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Abstract: Traction power systems experience some of the most extreme variations in local power
loads as compared to most other large scale electric power supply networks. These variations
create challenges in the construction of reliable electric power delivery systems and in the perfor-
mance of the rolling stock dependent on power supplied by the system. A solution is offered by en-
ergy storage by smoothing out these power variations, absorbing energy as system voltage rises,
and delivering energy as voltage drops. Engineers are helped by this guide to identify where these
solutions can provide the greatest benefits, design solutions with the greatest impact, and quantify
the costs and benefits of deploying new solutions.

Keywords: dc traction, energy recovery, energy storage, fixed guideway transportation, IEEE 1887,
railway, traction power, wayside energy storage, wayside energy storage system
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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

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

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards Asso-
ciation (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a consensus de-
velopment process, approved by the American National Standards Institute (“ANSI”), which brings together
volunteers representing varied viewpoints and interests to achieve the final product. IEEE Standards are doc-
uments developed through scientific, academic, and industry-based technical working groups. Volunteers in
IEEE working groups are not necessarily members of the Institute and participate without compensation from
IEEE. While IEEE administers the process and establishes rules to promote fairness in the consensus develop-
ment process, IEEE does not independently evaluate, test, or verify the accuracy of any of the information or
the soundness of any judgments contained in its standards.

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. Implementers and users of IEEE Standards doc-
uments are responsible for determining and complying with all appropriate safety, security, environmental,
health, and interference protection practices and all applicable laws and regulations.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other document
relating to the standard, including, but not limited to, the warranties of: merchantability; fitness for a particular
purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness of material. In
addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. IEEE standards
documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved and
issued is subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity nor is IEEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his or
her own independent judgment in the exercise of reasonable care in any given circumstances or, as appropri-
ate, seek the advice of a competent professional in determining the appropriateness of a given IEEE standard.

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

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

Official statements

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

Comments on standards

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

Comments on standards should be submitted to the following address:

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

Laws and regulations

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

Copyrights

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

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

Updating of IEEE Standards documents

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

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

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit the IEEE Xplore at http://iceexplore.icee.org/
or contact IEEE at the address listed previously. For more information about the IEEE-SA or IEEE’s standards
development process, visit the IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL: http://
standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the IEEE-
SA Website at http://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter is willing or unwilling to grant licenses under patent rights without compensation or
under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair discrim-
ination to applicants desiring to obtain such licenses.

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

This introduction is not part of [EEE Std 1887™-2017, IEEE Guide for Wayside Energy Storage Systems for DC Trac-
tion Applications.

This introduction provides background on the rationale used to develop this guide, which may aid in the
understanding of the application of wayside energy storage. The need for economic consideration and perfor-
mance metrics to assist in the development of energy storage systems is discussed. The importance of safety
and environmental concerns and the integration of energy storage into existing operating rail systems and their
introduction as part of a new rail system are discussed. Means of simulating operation and integration for the
objective of optimization are also discussed. The following topics are covered: normative references, defini-
tions, applications, common technologies, common topologies, specifying a wayside energy storage system,
economic considerations, modeling and simulation of energy storage, performance, safety and environment,
installation and integration, and verification and validation.

Documents

7 Document Sharing Hub
Authorized licensed use limited to: Tsinghua UniveRRYSENR:284d Y BRI 5869k R813:14 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 1887-2017


http://www.avadocuments.com/doc/ieee-1887-2017
http://www.avadocuments.com/doc/ieee-1887-2017

Contents

Lo OVIVICW ..ttt ettt ettt e et s et et e et e bt e e e b e m e et e em et eh et e ee e e bt e aee s et emteebeems e et e enbeeseenteeneenneenes 10
L oo o OO SRR 10
L2 PUIPOSE .ottt ettt ettt ettt e h et e e bt e e e bt e et e bt e e ekt ea e bt en et bt e n et bt et e ene e bt eneeaeenean 10

2. NOTIMALIVE TETETEICES ....nviutiniinieiieiieii ettt ettt ettt b bbbt b e bt st e bttt e st ebe e bt ebeebesbeebe b e 11

T B 1c) 1 F 15 () 1 SO O SUTSR P PSRPR 11

N o) o) T ()4 USRI 13
AT INEOAUCTION ...ttt et et e h bt bbb b sttt et et e st e bt ebeebeebeebeebeebenaen 13
4.2 BEINCIZY TECOVETY .uvveutieiieeuttentteeuteeteesittentteseteesstesaseenseessseenseesaseanseesaseeseessseenseesaseenbeesnseenseesaseenseenasean 14
4.3 VOIAZE TEGUIATION. ... euiiiieiiiiieiie ettt ettt ettt ettt et e ste et e ese e seeseesseesaeeseensesseensesssenseeseenseensenseenes 14
4.4 EMErZenCy DACKUD ....ceevvieiiiieieciieie ettt ettt ettt et st esae e e sseensesseenseesaenseesaenseenaenseenes 14
4.5 PeAK SNAVING......oiuiiiiiiieiicie ettt ettt a e e be e s e re e b e ta et e esaenseentenneenes 14
T O I Ve B 1V 312V RSP TSSPTT 15
4.7 FrequenCy rEZUIATION . .......ccuiitieieetiete ettt ettt ettt et e ete et e eseeseeseesseesaeeseensesseensesssenseeseenseessenseenes 15

5. ComMMON tECANOLOZICS.......eeteeuieitieiieit ettt ettt st et s et b et es et e eae et e eneeebe et e seeeneesaeeneeeneas 15
ST B 12 (T L o1 3 o) WO UPUSP 15
5.2 ElECtIOSTATIC STOTAZE ..veuveeueetienieitieieetiete et ettt et ettt e estesteetesh e te e st e aeese e tees s e bt eneeeseeneeeaeenseeneeeeeneas 15
5.3 MeEChaniCal SEOTAZE......c..eeueetieiieitieteei ettt ettt sttt st e e sttt e e e bt ee et eneesteeneesaeeneesneeaeeneas 16
5.4 ElectroChemiCal SOTAZE ........eouiitieiiiiieieetiete ettt ettt sttt ettt e ettt e et e esaeeneeseeenaeeneas 16

6. COMMON tOPOIOZIES ....euvieiieiieiieeiieie ettt ettt ettt et e bt et e eseeaesseessesseeseesaenseesseseesseseenseeseensesseensesseensennees 16
0.1 OVETVIEW ..ttt ettt ettt sttt ettt et e e a bt bt bt e bt e bt b e s bt e et e et ebt e bt ebeebe e bt sbe et et ee 16
0.2 COMITOL .ttt ettt b bbbt b e et b e s bt ettt et bt eb e bbbt et be e 16
0.3 COMMNECLIVILY .evvieuieiieiierteeie st ete st et e et e e ettesbeeste st estesseesaesseensesseenseessenseessenseessenseessesseensesseensesssensennnas 17
LR O (T3 Y (o) PRSPPI 17

7. Specifying a wayside energy StOrage SYSTEIM......cc.eeiiruieriirieieiieieetierteetee e eete st et ente et eeeseeeneeseeeneeeneas 18
T 1 OVEIVIBW ...ttt ettt ettt ettt ettt ettt h et e et e eb e em e e s bt emaeee e e bt es e emt e e st et e en e et e eneeeteemeeeneeneesneeneeenean 18
7.2 Project AfINTTION ..o..e ettt ettt sttt ettt ettt e e ettt e bt et e eae e et eeeeaeeneas 18
7.3 SCOPE OF WOTK ...ttt ettt st ettt et e bt e et e bt et e st e eneeeaeeneesneeneeeneas 19
7.4 Technical SPECITICAION .......eiuiiiiiiiiiiiitiee e ettt ettt et saeeee e eaeeneas 20

8. ECONOMIC CONSIACTALION ...ttt ettt sttt et ettt ebe bttt e bt et ebe e 21
Bl OVETVIEW ..ttt ettt ettt ettt et e bbbt e b e bt eb bt s bttt et et et eb e bt eb e bt e bt sb et et ee 21
8.2 CoSt-DENELit ANALYSIS ...evieiiiiiieieciieie ettt ettt ettt et et e et et neene e neenaes 21
8.3 PriCE Of ClECIIICILY c.vieuveiieiiecieeie ettt ettt et sttt ettt ebe e st e beessenseessenseensesseensessnensennnas 22
8.4 Grid CONNECLION CRATZE......eeitiiieiiieiecieie ettt sttt et e e ste e esseensesseensesseensesnees 23
8.5 Traction POWET SYSLEIM CXPANSION. ... ...eeveeererierrerriesteereestesseesessaesessaesesssenseessesseessesseessesseessesssessessees 23
8.6 ONbOArd OF WaYSIAE TESISTOTS. .. .eveeureiuietieeietieiiesttete st ete st eaesseesessaeseesseseessenseessesseensesseensesseensessees 23

9. Modeling and simulation 0f @NETZY STOTAZE........ccueeiirtieiieiiee ettt e e 24
L2 B U112 (T L o1 3 o) WS OO TSRUPUSRPI 24
0.2 ODJECEIVES. ..t teue ittt ettt ettt ettt ettt h et e st e bt e st s bt e et eh e e bt e bt et e et et e en e e bt ent et e et e ene e bt eneeaeenean 24
9.3 Modeling, simulation, and OPtiMIZation PIOCESS .......cc.eeveruierieriierieriienieeeenteeneesteeeeseeeeeseeeeesneeneeeneas 24
9.4 Energy Storage MOAEL ......c.oiuiiiiiiiiiiiiee ettt ettt sttt a et e e eneas 26
9.5 SIMUIALION OULPUL ..ottt ettt sttt ettt et e s et ene e st e eneesaeeneesseeaeeneas 30

1O, PO OTINANCE . ...ttt et b bbbttt b e bbbttt et et ebe et e e bt sbe et e b e 30
LO.T OVEIVIBW .ttt ettt et b e bbbt bbbt sttt et et e st esteatebeebe e bt sbeebesbeneens 30
10.2 PerfOrmance MELIICS .......c.eeutrirtirtirtirtietertest ettt ettt ettt ettt sttt sttt ettt eae bt ebe e bt sbeebesbe e 30

Documents
8 Document Sharing Hub

Authorized licensed use limited to: Tsinghua UniveRRYSENR:284d Y BRI 5869k R813:14 UTC from IEEE Xplore. Restrictions apply.
Full document details: IEEE 1887-2017


http://www.avadocuments.com/doc/ieee-1887-2017
http://www.avadocuments.com/doc/ieee-1887-2017

10.3 ELECHIICAL PIOECTION ..uuviutiiiitieiieetieiie ettt ettt ettt e sttt ettt ettt et es et e en e ebeeneeebe et e eneenaeeneeaeeneas 34

10.4 POWET 1SOLALION ...ttt ettt b et b ettt en e et e e e ebe et e eaeeeeeneenaeenean 35
10.5 System monitoring and CONTIOL........couiiiiiiiiii ettt eeeas 35
10.6 InSulation COOTAINATION. .....c.uiitieiitieiie ettt ettt ettt ettt ettt ettt et e bt et eebe et e eseenaeeseenaeeneas 35
10.7 Electromagnetic compatibility (EMC) ......ccooiiiiiiiiiieiiiieieeeee e e 36
10.8 Operation and MAINTENAIICE ......c..eeueetirtieieeieteetierte et ee it eee st eee bt eseesteeaseeteeneeeseeneesseenseeneensesneensesneas 36
11. Safety and ENVITONIMENL . ........cc.eeuieieeiierieeterieete st ete st ete st ebeeseeseeseesseeseesseeseesseessesseensesssensesssenseessenseenes 37
TLoT GOIETAL .ttt h bbbt b e b sttt ettt et b e e bbbt b b e 37
11.2 Failure modes and effects criticality analysis..........ccccererriereeiieriieiesiieie et ee et nae s 37
11.3 HAZATA QNALYSIS...eeueeitieieitieieeiiete ettt et e e etteste s e saesaaesseesaesseessessaensesseenseeseenseeseensesneensesnsensennnes 38
T1.4 OPErating SATELY .. c.eeivieieitieieetieiee ettt ettt ste st et e et e be e b e s s e esbeeseenseeseenseeseenseeseenseeneenseenees 38
L1.5 EIECHICAL SAIELY ..evievieiieitieiectiete ettt ettt et sb e se e st e eseenseeseensesseenseenaenseenees 39
11.6 EIMEIZEINCY TESPOMISE ....eenetteniieiieeutiesiteeitte sttt ettesateesteestteeabeesaseesbeessseanseensseenseesssesnbeessseenseesnseeseenseean 39
L1.7 MAtErial SAFCLY ....eoveevieieieieiecteet ettt sttt ettt e st e e b e ess e seenseeseenseeseenseeneeseenaeneenean 39
T1.8 ENVITOMIMENL 1..utitiiieiieiietieit ettt ettt ettt h bbbt bt b sttt et es s esteseebeebe s bt ebeebesbenaen 39
12. Installation and INTEZIATION . ......cc.eeuirierie ettt ettt ettt et e et e te et estesbeeneeebe et e eseenteeneenaeenes 39
T2.1 GOINETAL ...ttt ettt b e et b e e e h e a e bt e n e h e et eh et e ne e et ene et enean 39
122 TIEETTACES -ttt ettt ettt et b e et b e et e bt ea e bt em e e bt eneeebe et e eaee et eneenneenean 40
12.3 Monitoring and COMTIOL......cuiiieiiiieiieiee ettt ettt e e st e e s eneeeeeenaeeneas 40
12.4 GIOUINAING ..ottt ettt ettt e bt e st e bt e s e bt ea e et e em e e ebeeneeebe et e eaeeneeeneeaeenean 41
12.5 Traction power protection COOTAINATION. .......eeuirueerieiieieeierte ettt ettt ettt ettt et e e e eseeseeenaeeneas 41
12.6 Traction pOWer SECtIONALIZATION. ... ..c.uieuieiiiiieie ettt ettt ettt ettt e e e e eneeseeenaeenees 41
12,7 CONIOL POWET ...ttt ettt ettt ettt ettt st e bt e et e bt e s e bt en e et e emeeebeeneeebeenteeaeeneeeneenaeenean 41
12.8 Site SATEtY ANd SECUITEY -.euveeutitieiiietieiie ettt ettt ettt ettt es e bt e e ebe et e eseenaesneenaeeneas 41
12,9 FIT@ SATRLY ..ttt ettt ettt e e e bt e e bt e a et e en e bt et ehe et enee et eneenaeenean 42
12.10 Physical INStallation. .......ceuiiiieiiiieieeee ettt ettt e e e eeees 42
12,11 SYStEIM OPETALIONS ....c.eeeutieuiitieiieetieite et tet et ettt e sttt e bt et e bt esee bt es e et e es s e bt en e e ebeeneeebeenteeneeeeeneenseenean 42
13. Verification and Validation..........c..eoiiiiiiiiiiineeeee ettt ettt e 42
13,1 OVEIVIBW .ttt sttt e et a e bt e b e e bt bbbt st ettt e e st es e eneebeebe e bt sbeebesbeneen 42
13.2 FaCLOTY tESEINE ..veevietieiiesieeiieeteete ettt et e e et et e st e stesteesaessaesseesbesseessenseensesseenseeseenseeseensesseensesnsensennees 43
13.3 Post-installation ChECK-0UL ........cciiiriiiiriirieice ettt 44
13.4 Field testing and validation...........ceeruieieriiiieit ettt eae e e e eseenaenneenees 44
Annex A (informative) Reliability and maintainability ..........cccooirieiiiiiniiieeeeee e 47
Annex B (informative) BiblIOZIaphy .........cocooiriiiririiiiieiecctcee ettt 48
Documents
9 Document Sharing Hub

Authorized licensed use limited to: Tsinghua UniveRRYSENR:284d Y BRI 5869k R813:14 UTC from IEEE Xplore. Restrictions apply.
Full document details: IEEE 1887-2017


http://www.avadocuments.com/doc/ieee-1887-2017
http://www.avadocuments.com/doc/ieee-1887-2017

IEEE Guide for Wayside
Energy Storage Systems for
DC Traction Applications

1. Overview
1.1 Scope

This guide is intended to be a performance-based guide to assist engineers involved in the design, specifica-
tion, and technical evaluation of traction wayside energy storage systems.

1.2 Purpose

Traction power systems experience some of the most extreme variations in local power loads as compared to
most other large scale electric power supply networks. These variations create challenges in the construction
of reliable electric power delivery systems and in the performance of the rolling stock dependent on power
supplied by the system. Energy storage offers a solution by smoothing out these power variations, absorbing
energy as system voltage rises, and delivering energy as voltage drops. This guide will aid engineers in identi-
fying where these solutions can provide the greatest benefits, designing solutions with the greatest impact, and
quantifying the costs and benefits of deploying new solutions.

With the rapid evolution of advanced power electronics, control methods and storage technologies available,
combined with the wide range of applications, it is not possible, nor desirable, to include specific design re-
quirements which might limit or preclude new ideas and concepts from being developed.

From a systems perspective, the goal of this guide is to provide an overview of the following:

— Common terminology used to describe performance
— Common applications and technologies

— Common equipment topologies

— Specification of energy storage systems

— Economic considerations and cost-benefit analysis
— Modeling and simulation

— Performance and functional considerations

— Interoperability considerations

— Tools and methods to verify safety
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— Installation and integration considerations

— Tools and methods to measure and verify system performance

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.

IEC 60850, Railway Applications—Supply Voltages of Traction Systems.'

IEC 62236, Railway Applications—Electromagnetic Compatibility.

IEC 62497, Railway Applications—Insulation Coordination.

IEEE Std 1584™ 1EEE Guide for Performing Arc-Flash Hazard Calculations.*?

IEEE Std 1653.3™, IEEE Guide for Rail Transit Traction Power Systems Modeling.

IEEE Std C2™, National Electrical Safety Code® (NESC®).*

MIL-STD 882, System Safety.’

MIL-STD 1629, Procedures for Performing a Failure Mode, Effects, and Criticality Analysis.

NFPA 130, Standard for Fixed Guideway Transit and Passenger Rail Systems.®

3. Definitions

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

active control energy storage: A storage system that uses a power converter to control the flow of power in
and/or out of the unit.

authority having jurisdiction (AHJ): The organization(s) responsible for enforcing requirements of a code
or standard or having authority for approving equipment or installations against a code or standard.

black box model: A model that describes the behavior of a system in terms of its inputs, outputs, and/or trans-
fer characteristics, without requiring any knowledge of its internal workings.

cost-benefit analysis: A tool used to analyze and compare design alternatives to achieve the desired project
objectives.

'TEC publications are available from the International Electrotechnical Commission (http://www.iec.ch/). IEC publications are also
available in the United States from the American National Standards Institute (http://www.ansi.org/).

*The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics Engineers,
Incorporated.

SIEEE publications are available from The Institute of Electrical and Electronics Engineers (http://standards.ieee.org/).

“The NEC is published by the National Fire Protection Association (http://www.nfpa.org/). It is also available from the IEEE at http://
www.techstreet.com/ieeegate.html.

SMIL publications are available from the U.S. Department of Defense (http://www.defense.gov/).

’NFPA publications are available from the National Fire Protection Association (http://www.nfpa.org/).

"IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org.
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design cycle: The charge/discharge cycle that generally represents the maximum capability of equipment in-
cluding maximum power and energy and minimum cycle time. For some applications, the design cycle may be
equivalent to the operating cycle.

design efficiency: Efficiency of charge/discharge cycle while operating at the design cycle.
design life: The specified lifetime which the equipment is designed for while operating at the operating cycle.

electrochemical storage: Type of energy storage medium where energy is stored in chemical form using one
or more electrochemical cells or batteries.

electrostatic storage: Type of energy storage medium where energy is stored in an electric field using a
capacitor.

emergency backup: A mode of operation in which energy storage is used to supply energy to trains in the
event of power failure or other degraded operation.

energy recovery: A mode of operation in which energy storage is used to store and release regenerated energy
from trains.

failure modes and effects (FMEA): A design tool using a “bottom-up” approach to analyze possible failure
modes in a system and to analyze the effects and identify mitigations.

failure modes and effects criticality analysis (FMECA): A design tool using a “bottom-up” approach to an-
alyze possible failure modes in a system and to analyze the criticality to safety and identify mitigations.

frequency regulation: A mode of operation in which energy storage is used to inject energy into, or withdraw
energy from, a traction power system in response to a utility power transmission system’s frequency devia-
tions or power imbalances.

hazard analysis (HA): A design tool using a “top-down’ approach to analyze potential safety hazards associ-
ated with equipment and identify mitigations.

load shifting: A mode of operation in which energy storage is used to store and release bulk amounts of energy
for the purposes of shifting load from one period of time to another.

mechanical storage: Type of energy storage medium where energy is stored in a kinetic or mechanical poten-
tial form, typically using a flywheel or other device.

net present value (NPV): The present value (PV) of all incoming cash flows minus the present value of all
cash outflows.

non-usable energy: Nominal energy not normally available for regular charge/discharge cycles defined by
the operating cycle. Energy is usually expressed in kilowatt-hours (kWh).

normal operation: Regular traction power system operation when the configuration is not impaired by an
outage to a substation or a feeder segment.

operating and support hazard analysis (O&SHA): Similar to a hazard analysis (HA), but used to analyze
safety hazards associated with equipment operation and maintenance.

operating cycle: The charge/discharge cycle that represents the expected, or average, operation for which the
equipment design life is specified.
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operating efficiency: Efficiency of charge/discharge cycle while operating at the operating cycle.

passive or limited control energy storage: A storage system where the flow of power is not controlled and is
determined by traction line voltage and characteristics of the energy storage medium.

peak shaving operation: A mode of operation in which energy storage is used to store and release energy with
the intent to reduce short-term fluctuations in power demand.

power purchase agreement (PPA): An agreement between a transit authority or operator and the utility pro-
vider outlining cost structure for the sale and purchase of electrical energy.

present value (PV): The current value of a future incoming or outgoing cash flow given a specified rate of
return.

standby mode: An operating mode where the energy storage is neither charging nor discharging.

supervisory control and data acquisition (SCADA): A system used to monitor and control—typically from
aremote location—power supply and distribution and other equipment.

total energy capacity: Nominal capacity of the energy storage medium and is the sum of the usable energy
and non-usable (or static) energy. Energy is usually expressed in kilowatt-hours (kWh).

traction power system: System that supplies and delivers power from wayside to trains.

usable energy: Nominal energy normally available for a single charge/discharge cycle when operating at the
operating cycle. Energy is usually expressed in kilowatt-hours (kWh).

voltage regulation: A mode of operation in which energy storage is used to reduce fluctuations in the traction
power voltage, typically voltage sags.

wayside energy storage system (WESS): A stationary (fixed) system to store and release electrical energy.

4. Applications
4.1 Introduction

Common applications of energy storage in traction power systems include the following:

— Energy recovery
— Voltage regulation
— Emergency backup
— Peak shaving

— Load shifting

— Frequency regulation

Each of these applications is described as follows.
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4.2 Energy recovery

In energy recovery applications, energy storage is used to reduce energy consumption through the capture and
release of regenerated energy from rolling stock. Typically, energy produced by the train during braking is
consumed by other trains operating in the vicinity.

In the circumstance where there are no other trains available (insufficient electrical load), the excess energy is
typically dissipated as heat by an on-board, or wayside, resistor bank.

Energy storage can be used to store energy that would otherwise have been consumed by the resistor bank, and
then release it back into the traction power system when there is sufficient electrical load.

4.3 Voltage regulation

In voltage regulation applications, energy storage is used to reduce the level of fluctuation in the traction pow-
er system voltage.

Trains are normally designed to operate within a given range of voltage. If voltage fluctuates outside this
range, train operation can be adversely affected.

Energy storage can be used to help keep voltage fluctuations within the operating limits of the train.

Undervoltage conditions are caused by momentary overloading of the power system, usually from too many
trains operating in close proximity, or simultaneous acceleration of several trains in a single area. Energy stor-
age can be used to supplement the traction power substations to help mitigate excessive voltage sag.

Overvoltage conditions are caused by regenerative braking of trains in locations where there is insufficient
electrical load available to absorb the energy produced by the trains. Energy storage can help ensure there
is sufficient electrical load available to mitigate such overvoltage conditions. This operation is similar to the
energy-recovery application (see 4.2).

4.4 Emergency backup

In emergency backup applications, energy storage is used to provide energy to the traction power system in the
event of partial or complete disruption of the traction power supply.

A typical scenario involves using energy storage, during a partial or complete traction power outage, to enable
trains to complete their travel to the next passenger station where passengers can safely disembark the train.

Requirements for energy storage such as required power, energy capacity, and duration of operation, depend
on the specific emergency operating procedures intended by the transit authority.

4.5 Peak shaving

In peak shaving applications, energy storage is used to store and release energy with the intent to reduce short-
term fluctuations in transit system power demand.

The objective of peak shaving is to reduce peak power demands to minimize size of power delivery equipment
and/or realize financial benefit through reduction of utility power demand charges.
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