output, voltages, currents,

number of pulses, frequency, etc., assigned to it by the manufacturer.

short-time rating of a rectifier unit: The short-time rating of a rectifier unit defines the maximum
load that can be carried for a specified short time, without exceeding the specified temperature rise
limitations under prescribed conditions of test and remaining within the limitations of established

standards.

4. Symbols and abbreviations

4.1 Rectifier symbols

The following list is a set of letter symbols for use in rectifier circuit analysis and calculation of

rectifier characteristics:
Symbol Quantity

u Commutating angle (angle of overlap, sometimes denoted as )-
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cos( )
cos(¢1)

cos(0)

Egx

EF

Eq

Edo

Displacement power factor neglecting transformer exciting current

Displacement power factor including transformer exciting current-

Distortion component of power factor-

Commutating reactance transformation constant (applies only to the first mode of

operation after the light load transition)-

Commutating voltage-

Total forward voltage drop per circuit element-
Crest working voltage-

Average direct voltage under load-

Theoretical direct voltage (average direct voltage at no load or light transition load and

zero forward voltage drop)-

Initial reverse voltage-
Alternating current system line-to-line voltage-
Alternating current system line-to-neutral voltage-

Average direct voltage drop caused by resistance losses in transformer equipment, plus

interconnections not included in EF (commutating resistance)-
Rectifier transformer direct-current (secondary) winding line-to-neutral voltage-
Average direct voltage drop caused by commutating reactance-

Frequency of alternating-current power system-

IcX/Es = commutating reactance factor-
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IL

IH

Iel

I

In

I1p

110

Order of harmonic-

Direct current commutated in one set of commutating groups:

Quantity

Average rectifier dc load current-

Transformer exciting current-

Direct current commutated between two rectifying elements in a single commutating

group-

Alternating line current:

Equivalent totalized harmonic component of IT .

Alternating line current (crest value)-

Transformer alternating-current (primary) winding coil current-

Transformer direct current winding (secondary) line rms current-

Transformer direct current winding (secondary) coil rms current-

Fundamental component of I] -

Harmonic component of I of the order indicated by the subscripts-

Watt component of I7-

Reactive component of I1-
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Lq

Py

Pg

Rectifier transformer secondary coupling factor-

Ratio of form factor in normal operation to form factor under short-circuit conditions-
Inductance of direct-current reactor in Henrys-

Number of simple rectifiers-

Number of phases in a simple rectifier-

Transformer load losses in watts (including resistance and eddy current losses)-
Output power in watts:

Total number of rectifier pulses (pulse number):-

Line-to-neutral commutating resistance in ohms for a set of commutating groups-

Equivalent line-to-neutral commutating resistance in ohms for a set of commutating

groups referred to the alternating-current winding of a rectifier transformer-
Line-to-neutral commutating resistance in ohms for a single commutating group-
Effective resistance of the alternating-current (primary) winding-

Effective resistance of the direct-current (secondary) winding:-

Circuit type factor (1 for single way and 2 for double way)}-

Per-unit commutating reactance-

Line-to-neutral commutating reactance in ohms for a set of commutating groups. This

includes the reactance of the rectifier and interconnections for a rectifier unit.

Equivalent line-to-neutral commutating reactance in ohms for a set of commutating

groups re-ferred to the alternating-current winding (primary) of a rectifier transformer-
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Xg Line-to-neutral commutating reactance in ohms for a single commutating group-
XL, Ohms reactance of supply line (per line)-

XLpu Per-unit reactance of supply line, expressed on base of rated volt-amperes at the line

terminals of the transformer alternating-current (primary) windings-

XTpu Per-unit reactance of transformer, expressed on base of rated volt-amperes at the line

terminals of the transformer alternating-current (primary) windings-

Zc Line-to-neutral commutating impedance in ohms for a set of commutating groups-
Symbol Quantity
Zcen Equivalent line-to-neutral commutating impedance in ohms for a set of commutating

groups referred to the alternating-current (primary) winding of a rectifier transformer-

Zg Line-to-neutral commutating impedance in ohms for a single commutating group-

NOTE 1—Per unit quantities are indicated by the subscripts pu.

NOTE 2 —Commutating reactances due to various circuit elements may be indicated by subscripts

asin X¢1, X2, and X3, etc., or X7 and X[, for transformers and line, respectively.

NOTE 3—Rectifier and inverter quantities may be identified by use of plain and prime letter or by

subscripts r and 1.
4.2 Rectifier protective device numbers

Table 1 lists electrical devices commonly used in rectifier assemblies and their corresponding device
numbers. These device numbers have not been formally standardized, and their usage may vary

slightly among operating agencies.
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