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Abstract: This guide applies to power electronics components and systems on ships and similar
applications. It summarizes current electrical engineering methods and practices for applying
power electronics in electrical power systems on ships and describes analytical methods,
preferred parameters, and performance characteristics from a common frame of reference for
reliable integrated marine electrical power systems.

Keywords: electric ships, integrated power systems, marine electrical power systems, power
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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 1662-2008, IEEE Guide for the Design and Application of Power Electronics in Electrical
Power Systems on Ships.

The IEEE Power Electronics Working Group was organized by the Marine Industries Subcommittee of the
Petroleum and Chemical Industries Committee of Industrial Applications Society and later was
cosponsored by the TAS Industrial Power Converters Committee and the Standards Committee of the
Power Electronics Society.

The purpose of this new IEEE Std 1662™ is to recommend a methodology for analysis and specifications
parameters of power electronics equipment for a ship’s electrical power systems from a common frame of
reference for reliable integrated marine electrical power systems. It evaluates the impact of such concepts
as power electronic building blocks or integrated power systems on size, life cycle cost, weight, fuel
efficiency, and risk reduction.

Stakeholders for this guide are evaluators and designers of power electronics systems for marine
applications, marine end-users, shipbuilders, port operators, classification societies, machinery and
equipment manufacturers, research institutes, and universities. It applies to all power electronics equipment
rated above 100 kW. This guide is complimentary to IEEE Std 45™-2002" and IEEE Std 1573™-2003.

This guide is not intended to specify a particular technology or procedures that should be followed.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this guide does not imply compliance to any applicable regulatory requirements.
Implementers of the guide 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

“Information on references can be found in Clause 2.
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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.icee.org.

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/. 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/.

Patents

Attention is called to the possibility that implementation of this guide may require use of subject matter
covered by patent rights. By publication of this guide, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. A patent holder or patent applicant has filed a
statement of assurance that it will grant licenses under these 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. Other Essential Patent Claims may exist for
which a statement 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 are reasonable or non-
discriminatory. Further information may be obtained from the IEEE Standards Association.

y Documents
Copyright © 2009 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on March 05,2026 at 17:58:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1662-2008


http://ieeexplore.ieee.org/xpl/standards.jsp
http://standards.ieee.org/
http://standards.ieee.org/reading/ieee/updates/errata/
http://standards.ieee.org/reading/ieee/interp/
http://www.avadocuments.com/doc/ieee-1662-2008
http://www.avadocuments.com/doc/ieee-1662-2008

Participants

At the time this guide was submitted to the IEEE-SA Standards Board for approval, the Power Electronics
Working Group had the following membership:

Yuri Khersonsky, Chair
Paul Bishop, Secretary

John Amy Herb Ginn Lynn Petersen

Joseph Borraccini Narain Hingorani Joseph Piff

David Clayton Boris Jacobson Michael Roa

Rick De Donker Albert Kostanoski George Robinson

Norbert Doerry Hans Krattiger James H. Rockot

Roger Dougal Mirko Maksimcev Zareh Soghomonian

Greg Duba J. T. Manning Michael “Mischa” Steurer
Terry Ericsen Timothy McCoy Albert Tucker

Jack Fedor Fei “Fred” Wang

Other individuals who have contributed review and comments are as follows:

Dushan Boroyevich Joseph Koepfinger Paul Norton
Charles Brown Albert Kostanoski Paulo Ribeiro
Mary Cappelli-Schellpfeffer Matti Lehti Perry Schugart
Dave Cartes Thomas Lipo Peter Steimer

The following working group members participated in finalizing the development of this guide with
working group inputs and in facilitating the development of those inputs throughout the guide’s

development process:

John Amy Yuri Khersonsky Zareh Soghomonian

Paul Bishop Tim McCoy Michael “Mischa” Steurer
Terry Ericsen Joseph Piff Albert Tucker

Herb Ginn Mike Roa Fei “Fred” Wang

Narain Hingorani James Rockot

Special recognition is given to H.R. Stewart, former Chair of the IEEE IAS Marine Industries
Subcommittee who enthusiastically supported the IEEE 1662 working group formation and personally
participated in the working group activities until his untimely death in April 2008.

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

John R. Barker Werner Hoelzl Michael S. Newman
Paul Bishop Ronald W. Hotchkiss Tulian Profir
William Byrd Richard Hulett George Robinson
Yunxiang Chen Piotr Karocki Robert Robinson
Keith Chow John Kay James H. Rockot
Kevin Coggins Tanuj Khandelwal Bartien Sayogo
Matthew Davis Yuri Khersonsky James E. Smith
Carlo Donati Robert Konnik Michael “Mischa” Steurer
Randall Groves William Lockley Albert Tucker
Lee S. Herron G. Luri Rui Zhou
Narain Hingorani William McBride Ahmed Zobaa
u Documents
Copyright © 2009 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on March 05,2026 at 17:58:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1662-2008


http://www.avadocuments.com/doc/ieee-1662-2008
http://www.avadocuments.com/doc/ieee-1662-2008

When the IEEE-SA Standards Board approved this guide on 10 November 2008, it had the following

membership:
Robert M. Grow, Chair

Tom A. Prevost, Vice Chair

Steve M. Mills, Past Chair

Judith Gorman, Secretary
Victor Berman James Hughes Ronald C. Petersen
Richard DeBlasio Richard H. Hulett Chuck Powers
Andrew Drozd Young Kyun Kim Narayanan Ramachandran
Mark Epstein Joseph L. Koepfinger* Jon Walter Rosdahl
Alexander Gelman John Kulick Anne-Marie Sahazizian
William R. Goldbach David J. Law Malcolm V. Thaden
Arnold M. Greenspan Glenn Parsons Howard L. Wolfman
Kenneth S. Hanus Don Wright

*Member Emeritus

Also included are the following nonvoting IEEE-SA Standards Board liaisons:
Satish K. Aggarwal, NRC Representative
Michael Janezic, NIST Representative

Lorraine Patsco
IEEE Standards Program Manager, Document Development

Patricia A. Gerdon
IEEE Standards Program Manager, Technical Program Development

i Documents
Copyright © 2009 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on March 05,2026 at 17:58:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1662-2008


http://www.avadocuments.com/doc/ieee-1662-2008
http://www.avadocuments.com/doc/ieee-1662-2008

Contents

| R0 <) 4 T PSSRSO 1
L 103 o 1< SRR 1
L2 PUIPOSE ..ottt ettt ettt ettt ettt e ettt e e e st e e s ebeessbeeesbeeenseesaseaanseeensaeassaesssaeanseesnsaeanseenssaesnseenssaennseensses 2
1.3 LAIMITEATIONS - ettt ettt ettt ettt et e et e b e et e et eb e ea e ee e emeem e b e et e ebeeheeneemeenseneensebeeaeabeeneeneeneensennens 2
1.4 Equipment covered by this SUIAE.........ccuoiiiiiiiiiiii ettt 2
1.5 GUIAE fOT TSEIS.....eutititieiieiteitete ettt ettt ettt b e bt bt s et e et e bt s bt ebe s bt eb e e st et e b e st e abesbeebeeaeensentens 2

2. NOTMALIVE TETETEICES. ....cuteutentiteitietieiteit ettt ettt s e bt a e st et et e b et eb e s bt eb e et e benbeseeebesaeeseeneeneen 3

3. Definitions, acronyms, and abDIreVIAtIONS ..........cceecverierieiierieeie e seeseesteereeseseeesteesseesesaessaesseessesssenens 4
3.1 DETINILIONS 1.ttt ettt st h bt ettt et a e sb e s bt e bt e bt et et et et e bt sbe bt ene et entent 4
3.2 Acronyms and abDIEVIATIONS .......ccuevuerieriieriietieiestieieeteetestesetesseeaesaesseesseeseenseensessaenseensesssessaensens 5

4. Power electronics equipment apPliCAtIONS. ......ccueeruieruerieeiertieie ettt te st et eteete st e st eseeeeeeneesaeeseeeneeenneens 5
4.1 Types of system 1eVel fUNCHIONS. ......ccuieiirieieieee ettt 5
4.2 Typical aPPLICALIONS......ccueetieie ettt ettt ee bt et ettt e et e s et et e et et eesee s e e beenteenseeseenseeseennesneeens 7

5. GENETAl TEQUITCIMEILS. ... eecveereereeereeteeiteesteeteeteesteereesseesseesseesseessessseseesseesseessesssesssesseesseessesssenssesssesssesses 14
5.1 SYSEIM VOILAZES ...ttt ettt ettt et ettt eb et et e bt es b e s bt e s bt e sbe e beemeesatesbeenaeenseeneens 15
5.2 POWET TALIEZ  ....eeueeueeietiett ettt ettt ettt et et e et eat et e teseeese e st eseeseeneameeebe et e ebeeseeneeneensebesteabeeneeneeneensenes 16
5.3 Impact of system grounding on POWEr €lECIIONICS ........ccvervieirrieriieriierieeieeieseeseesaeereeseesaeesreeseens 17
S DULY CYCLC.uuiiuiiiiiieeieeiieett ettt ettt et et e ettt e st e s ae e beesbeesbeessesseesseessaessesssesssessaesseessesssesssesseensannsenns 18
5.5 EfTICICIICY .uviiviiieieiiieie ettt ettt et et e st e s teesbe e e e s st e s aeesbeesbeesbeesb e et b ensa e s e esbeenbeenaeeneeeseeeneenreenraans 18
5.6 NO-100 T0SSES......euiiuiiiitiitteteetet ettt ettt b et ettt st sttt 18
ST OVETIOAA ...ttt bbbt bbbt sttt ee 18
5.8 Stress limits and derating fACtOrS .........ccuvvierieriieit ettt ettt st et ene e eseeneeens 18
5.9 Power qUAality T@QUITEIMENLS ........eeueeruiertierteeieeeeeteesteesteeteenteeseesseeteenteenseeneesseesseeseeneesmeesseesneenseenseans 19
5.10 Protection TEQUITEIMEIES .......eeeuietieiieteeeeetiesteesteestee et enteeneeeseasseanteenseentesneesseesseesseeseensesneesseenseanseans 19
5.11 Surge voltage withstanding capability ...........ccoeoiiiiriirieiieeee e 20

6. DESIGN TEQUITEITIEIIES ......c.eeueiteieetietienieete et ettt et ea e este b e te s bt et e eseeseens e seabeebeebeeseaneensensenseaseaseabeeneeseeneansenes 20
6.1 S1Z€ ANA WEIGNL. ...ttt sttt ae et e st et et beeaeene e e e ee 20
6.2 Reliability and maintainability reqUITEMENtS............ccerieirieieieiee ettt 21
6.3 DYNAMICS TEQUITCINICIIS ... .veevvieeieetiereeteeseeseseesseesseeseesseesseassasssessesssesssesssesssesssesseesseessesssesseessesssenns 21
6.4 Power electronics equipment 10Cal CONIOIIETS ........cevvierrieriieiieieitiesieeie ettt ere e eseee e 22
0.5 SOTEWATE. ...ttt et b ettt e a et e be bbbt bt et et bbb ebeebe et et e e 23
6.6 [SOIAtING MEANS .......eoeieiieiieiieteeite et ee et e et e st e stee st esteenseestesseesseenseenseansesssesseesseensesnsesssasseansennseans 24
0.7 FUSES ...ttt et ettt e a et et et e h bttt st et e aeeteeane e 24
6.8 Solid-state power electronics switches and circuit breakers...........ocooeeveeierierieniene e 24
6.9 Heat diSSIpation TEQUITEIMEILS. ........eiuietieeeeieiieeterteerie et eteeteesteeteenteenteeseesseesseenseensesneesneesneenseeseans 25
6.10 Environmental design FEQUITEIMEILS ........ccueiueeriierieerieeieeteetiesteenteeteetesteseeesseesseesseeneeeneeeneesseenneans 25
6.11 Electromagnetic €fFECES .........oiiiriiiiiiieiieriee ettt sttt ettt 27
6.12 Data communication standards and capability ..........ccccocereiiriiiniiie e 27
6.13 Control circuits and cOMMUNICAtIONS WITINE .......c.erueruertirteeeieeieiesiestesteeteeteeseeeeeesseseesseseeeseeneeneenes 27
0. 14 ENCLOSUIES. .....eueeiieiieniet ettt ettt ettt ettt a e et b e e bt es et e e s bt e bt e bt e bt e st et e e sae st e abesaeebe et ensenee 28
6.15 DESIZN FOI SALELY....eiuieiiiiiciieieeieceee ettt ettt ettt ste e e e b e esbessbesteesse e beenbesreesseesseeseenreens 29
6.16 FIre-fIghting MEASUIES ......eccvievieeieiiieriiesieeteeteete st et ebeebeettesteeseeseessesssesssesseesseesseassessessseenseesenns 30
6.17 REZENETALEA POWET ....cvvieueieiiieiieeiiesieesie et etestestestte st esteesseessesseesseeseensesasesnsesaeesseenseansesseesseanseensenns 30
6. 18 NAMEPIALE ... .eeeeeeieiieit ettt et e et e st e st e st e st estesstesseeseesseenseessessaesseesseensesnsesnsesseesseenseanseans 30
6.19 Clearance and CIEEPAZES ... ..uverveerrerrereerreerteerreetestesstesseaseassesssesseesseessesssesssesssesseessesssesssesseessesnsenns 31
6.20 POWer cable terMINatioNS. .......c.eeuereeitierieeie ettt ettt et et e bt e e eatesaeesaeesseesseeneesneesseesneenseenseans 32

viii Documents
Copyright © 2009 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on March 05,2026 at 17:58:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1662-2008


http://www.avadocuments.com/doc/ieee-1662-2008
http://www.avadocuments.com/doc/ieee-1662-2008

6.21 Network and control cable tErMINAtIONS ............ooouviiieiiiie e eceee e e et e eeaeeeeeaeeeeeaaeeeeenreeeenes 32

6.22 QUALTLY ASSUTAINCE.....ueeuvieeeieeieeiiestieieeteeteretesteesseesseesseassesssesssasseesseessesssesssesssesseessesssesssessessseessesssenns 32
7. Recommendations for system studies and analysis ...........ccceecierierierierieniere e 32
7.1 Examples of required technical information, data, and models .........c..cccceceeieiiniininininencneneenne 33
7.2 Power system behavior and performance ............ccoocerverieriieiiesiesiesteie et 34
7.3 System driven TEQUITEIMENLS .......cecueiueerriereeeieeteeteetee st eteeteentesseesteeteentesneesseesseeaseensesneesseesseenseaseans 34
7.4 Power quality and qUality Of SEIVICE.......ciieriiiiiiiiiiiee ettt 36
8. Power electronics equipment analysis and deSIZN........ccceeruieiuiriirieiieiiere et 37
81 INEIOAUCLION ...ttt ettt s e e bt e st ea e en e et et e ebe et e ebeeseene e e et e sbeseeebeeneeneeneensenes 37
8.2 Converter functions and POWET tOPOLOZIES ......ccuerueruiruirieieieiere ettt 37
8.3 Converter SystemM-18Vel deSIZIN.........eeiiiiieieieeie ettt b ettt 39
8.4 Equipment-level analysis and recommended models ............ccovieriieriieiiiiienieneeece et 40
9. Testing, certification, and INSPECLION............ccuieierierrieiieteeteseerteeteeaeseesteesseesseesseessessaesseesseessesssesssesses 42
0.1 GEINETAL ...ttt bbbttt et b et b et ettt h et eat et 42
9.2 Special testing for medium-voltage POWET lECIIONICS .......c.eevreeerrrierieeieeie e steseerteere e seeeseeeneeens 42
9.3 Special additional testing for vessels in SOME MATINE SECLOTS........ecvverveerreerierrerieriereeereeeeeeenseeneeens 43
Annex A (informative) BibliOZIaphy ........cceeieriieiieiiee ettt 45
Annex B (informative) Power semiconductors Stress IMItS. ........ccuveeeeeeriieerieeriieeeie e eseeeseeeseeeseeeseee e 49
Annex C (informative) Grounding of mMarine SYStEIMS ........cceereeruierieiierieniieie et eie et 52
Annex D (informative) Models for design and analysis............cooerereiiriiiiieeeee e 54
" Documents
Copyright © 2009 IEEE. All rights reserved. Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on March 05,2026 at 17:58:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1662-2008


http://www.avadocuments.com/doc/ieee-1662-2008
http://www.avadocuments.com/doc/ieee-1662-2008

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on March 05,2026 at 17:58:43 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1662-2008


http://www.avadocuments.com/doc/ieee-1662-2008
http://www.avadocuments.com/doc/ieee-1662-2008

IEEE Guide for the Design and
Application of Power Electronics in
Electrical Power Systems on Ships

IMPORTANT NOTICE: This guide is not intended to ensure safety, security, health, or environmental
protection in all circumstances. Implementers of the guide 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 htip://standards.ieee.org/IPR/disclaimers.html.

1. Overview

This guide recommends parameters for specifications, performance characteristics, and analytical methods
for power electronics equipment on commercial and military ships and similar applications. Requirements
for power quality, construction, testing, and certification are also included.

Stakeholders for this guide are evaluators and designers of power electronics systems for marine
applications, marine end-users, shipbuilders, port operators, classification societies, machinery and
equipment manufacturers, research institutes, and universities. It applies to all power electronics equipment
rated above 100 kW. This guide should be wused together with IEEE Std 45™-2002 and
IEEE Std 1573™-2003.

1.1 Scope

This document summarizes current electrical engineering methods and practices for applying power
electronics in electrical power systems on ships. It describes analytical methods, preferred parameters, and
performance characteristics from a common frame of reference for reliable integrated marine electrical
power systems.

1.2 Purpose

The purpose of this document is to recommend a methodology for analysis and specifications parameters of
power electronics equipment for marine electrical power systems. It analyzes the impact of such concepts
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1.2 Purpose

The purpose of this document is to recommend a methodology for analysis and specifications parameters of
power electronics equipment for marine electrical power systems. It analyzes the impact of such concepts
as power electronics building blocks or integrated power systems on size, life cycle cost, weight, fuel
efficiency, and risk reduction of implementation.

1.3 Limitations

This guide is applicable to a wide range of power electronics equipment designed for, and installed in,
shipboard environments with power ratings above 100 kW.

1.4 Equipment covered by this guide

Some of the equipment is very specific to the power distribution system. Other equipment is the end-use
equipment that uses electrical power to perform its function. Examples of equipment covered in this guide
are as follows:

Inverters

Rectifiers

Converters dc to dc, dc to ac, frequency, cyclo-, and others
Power factor and reactive power [static or dynamic visual-aural range (VAR)] support
Solid-state circuit breakers

Current limiters

Motor drives

Active harmonic filters

Uninterruptible power supply (UPS)

High-power electric propulsion

Energy storage and pulse load systems

Other equipment with built-in power electronics that has the ship’s service as the power source,
such as auxiliary equipment, communication equipment, and radars

1.5 Guide for users

This guide is written to cover the needs of many different users of shipboard power electronics
components, equipment, and systems. Examples of persons having a stake in this document are as follows:

a)
b)
¢)
d)
e)

Systems integrator
System designer
Equipment designer
Component designer

Shipyard design and fabrication
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f) Testing, certification, nationally recognized testing laboratory (NRTL), and authority having
jurisdiction

g) End-user

This guide is organized into nine clauses and four annexes:

— Clause 1 is an overview of the scope, purpose, and organization of this guide.
— Clause 2 lists the references that should be consulted when using this guide.

— Clause 3 provides definitions, acronyms, and abbreviations used throughout the text of this
guide.

— Clauses 4 identifies major power electronics applications on ships.
— Clauses 5 and 6 identify general and design requirements for power electronics on ships.

— Clause 7 provides recommendations for technical information, data, and models to support the
power system designers in order to achieve optimal power system designs.

— Clause 8 provides guidelines for analyzing and designing systems and subsystems for marine
ships.

— Clause 9 provides guidelines for testing, inspection and certification of power electronics.
— Annex A is an informative bibliography of related publications.

— Annex B includes practical semiconductor’s derating recommendations and stress limits.
— Annex C addresses marine systems grounding.

— Annex D describes various models for design and analysis.

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so that 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.

IEC 60146-1-1, Semiconductor Convertors—General Requirements and Line Commutated Convertors Part
1-1: Specifications of Basic Requirements. '

IEEE Std 45™-2002, IEEE Recommended Practice for Electric Installations on Shipboard. **

IEEE Std 1100™-2005 (Emerald Book), IEEE Recommended Practice for Powering and Grounding
Electronic Equipment.

IEEE Std 1566™-2005, IEEE Standard for Performance of Adjustable Speed AC Drives Rated 375 kW and
Larger.

'IEC publications are available from the Sales Department of the International Electrotechnical Commission, 3, rue de Varembé, P.O.
Box 131, CH-1211 Geneva 20, Switzerland (http://www.iec.ch/). IEC publications are also available in the United States from the
Sales Department, American National Standards Institute, 25 West 43rd Street, 4th Floor, New York, NY 10036, USA
(http://www.ansi.org/).

*The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, Inc.
*[EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, Piscataway, NJ 08854,
USA (http://standards.ieee.org/).
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IEEE Std 1573™-2003, IEEE Recommended Practice for Electronic Power Subsystems: Parameters,
Interfaces, Elements, and Performance.

International Association of Classification Societies (IACS) Unified Requirement (UR) E11.*

3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this guide, the following terms and definitions apply. The Authoritative Dictionary of
IEEE Standards Terms [B23]° should be referenced for terms not defined in this clause.

3.1.1 active filtering: Controlling power quality without primary control of system voltage.

3.1.2 agent technology: A tool for development of agent-based systems in which agents are capable of
performing autonomous actions in order to meet system objectives.

3.1.3 catastrophic fault: A sudden and total failure from which recovery is impossible and from which
immediate shutdown is warranted. Catastrophic faults often lead to cascading systems failure.

3.1.4 commissioning test: A test conducted when the equipment is installed to verify correct operation
(also called installation testing, dock trials, and sea trials).

3.1.5 integrated power system (IPS): A power system where all prime movers produce electrical power
that is shared among propulsion, mission, and ship service loads. Discriminating attributes of integrated
power systems are flexibility of arrangements, mechanical decoupling between prime movers and
propulsors, an increased level of energy conversion and transmission redundancy, and flexibility of
redistributing available electrical power for future electrical weapons.

3.1.6 loading: Converting power and without primary control of system voltage.
3.1.7 medium voltage (MV): 1 kV to 35 kV.

3.1.8 power electronic building block (PEBB): A generic building-block concept for power electronics
that incorporates standard modules that can be quickly configured to meet the specific hardware and
software needs of particular applications. The PEBB concept includes power processor blocks (single
phases or multiple phases), gate drives and sensor blocks, analog-to-digital converter blocks for sensor
signals, switching or gate drive control blocks, and blocks for communication with higher level controllers.
The exact requirements for the system protection depend on its mission and configuration of the system.
Each PEBB includes built-in self-protection against voltage surges, overvoltage and undervoltage, fault
currents, ground currents, internal faults, overloads, and overtemperature.

3.1.9 production test: A test conducted on every unit of equipment prior to shipment (also called factory
acceptance test).

3.1.10 protecting: Mitigating effects from fault currents, overvoltages, or loss of power source.

3.1.11 sourcing: Converting power and providing primary control of system voltage.

*IACS publications are available from the IACS Limited, Permanent Secretariat, 6th Floor, 36 Broadway, London SW1H 0BH, United

Kingdom.
The numbers in brackets correspond to those of the bibliography in Annex A.
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3.1.12 type test: Test of one or more devices made to a certain design to demonstrate that the design meets
certain specifications (also called design test or first article test).

3.1.13 zonal distribution: Electrical power architecture structured along the geographic zones of a ship to
improve survivability, reduce cost, and foster improved casualty control. Zones are usually aligned with
primary damage control bulkheads. Zones may be single bus or dual bus and normally have in-zone
conversion and distribution nodes.

3.2 Acronyms and abbreviations

2-D two-dimensional

3-D three-dimensional

ac alternate current

AFE active front end

dc direct current

EMI electromagnetic interference
EMC electromagnetic compatibility
EMP electromagnetic pulse

HMI human machine interface

HRG high resistance grounding
IGBT insulated gate bipolar transistor
IPS integrated power system

LAN local area network

LRU line replacement unit

LV low voltage

MTBF mean time between failures
MTTR mean time between repairs
MV medium voltage

PE power electronic

PEBB power electronic building block
PWM pulse width modulation

SCR silicon controlled rectifier, thyristor
SMES superconducting magnetic energy storage
STBD starboard

STS solid state transistor switch
SWGR switchgear

UPS uninterruptible power supply
VAR visual-aural range

VFD variable frequency drive

VSC voltage source converter

VSI voltage source inverter

4. Power electronics equipment applications

4.1 Types of system-level functions

Four types of system-level functions may be assumed by any given power electronic (PE) equipment or
subsystem as listed as follows:
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a) Power conversion

1) Sourcing: The PE equipment may be viewed as a source at one or more of its terminals.
As such, it converts power from one or more voltage or frequency levels while being in
control of the output voltage or current [or phase angle in the case of alternate current
(ac)] at its electrical output terminals. The PE may provide substantial energy storage
capability. Examples for this application are active inverter connected to a high-speed
generator, direct current (dc)/dc converter feeding a zone in a dc zonal distribution
system, and dynamic voltage restorer.

2) Loading: The PE equipment may be viewed as a load at one or more of its terminals.
As such, it is passive with respect to fundamental voltage or current control. Although
normally it will be demanding power from the portion of the power system upstream of
its terminals, it may also temporarily provide power. The PE may provide substantial
energy storage capability. Examples for this application are a diode rectifier of a
propulsion drive and a dc/dc converter fed from the dc lateral bus in a dc zonal
distribution system.

b) Power conditioning

1) Protecting: The PE may protect equipment, conductive path, and continuity of power.
As such, it does not convert power between voltage or frequency levels, nor does it
provide any substantial energy storage capability. Examples for this application are
transfer switch, fault current limiting circuit breaker, and crowbar.

2) Active filtering (shunt connected): The PE may actively control the power quality of
the system voltage or current. It is passive with respect to fundamental voltage control
but will actively control nonfundamental components of the system voltage or current,
and it may control reactive power in ac systems.

The purpose of distinguishing these functions is to segregate specific PE equipment applications, converter
functions, and converter topologies as discussed in 8.2 from their respective system-level functions.

The reason for defining the two basic functions “sourcing” and “loading” for power conversion is to
acknowledge the importance of voltage control in converter fed systems. Although a converter that assumes
the function of “sourcing” performs primary voltage control, the one that is “loading” behaves passively
with respect to voltage control. Many converters can assume either function solely by applying different
control algorithms. These two basic functions have nothing to do with the actual flow of power. In many
applications, only one converter will assume the function of “sourcing” in order to maintain system
stability. However, it is conceivable that in special cases, more than one converter can assume “sourcing”
simultaneously. Three examples that shall illustrate the different combinations of power flow and function
are as follows:

— The active front end of a variable speed motor drive may regenerate power into the system it is
connected to without participating in system voltage control. Therefore, even during the
regeneration phase, this front end converter still assumes the function of “loading.”

— The machine inverter of a flywheel energy storage system connected to a dc distribution system.
During the charging of the flywheel, the inverter assumes the function of “loading” with respect
to the dc system. However, if the upstream converter feeding the dc system shuts down and the
dc system shall be powered from the flywheel energy storage system, its machine inverter will
change its function to “sourcing” because it then controls the voltage in the dc system.

— Bidirectional rectifier connected to an ac distribution system and powering a dc system assumes
the function “sourcing” on the dc side regardless of the actual power flow. Therefore, even if
power flows from the dc system into the ac system, the rectifier is “sourcing” the dc system.
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Whereas PE equipment that converts power between different frequencies or voltages may also participate
in system-level protection functions, certain PE equipment only assumes the function of “protecting.” It
specifically does NOT convert power between different frequencies or voltages and behaves passive with
respect to voltage control. Therefore, this function is specifically called out in this guide. Examples are
static transfer switches, solid-state fault current limiters, solid-state crowbar switches, and so on.

Finally, a fourth system level function exists called “active filtering.” This function only affects the quality
of the voltage or current waveforms, although it does not actively control the magnitude of the fundamental
waveform component. Only a static VAR compensator, which is also considered to assume the function of
“active filtering,” affects the fundamental current waveform component in voltage-controlled systems.
However, while performing the function of “active filtering,” it does not provide primary voltage control,
and hence, it does not assume the function of “sourcing.”

Note that any specific PE equipment or subsystem normally assumes different functions at its various
electrical terminals. In addition, it may assume different functions at any specific electrical port at different
times (i.e., front end of an energy storage system). Therefore, because different functions result in different
requirements, it is essential to specify clearly the functions that each of the electrical terminals assume at
any given time.

4.2 Typical applications

Examples of equipment applications and their abbreviations are shown in Table 1. Examples of common
electric ship topologies are shown in 4.2.1 through 4.2.6.

Table 1—Power electronics applications in shipboard system

Acronym Description
ACFC AC frequency converter
AC/DC AC rectifier
DC/AC AC inverter fed from dc source
DC/DC DC converter fed from dc source
STS Solid-state transfer switch
FIU Fault interrupting or fault limiting equipment
STATVAR Static reactive power (VAR) compensator
AHF Active harmonic filter
VFD Variable frequency drive, typically fed from fixed-frequency ac source
UPS Typically fed from fixed-frequency ac source
HPSP High-power ship propulsion
ES Energy storage or pulsed power loads
Built-in power supplies Any of the many power supplies built into other shipboard equipment

4.2.1 Single propulsor system fed from two main buses

The electrical power distribution system shown in Figure 1 is suitable for small commercial ship

applications.
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Emergency
SWGR

Main Generators

Emergency
Generator

Main SWGR “A” Main SWGR “B”

Ship Service
Transformers

Transformer /
Converter

Ship Service SWGR

Ship Service Propulsion Motor

Loads

Figure 1—Single propulsor fed from two main buses

The system features dual redundant main bus and ship service bus arrangements. The main buses can be
physically separated for greater survivability because they are equipped with their own tie circuit breakers.
Ship service buses are fed from two ship service transformers. If the main power generation is blacked out,
the emergency generator is started in order to help restore the main power plant.

A key disadvantage of the system shown in Figure 1 is its dependence on a single propulsor. Although the
main buses can be placed in different noncontiguous compartments, the propulsion is fed from a single
section of main bus that could also represent a single point of failure. The system redundancy is not
sufficient for meeting the survivability requirements of modern naval ships (single screw).

4.2.2 Single propulsor system with a dual winding propulsion motor fed from two main
buses

The electrical power distribution system shown in Figure 2 is also suitable for small commercial ship
applications. The system features dual redundant main bus and ship service bus arrangements. However,
the main buses cannot be physically separated for greater survivability because they are equipped with only
one common tie circuit breaker (i.e., if one section of main bus is faulty and the tie breaker fails to open,
the whole power system will be blacked out). Ship service buses are fed from two ship service
transformers. When the main power generation is blacked out, the emergency generator is started in order
to restore the main power plant. The dual winding propulsion motor runs with half power when one main
bus is not available. The dual transformer/converter arrangement lends itself to the application of 12-pulse
harmonic cancellation practice for lowering of main bus harmonic distortion. Also, the dual converter
arrangement provides less torque pulsations.
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A key disadvantage of the system shown in Figure 2 is its dependence on a single propeller shaft. Also, two
tie breakers should be used for critical main bus arrangements that require survival of one half of the power
system while the other half is faulty. The system does not provide sufficient redundancy in order to meet
the survivability requirements of modern naval ships (single screw).

Emergency
SWGR
Main Generators
Emergency
Generator
Main SWGR

Ship Service
Transformers Motor Drives
(control system,

converters, etc.)

Ship Service
SWGR

Propulsion Motors -
Single shaft tandem
rotor motors, windings

physically segregated.

Ship Service
Loads

Figure 2—Single propulsor system with dual winding motor fed from two main buses

4.2.3 Dual propulsor system with propulsion motors fed from separate main buses

The electrical power distribution system shown in Figure 3 is suitable for naval ship applications. The
system features dual redundant main bus and ship service bus arrangements that can be installed in
noncontiguous compartments. The main buses can be physically separated for greater survivability because
they are equipped with two tie circuit breakers. The whole power distribution system can be separated with
a firewall. The ship service buses are fed from two ship service transformers. If the main power generation
is blacked out, the emergency generator is started in order to restore the main power plant. If the number of
generators on each main bus is greater than one, the emergency generator may become redundant. Two
complete propulsion arrangements fed from separate power sources provide good survivability. A quasi
12-pulse harmonic cancellation scheme can be used for lowering of the main bus harmonic distortion
(because the motors might not be loaded identically at all times).
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Figure 3—Dual propulsor system with motors fed from separate main buses

The system survivability can be further increased as follows:

— Optional cross feeding of the propulsion motors from the opposite buses

— Applying dual winding motors that are fed through pairs of transformers/converters

— Increasing the number of generators per each main bus (more than one per bus)

— Applying arc-resistant switchgear in order to limit the damage to the power distribution system
in the event of an arcing fault in the main switchgear

The system shown in Figure 3 provides sufficient redundancy for meeting the survivability requirements of
modern electric ships. The system shown in Figure 3 is representative of a system with total installed
generation from 5 MW to 80 MW. Systems with installed power greater than 5 MW should use MV.

The system shown in Figure 3 uses conventional technology, and its problems are mostly associated with
the size and weight of electrical equipment (i.e., motors, converters, transformers, switchgear, and filters) in
relation to the ship size. The size and weight of electrical equipment might become a problem in cases
when the total installed power required for propulsion and ship services becomes too high for the size of
the ship (i.e., 40 MW for a frigate size vessel).
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